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Abstract

The objective of this thesis is tmprove themelt and soliestateproperties of poly (propylene) (PP)
and poly(lactide) (PLA)oy reactive extrusionPeroxidemediated melstate reactiveextrusion in the
presence ofmesate and acrylateasedcoagents was implementeditdroduce branching anenhancehe
strain hardening, crystallization kinetiaad solid state properties thfese commaodity polymers, to make
them conducive to more higlalue applicationsThe coagent modified PP possessed bimodal molecular
weight and branching distributions, whose population varied with coagent structure. Besides changing
polymer chain architecturehemical modificatiorgenerated a small amount of wdispersed, coagent
derived nanopatrticles. When compared with the parent material and PP samples treated with peroxide alone,
coagenmodified materials demonstrated significantly higher crystallization temperatures and
crystallization rates, as well as adr spherulitic structure. Crystallization studgt®wed that whereas
branching ha@ moderate effect on crystallization kinetics, heterogeneous nucleation effects ddthimate
crystallization of coagennodified PP materialsCoagent modified PBpecim@s prepared by injection
moldingretained 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 spheiitic structure of these materials, and to the disappearance of theos&itayerthat
typically forms during the injection molding process

In the second part of this thesis, structpreperty relations of PLA, branched by peroxidediated
reactive trusion in the presence various coagents was carriedrbetcoagent modified PLA, consisted
of mixtures of linear, and long chain branched (LCB) PLA chaidrifunctional coagent (triallyl
trimesate, TAM) wasextremely effective in producing LCB statures, which promoted substantial
increases in viscosity, elasticity, as well as strain hardening characteristics. The reautivifilgd
injection molded branched PLA formulationadimproved Izod impact strengtivhile maintainingtheir
capacity to dgrade hydrolytically were maintained. Furthermore, these materials degdligh amounts
of crystallinity, when cooled under controlled conditions, revealing a nucleating effecimpiltzzements
in strain hardening resulted in microcellular foams withy\egh cell densities and suhicron sized cell
size, when these formulations were foamed at temperatures close to the crystallization temperature of the

polymer.
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Chapter 1

| ntr odluicteomt ure Revi ew

Commodityand biobasedibdegradable thermoplastics

Plastics are among the most common synthetic materials available nowadays, with a cumulative
annual growth rate of 8.6%l]. 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 (propifee)poly
(vinylchloride) (PVC), poly(styrene) (PS) etc. have low cost pravide a range afmechanical
properties depending upon their structui@ 5]. On the other hand engineering plastics possess
exceptional mechanical properties, includagellentbalance of rigidity and toughnedsue to
the higher cost of engineering plastics compared to commaodity plastics, #heglactively used
in applications requiring high mechanical strength and heat stghikty

The extensive use of plastics during the last century has led to seeeiraulation of plastic
waste in landfillandthe natural environmeifif,8]; this is exacerbated by their nbiodegradable
character. One of the larger markets for plastics is packaging, whose growth has accelerated by the
shift from reusable to single use contair{8is Thishasresulted 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) landfitig [9,10]. Though thermal means such as pyrolysis or
combustiorcanpermanently eliminate the plastic wasthe economics of suchispposal 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 jurisdictiong2]. On the other hand the disposal of plasticlaia filling is problematic
because of high cost of disposal and issues related to ground water pgHmj8ril].

In addition to the concerns about disposal, the accumulation of plastics in the environment, which
results in contamination of terrestrial habitats and theinmaenvironmentis posing serious
challenge to the health of various ecosystdB141,12] These environmental and disposal
concerns, together with the move to reduce -oghkaince on fossifuel derived products has

boosted interest in bibased and biodegradalplastics.

Plasticsare classified abiobased and /or biodegradable when the monomers used to produce

them araderived from bieresources ariar havehe capability to degrade under various conditions
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[2,3,5] Thebioplasticsare classified, depending upon the feedstock and ability to degrade, into

various subsectiors asshown in Figurdl.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 11 Classification of bioplastics with examples [5].

Bio-based and biodegradable plastics support the concept of carbon neutrality. The monomers
that are used to synthesizebiased and biodegradable polymeasybederived fom sustainable
resourcesnd 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 agai2,3,5]. Greater emphasis has been put on growth of biotzasktorbiodegradable
polymerwith aforecasted growth in global production @f.8 million tonnes in 2019 from 1.7
million tonnes in 20144,5].

However manyinherent challengeksave limited the growth of bioplasti@s various sectors
Biopolymers generally compete with petroleum based polymers and besices an important
criterionfor thewide spread market acceptafizgt]. In addition taheir higher costhe mebanical
and thermemechanical properties have to be matched with the petroleum based padlgmers
replace them irtertain applications. Endf-life issues such as lack of composting facilities and

policy development have also limited the acceptance ofdstps[2,4i 6].



Effect of branching oprocessingf thermoplastics

Whether biobased/bioderived or conventiorihk conversion of thermoplést to finished
products is governed by the same polymer processing principles. Successful production of
polymeric products requires a specific set of properties, which include suitablestaelt
characteristics, crystalline structure, and mechanicakpties. For example articles fabricated by
injection molding generally requignod melt flow propertiegast crystallization and solidification
in the mold, while products produced through extrusion bioelding, film blowing/casting or
foaming requiresufficient melt strengthFurthermore 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 oflyineeps, which is
further dictated by their method of synthesis. Thus the struptopeerty relations must be carefully
understood.

In addition to the welknown effects of shotthain branching and loaghain branching on the
rheology of polyethylene$l3i 18], various types of specialty branched chain topographies,
including stars, combike and hyperbranched (branoh-branch), have been researched to
promote shear thinning and impm extensional strain hardening (melt strength). The degree,
length, and structure of branching affect profoundly the rheological propgr8ek9] Model
polymers such as stars or comipsg(re 1.2) have been synthesized, to study the strudcture
property relationshipgL9i 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 highersiegar viscosities and exhibit intensified
shear thinning whecompared tamear polymers (igure1.3a)[19]. The effect of branch length is
prominent on shear thinning behaviour, owing to chain disentangl¢ir®n5,20,21]

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

follow a Troutontype stresgrowth pattern, while the branched polymers, depending on the branch



architecture, show strain hardening which has been attriltotatie reduced rate of chain
disentanglements because of the presence of brajidid$,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 dalyst system§5]. Grafting in the solvent or melt state is frequently used to modify
the chain architecture of the polym@@], postsynthesis. Solvergtate grafting involves
dissolution of the polymer in a suitable solvent and then reacting the polymer with certain chemical
species to incorporate branchi2g]. The solvenstate graftingequires costly removal of solvents,
and the residual solvent may exclude the application of modified polymers in certain sectors such
as biomedical, food contact etwlelt-state grafting, accomplished by reactive extrusion, is a
straightfoward 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 semmtinuous process which involves reaction of the
molten plasticwith reactive chenaial species. This iaccomplished 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 canepeeintpt
industrially. Melt state grafting is the most commonly used -pEsttor modification of
polyolefins, such as PP, and polyesters, such as PLA to introduce long chain branchif@qLCB)

30] . Branching can baccomplished by introducinghain extenders, silane grafting, grafting of
multifunctional monomers, anthroughvarious peroxidemediated mechanisms

Zhang et al[31] used anediating agent viz N,Mimethyldithiocarbamate, ZDMC along with

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



the long chain branching in PRHhe presence of LCB improved msttength, resulting ifobams
havinghigh cell density of 2.58L0"?cells/cnt as well as better expansion cati

PP grafted with glycidyl methacrylate (#MA) was modified by using poly
(hexamethylendiaminguanidine hydrodoride), PHGH in a static mee [32]. Branched PP
showed high melt strength and enhanced elastsponse at low frequencies under dynamic
oscillatory studies, compared with linear FRefoams produced by extrusion of branched\#tR
CO; as blowing agentexhibited expansion ratio of 40 with cell density of xXA@ cells/cn?,
whereas the linearfPshowed poor expansion ratio of 3 with cell density of 108cells/cm?®.

Reactive extrusiomf PP hasalso ben performed with silanesuch as ethenyl unsaturdte
silane, as crosslinking aggB8] andin the presence afperoxides, and multifunctional monomsr
[34]. These techniques result in increased melt viscosity, and extensional strain hardening
characteristics. Instead of using peroxides, branching andisslinking reactions carlse be
initiated by exposing PP mixed withultifunctional monomer, to higanergy radiation.

Reactive extrusionf PLA in the presence of chain extenders (1, 4 butanediol and 1, 4 butane
diisocynate), and a catalyst tin(llye2hylhexanoate, led to enhanced melt viscositglegular
weight, and elastity [35] and improved foaming characteristics. Researchers have acsiedp
chain extension with the help ofnaultifunctional epoxide, Jonci§l4368, via reactive extrusion
in the melt stateising a twin screw extrud@6i 38]. Increase in viscosity and molecular weight
of modified PLA was observed owing to chain branching emedslinking reactionslhe foams
made of branched PLA had higher expansion ratio due to better melt strength.

Mihai et al. used mitifunctional styreneacrylic-epoxy copolymer to introduce branching in
PLA [39]. Foaming and reactive extrusiarereperformed in one step extrusion process withh CO
asablowing agent. Typical stin 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 densityy nearly half, with reactively odified PLA. Crystallization and chain
branching played critical role in obtaining low density foam at low Géhcentration of 5vt.%.

This thesis will specifically focus on peroxideediated mechanisms, which are described in more

detail below:

Peroxidemediatedeactive extrusion

Polymers, such as polyolefins, can be branched, or-tnbesl through peroxidenediated
reactions in the melt stat8cheme 1.5hows the dominant pathways of peroxide modification. In

a typical melt state modificatioim the presence of peroxideBydrogen is abstracted to produce
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macroradicals. These macroradicals are unstableaedhav t endency t-smissthregr ade
pathwayq40i 42] or to recombine to fornC-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 reacti®isproportionatiorreaction

P’ —_— P= + P

Scheme 1.1Mechanism for free radical mediated system$42i 44].

The balance ofchain scission and crofigking reactionsc ont r o | the product ¢
distributions and molecular weighRE is known to crosknk[45i 48], wherea$P has been shown

to degrade in the presence of peroxi@&s50].

In systems that are prone to degradation, agdPP, it is common practice to use multifunctional

coagents, in an effort to counteract chain scission and introduce bra(stivagne 1.2)511 53]



X X
P w + PH — P\ + P
X X

Scheme 1.2 Peroxide-mediated reaction in presence of a mukfunctional coagent[49].

There is a vast amount of literaguon 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 coagemdified PF49,54,55]under steady shefs6,57],
oscillatory sheaf54,56] and extensional deforman [34,49] have demonstrated enhanced melt
elasticity and extensional strain hardening behavior, owing to the presence of ebramered
chain population in the chemicaligodified materia[58].

In addition to affecting melstate rheological properties, coagemdification has been
reported to increase tloeystallization temperature and degree of @lisity of PP[34,59 61],
while also affecting isothermal and nasothermal crystallization kinetig61i 63]. Most accounts
of these phenomena focus on branched chains residing in the high molecular weight portion of the
molecular weight distributiofi6li 64], with some reséac her s proposi ng t hat t
fraction provides a fAnucl eat [65&/)D Heweveretiese on cr
phenomena have not been explained unambiguously, and theiggenses 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 throughdicze
mediated mechanisms, through reactive extrusion in the predenrggoic peroxidefs8,69]and
multifunctional coagents, such as pentaertythritol triacrylate (PETA) and triatiglyanurate
(TAIC) [70i 73]. Recent workn our groupshowed that in addition to substantial improvements in
the strain hardening characteristics of PLA sokfes, peroxidenitiated grafting of the muki
functional ceagent triallytltrimesate (TAM)[43,44] results in faster crystallization rates, both
under isothermal and nasothermal conditions.

The structure of PLA branched by reactiveresion has attracted considerable interest.
However the structurmechanical property relations of these coageadlified PLAs have not
been studied adequatel@iven the importance of both meitate properties, and crystallization
kinetics onPLA procesig, 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 thesedifications on the crystallization characteristics and
resulting mechanical properties have received sparse attention. The first objective of this thesis is
to conduct an idepth study of the crystallization properties of coageadified PP, and to
investigate the structurproperty relations of these materialkhis knowledge will allow the
implementation of a single step reactive extrusion process, which will allow tailoring oftigoth
chain architecture and the crystallization properties of the polymo achieve substantial
improvements in the properties of injection molded and foamed parts.

PLA is a biederived and biodegradable/compostadidgolymer with great potential to replace
conventional thermoplastics in many applications, including agiok, 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 kineticIn order for biopolyestersuch as PLAo become economically
viable and succeed in replacing conventional thermoplastics, their gabitig and properties
must be improved, to meet the requirements of the manufacturing sector.

The second objectivef this research is therefore to upgrade the 1stelte and crystallization
properties of PLA by reactive extrusiomhis will be accomplished by studying in detail the
reaction parameters, including coagent type and amount on the molecular weight avgiadleol
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 @ight chaptersChapter 1gives introduction and deals withdiature
review. Chapter Anvestigates the effect oactive extrusion in the presence of mfutictional
coagents and foamingf PP. Chapter 3axamines the origins of these enhancemedimpter 4
establishes relations between the thermal mechanicpénties of coagenhodified PP.Foams
prepared from theseoagent modigd PP are examined in Appexidi. Chapter 5describeshe
effects of various mukiunctional coagents (allylic vs acrylic) on the rheological properties of
reactively modified PLA andises this information to infer the type of briimg. 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.

Chaper 7exploits the changes in the rheological and crystallization to produce foams of uniform

8



cell strucure and controlled cell size€hapter 8 serves as a summary of the entire work, where

conclusions are drawn and recommendat@nfuture workaremade
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Chapter 2
Crystallizatmoan fofedc paodemtropyl ene:

architect uwrienlaendl cameparticl es’

2.1 Introduction

Linear isotactic polypropylene {PP) is valued for its chemical resistance, high strength and
stiffness, but its low melt strength limits its utility forocesses that involve extensional flow, such
as thermoforming, film extrusion, and foamifij. Significant improvements can be gained by
peroxideinitiated graftmodification of L-PP with multifunctional coagen{2, 3 to yield long
chain branchd (LCB) derivatives. Rheological studies of coagaatlified PH4-6] under steady
sheal 7, §, oscillatory shedi5, 7] and extensional deformatiph, 9 have demonstrated enhanced
mdt elasticity and extensional strain hardening behavior, owing to the presence of a hyper

branched chain population in the chemicaligdified materia[10].

In addition to affecting melstate rheological propees, coagenmodification has been
reported to increase tloeystallization temperature {Tand degree of crystallinity of HB, 9, 11,
12], while also affecting isothermal and nimothermal crystallization kineticgL2-14]. Most
accounts of these phenomena focus on branched chains residing in the high molecular weight
portion of the molecular weight distributidd2-15], with some researchers proposing that the
material 6s gel fraction provides [I®B18ihahald eat i ng
be noted, however, that branched materials prepared by alternate technologies, includi?ig LCB
prepared by metallocene polymerizatj@f], electron beam irradiatid20] and silane crosslinking
[2]], do not show significant shifts in.TTherefore, crystallization of coagemidified LCB-PP
materials has not been explained unambiguously. Recent studies of the products damived fr
coagembased processes have shed light on the architecture and morphology of theB® LCB
materials.Parent and cavorkers have shown that graft modification witiallyl trimesate (TAM)
involves simultaneous chain scission and crosslinking to genkimodal molecular weight and

branching distributions.

*A version of this chapter has been publisheihgZzhang Praphulla Tiwary , HuaGui, Marianna
Kontopoulou, JS Parenindustrial & Engineering Chemistry Resear@014 53 (41), 15923
15931
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Thesedistributions are typically comprised of a linear PP matrix whose molecular weight is
significantly lower than that of thparent material, and a small population of highly branched
chains[4]. Furthermore, thesenaterialscan contain a small amount of wdikpersed, rigid
nanoparticles derived from coagent oligomerizafity 23.

The present report clarifies and differentiates the effects on cryatallizkinetics of cross
linked particles dispersed throughout L&BP mat eri als from those gene
long chain branch population. Four classes of PP samples with different architectures and
nanoparticle content are prepared, includingopiele degraded PP, coagentdified LCB-PP
prepared from TAM and TMPTMA, and partidieee LCB-PP synthesized by silane grafting and
moisture curing chemistry. These are further characterized by differential scanning calorimetry
(DSC) and optical microscgpstudies of their phase transition temperatures and crystallization

kinetics.
2.2 Experimental
2.2.1 Materials

Triallyl trimesate (TAM, 98%,Monomer Polymer Ing, trimethylolpropanetrimethacrylate
(TMPTMA, 98%), vinyltriethoxysilane (VTES, 97%), andcdimyl peroxide (DCP, 98%) were
used as received from SigeAddrich. Dibutyltindilaurate (DBTDL, 98%) was used as received
from Alfa Aesar. ESCORENEE PP 1042, an isotac:
(MFR = 1.9 g/10 min), with a number average ewollar weight (M) of 96 kg/mol and a weight
average molecular weight (M of 460 kg/mol, as determined by triple detector gel permeation
chromatography (GPC), was obtained from ExxonMaobil.

2.2.2 PRg-TAM and PP-g-TMPTMA preparation

Peroxidedegraded PPPRDCP) was prepared by coating ground PP powder with an acetone
solution containing DCP, according to the formulations shown in Taftleand 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 D®P. Coagentodified PP samples were
prepared as described for-BEP from mixtures of PP, DCP and TMPTMA or TAM to yield-PP
g-TMPTMA and PPg-TAM respectively, according tdé formulations shown ifiable 2.1 PP

was processed under identical conditions, to ensure a consistent thermal history.
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Table 21 Formulations and molecular weights of PP and its derivatives

Sample DCP TAM TMPTMA M, Muw

Designation (phr*)  (phr)  (phr) (kg/mol)  (kg/mol) MM
PP 0 0 0 962 458 4.8
PRDCP 0.1 01 0 0 60.9 211 35
PRDCP 0.3 03 0 0 51.6 126 2.4
PRg-TAM 03 6 0 95.2 266 2.8
PRgGTMPTMA 03 0 6 69.1 183 2.6

*part per hundred resin
2.2.3 PRg-VTES- XL preparation

PP powder (40 g) was tumbfeixed with a solution of DCPO(04 g, 0.1 wb) 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 amiking 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 crinked PRg-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 1,2réchlorobenzene (TCB) as the mobile phase. Polymer
samples were dissolved in TCB at a concentration of 1 mg and held at 150C 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 minThe light scattering (LS) detector at 15° from the incident

beam was used fonolecular 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 eight 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 rglacedevery 3 hours, and after 10 hours no residual polymer could be
recovered from the extraction solution by precipitation from acetone.thlible was cut into

pieces, soaked in acetone and sonicated. The resulting dispersion was deposited @tieglass
acetone was removed by evaporation, and the sample coated with gold for characterization with a
JEOL JSM840 Scanning Electron Microscope (SEM) instrument. Image analysis of the isolated
particles was done using SigmaScan®Pr® (SPSS Inc.).

2.2.6 Rheological Characterization

Compression moulded discs of 20 mm in diameter were prepared for dynamic shear rheology
measurementsA controlled stress rheometer, ViscoTech by Reologica, equipped with parallel
plate fixtures was operated with a 1 mnp @180 °C under a continuous nitrogen pur§é&ess
sweeps were performed to ensure that all data were acquired within the linear viscoelastic regime.

Samples were further characterized in simple uniaxial extension using a2 8&Rersal
testing platbrm from Xpansion Instruments hosted on the MEIR Anton Paar rheometer.
Measurements were conducted at IC@t Hencky extension rates ranging between 0.01 and 10s
1. Specimens were prepared by compression molding material into 1mm thick plaquesnbetwe
polyester films, from which 6.8 mm wide test strips werelaaear viscoelastic (LVE) oscillatory
measurements obtained at I’'TOwere used to calculate the LVE stress growth curve and check

the consistency of the extensional measurements.
2.2.7Thermal Analysis

Crystallization temperature {T , heat o+f and roedtingotempefatyrkl LI were
determined using a TA Instruments DSC Q 100. Weighed samples were sealed in aluminum
hermetic pans and analyzed betweg® and 210 °C at a heating/cooling rate 6Camin. After
the first heatingeach 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 T m a n d PergeHt crystallinity was determined by usirgp9 J/g as the
enthalpy of fusion of 100%rystalline PH24].

Isothermal studies involved heating gempleto 220°C at 20°C/min (isothermal fds min),
followed by coolingat 20C/min to 136°C. The relative crystallinity as a function of time was

expressed as
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wheredH. denotes the enthalpy of crystallization during an infinitesimal time intedtzal,
The Avrami equatiof25] was used to fit the data obtained isothermallye Timedependent

relativevolumetriccrystallinity X(t) for an isothermal crystallizatigorocess was expressas{26]
X(t) = 1- exd-(Kt)T] 2

wherenis the Avrami constant, whose value depends on the form and mechanism ofjcoystal

andK is the rate constant, containing the nucleation and growth pararfiefiers

Data obtainedfrom the cooling scansvere used fothe norrisothermal crystallization kinetics

analysis. Thactual cystallization times were calculated from the crystallization temperatyre T

the onset temperature Where crystallization begaandthe cooling ratel, according to equation
t=(Te-Tc) / U 3)

2.2.8 Hot stage Microscopy

Isothermalkerystallization experiments were performed using a Linkam CSS 450 hot stage
mounted on an Olympus BX51 optical microscope. Thin films were first heated f€20@&
rate of 30°C /min and held for 10 minutes to eliminate their heat history. The meliheas
cooled to 140C 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 mdled samples were cryosectioned3°C and 90nm thickness on a Leica
Ultracut UCT equipped with a Leica EMFCS cyygstem. 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.

2.2.10X-Ray diffraction

X-ray diffraction analysis of compression moldiscs (1.25 mm thick, 15 mm diaas conducted

with a Philips X'pert pro diffractometer usingCuk adi ati on (&a=1.5406;) .
performed at 45 kV and 40 mA, with data recorded in reflection mode in the range=af®-

30°.
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2.3 Results and Discussion
2.3.1 Material Characterization
Linear PP materials

Our starting material was a omercial grade of linear PP homopolymer that had,aiV06.2
kg/mol anddispersityof 4.8. Its unimodal molecular weight distribution is revealed by the light
scatering detector plot dfigure 2.1a while its linear architecture is demonstrated by tienisic
viscosity data plotted ifigure 2.1b, which abided by a standard Matouwink relationship to
molar mass.

Reaction of EPP with different amounts of dicumyl peroxide (DCP) at T8frovided two
derivatives, PEDCP-0.1 and PDCP-0.3. GPC confimed that the extent of molecular weight
degradation scaled with peroxide loadifigifle 2.1), and that the samples retained a linear chain
architecture Rigure 2.1b). Melt-state dynamic rheological analysis of-BEP-0.1 and PREDCP-

0.3 confirmed these colusions regarding molecular architecture, as both samples demonstrated
reduced complex viscosity throughout the entire frequency range, and a pronounced Newtonian
plateau Figure 2.289. Terminal slopes of 2 in the elastic modulus vs. frequency curves
(Figure2.2b provided further evidence of a linear polynsénucture 18]. The vanGurp Palmen

plots(Figure 2.2c)also confirm the linear architectuas the terminal angle tends to 90
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Figure 2.1 (a)Light scattering intensity as a function of retenion volume; - L-PP (M, = 96.2

kg/mol, Mw/M,= 4 . 8 )DCP (g1 (W £60.9 kg/mol, /M= 3. 5)DCP @B PP

(M»=51.6 kg/mol, M\/M=2.4), 6 PP-g- TMPTMA (M =183 kg/mol, M\\/M,=2 . 6) and o6 PP
g-TAM (M w=266kg/mol, MW/ M»=2.8); Figure 2b Intrinsic viscosity as a function of

molecular weight; The sdid line represents the Mark-Houwink relation + LI+
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Coagent modified LCBPP

Chemical modification of PP using 0.3 phr DCP and 6.0 phr of TAM or TMPTMA produced
coagemnimodified derivatives, PB-TAM and PRg-TMPTMA, respectively. Both materials
possessed and zero Bear viscosities that were lower than those of their parent mafeaiall(

2.1), indicating that chain scission was dominant over polymer dirdgag in both cases.
However, M, values were greater than those observed when PP was treated with pdoméde a
This is the expected result, since radical addition and hydrogen transfer reactions involving a
coagent decrease the population of PP backbone macroradicals, thereby sugmssssign of
tertiary alkyl radical intermediat¢22].

The graft modification of PP with TAM has been well described in the literature, and proceeds
efficiently to yield a hypebranched chain population that can progress beyond the gel point. The
resulting products have bimodabtacular weight and branch distribution. The light scattering data
plotted for PPg-TAM demonstrate a strong response at high molar nkagaré 2.1g, while the
intrinsic viscosity data provide evidence of the hybemched character of this chain popioia
in the form of a deviation from the Maitkouwink relation[10, 23 (Figure 2.1b). In contrast,

GPC analysis of the soluble component of-gPPMPTMA revealed molecular weight and
branchng distributions resembling those of-PEP-0.1. That is, the methacrylat@sed coagent

did not produce a hypdaranched chain population that could be detected by eithesskigittering

or intrinsic viscosity analysid-{gure 2.1a,d. Given that allyc 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 predictadi27,28].

Dynamic oscillatory and extensional rheometry studies ef ¢dhagenmodified samples
confirmed conclusions drawn from GPC analysis.-gPIFAM exhibited greater shear thinning
character and a deviation from terminal flow behavior when compared to its petegdaed
analogue, PIDCP-0.1 (Figure 2.2a,h; this is atributed to the presence of LCB(,29,30]
Moreover, PR)-TAM demonstrated pronounced strain hardening under extensional deformation
(Figure 2.3. In contrast, strain haetiing was absent for RFTMPTMA due to its lack of a

significant LCB chain population.
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Figure 2.3 Tensile stress growth coefficient £ |F) as a function of time at Hencky strain rates
of 1 and 108. 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, batiagents
produced a population of crebsked nanoparticles within their PP derivatives. This is easily
recognized by the unaided eye from the creamy appearanceget RM and PRg-TMPTMA in
their melt state, which results from scattering of lightabyispersed particle phase [23SEM
images of particles isolated by extraction from a Soxhlet thinfidgifes 2.4a,p and TEM images
of microtomed PR)-TMPTMA (Figure 2.49 showed the dimension of these particles to be on the
nanometer scale. The prommed tendency of oligomerization of TMPTMA is revealed by the
relatively higher amount of coagemérived particles generated within the -PMPTMA

material.
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Figure 24 SEM images of particles isolated from (a) PR-TAM and (b) PP-g-TMPTMA,; ( c)
TEM image showing particles generated in situ in PR-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 mwiscuring of pendant silane
groups. This twestep process produces a more uniform branching distribution than cbageadt
processes, and does not yield a dispersed particle f#idsAs such, the Pg-VTES-XL sample
prepared and analyzed in this Waerved 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 characterigtigsire 2.3 demonstratedy

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 LB materials demonstrate such a wide
rangeof crystallization behaviouilable 2.2provides a summary of phase transition data measured
by nonisothermal crystallization studies of all six PP samples. Our peroxide treated materials, PP
DCP-0.1 and PHDCP-0.3, responded in a manner that is conststeith literature reports on
degraded PP, as they exhibited a double melting peak, lowered crystallization temperature, and
depressed degree of crystallinify7,32]. This is generally attributed to an increase in the number
of chain ends, causing thefieation of crystals with different levels of imperfections and structural

defects.

Table 22 Melting points (Tm), crystallization points (T) and % crystallinity and
crystallization half-times, recorded during norisothermal crystallization experiments ata

cooling a rate of 5°Cmin.

Sample Tee)y O TePeaK o crystallinity  22(MIN)
(°C) (°C)
PP 163 121 118 47 2.3
PRDCP-0.1 158/164 119 113 43 1.9
PRDCP 0.3 154/163 118 113 43 1.9
PRg-TAM 163 132 130 45 1.8
PRg-TMPTMA 164 131 130 45 2.2
PRGQVTESXL 162 123 118 45 2.3

Both coagenmodified 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 2.2andFigure 2.5. The behawur of PRg-TMPTMA is particularly interesting,
since it displayed a substantial enhancement_.invAile containing little, if any, long chain
branching. On the other hand, theof the highly branched sample, BR/TES-XL, was not
different from that bthe linear PP parent material. This indicates that long chain branching alone
cannot account for the unique crystallization dynamics generated by coaagified PP.

Shifts in the crystallization temperature in coagent modified PPs have been exteepiodhd
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. Kifl@jtaid more
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recently Wan et al. and Zhang et fl7, 1§ alluded to the potential effects of gels, or other by
products stemming from the grafting reaction of the coagent. In the preséqtinvspite of the
absence of gel, both RFTAM and PRg-TMPTMA contained a small population of crdgsked
nanoparticlesKigure 2.5 whosedimensions are comparable to those of common nucleating agents
[33,34] Given their nature, these particles niafjuence 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

branchig, are actually due to heterogeneous nucleation by thelarksd particle phase.
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XL.

In spite of the significant difference in the onset temperature of crystallizatien, t
crystallization hakltimes (i), defined as thdime needed for the materials to reach relative

crystallinity of 50% remained relatively unaffected in nmothermal kinetics experimenfEgble
2.2andFigure 2.6).



Relativecrystallinity, %

Coolingtime, min

Figure 2.6 Relative crystallinity as a function of cooling time (time recorded from the start of
the cooling cycle) obtained from norisothermal studies at cooling rate of 5°C/min; PP,
xPP-g-T MP T MA, -g-TAM,PIP PP-g-VTES-XL and i PP-DCP 0.1. For comparison

purposes, the xaxis depicts the time elapsed after the beginning of the cooling cycle.

Further insight into crystallization dynamics was gained from isothermal crysiallizat
experiments. Plots of relative crystalliniag a function of time at 136°C reveakinlee distinct
patterns Figure 2.7). PPand its degraded derivative had a crystallization-thaé on the order
of 100 min. At this temperature, excessive chain ifitplof linear PP inhibits the formation of
stable nuclei, thereby resulting in a slow crystal growth rate.

The halftime of PRg-TAM and PRg-TMPTMA was an order of magnitude smaller, at 2.5 min
(Table 2.3, consistent with the heterogeneous nucleatffects described above. It is interesting
to note that PI-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
polypropyleng12], 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 aJ35] thepresence 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 experi menrgTMPatMAL 3gEABR i np WhR ¢ h
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Pronounced differences in isothermal crystallization kisetie also evident in the Avrami
plots provided irFigures 2.& andb. A linear region can be clearly identified for PP;[PE€P 0.1
and PRg-VTES-XL (Figure 2.89, providing Avrami exponent values in the range-& 23 for PP
and PPDCP 0.1 Table 2.3. These are indicative of sporadic spherulitic crystal growth. The
presence of extensive branching within@®®PTES-XL may have limited somewhat the direction
of crystal growth, as suggested by the lower Avrami exponent recorded for this SEaiybbe( 3.
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In contrast, a linear region could not be identified in the Avrami plots generated for coagent
modified PPsKigure 2.8b). Non linearity in the Avrami plots, combined with exponents higher
than 4, is consistent with transient nucleat|{86] whose crystallization parameters are time
dependeni37]. This can occur when nucleationngists of instantaneous and spontaneous modes,
as well as in composite systef38] and suggests a complex crystallization pattern and different
spherulitic development in the coagembdified PPs. Furthermore, the values of the crystallization
rate paramter, K, were much higher than those of the linear PPs, in the range e®.885
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 23 Avrami parameters and crystallization half-time for isothermal crystallization at
136°C of PP derivatives

PP PP-DCP 0.1 PP-g-TAM  PP-g-TMPTMA  PP-g-VTES-XL
n 3.6 3.3 3.248 2.85 2.5

K, min 0.009 0.009 0.35-0.38 0.35-0.39 0.016
tuz, Mir 110 96 2.6 2.5 54

* t12 hasbeen calculated experimentally from isothermal experiments.

Direct evidence of differences in spherulitic development was gained by optical microscopy
studies of isothermal crystallizatiorFigure 2.9). Linear PP materials displayed spherulitic
structurethat is typical of isotactic PRF{gure 2.9a and ). ThePRg-VTES-XL sample produced
a similar pattern, with more nuclei formed slightly earlier, and a higher amount of spherulites
forming within the timeframe of the experimenFE{gure 2.99.

The imagespresented irFigure 2.9 (¢ and d) show that PRETAM and PRg-TMPTMA
produced higher nucleation rates when compared to all the PP materials examined in this study.
Moreover, the coagemhodified samples demonstrated entirely different crystal growthshabit
evidenced by repeated rapid branching along the axis of crystal formation. Because of the formation
of a large quantity of nucleating sites, spliiiee growth was restricted, eventually leading to
smaller sizes and a grainy spherulitic structure.sTiyppe of spherulitic structure is likely

responsible for improvements reported in the impact strength of coagent modified mi@erials

30



Figure 2.9 Hot stage microscopy of a) LPP, b) PP DCRO0.1, ¢) PRg-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 inFigure 2.10show that all of our PP materials contained primarily monoclinic ferm
crystals ((110), (040), (130), (111) and (131) planes, locateég @t 14.1, 16.9, 18.6, 21.1, 21.8
and 25.3° respectively) and small amounts of pseudohexadgecgfstals ((300) plane at 16.12°)
[14,39,40].
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Figure 2.10XRD patterns for PP and itsderivatives.-A PP,i PP-DCP 0.1, x PPg-TMPTMA,
3 RFAAM

Therefore, differences in crystallization between linear, branched and coaogified PPs lie
in their crystallization peak temperature, crystallization kinetics andwslfleestructure, 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 nucléag agent$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. Whereasrotietl rheology polypropylenes generated by
peroxide degradation are commonly used in injection molding procéss#ts,generation of the
nucleating nanoparticles by peroximhitiated coagent modification may provide the desired melt

rheology as well scrystallization 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, peroxidaded) PP, coagemodified
LCB-PP prepared from TAM and TMPTMA, and LE® synthesized by silane grafting and
moisture curing chemistry. In addition to changing polymer chain architecture, these chemical
modifications generated a small amount of vagpesed, coagerderived nanoparticlesWhen
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 thatethrosslinked nanoparticle phase formed within coagewdified PP is

as efficient nucleating agent for crystallization, resulting in significantly higher onset crystallization
temperatures, faster crystallization kinetics and a finer spherulitic seudiue 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 crystallizatios &fne
crosslinked 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 amaddif oiaend ngoloyproipay
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3.1 Introduction

The chemical modification of linear, isotacti®® RL-PP) by peroxidénitiated grafting of
coagents can provide lomdpain branched derivatives with improved melt elasticity and
extensional viscosity [1]. These solvdrde processemvolve simultaneous chain scission and
crosslinking, the balance ofvhi ch controls the productés mo |
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 \aeight,

a high molecular weight chain population containing a disproportionate amount of long chain
branching. The effect of these microstructure changes orstasdtrheological properties are well
documented, with several groups reporting losses in campgeosity as well as enhanced
elasticity and strain hardening characteristicgJJ[4AHowever, only recently has the generation of
crosslinked particles within coagent modified PP (€RP) been identified [8]. These nanopatrticles
are produced by a prediafion polymerization mechanism wherein coagent oligomerization yields
adducts that are insoluble in the polymer melt, leading to the separation of a gadgehase

that crosdinks to a very high extent [9]. As a result, @MP samples prepared by telsemistry

can contain small, rigid particles that are wih#ipersed throughout the polymer matrix.

A prime motivation for preparing CNPP is to develop the extensional strain hardening
characteristics needed to suppress cell coalescence during melhgoprocesses. When
compared to PP materialsSCM-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 potahbf coagentich naneparticles to affect the foaming of
CM-PP has been overlooke&imilarly, significant differences in the crystallization behavior of

linear and coagenhodified PP samples have been observed [4,11,12].

*A version of this chapterds been published:ig Zhang,Praphulla Tiwary , J Scott Parent,
MariannaKontopoulou, @ul B. Park Polymer 2013 54 (18), 4814819
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Whereas branching in homogeneous polyethylenes is usually associated with lower
crystallization rates and crystalliniig13, 14], CMPP 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 isotaciPLwith two of its derivatives:
peroxide degrded PP (DCHPP), and CMPP maoadified with trimethylolpropane trimethacrylate
(TMPTMA, Scheme3.1) [11]. These materials are subjected to standard characterization
techniques including molecular weight distribution as well as oscillatory shear and extensiona
rheometry. CMPP is subjected to further analysis by IRTto confirm TMPTMA graft content,
as well as SEM studies of the saiicron particles dispersed throughout the sample. Careful studies
of CM-PP crystallization and foaming are presented, witfotjective of discerning the effect of
coagentrich naneparticles on phase nucleation phenomena. Further insight is gained through

studies of PP compounds containing small amounts of independently synthesized coagent nano
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particles.

Scheme 3.Molecular structure of TMPTMA
3.2 Experimental
3.2.1Materials and reactive modification

Trimethylolpropane trimethacrylate (TMPTMA, 98%) and dicumyl peroxide (DCP, 98%) were
used as received from Sigmal dr i ch. ESCORENEE PP 1042, an i sc
homopolymer (EPP) (MFR = 1.9 g/10 min), with a number average molecular weigh)tqhd6
kg/mol and a weight average molecular weight,\Mof 460 kg/mol, as determined by triple
detector gel permeation chromatography (GPC), was obtained from ExxonMobil
Peroxidedegraded PP (DCGPP) was prepared by coating groun®P powder (40 g) with an
acetone solution containing DCP (0.08 g, 2®&ole) 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 DCHPP with a M = 63.1 kg/mol and a I 159 kg/mol.Coagenimodified
PP (CMPP) was synisized as described for DERP from a mixture of {PP (40 g), DCP (0.08g,

296mmole) and TMPTMA (2.4g, 7.1mmole). The product had.s=M7.5 kg/mol and a = 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 CMPP was accomplished by hotlenes extaction of the polymer
from Soxhlet cellulose thimbles. Solvent was replasagy 3 hours, and after 10 hours no residual
polymer could be recovered by precipitation from acetone thiitmble was cut into pieces, soaked
in acetone and sonicated. The ti@sg dispersion was deposited onto glass slides, and coated with
gold after solvent evaporation. A JEOL JSMIO Scanning Electron Microscope (SEM) instrument
was used to view the isolated patrticles.

Crosslinked particles were prepared according to thehoa 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 settlResidual 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 weogedrander vacuum at 100°C for
12hr, and the resulting masterbatch mixture (0.2 g) was mixed further st (2.8 g) using a
DSM 5 ml microcompounder, equipped withmtating 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 1,2r&hlorobenzene (TCB) as the mobile phase. Polymer
samples were dissolved in TCB at a concentration of 1 nig anid held at 1560C 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 mHmirhe light scattering (LS) detector at 15°
from the incident beam was used fooleailar waght determinations.

FT-IR measurements were carried out in transmittance mode wiftvatar 360 FTIR ESP
spectrometer Samples were purified by dissolving in boiling xylene and precipitating from acetone

prior to drying under vacuum and melt pressimg ithin films.
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A controlled stress rheometer (ViscoTech heBlogica) with parallel plate fixtures was used
in the oscillatory mode at 180 °C with a gap of 1 mm under a nitrogen [#irges sweeps were
used to ensure that measurements were madehthiinear viscoelasticity region. Samplese
further characterized in uniaxial extension using an -8E&hiversal testing platform from
Xpansion Instruments hosted on an MB®RL Anton Paar rheometer [15]. Measurements were
conducted at 178C at extasion rates ranging from 0.010 to Ibunder nitrogen purge.

Differential scanning calorimetry (DSC) was conducted using a DSC Q 100 by TA Instruments.
Samples were scanned betweghand 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 t(C280a 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 fosuk. The crystallization process

was recorded using a Sony ExwaveHAD 3 CCD digital recorder.

3.2.3 Foaming visualization

Foaming visualization experiments, using & the blowing agent, were conducted using a
batch foaming simulation system, consistofga pressurized chamber equipped with a sapphire
glass window, and a high speed camera/imaging system, at 180°C at 203 MPE6)f Disks (7
mm diameter x 200m thickness) were heated to 180°C at 203 MPa,ofTNe temperature and
pressure in the siatation chamber were regulated using a thermostat and a syringe pump,
respectively. A program based on Labvfewas used to open the solenoid valve and record the
pressure decay after the pressure within the chamber had been maintained for 30 minutes of
sauration, 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 P@Plimage analysis

software.
3.3 Results and Discussion
3.3.1 Material Characterization

Our investigation examined three materials, unmodified linear PPPJjLand two of its
chemically modified derivatives, peroxidieegraded PP (DGPP), and coagemhodified PP (CM

PP). The parent material;RP, had a unimodal molecular weight distributiBig@re 3.18 with
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Mw = 460 kg/mole and a polydispersity of 4.8. Its rstttte rheological properties were typical of
an unbranched polymer of relatively high maikec weight. Oscillatory shear rheometry
demonstrated conventional shear thinning behaw@ue 3.1b), while no evidence of strain
hardening was observed when the sample was subjected to an extensional defoFigatien (
3.10.
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Figure 3.1 (a) GPC light scattering detector response profiles; (b) complex viscosity; (c)
tensile stress growth coefficientat}4 ( dE+) . The dotted | ines indi
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Treatment of PP with peroxide alone leads to a loss of molecular weight and a narrowing of the
mol ecul ar wei ght di stribution, as has been we
rheol ogy p ol ynghe prgsgnt case, ¢heé therniodysj 0.2 wt. % of dicumyl peroxide
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(DCP) in the starting material at 180 gave DCHPP 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 @nounced Newtonian platea&igure 3.1b). Note that the zershear
viscosity of 587 P@ recorded for DCIPP is below the threshold needed to support extensional
viscosity analysis.

Both L-PP and DCHPP are control samples for use in evaluating thpgstes of the coagent
modified derivative, CMPP. 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 sudhe influence of dispersed naparticles 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
coagentvas used. Itis well known that acryldiased coagents require small amounts of peroxide
to achieve full C=C conversion, but their crdisking efficiency is compromised by a pronounced
tendency to homopolymerize [1]. The grafting efficiency of metfatxbased systems is further
compromised by allylic hydrogen atom abstraction from the monomer. These effects make
TMPTMA a relatively poor choice for4PP branching, but wefluited for the objectives of this
work.

The CM-PP prepared by treating®P with 0.2 wt. % DCP and 6 wt. % TMPTMA had a,¥
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 irtense peak at low retention volumes [8]. The LS response of odPEigure 3.19
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 thantlie sample could
escape from the 74 micron pores in the stainless steel medR. &alysis of purified material
revealed a significant carbonyl absorption derived from converted TMPTMA in the product. The
higher M,, coupled with the presence of somadachain branching, resulted in a significantly
higher complex viscosity over DAPP Figure 3.1h. However, branching within CNPP was
not sufficient to generate strain hardening characteristics under an extensional defofimairen (

3.10.

Although extraction of CMPP 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 nanparticles separated by this technique is providdtdgare 3.2a Note that
these particles are similar in dimension to those observed previously for-Bfaatiodified by

DCP and triallyl trimesate, with average diameters on the order of 500 nHoj@gver, unlike
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this previous work, particles were coateithwnsoluble material that could not be removed from
the thimble. Therefore, we conclude that &% contained a small amount of gel as well as a
significant population of crodenked particles.

Figure 3.2 SEM image of (a) nanopatrticles extractedrom CM -PP; (b) TMPTMA particles.

3.3.2. Crystallization Behaviour

The potential for the dispersed solid phase withinERIto affect crystallization was examined
through DSC studies and optical microscopy analyses. The crystallization exothermsedlustrat
Figure 3.1d show that the onset of-BP crystallization was at 122°C (crystallization peak
temperature of 116°C), whereas €\ crystallization began at 132°C (fully 10°C higher than L
PP), with a peak temperature at 1Z5 Higher crystallization taperatures are not unique to our
CM-PP material, as our finding isonsistent with reports of other coagemidified PP
formulations [4,11,12]. However, the underlying cause of these shifts in ceaagdifted PP
crystallization temperatures has not beefireed unambiguously.
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Insight into the potential for coagencth particles to affect PP crystallization was gained by
compounding EPP with solids that were prepared separately. To facilitate the isolation of
TMPTMA patrticles in high yield, they were gpared 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 frorP&nrhodification reaction
(Figure 3.29. When compounded into-BP to give a 1 wfb composite, theSEMPTMA patrticles
increased the onset of crystallization by 4°C, and the peak crystallization temperature of the
polymer by 4.5°C compared teRP (Figure 3.1d). This sugges$isit coagentich naro-particles
influence crystallization of {PP by creating an enhanced heterogeneous nucleation effect. Their
effect is not as dramatic as the shift seen in-PR] presumably due to differences in the amount
of particles, as well as the different state idpdrsion of the TMPTMA particles within-BP,
compared to the nanoparticles that are generatesituinfrom a PP matrix during coagent
modification.

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

60um.

We note that increases in crystallization temperature, crystallinity and crystallization rate are
commonly observed in formulations containing small amounts {@13 wt. %) of organic
nucleaing agents such as carboxylate salts [18] and sottétedd 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 pean our CMPP material has dimensions
that are consistent with common nucleating agents, and a defined interface betweengtaanelt
and the crosinked particle [21, 22]The notion that nanoparticles formed during the coagent
modification of PP afct 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 relatve to L-PP and DCHPP was investigated in a simple batch foaming process. The
sequence of images shownFigure 3.4reveals clear evidence of improved nucleation rates and
cell densities in the coagemtodified material. Consistent with the enhanced eatabn 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, therebwijiting foams of higher cell density.

Figure 3.4 Images of cell nucleation sequence of (a}BP, (b) DCRPP and (c) CM-PP.

3.4 Conclusions

Crosslinked nanoparticles generatéed situ during coagentnodification of PP can serve as
heterogeneous nucléa 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 theneed nucleation
generated by the dispersed solid phase.

The findings presented in the chapter is expected to play a significant role in the structure
property characterizationB) 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 Prep:
New Look i nt ePrtohpee rStyr uRcetluartet ons of |

Parts*

4.1 Introduction

Isotactic polypropylene (PP) is valued in engineering and amditgnapplications 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 deniques are used in industry. Peroxitsisted reactive
extrusion is widely used to prepare controlfedology PH1i 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 lzdefmn 6] are commonly used to improveeth
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 ictpstrength.

PP homopolymer produced by ZiegMatta 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 filextrusion [7,8]. Peroxideinitiated graft
modification n the presence of multifunctional coagefg®] leads to the introduction of long
chain branching (LCB), causing significant improvements in melt streagtltonfirmed by
various rheological studig40i 15]. In addition to altering the medttate rheological properties,
coagent modification has been reported to increase the crystallization temperature and/or degree of
crysallinity of PP[9,14,16,17] Furthermorejt has been demonstrated that these materials may
contain small amounts of walispersed, rigid sulmicron sized particles derived from coagent
oligomerization[18]. In the previous chapterseahave shown that these particles may influence
the rheology of these materials, but most intgatly 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 publishecaphulla Tiwary , HuaGui, Pedro Luiz Ferreira

MariannaKontopouloy International Polymer Processing, 2036,(4), 433441.
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crystallizationkinetics of CMPP. Additionally CMPP exhibited a finer and denser spherulitic
structurelt is well known that molar mass, molar mass distribution, chain branching and crystalline
structure affect the macroscopic mechanical properties ¢1#P It is theefore intuitive that the
changes in the architecture, crystalline structure and crystallization kinetics should have a
pronounced effect on the mechanical properties of injection molde#’E&ven though a great

deal of literature exists on the CRP, ths manuscript examines for the first time the effect of
coagent modification on the various physical properties of injection molded specimens, in light of
our findingsin last two chapters of this thesigat reactive modification of PP not only influences

the rheological properties, but also yields a matrix which contains uniformly disperséd in

generated coagenth nanoparticles, which induce an enhanced nucleation effect.
4.2. Experimental
4.2.1 Materials

Polypropylene, Prdax® 6523 (Melt flow ra¢ (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 P, 98%) were purchased from Sigildrich. All reagents were

used as received.
4.2.2 Reactive extrusion

Reactive extrusion was conducted in a Coperion ZSK 18 ML twin screwtating extruder
equipped with a strand die, water cooling bath, and pelletiméng 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 toh& 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.
el b L
VR ERTERIANAY

Figure 4.1 Screw design used in reactive extrusion (left most is the feed port)
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Table 41 Formulations and rheological properties

DCP TAM TMPTMA d * >
(phr)  (phr) (phr) (Pa.s) ()

L-PP 0 0 0 15,900 21.6
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 5.6
0.3/ 6 TAM 03 6 0 1,050 12.3
0.3/6 TMPTMA 03 0 6 1,700 115

phriParts per hucordpteeviscositeg a 0.1nrad s d rélaxation time at frequency
of 0.1 rad g, calculated from equation (1).

4.2.3 Gel content analysis and gel permeation chromatography (GPC)

Gel content analysis, conducted dxtraction 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
detectorGPC at 150°C and solvent flow rate of 1 ml.rhiThe samples were dissolved in
trichlorobenzene (TCB) at a concentration of 0.1 mg.anid stabilized with 0125 % butyrated

hydroxytoluene.
4.2.4 Injection molding

Injection molding was done in a Nisse6 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.minThe temperature of the injection molding machine was kept

constant to 190C, 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, croskead speed of 50 mm.min An impact tester from Satec System Inc. equipped with
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a 7 Ibs. hammer was used to perform notched lzod test according to ASTM D 256. A Qualitest
notch cutter was used to make the notch. All the mechanical tests were don@& diten<! of
molding.

4.2.6 Optical microscopy

A Leica microtome was used to preparen®®i 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 wasonducted using a DSC Q1000 by TA instruments.
Thermal cycles were performed betwef to 210°C, at heating and cooling rates of 5°Clmin
After the first heating scan, the samples were held isothermally at 210°C for 3 min before cooling
at 5°C.mint 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 sdirtifes. Two sets
of measurements were performed on thin sections obtained from the skin layer of injection molded

speci mens, and from the bulk Acored | ayer.
4.2.8 Rheological characterization

A controlled stress rheometer, ViscoTech by Rheologica, witm@0parallel 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 fther characterized in a uniaxial testing platform from Xpansion instruments hosted
on a MCR301 Anton Paar rheomet§20] The measurements were conducted at 170°C at an
extension rate of I's The linear viscoelastic (LVE) oscillatory measments obtained at 170 °C
wer e used to calcul at e *tahdeto dhactlEthesconsigency ofghe o wt h
extensional measur ement srepredehtethetVErewelopeimuniaxals p o n d

extenso n , according to Troutonds | aw.
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4.3. Results and Discussion

4.3.1 Rheological Characterization

The starting material was a commercial grade linear RPRLhomopolymer with weight
average molar mass (Yof 340 kg.mot and dispersity (D) of 5, as determined by GPC. Reaction
of L-PPwith 0.1 phr DCP produced DE&PP (sample 0.1 DCP) with reduced, lind narrower
dispersity (Mi=170 kg.mot and D=3.6), due to degradation attributecbtecission 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 PEB confirmed by the presence of
a pronounced Newtonian platedtiqure 4.23), the terminal slope of 2 in the elastic modulus vs.
frequency curvesHigure 4.2b), and the/anGurp-Palmerplot (Figure 4.3), which shows thahe
phaseangle tends to the limit of 90°.

Radical addition and hydrogen transfer reactions inughd coagent decrease the population
of PP backbone macroradicals, thereby suppresbiragission of tertiary alkyl radical
intermediateg§21]. Therefore all CMPPs had higher viscosities, compared to BREPFigure
4.2(a)), and longerte mi n a | rel axation ti mes[22]. o, as calcul

> — )
where (&Js storage modulus and(@® loss modulus at the gme f r equency of ¥ (1
rheological properties are summarized able 4.1

The viscosities of all CMPPs remained significantly lower than those of the pareRPL
material, indicating that vibreaking due td-chain scission was still dominant. &Highly
modified 0.3/6 TMPTMA had the highest molar mass among theP®Mamples (M=199kg.mot
1 D=3.3), and consequently the highest viscodigh{e 4.1andFigure 4.1(a)). It should be noted
that in all cases extraction of coagent modified PP froma miesh 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 eitbitba significant upturn in zero shear
viscosity, with loss of the Newtonian plateau, pronounced shear thinning, and deviation from
terminal flow Figures 4.22 and b). The latter is more obvious in the Van Gialmerplot, shown
in Figure 4.3 It shouldbe 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.mof and D =4), whereas the upturn of the complex viscosity at lequéncies
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represents a highlgranched, or hyperbranched fractid®]. We have demonstrated preusly

that the graft modification of PP with TAM coagent proceeds efficiently to yield a{wpached

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-PP, DCRPP and CM-PPs as

a function of angular frequency at 180°C.
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The GPC results shown Figure 4.4 confirmed the presence of such bimodality in the highly
modified 0.3 DCP/6 TAM onlyThe presence of strain hardening under extensional deformation
provides further evidence of brdnnag in this sample onlyHjgure 4.5).
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Figure 4.3 Van Gurp-Palmenplot at 180°C L-PP, DCRPP and selected CMPPs.
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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 fpdJdand consequently the
differences in cooling and crystallization rates within the thicknessegialymef25] result in the
formation of a skircore structure in injection molded produfl9,26 28]. The presete of skin
and core layers with a thick skin layer, approximatelyritRwide is clearly seen in the injection
molded L-PP specimeng-{gure 4.6a)). Typical PP spherulitic structure is evident in Figure 4.7(a)
obtained from the core layer of these samplasthe 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 Fahte (4.2
confirmed that the dat 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 molf29]. The width of the skin layer was reduced considerably to abouid
the 0.1 DCP specimg(frigure 4.6b)), consistent with the decrease in viscosity and the narrower
molecular weight distributio [30]. The DCPPP sample maintained large spheruliteghe core
layer Figure 4.6b)) and the distinction between skin and core layers is still eviddrigure
4.6(b) andTable 4.2

Coagent modification influenced substantially the thermal properties of PPARRand PR
TMPTMA exhibited significant ina@ases 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 QM-PP samples consisted of very small spherulites, and had a denser, grainier structure
(Figures 4.€e) and (f)).

These observations aia agreement with our previous reports that irrespective of their
efficiency in producing branching, grafting of botipé&g of coagents resulted in increases in the
crystallization temperature of PP. Even though-BRl samples were gike, scanning electron
and transmission electron microscopy revealed the presence afisgeltsed particles, with sub
micron dimensions, anparable to the dimensions of common nucleating agshtswn 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 th 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 coageith secondary phas&he formation of a lage quantity of
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nucleating sites, attributed to the presenda-sftu generated coagenth nanoparticlesjucleates
a large amount of crystals, and restricts spherulite growth, eventually leading to the grainier
spherulitt structure shown ifigures 47(e) and (f).Such reductions are typical of nucleated PP,
wherein the addition of nucleating agents promotes a finer spherulitic strifc8ie

Moreover, as a result of the enhanced nucleation effectP@bicrystallize fastdshown in
previous chaptejs and therefore #y should not be as sensitive to the different temperature
gradients during cooling. Because of the factors described ahevieoundaries 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 theP®l 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-aiia morphologyand causes a uniform

distribution of spherulite size along the sample thick@283]
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Figure 4.6 Polarized optical microscopyimages of skin layer of -PP, DCRPP and CM-PP
(all samples imaged at same magnification, scale bar represents 2 The inset shows the

direction of the sectioning.
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0.1/ 1.5 TMPTMA

(9

Figure 4.7 Polarized optical microscopy images of core layer of PP, DCRPP and CM-PPs
(all samples imaged at same magnification, scale bar represents 20um)
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Table 42 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.

Te T o Hh
(3) (1st scan)3 (st scan), J/g

L-PP Skin 120 165 78
L-PPCore 121 168 85
0.1DCPSkin 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. T crystallization temperature,odT me |l t i ng poi nt pne dodat of fisiorsfor heat i
first heating.

4.3.3 Mechanical Properties

It is well-known that the intricate microstructure of injectimolded parts controls their
mechanical propertig26]. The three classes of materials described aboWwP(LDCPPP,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 structurproperty relationships.

Reactonw t h peroxi de only resul t €igureidB)aadtehsi®op i n t
stress at yieldKigure 4.8), compared to the neat material, consistent with the degradation and
decrease in molecular weight of DE#P[34]. CM-PPs containing small amounts of peroxide and
coagent (0.1 phr DCP/ 1.5 phr coagent) resulte
to 0.1 DCP Figure 4.82). On theother hand both CMPPs 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 OBRid@® (

4.89.
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In fact, the modulus, as well as the tensile strength of these heaxilified PPs appeared to
fully recover to the values of the unmodifieePP, even though their molecular weight was lower.
Such increases i n Youngos cleatedsydtems codainmg sorpitpli c al |
talc etc., due to the formation of smaller and more uniform crystals, which contribute to better
distribution of applied stressd85,36] 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 tahe nucleating effects of the-gitu generated coagent rich nanopatrticles, as discussed
earlier Figure 4.6).

The elongation at break of the peroxide modified ERFPincreased, when compared to neat
PP Figure 49). This may be related to plasticizatiability of the smaller molecular weight
fractions created by vigreaking of the PP chaifi34]. The elongation at break of all the GRPs
remained hgher 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 bred7].
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Figure 49 Elongation at Break of L-PP, DCPR-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
propeties.Evidence of this is provided by tin@tched Izod impact strength measurements, shown
in Table 4.3 As expected, the degraded DEP, as well as the lightly modified GRPs had lower
impact strength than-BP. The smaller spherulites and improved @anuniformity afforded in
the presence of high amounts of coagents improved significantly the notched Izod impact strengths,
which surpassed the impact strength of neBFL It is also noted that the fracture behavior of the
samples modified with high amnt of coagents changed from complete break (CB) in to hinged
break (HB).

Table 43 Notched Izod impact strength of various PPs (CB: complete break, HB: Hinge
break)

Formulation Notched Izod impact
strength (J3/m)
L-PP 25 + 5 (CB)
0.1 DCP 21 + 4 (CB)
0.1/1.5TAM 18 +1 (CB)
0.1/1.5TMPTMA 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 crystallimatrates 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, narriavenass
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 alteysthllization kinetics of these materials
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resulted in the disappearance of the distinctive-skire layer in injection molded specimens, and
consequently in a significant enhancement in their mechanical properties.

The production of controlled rheologp@nucleated PP is generally a tatep process, which
involves &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
crystaline 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 ot approach to produce controlledeology 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 processiaghnique 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 finaned rheological and thermal propertiés. shown in
Appendix A, te 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 reactiveexsasplied

to a biopolymerpoly(lactide), PLA.
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Chapter 5

Rheological Characterization of LongChain Branched Poly(lactide)
prepared by reactive extrusion in the presencef 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 propemtigsansparency.

PLA has additional advantages, being-8arived and biodegradable/compostable under certain
conditions. Polyesters lack strain hardening, because of their linear structure. This limits their
applicability in processes that require extenal flows, such as film casting and blowing, foaming

and blow molding. Polyesters are also prone to thermal/hydrolytic degradation, whichtiedke
processing more challenging. These deficiencies are commonly addressed by reactive processing,
which ains 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 arerdgnmmuadified
using multifunctional chain extenders, that react with the end groups and create branched structures.
Pyromellitic dianhydride (PMDA), epoxased tetraglycidyl diamino diphenyl methane
(TGDDM), and multifunctional styren@crylic oligomers ee commonly used chain extenders for
PET and PBT'". In addition to PNDA, PLA has been modified using polyisocyanatéswhich
have been essentially abandoned in favour of the less moxitfunctional epoxybased chain
extenderst¥1°, Free radicamediated reactive extrusion in the presence of peroxides has been
employed extensively to achieve branching of PPA. Addition of multifunctional coagents,
such as (PETA), triallyl isocyanurate (TAIC), and triallyiitesate (TAM) further facilitates the
formation of branche® 28,

Branched structures can be chagazed using rheological means, especially measurements in
the linear viscoelastic (LVE) regime, as well as in the-lm@ar regime, using shear and
elongational flow experiments, which are very sensitive to shear thinning and strain hardening
effects repectively. 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 detectiomt (lgattering, concentration,
viscosity) sizeexclusion 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 molarssadails, deviations in the MaHouwink plots, etc229

32

Careful studies of the relationtaeen rheological properties and chain structure of PLA have
been conducted by various researchét$®3%4!, A varietyof LVE responses have been reported,
depending upon the type of PLA branched structure (star, comb, hyperbranched etc.). Branching
by functional end groups, such as styrgheidyl acrylate oligomer (Jonci§) allows for the
formation weltcontrolled corb-like chain structure$®. On the other hand given the random
character of fregeadical mediated reactions, allowing for each chain to be branched at multiple
locations, mixtures of structuredcluding linear, star, comb or trdike molecules may be
obtained?®4243 These materials have been modeled successfully by the branch on brancti, model
which employs the idea of hierarchical relaxation of branched structures, to model the LVE
properties of branched polymets*. 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) coagehtFreeradical mediated branching by irradiation, in the
presence of trimethylolpropane triacrylate (TMPTA) coagent produces bimodal architectures,
consisting of mixtures lorghain branched macromolecular structures and some degraded material
38,39,4§

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, togethith detailed characterization of the molar mass
distributions using tripleletector gel permeation chromatography (GRQ)infer the branched
architecture of these coagent modified PLAs.

5.2. Experimental
5.2.1 Materials

PLA (grade 3251D, MFI 35 g/1®@in at 190°C/2.16 kg) was obtained from Naturew®tksC.
Triallyl trimesate (TAM, 98%) was obtained from Monomer Polymer and Dajac Labs Inc.,
Trevose, USA.). Trimethylolpropane triacrylate (TMPTA), trimethylolpropane trimethacrylate
(TMPTMA), pentaeythtol triacrylate (PETA) and dicumyl peroxide (DCP, 98% purity) were used

as received from Sigmaldrich, Oakville, Canada. The chemical structures of all the coagents used
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in this work are shown in Schengel. Methanol (HPLC grade), tetrahydrofuran (THF,UdP
grade), and chloroform (HPLC grade) were also obtained from Siddnich.

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

o

VQ OM 31/ Z o
Z 0 0. X )\’ro o}(l\ Z 031/0 xn

Schemeb.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 prepareeactively 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 remowualrssident and
moisture. The formulations, containing betweeniO3l0 wt.% coagent and 0i30.6 wt.% DCP
were charged to a DSM micammpounder, equipped with twio-rotating screws, at 180 °C and
100 rpm for 6 minutes. After compounding, the strangse chopped into pellets for further
characterization. The sample designation used
concentration of DCP in wt.% and O6bd denotes

processed under the similzonditions 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 (RRiscosity (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 wa used as the eluent at a flow rate of 1 mL-nirhe PLA samples (5 g) were
purified by dissolving in chloroform (20 ml) and precipitating with excess methanol. The purified
samples were further dissolved TiHF for GPC characterizatiohe dissolved saples were
filtered through a 0.22im nylon filter before passing though the coluriihe refractive index,
dn/dc was determined to be 0.0482 migifhe results from the triple detector train and Viscotek
Omnisec software were used to determine polymdecntar 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 vahi were free of gels in THF were used for GPC measurements. Table

5.1 showghe dateaon all the gelfree samples owhich GPC measurements could be performed.

Table 5.1: Molecular weight distributions and Cross model parameters for

PLA samples

Sample Mw n M: t. )4
Desgnation (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 3.4 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

Mw-wei ght average

shear viscosity, andi relaxation time,"Denotes plateau values as the samples exhibited

Newtonian behaviour

5.2.4 Rheological Characterization

inspersity, Mt Zaaveragreemolgdular weight, 7 zero

Compression molded discs of 25 mm in diameter were prepared in a Carver hydraulic press at 180

°C and were used for rheological charaetgion. The linear viscoelastic (LVE) properties of the

prepared PLA

sampl es

as

a

functi

on

of

angul ar

mode at 180, 200 and 220 °C using MB®&L Anton Paar rheometer equipped with 25 mm diameter

parallel plags at a gap of 1 mm. Time sweeps performed aCL&% 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 withimdioealastic regime.

The average of three measurements are reported throughout this work. The obtained data was fitted

to amodified Goss model.
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where—is the shear viscosity, is the zero shear viscosityjs the relaxation time, n is a constant
related to the shear thinning behaviour,janid the frequency in rad's

Time-temperature superposition was performed based on the unified framework proposed by
Mavridis and Shroff*” to study the temperature dependence of rheological data and calculate
activation energies. Small amplitude oscillatorgahrheology (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 thefjow (E
Y QA - -— 2
where"Y is reference temperaturéyis temperatureqd “Y is horizontal shift factor, and R is

universal gas constant.

5.3. Results and discussion
5.3.1 Thermorheological behaviotirough LVE characterization

The thermorheological behaviour of polymer melts has emerged as a powerful tool to gain
insight into the molecular structure of polym&dVhile linear and shoxthain branched molecules
are thermorheologically simple, branchedypeers, such as metallocene/singlee catalyzed
linear low density polyethylenes (LLDPE) containing long side branches, may exhibit
thermorheological complexit}?. However the highly branched lombain branched lowlensity
polyethylenes (LDPEs) showed tharheological simplicity’®, because every molecule in the
treelike LDPEs is longchain branched, and consequently there is no distribution of relaxation
strengths. Cailloux et al. and Kruskal.also saw thermorheological simplicity in branched PLA
and polyster samples respectively, depending upon the type and degree of modifiétion

The weltknown vanGurgPalmen plot$? plot the phase angle versus the complex modulus at
different temperatureto 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 ceme PhA
formulations modified by various coagents as showFigare 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 dteape been
reported, for linear, star, comb, and hyperbranched poly#etsOur linear, unmodified PLA
showed terminal flow behaviour, indicative of its linear structdigute 5.1). On the other hand,
even though the modified samples showrFigure 5.1 were thermorheoiically 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 (LBRE)B PP*° and
LCB PLA %,

100
90
s OPLA 180°C
80 ¢ ® PLA 200°C
e : X PLA 220°C
= 70
I i ©0.3/3 TMPTA 180°C
= 60
H . ©0.3/3 TMPTA 200°C
@ [
8 50 =0.3/3 TMPTA 220°C
[~ L
: X 0.3/0.2 TAM 180°C
40 4
s 00.3/0.2 TAM 200°C
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-Palmenplot of thermorheologically simple samples

Activation energies for all the thermorheologically simple formatadi were calculated by
applying the Arrhenius relation, which relates the horizontal shift factowith temperature
(equation 2) and are summarizedrigure 5.2. Formulations reacted with DCP and TAM exhibited
the largest values of the activation enenghich was as high as 112 kJ/mol in the formulations
reacted with the highest amount of DCP and TAM (formulation 0.3/0.2 TAidufe 5.2a). In
thermorheologically simple samples the increases in the activation energies provide strong
evidence of branchg, as long branches are known to affect strongly the flow energy. This has
been demonstrated in the case of polyolefins, such as-cdtant and longhain branched
polyethylene®>#853 andpolypropylene?®30485% as well as thermoplastic polyesters, such as PET
and PLAY21319 Cailloux et al. reported energy of about 120 kJhfiot starshaped PLAL.

Significantly larger amounts of the acryldiased TMPTA coagent were needed to produce the
same effect at similar DCP loadinggdure 5.2b), whereas PETA produced only modest increases
in the activation energy, and TMPTMA was totalgffective. 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 oted that increasing the TAM amount beyond 0.3 resulted in thermorheologically

complex melts, with the appearance of additional relaxation médgsré 5.3). This suggests

that increasing the amount of the trifunctional coagesulted in more complekranched

structures, manifested by the appearance of additional relaxation modes as the samples approach

the gel point. Fang et &1, also reported thermorheological complexity in gammairradiated

PLA in the presence of TMPTA coagent.
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Figure 5.3: Van Gurp-Palmenplot of a thermorheologically complex sample
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5.3.2 SAOS characterization

Depending upon the coagent tyged amount, branched architectures hapeofound effect
on the complex viscosity of the coagent modified system, as shown by the master deiya®in
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 rineéhefaesults are not

shown here.

104

0.1/0.1 TAM
0.1/0.3TAM
0.2/0.2TAM
0.2/0.3TAM
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¥ o+ 0O ® & >
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a; *w (rads?)
Figure 54: Complex viscosity as a function of angular frequency for various TAM
formulations, at a reference temperature of 180°Cgsolid lines represent respective Cross

model fits, solid lines represent experimental dta for neat PLA as samplesexhibited

Newtonian behavior

As mentioned in sectioh.3.1 above, increasing the amount of TAM beyond 0.3owesulted
in loss of thermorheological simplicity. In this case it was impossible to construct master curves.
The SAGS frequency sweeps obtained at 180°C are showigime 5.5a, and the corresponding
VanGurp plots are shown Figure 5.5b.
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Figure 55: (a) Complex viscosity as a function of angular frequency and (b) VanGuep

Palmen plots of thermorheologically cenplex samplesat 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 gete in chloroformput 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 insightsHigure 5.6). At similar concentration of DCP (0.3 wt.%), and cesigoading,

TMPTA influenced the oscillatory response mdstlowed by PETA, whereas TMPTMA had
negligible effect. Comparison with a composition containing 0.86W2CP and only 0.1 wk

TAM, demonstrates the overwhelming effectiveness of the albdied TAM, compared to the
acrylate coagents. These findings are consistent with the activation energy results, presented in
Section 53.1.
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Figure 5.6: Complex viscosity with respect to angular frequency for allylic and acrylic
coagents reacted with 0.3 w¥ DCP. Solid lines represent correspondingross model fits.

To facilitate comparisonsigures 5.7(a) and(b) summarize the zero shear viscositi€alle
5.1), andFigures 5.7(c)and (d) the relaxation timesT@ble 5.1), obtained by fitting the Cross
model (Equation 1) to the master curves showkidnire 5.4and5.6. 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 viscositiewsifd 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 therréiaveatio
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 bathmeters.
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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 insighte SEC results shaa that
theneatlinearPLA had M, of 83 kg.mof* (Figure 5.8a, Table5.1) and followed a linear relation
between radius of gyration andwMalculated through lighscattering (Ms), which follows a
scaling law shown in equation (3y° (Figure 5.8b).

oy 68 0D (3)
Thevalue of" was found to be 0.58 from Figuse3b, in goodagreement witthetheoretical 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 volumgethe 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 henceare not shown here.

In Figure 5.8awe present the unprocessed results obtained from light scattering results, as they
are more sensitive to the presence of branched struétulkésdification of the PLA with peroxide
alone did not result in significant changes in chain architecture (se®BDP inFigure 5.83.

This is in contrast with reports by Fang etawho used irradiation to generate fraglicals and
repoted 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
peroxde showed shiftsoward higher molecular weight regions with a minor peak appearing at
retention time of 14 min (shown by a vertical lineFigure 5.8a) which is reflected in the higher
z-average molecular weight @Mvalues and broadening of distributipeak 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 gyratibthe branched polymers from the radius
of gyration of the linear counterparts can be expressed by usioity@ntraction factor g which

relates the mean square radius of linear polyféf, Q'to that of branched polymedy ; Giof

equal molar mass™®:
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The deviation from the linear reference toward lower values suggests contraction of the coiling
chains, as expected in the case of branched polymbesslopes of the linear portion fahe
branched PLA sanigs (" in equation 3yaried between 0-8.44. 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 FETA) 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 sampleBigure 5.99. This peak, which appears at shelution times
and was absent in the purified samples, corresponds to the presence of very high molar mass
material Figure 5.9b). It is well knownthat acrylic coagents, which are very reactive, oligomerize
in the presence of peroxidé in doing so they would create crdssked structureswhich further
elute at short times wiout grafting onto the PLA chaiven though we have alluded to théefore
in the previous chapters of this thedliss is the first time that evidence of these structures has been
demonstrated using GPThis 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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calculated from universal calibration corresponding to retention volume on primary abscissa,
and (b) Light scattering response of PLAs reacted by various coagents after purificatioft)

Radius of gyration as a function of molecular weight.

Figures 5.10 (a)(d) and Table 5.1serve to present a comparison between the molar mass
measurements obtaineat the various coagents, at different coagent loadings. Even though the M
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. iJuess f
demonstrate once more that TAM is much more effective compared to the acrylate coagents, which
have more modest effecsnd that Mz is particularly affected by the coagent amdubecomes
apparent here that, consistently with previous findimgsTMPTA 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 PR ¢ stearic hindrance of methyl groti®
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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) Was a function coagentype

and amount.

5.3.4 Branched PLA Structure

The structure of PLA branched through freeical means, in the presence of coagents has been
studied previously?¢383% The presence of mixtures of linear and lahgin branched
macromolecular structures have been speculated in PLA irradiated by electron beam and gamma
ray radiation®3° In these reports, there is also evidence of chain scission, which generates a
distribution of branch lengths. In fact costike structures were also reported in the presenf
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 fregadical reactiorsuggestedby Nerkar et b *%, a plausible chain structure
would consist of mixtures of linear PLA chains that are unreacted, and LCB structures that are

generated through combination of theftmctional coagent with the PLA macroredis. This type
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of branched structure would be very prone to network formation through-lorkisg as the

amount of the trifunctional coagents increases furtérs conceptuabranched structure is
supported by the LVE characterization, and specifi¢chlt activation energy measurements, which
follow the behaviour that is expected for uniformly lecitain branched melts. The presence of

LCB is also supported by the enhanced shear thinning behaviour seen in coagent modified samples
(Figure 5.6), and thepronounced deviations seen in the plots of radius of gyration versus molar
mass Figure 5.8b and5.9b).

Even though not strictly applicable for the types of complex structures generated through free
radical reactions, the&imm-Stockmeyer equation hasdreused extensively as a means to compare
the amount of branching between different samples i#?"BRand PLA%*. According to the model
the contraction factoig (equation 5¢an be used to calculate branch points per molecule, m. For a

trifunctional randomly branched polymer, g can be related to m by equatiof 5 as
8 8
Q p - — (5)
These evaluationapplied to the GPC data obtained for the purified sangkeshowrin Figure
5.11,and show clearly that increasing the amount of TAM in the formulations resulted in more

branching, and thamong 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 cannovigeevidence 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,drovides useful insigh{figure 5.12). In this plot the dependence

of— on0 is well-established for linear PLA &%
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- 0 (6)
where— is zero shear viscosity, is weight average moleculareight of linear PLA, and logK
=-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 wh TAM, (b) PLAs modified with other
coagents.

PLA formulations reacted with DCP and TAMigure 5.12(a)) showed positive deviation from
the powedlaw dependencePositive deviations are usually ascribed to a high degree of

entanglements in the presende.GB. 1:33:38.60
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Itis interesting tanote thasamples modified witthe acrylate coagents PETA, TMPEAowed
deviations as well, wheregMPTMA did not deviate from the linear fit{gure 5.12(b)). This
corroborates that thEMPTMA was able tointroducing LCB. This may be attributed tiee low
grafting efficienciespwing to the oligomerization sideeaction, which resistin the formation of
a separate phastelutingas high molar mass materifdigure 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 grfdlowing a powedaw trend up to an M of
about 16, before leveling offFigure 5.13a). This suggests that the branching is mostly reflected
in the high molecular weight tail and influences profoundly tW& Iproperties. Similar is the case
for relaxation time calculated from the Cross model which shows a strong dependenge 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 ine in (a) represents a powetaw trendline
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54. Conclusiors

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.
Basedon 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 pe®xxhibited 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 the radus of gyration versus molecular weight
graph as well as deviation from powaw dependence of zero shear viscosity versus molecular
weight suggested formation of LCB architecture in the high molecular wieéglibns The three
acrylate coagents studi€BMPTA, 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 thermand soldstate properties of branched PLA.
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Chapter 6

Tuning the rheologstate phepenti asdo
PLA by adieceali ated reactive extr

6.1 Introduction

Poly(lactide), or ply (lactic acid) (PLA) is a biobased and biodegradable aliphatic polyester. In
spite of its potential to replace petroleum derived polyesters in commaodity applications, its slow
crystallization kinetics and low melt strength limit its application in commolymer processing
methods, such as injection molding, blow molding, film processing, foamingdetc.

The crystallization kinetics of PLA can be improved by adding nucleating agents such a
inorganic fillers, nangparticles, organic nucleants, PLA stereocomplex?®.€fo address the lack
of melt strength, chain extenders, such as polycarbodiimide, tris (nonylphenyphjibps
pyromellitic dianhydride (PMDA), triglycidyl isocyanurate (TGIC) and epéumctionalized
oligomeric acrylic copolymer (trade name Jon®rflom BASF) have been used to introduce
branching, and counteract the degradation of PL'A
Various structures like star, pepom, comb, tree, or highly dense networks have been reported in
the resulting product$*2°, PLA can be also be branched or crosslinked throughrédieal
processing, initiated by organic peroxidé¥ or irradiation?®2®, in the preence multifunctional
coagents, such as pentaertythritol triacrylate (PETA), trimethylolproprane triacrylate (TMPTA),
and triallyl isocyanurate (TAIC)242629,

In comparison to the commonly used acrydésed coagents an allylic coagent, triallyl
trimesate (TAM) has eerged as a particularly potent coagent, at relatively low concentrations, as

demonstrated i€hapter 5.

*A version of this chapter has beeatcepted for publicationPraphulla Tiwary, Marianna
Kontopoulou, ACS  Sustainable Chemistry & Engineering 2017 (DOI:
10.1021/acssuschemeng.7b03617
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A recent communication by our grotfthas shown that in addition to substantial improvements
in the elasticityand strain hardening characteristics of PLA, grafting with TAM resulted in faster
crystallization rates, both under isothermal and-isothermal conditions. Similar improvements
have been reported in TANhodified polypropylene (PP) in the previous chepiaf this thesis
(Chapters 24). 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

Giventhat 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 ofethmsagentmodified
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 andAM coagent and we presenthsrtterm data for their hydrolytic
degradation profileAn additional contribution of this chapter is that a more industrédiylicable
reactive extrusion process is adopted.

6.2 Materials and Methods
6.2.1 Materials

PLA 3251D, MFI 80 g.10 mihat 210C/2.16 kg, injection moulding grade, designated as PLA1
and PLA 2500 HP, MFI 8 g.10 mirat 210°C/2.16 kg, extrusion grade, designated as PLA2 were
obtained from NatureWorRs Triallyl trimesate (TAM, 98% purity, Monome?olymer and Dajac
labs.), dicumylperoxide (DCP, 98% purity), tetrahydrofuran (THF, HPLC grade), chloroform
(HPLC grade), and acetone were used as received. The solvents and peroxide were obtained from

SigmaAldrich Canada. All the chemicals and the polymers were used as received.
6.2.2 Reactive Extrusion

Reactive extrusion was conducted using a twin screvotating extruder (Coperion ZSK 18
ML) equipped with a strand die, water cooling bath, and pelletizer, using the low shear screw design
shown inFig. 6.1. A masterbatch was prepared ¢nating ground PLA powder with an acetone
solution containing DCP and coagent and allowing the solvent to evaporate. This masterbatch was

mixed with dried neat PLA1 in appropriate ratios to yield the desired concentration of DCP and

coagent T(able 6.1) int he system. The sample designation
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concentration of DCP in weight percent age
percentageTable 6.1). The temperature profile was 170/190/190/190/190/1903Co®opper to
die). The extrusion was performed at a feeder speed of 38 wiitn screw speed of 120 min
(corresponding to an average throughput of 1.5 Ky &nd average residence time of 2 min 30 s,
(the halflife time of DCP is t= 0.30.8 min at 196C %!) to allow for the complete reaction of

PLAL1. The neat PLAs, we processed in similar fashion.

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

Figure 6.1 Screw design used in the reactive extrusion.

6.2.3 Spectroscopic characterization

To oonfirm grafting of TAM, a U\WVis 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 chlorof@@thml) and
precipitating with excess methanol. The purified samples were further dissolved in chloroform at a
concentration of 20 mg.mkand transferred to quartz cuvettes. Baseline scans with only chloroform
were performed. Different concentrations mire TAM in chloroform were used to obtain a
calibration curve relating to the peak height at 241 nm, which corresponds to the aromatic ring
presentin the TAM molecule. The quantitative information of the percentage grafting was obtained
for all formulatons by using thealibration curve, and is shown in Table 6.1.

Representative spectra for PLA 0.3/0Rig( 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 betweef.3.Wt.% of the amount of TAM

originally added, suggesting that the grafting efficiency was very low.
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Neat TAM
— — A

C.H
A 5SS L PLA1/0.3/0.1

Absorbance (A.U)

230 240 250 260 270 280 290 300
Wavelength {(nm)

Figure 6.2UV-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 &6TM 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 wasnfermed 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 cotwtained
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.Mie results
from the triple detector train and Viscotek Omnisec softwese used to determine polymer molar

mass distributions using the value of the refractive index (da&l6)0478 ml.mg
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6.2.5 Rheological characterization

A 25mm parallel plate fixture hosted on a MGB1 Anton Paar rheometer was used in the
oscillatay 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 k@ tCross model given by equation (3) to estimate the

zero shear viscosities.

1 s BErr— 1)
where—" is the complex viscosity; is the zero shear viscosity,is the relaxation time, n is the
constant related to shear thinning behavior; anslthe frequency in rad's
Equation (4) wasused to describe the rheology of formulations that followed a plamer
dependence:

1 s U 2
where-" is the complex viscosity, K is consistency indeis the constant related to shear thinning
behavior, and is the frequengin rad.s'.

Samples were characterized in a uniaxial testing platform from Xpansion instruments hosted on

a MCR-301 Anton Paar rheomet& 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
AC were used to cal cul at*endttchcheckLthé Eonsistencedc the gr o w
extensional measurements. For a more quantitative estimation of the strain hardenomesta,
the strain hardening coefficient, S, was calculated according to

h
- 3

The cur ve cor'reprasents thd LVE gnvalope in3udiaxial extension, according to

vy

Troutonds | aw.

6.2.6 Injection Molding

Injection molding was done using a Nissei ES 200 ELJECT injection molder with a fixed mold
temperature of Z& 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 temperatuveas kept constant at 180,

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 tnat3369 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:ifn 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 ISO 178 (cross head speed of 2 mip.Alinthe mechanical tests were
performed after 48 hours of injection molding.
For heat deflection temperature (HDT) measurements, specimens (12713nmmx 3 mm) were
prepared by compression molding using a Carver press under 5000 N force,dat @08 a
residence time of 3 min. 8pimens were lowered in a silicon oil bath and tmeperature was
increased from A& at a heating rate of 1@0/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 & avera

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 heldor 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 SonyxiwaveHAD 3 CCD digital recorder.

6.2.9 Differential scannirg calorimetry (DSC)

Differential scanning calorimetry was conducted using a DSC Q1000 by TA instruments.
Thermal cycles were performed betwe8a to 210°C at heating and cooling rates of 5°C’min
After the first heating scan, the samples were heldesotally 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 obtainefilom the first and second heating scafise percent crystallinity of the polymer,

@ , was estimated using Equatién

O —@pnmn (4
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where3’O is the apparent fusion enthalm/O stands for all cold cryatlization transitions
recorded during the heating scan, af@d is the theoretical fusion enthalpy of a 100% crystalline
polymer, which is 93 J-bfor PLA %,

6.2.10 Hydrolytic Degradation

Shortterm 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 hoarsdwer 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 discggogsn in 10 ml of THF,
yielding a solution of 2.5 mg.mlconcentration which presented good detector response. The
details of GPC chacterization are mentioned above.

6.3. Results

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

The starting material, PLA1 was adigr PLA with weight average molar mass.jMf 83 kg.
mol* and dispersity of 1.7T@ble 6.1 and Fig. 6.39. This material was modified using various
amounts of peroxide and coagent, to produce branched ofliciass derivatives having higher
molar mas. PLA2 is a linear polymer having higher molar mass than RIAfle 6.1) which
serves as a suitable comparison to the modified PLAL1. The molar mass distributions, light
scattering detector responses and Madokiwink (M-H) plots of these formulations er
summarized irfFig. 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 frequencyHignge
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 behavioiHgs. 6.4a and b.
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Figure 6.3 a) Molecular weight distribution, b) Light scattering analysis, and ¢) M-H fit of
various PLAs. PLA1 and PLAZ2 follow powerlaw relation with Mark -Houwink constants of
a=0.61 and log k =3.96dl.gm™.
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Table 6.1 Molecular weight and rheological properties

Sample Muw b M do & n
Designatian (kg.mol?) (kg.molY)  (Pa.s) (s)
PLA1 83 1.7 129 400 - -
PLA2 126 1.6 189 2,410 2x103 0.4
PLA1/0.3/0 119 2.2 267 700 1x103 0.5
PLA1/0/0.3 82 1.7 124 360 - -
PLA1/0.1/0.1 117 2.8 480 1,070 3x10°% 0.4
PLA1/0.3/0.1 150 4.3 727 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 Pd.s
, h=0.476

My T Weight average molecular weight-M-aver age mol eicDu Isgre pigdeio gyht ,d
shear vi-srelaxaionttiye, i eonstant related to shetrinning behaviar ‘Denotes

plateau values as the samples were Newtonian in nd@RC measurements could not be
performed because of the presence of gels in the formulation.

The zereshear viscosities of PLA1 and PLA2 followed a linear trend witheeisto M, (Fig.
6.5 further confirming the linear structure of the chath$rocessing in the presence of peroxide
only (sample PLA1/0.3/0) increased the molar masisrasulted in slightly broadened molar mass
distribution when compared to neat PLAZg. 6.3b). Reaction of PLA with peroxide generates
macroradicals’’®, which may terminate by recombination resulting in branching. Since free
radical reactions occur randomly alotige polymer backbone, a branch-branch structure has
been suggested for these formulatidhddowever in the present case, the amount of peroxide is
low, resulting in negligible amount of brehing, when analyzing the # 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.

100

N



10° ® PLAL
(a) O PLAZ
—_ X PLA1/0.3/0
@ o PLA1/0.1/0.1
g ¢ PLA1/0.3/0.1
E 10* A PLA1/0.1/0.3
£ = PLA1/0.3/0.3
o
3
2 =
3 400
= 10 S 0-6-0-g o ~
£
S
vl
102 1 IIII\II} I\IIIIII 1 \II\IIII 1 111111l
0.1 1 10 100 1000
Frequency [rad.s?)
106 ¢
F @ PLAL OPLA2 X PLAL/0.3/0
105 LOPLAL/0.1/0.1 APLAL/0.1/03 <>PLA1/03/01
— F = PLA1/0.3/0.3
= L =
2 10 R §
E . m&ex@xg ¢°
> - " ACTR o]
3 108 ) AAAxoﬁooo
= ad &° g O o
2 a® * g .
oo X
s 1 % .0 .
=] ¢ =] °
& ¢ X g .
X
10 x af e (b)
o) .
10° S T TR SR W ST TR R
0.1 1 10 100 1000
Frequency (rad.s?)
90 *L & &K ®
ol A )
006 00X x x e
©00,%0 O’Epém )
= Aa A © © & 5 e} o O
o baanlod g
gén A AAO
-]
g 45 T [ T TTILA L L L] |
£
O.
(©)
0 |||||||i 1 \Illl\i 1 [ R N
100 1,000 10,000 100,000

Figure 6.4 a) Complex viscosity and b) storage modulus as a function of frequency c) Van

Gurp-Palmen plot. Solid lines in (a) represent the respective Cross model and powaw fit

for samples at 180°C.
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Figure 6.5 Zero shear viscosity obtained through Cross modgdlotted against weight
average molecular weight obtained through light scattering. PLA1 and PLAZ2 followed the
l inear fit between Mw -HR2dnddg=B4wi th value of | og

On the contrary reaction with peroxide and coagent altered the molar mabatitisis and the
rheological response substantially. In addition to the increase amM,, the formation of high
molar mass fractions is evident by the increase in theaMe Fig. 6.3aand b, Table 6.1). Close
inspection of the light scattering éetor responses-ig. 6.3b), shows broadening in the curves
corresponding to the coagembdified formulations (PLA1/0.1/0.1, PLA1/0.3/0.1) and eventually
bimodality when the TAM content increases to 0.3 wt% (PLA1/0.1/0.3), revealing the presence of
strucures having high molar mass. The corresponding MH pgHags 6.3c) deviatefrom the linear
fit beyond M,=10° g.mol! suggesting that the intrinsic viscosity decreased in the high molar mass
region, consistent with the formation of branched structirés®.

The coagenmodified formulations exlited 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 o960 the Van GurgPalmenplot (Fig.
6.4c) is indicative of branching. It is interesting to note that both the increases in molar mass and
in the viscosityweremuch more pronounced in formulations prepared in the-$aiaw extruder
(TSE) in this chapter, compared with the same formulations preser@napter 5This suggests
that the improved mixing conditions in the TSE restih improved reaction efficiency.

Nevertheless, the deviations from the linear fit of logs. logM, were rather moderate and became

more significant only at the highest coagent loading. Aatlal. *° 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, whghmriesver
entanglements and a decrease in viscosity. Harth“*¢tald Fang et at®* showed deviations only
when large amounts of branching were present in PET and BpAatvely. This analysis suggests
that a relatively small amount of lofdpain branches are present in the current system, together
with the linear PLA chains that remain unmodifigétlis is consistent with the very small amounts
of TAM that is grafted othe PLA chainsTable 6.1

The system is susceptible to crdisking upon increasing the amount of theftmctional
coagent*?® Indeed, increasing the amount of DCP and TAM resulted in substantial increases in
the viscosity of PLA1 0.8.3 and the formation of gels (3 .9), 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 Fégd(a) could only be fitted using the powlaw equaéion (4).
The 0.3/0.3 TAM formulation showed terminal phase angle below 50°, in the VanGurpiplot (
6.4c) right at the onset of gelation, which is also reflected by the plawetype dependence of the
complex viscosity versus frequency curve. IncrepdiAM content even further, in PLA1 0.3/1
resulted in high gel content (25 wt.%), indicative of high ciivés density, and could not be
characterized by GPC or rheology.

6.3.2 Strain hardening

As expected, branching had profound effects on the tensisssgrowth 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 thestrein hardening linear PLA chains
dominate at high strain ratés The PLA1 0.3/0.1 formulation, exhibited a small degree of strain
hardeningat high strain rates onl¥ror the later sample, chain entanglemdntsto branching were
not sufficient to achievstrain 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),

anda higher strain hardening coefficient.
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Figure 6.6 Tensile stress growth coeffients 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 ée shifted by an arbitrary factor for clarity

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

Sample /Strain rate 0.1st 1st 10 st
PLA1/0.3/0.1 -- 5 5
PLA1/0.1/0.3 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. PLA1 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 typicalhbiexpronounced cold
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crystallization transitions in the DSC endotherms that are followed by mekiigg.6.7a and c,

Table 6.3). These characteristics were essentially unaltered upon reaction with DCP or TAM only.

Subtle differences were observed inttermal properties of the coagenbdified PLAs during

the F'heating scanT@able 6.3andFig. 6.78. Both cold crystallization temperatures were slightly
shifted toward lower values as the amount of TAM increased, and became less pronounced in the
crosdinked PLA1/0.3/1 formulation. The gTof the latter also increased by 4°C, indicative of

restricted motion of the chains. Neat PLAs and other coagent modified samples (except

PLA1/0.3/1) showed negligible crystallinity values, whereas the crystallinitheoPLA1/0.3/1

formulation increased substantially to 31%, consistent with the reduction in the magnitude of the

cold crystallization peak.

Table 6.3Thermal properties of PLA formulations.

1t heating Cooling 2" heating

Sample Teer Tz Tm Ty Ge Te Teecr Tz T Ty Ge

G (°C) (G (C) () | (°C) [ (°C) (°C) (°C) (°C) (%)
PLAl 95 156 171 60 5 96 154 170 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

T crystallization peak tempature measured in cooling,..J 1 cold crystallization peak

temperature measured in heating,T cold crystallization peak temperature measured in heating

just before melting,#me | t i ng

Even though the neat PLAs did not have a crystallization peak during the cooling sequence, the

peak

t e mp e r aitperceestageneyatalioity. e d

crystallization exotherms of the coagembdified PLAs displayed sharp crystallima peaks

(Table 6.3andFig. 6.7b). The crystallization temperature; ificreased 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. Consistentlyhathe observations during the cooling scan, the
thermal transitions of the TANhodified PLA were altered significantly during th& Beating

scan; the cold crystallization transitions disappeared from the second heating enddtfgerm. (
6.7c). The crystHinity 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 PLislndtteworthy 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 observedeviausly upon coagent modification BLA 2642 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-seystalline thermoplastics, such as
polyolefins and PLA 4244 Previous work has shown that PLA branched witimcryl had
improved nucleation capactfy but retained the typical characteristics of cold crystallization. Liu
et al *speculated that the LCB backbones are likely to act as nucleating sites. The higher segmental
mobiity of the linear chains facilitates folding of the chains, and thus accelerates the crystallization
kinetics. You et at! 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 presenPLA/TAM system hydrogen bonding is not possible.

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

oligomerized coagent.

106



(a)
PLAL/0.3/1 N\
— PLAL/03/03 N/
—'V—'_/¥
= /\___Patjo3jo1 \f
S._\—_JLPLAIIO.IIOB ’\[
g /\ PLALj0.Lj01 ‘\[
pe PLA1/0/0.3 l\[
g—-\f—J\
PLAL/0.3/0
Jo.3] \["
NN\
PLA2 )\[_
50 ;0 50 110 1;0 1;0 1;0 190

b
PLA1/0.3/1 _/\()
PLA1/0.3/0.3 T
E)
4| PLav/o3/0.1
g
= |  PLalfo.1/0.3
b
= _/w
PLA1/0/0.3
PLAL and PLA2_ ¥ PLAL/0.3/0
110 115 120 125 130 135 140
Temperature {°C)
PIATJ0.3]T
PLAL/0.3/03 \/
= PLAL/0.3/0.1 N
< PLA1/0.1/0.3 w
2
HIl /\__PLAL/0.1/0.1 V
o
2 PLAL/0/0.3 ‘\/
)
PLA1/0.3/0
Ao N/
A PLAL
(©) PLA2

50 70 90 110 130 150 170 190

Temperature (°C)
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Further insight nto the crystallization of the coagambdified formulations was obtained
through isothermal experiments, using hot stage microscopy at 155°C, to enable us to visualize the
process of crystallizatior(g. 6.8). It is noted that the neat PLAs did not cajtize 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 endothefig( 6.7¢9. 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

crystak 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, c) PLA1/0.1/0.3,
d) PLA1/0.3/0.3,e) PLA1/0.3/1 at 155°C; the scale bar represents 60Neat PLA, PLA1/0.3/0,
and PLA1/0/0.3 did not crystallize under these conditions.

The results analyzed above confirm that the coagenlified 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 gh&der normal processing
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conditions, which include fast crystallization rates the nucleation effect wasident This is the
case in the injection moldeg@ecimens, discussed in SectiaB.4.

6.3.4 Mechanical properties

The mechanical properties of polymers depend on their molecular weight, chain architecture
and crystalline microstructur®. In this section we investigate whether the changeshain
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 propertiesingtar (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 6.4Mechanical properties of PLAs.

Sample TSat Younc Flexural Elongation Unnotched HDT (°C)
Break Modulus Modulus atBreak Izod impact at1.82
(MPa) (MPa)  (MPa) (%) strength MPa
(kJ.m?)*
PLAL 60+6 1230+54 2670+40 6+1 17+0.5 55
PLA2 65+t2 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 2600450 6+0.5 18+0.7 55
PLA1/0.1/0.1 61+6 1220+52 2600+100  7+0.5 34+0.5 55
PLA1/0.1/0.3 63+3 1260+29 2890490 7+1 23+0.3 56
PLA1/0.3/0.1 62+6 1280+16 2550+100  7+0.5 34+1 55

*All the 1zod impact specimen exhibitedmplete 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 thdifnder these conditions, the samples did

not crystallize, and exhibited similar thernmabperties to those of the neat PLRaple 6.3 1%
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heatingand Fig.6.7a). Therefore the changes observed in the Izod impact strength are only
attributed to differences in the PLA chain structure, and specifically to the higher molar mass of
thecoagentmdi fi ed samples compared to the parent
flexural moduli, elongation at break, tensile stress at break and HDT, were retained upon coagent
modification.

The mechanical properties of these TAM modified systems maydvedbkignificantly if the mold
ismaintained ah temperature above thg 1o 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 behaviouf BLA largely depends on the molecular weight,
crystallinity, geometry, anthe surrounding environment (temperature, moisture, pH, presence of
micro-organisms, ety“. In this work we conducted some preliminary istigations to investigate
the effect of the chemical modifications described above on thetsherhydrolytic degradation
profiles of the modified PLAs.

As shown irFig. 6.9 andTable 6.5, the molecular weights of the final samples were lower than
thoseof 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

Day 0 Day 5

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 coagembdified 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, withlonger chains being more susceptible to cleavage than the shorter*¢h@mshe
contrary the observed increase in the dispersity index in the unmodified formulations represents a
broadening of the moletar 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 polyrfier

A long-term degradation study was not undertaken in the present work. The preliminary results
from the shorterm degradation experiment presented here show that the hydrolysis of modified
PLA is unaffected by TAM addition at least chgithe initial stages. Therefore, the modified PLAs

should be subjected to further loteym degradation studies.

Table 6.5 Dispersity and molecular weight difference observed during hydrolytic

degradation of PLAs

Formulation My n Mw Percent
(kg.mof?) Difference

PLA1 day O 80 1.7

PLAl day 5 45 2.5 >0
PLA2 day O 130 1.6

PLA2 day 5 90 19 >0
PLA1/0.1/0.1 day O 160 3.3 105
PLA1/0.1/0.1 day 5 50 24

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 80

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 freedical mediated reactidf It should be noted thaeaction of PLA

with coagent alone (PLA1/0/0.3) 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-MM analysis. Therefore in the absence
of peroxide, there is no grafting or transefitation reaction between TAM and PLA. This
confirms that grafting of TAM onto the PLA backbone relies on a-fagical mediated
mechanism.

In freeradical mediated modifications termination by chain scission and/or crosslinking is
possible. In the PLAInder 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 recombirfsi@xplained in Chaptés,
the most likely conceptual model is that of two types of clpajpulations in coagemhodified
PLA, comprigs of linear chains, which remain unaffected by the modificati@mg] chains
containing lonechain branchingThe latter form in the presencetbe multifunctional coagent,
and cause bimodality in the molar mass distributions that result in deviations from-lthe M
relationship, and chain entanglements in the melt state, wdriehresponsible for thaigh
viscosities and melt elasticities, andagtrhardeningKig. 6.4 and 6.6); these formulations can be
further pushed beyond gelation, when the TAM content increases even further.

According to the UWis results the amount of branching present in coageniified PLA is
low (0.1-0.3 wt% of added AM); the analysis of the intrinsic viscosity data revealed that branches
are only present in the high molar mass fractiéig. 6.3¢. Looking at both the intrinsic viscosity
and zero shear viscosity dependence on molar rrégsrés 6.3(c) and 6.5), we onclude 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 ofong-chain branchednateial form, causing a significant reduction in low
intrinsic viscosity, manifested as deviation in theHWplot, while the zero shear viscosity does
deviate substantially from the lindag' , vs. logM, dependenc®.

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 raéfi€aland has also been known
to form highly crosslinked structuré¥® It is conceivable that in the presence ohhégnounts 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 sideeaction, and could ctnibute 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 I@ive rest of the ungrafted coagent, may be

subject to theoligomerization reactions mentioned above. We suggest that these structures are
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responsible for the altered thermal properties described in séc8dn by acting as nucleating
agents.

The intricate microstructure of these coagmwidified PLAs can affet 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 polymearegsing

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 effectiva producing LCB PLA
formulations having increased viscosity, elasticity, as well as strain hardening characteristics. At
high DCP and TAM loadings crodimked structures were obtained.

The reactivelymodified formulations had increased molar mass, Wwhésulted 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 crystaity, and a finer and denser spherulitic structure.

These resultslemonstratedhat 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, whout affecting the mechanical properties and the gkont 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 usingmaity
amounts of crosBnking agentsThese 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.

113



6.6 References

(1)
(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)
(10)

(11)

(12)

(13)
(14)
(15)

(16)

17)

(18)

(19)

(20)

(21)

Nofar, M.; Zhu, W.; Park, C. B.; Randall, J. Crystallization kinetics of linear and long
chainbranched polylactidénd. Eng. Chem. Re2011, 50 (24), 1378913798.

Auras, R.; Harte, B.; Selke, S. An overview of potyldes as packaging materials.
Macromol. Biosci2004 4 (9), 835 864.

Garlotta, D. A Literature Review of Poly ( Lactic Acidl).Polym. Environ2002 9 (2),

631 84.

Dorgan, J. R.; Williams, J. S.; Lewis, D. N. Melt rheology of poly(lactic)acid
Entanglement and chain architecture effett®Rheol1999 43(5), 1141.

Rasal, R. M.; Janorkar, A. V.; Hirt, D. E. Poly(lactic acid) modificati¢treg. Polym.
Sci.201Q 35(3), 338 356.

Dorgan, J. R.; Lehermeier, H.; Mang, M. Thermal Rigological Properties of
CommercialGrade Poly (Lactic Acid)sl. Polym. Environ200Q 8 (1), 1i 9.

Dorgan, J. R.; Janzen, J.; Clayton, M. P.; Hait, S. B.; Knauss, D. M. Melt rheology of
variable L-content poly(lactic acid)l. Rheol2005 49 (3), 607.

Palade, L. I.; Lehermeier, H. J.; Dorgan, J. R. Melt rheology of higbritent poly(lactic
acid).Macromolecule2001, 34 (5), 1384 1390.

Saeidlou, S.; Huneault, M\.; Li, H.; Park, C. B. Poly(lactic acid) crystallizatidProg.
Polym. Sci2012 37(12), 16571677.

Di, Y.; lannace, S.; Di Maio, E.; Nicolais, L. Reactively Modified Poly(lactic acid):
Properties and Foam Processiltgacromol. Mater. Eng2005 290(11), 1083 1090.

Pilla, S.; Kramschuster, A.; Yang, L.; Lee, Jar@, S.; Turng, LS. Microcellular
injection-molding of polylactide with chakextenderMater. Sci. Eng. @009 29 (4),
1258 1265.

Corre, Y:M.; Maazouz, A.; Duchet, J.; Reignier, J. Batch foaming of chain extended PLA
with supercritical C@ Influence of the rheological properties and the process parameters
on the cellular structurd. Supercrit. Fluid011, 58 (1), 177 188.

Mihai, M.; Huneault, M. A.; Favis, B. D. Rheology and extrusion foaming of ehain
branched poly(lactic acidPolym.Eng. Sci201Q 50(3), 629 642.

Liu, J.; Zhang, S.; Zhang, L.; Bai, Y. Preparation and rheological characterization of long
chain branching polylactid@olymer 2014 55 (10), 2472 2480.

Liu, J.; Lou, L.; Yu, W.; Liao, R.; Li, R.; Zhou, C. Lgrchain branching polylactide:
Structures and propertig3olymer201Q 51 (22), 51865197.

Cailloux, J.; Santana, O. O.; Frardoquiza, E.; Bou, J. J.; Carrasco, F.; GafRézez, J.;
Maspoch, M. L. Sheets of branched poly(lactic acid) obtainedbystep reactive
extrusion calendering process: Melt rheology anal¥sipress Polym. Let012 7 (3),
304i 318.

Nouri, S.; Dubois, C.; Lafleur, P. G. Effect of chemical and physical branching on
rheological behavior of polylactidd. Rheol2015 59 (4), 1045 1063.

Nouri, S.; Dubois, C.; Lafleur, P. G. Synthesis and characterization of polylactides with
different branched architecturels.Polym. Sci. Part B Polym. PhyX15 53(7), 524

531.

Kaczmar ek, H. ; N-iiwistk@wiskia, ,|.; NblvakowsKay & Gresslinked
blends of poly(lactic acid) and polyacrylates: AFM, DSC and XRD studli¢lym. Res.
2013 20(3).

Gu, L.; Xu, Y.; Fahnhorst, G.; Macosko, C. W. Star vs longrcheanching of poly(lactic
acid) with multifunctional aziridinel. Rheol2017, 61, 785 796.
Takamura, M.; Nakamura, T.; Kawaguchi, S.; Takahashi, T.; Koyama, K. Molecular

114



(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

(39)

characterization and crystallization behavior of peroxidieiced slightly cosslinked
poly(L-lactide) during extrusiorRolym. J.201Q 42 (7), 600 608.

Takamura, M.; Nakamura, T.; Takahashi, T.; Koyama, K. Effect of type of peroxide on
crosslinking of poly(l-lactide).Polym. Degrad. Stal200§ 93 (10), 19091916.

Fang, H.; Zhang, Y.; Bai, J.; Wang, Z.; Wang, Z. Bimodal architecture and rheological
and foaming properties for gamsreadiated longchain branched polylactideRSC Adv.
2013 3(23), 8783.

Xu, H.; Fang, H.; Bai, J.; Zhang, Y.; Wang, Z. Preparatiot characterization of high
meltstrength polylactide withlong h ai n b r anc h e d-ragiationinduted r e
chemical reactiondnd. Eng. Chem. Re2014 53 (3), 1150 1159.

Wang, Y.; Yang, L.; Niu, Y.; Wang, Z.; Zhang, J.; Yu, F.; ZhdadgRheological and
topological characterizations of electron beam irradiation prepareettaig branched
polylactic acidJ. Appl. Polym. Sck011, 122(3), 1857 1865.

Quynh, T. M.; Mitomo, H.; Nagasawa, N.; Wada, Y.; Yoshii, F.; Tamada, M. Rieper

of crosslinked polylactides (PLLA & PDLA) by radiation and its biodegradabHity.
Polym. J.2007, 43 (5), 1779 1785.

Yang, S. lin; Wu, Z. H.; Yang, W.; Yang, M. B. Thermal and mechanical properties of
chemical crosslinked polylactide (PLAolym. Test2008 27 (8), 9571 963.

You, J.; Lou, L.; Yu, W.; Zhou, C. The preparation and crystallization of long chain
branching polylactide made by melt radicals reactiodppl. Polym. Sck013 129(4),
1959 1970.

Chen, C. Q.; Ke, D. MZheng, T. T.; He, G. J.; Cao, X. W.; Liao, X. An Ultravielet
Induced Reactive Extrusion to Control Chain Scission and{Girajn Branching
Reactions of Polylactidénd. Eng. Chem. Re2016 55 (3), 597 605.

Nerkar, M. Preparation and charactetima of biopolymer compounds containing p&y
hydroxyalkanoates and polylactic adRhD ThesisQue en6s Uni versity
Ontario, Canada, 2014.

Arkema Inc. DiCup
https://www.arkema.ca/export/shared/.content/media/downloads/preducts
documenations/organigeroxides/dicugds.pdf (accessed Dec 19, 2017).

Sentmanat, M.; Muliawan, E. B.; Hatzikiriakos, S. G. Fingerprinting the processing
behavior of polyethylenes from transient extensional flow and peel experiments in the
melt stateRheol Acta2004 44 (1), Ir 15.

Fischer, E. W.; Sterzel, H. J.; Wegner, G. Investigation of the structure of solution grown
crystals of lactide copolymers by means of chemical reactimimid-Zeitschrift

Zeitschrift fur Polym. Polynil973 251(11), 98i 990.

Othman, N.; Jazrawi, B.; Mehrkhodavandi, P.; Hatzikiriakos, S. G. Wall slip and melt
fracture of poly(lactidesRheol. Act2012 51 (4), 357 369.

Nemoto, T.; Takagi, J.; Ohshima, M. Nanocellular foarosll structure difference
betweerimmiscible and miscible PEEK/PEI polymer blenBslym. Eng. Sck01Q 50

(12), 2408 2416.

Chen, H.; Kong, J. Polymer Chemistry Hyperbranched polymers from A 2 + B 3 strategy:
recent advances in description and control of fi ne topology Hyperbréipchaners

from A 2 + B 3 strategy: recent advances in description and control of fine topology.
Polym. Chem2016 7 (3643), 36353774.

Striegel, A. M.; Timpa, J. D. Gel permeation chromatography of polysaccharides using
universal calibrationint. J. Polym. Anal. Characii996 2 (3), 213 220.

Kruse, M.; Wagner, M. H. Rheological and molecular characterization ofcloaig
branched poly(ethylene terephthalaifieol. Acte2017, 56 (11), 887 904.

Bikiaris, D. N.; Karayannidis, G. P. Cineextension of polyesters PET and PBT with two

115

t hr c

at



(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)

(51)

new diimidodiepoxides. IJ. Polym. Sci. Part A Polym. Cheh®96 34 (7), 1337 1342.
Auhl, D.; Stadler, F. J.; Munstedt, H. Comparison of Molecular Structure and Rheological
Properties of ElectrecBeam- and Gammdrradiated Polypropylenéd4acromolecules

2012 45, 2057 2065.

Harth, M.; Kaschta, J.; Schubert, D. W. Shear and elongational flow properties-of long
chain branched poly(ethylene terephthalates) and correlations to their molecularestructu
Macromolecule®014 47 (13), 44714478.

Liu, J.; Zhang, S.; Zhang, L.; Bai, Y. Crystallization behavior of fohgin branching
polylactide.Ind. Eng. Chem. Re2012 51 (42), 1367013679.

Najafi, N.; Heuzey, M. C.; Carreau, P. J.; Thautt, D.; Park, C. B. Rheological and
foaming behavior of linear and branched polylactiéRreol. Acte2014 53 (10Gi 11), 779
790.

You, J.; Yu, W.; Zhou, C. Accelerated Crystallization of Poly ( lactic acid ): Synergistic
effect of Poly ( ethylene gtol ), Dibenzylidene Sorbitol , and Lothain Branching.

Ind. Eng. Chem. Re2014 53, 1097 1107.

Tan, V.; Kamal, M. R. Morphological Zones and Orientation in In jeeifmided
Polyethylened. Appl. Polym. Scil978 22, 2341 2355.

Holglund A.; Odelius, K.; Albertsson, A. C. Crucial differences in the hydrolytic
degradation between industrial polylactide and laboregoaye poly(L-lactide).ACS

Appl. Mater. Interface2012 4 (5), 2788 2793.

Ndazi, B. S.; Karlsson, S. Characteripatof hydrolytic degradation of polylactic
acid/rice hulls composites in water at different temperatingsess Polym. Lett011, 5
(2), 119 131.

Nerkar, M.; Ramsay, J. A.; Ramsay, B. A.; Vasileiou, A. A.; Kontopoulou, M.
Improvements in the medind solidstate properties of poly(lactic acid), pedy
hydroxyoctanoate and their blends through reactive modificaiolymer 2015 64, 51i

61.

Giumanca, R. The Effects of Long Chain Branching on the Rheological Properties of
PolymersMASc ThesisUniveristy of British Columbia, Cana®902

Wu, W.; Parent, J. S.; Sengupta, S. S.; Chaudhary, B. I. Preparation of crosslinked
microspheres and porous solids from hydrocarbon solutions: A new variation of
precipitation polymerization chemistry. Polym. Sci. Part A Polym. Che@009 47 (23),
6561 6570.

El Mabrouk, K.; Parent, J. S.; Chaudhary, B. I.; Cong, R. Chemical modification of PP
architecture: Strategies for introducing lectgain branchingPolymer.2009 50(23),

5390 5397.

116



Chapter 7
Transition from microcellul ar t O nan

Vi scosity, branching and crysi

7.1. Introduction

Polylactide, or poly(lactic acid) (PLA) is a renewabdsource based aliphatic polyester, which
can be biodegradable and carsfable under favourable conditidi$. Being a thermoplastic with
properties that are comparable to some commaodity polymers, it is viewed as a viable alternative to
petroleumsourced plastics. As part of the drive fenewablesource based products, thermoplastic
foams made out of PLA have attracted considerable attention in sectors such as packaging,
cushioning, thermal and sound insulatjth

PLA is a linear polyester, which atallizes slowly. Its chain architecture dictates its raglte
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 polycessioig
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 lass fbams with low expansion ratifi§ 3].

Incorporation of branching through reactive extrusion is a-@ffsttive and versatile means to
enhance melt viscosity, molecular weighitdalasticity in PLA41 8]. In terms of foam processing

the improved ralt strength, which hinders cell coalescence and prevents gas from escaping from
the cells, results in decreased foam cell size, higher cell density, and increased expanfdi ratio
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 agdowth are highly influential in this process, when it takes
place at the vicinity of the crystallization temperat{gl3]. The formation of a network of
nucleated crystals dugnfoaming and stabilization increases the expansion ratio by minimizing
gas loss and cell coalesceride6,14,15] These benefits can be accomplished through careful
choice of processing conditions, and addition of nucleating agsunth, as talc and nanosilica
[1,16].

*A version of this chapter has begublished in Praphulla Tiwary, Chul B. Park,Marianna
Kontopoulou,European Polymer Journ2017, 91, 283296
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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 grfdw,18]

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

Nanacellular polymers may offer improved properties compared to commaodity foams for high
valueadded applications in the field ofiembranes, sensors and insulation materials and have
therefore been the subject of intense reseaBghfine-tuning the crystallization properties,
Fujimoto et al.[19] preparedPLA/silicate nanocomposite foams ranging from micetlular
(average size of 2m) to nanecellular (average size 360 nm) dimensions, having homogeneous
cell maphology. Furthermore multi-modal cell structures in PLA foams are advantageous in
various applications involving sound and thermal insulgi#i22]. 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 platforif#0,22]. From the abovgit is obvious that the ability to
control and finetune the cellular morphology and structure of PLA foams is pertinent in thre effo
to develop biodegradable foams suitable not only for commodity, but also fevdligh added
applications.

Recent work in our grouf¥,8] and in the previous chaptelShapter 5 and § employed a
simple reactive modification approach, utilizing solvéee, peroxidédnitiated grafting of the
multi-functional ceagent triallyttrimesate (TAM) to introduce brahing and achieve substantial
improvements in the strain hardening characteristics of PLA. This approach also resulted in faster
crystallization kinetics, under both isothermal and-ismthermal conditions. This gives us an
opportunity to carefully fine tue 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 weltcontrolled structure, rheological and thermal properties are selected &ligate
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 micreand submicron sized foams.
7.2. Maerials 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 Naturefcrkese are
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denoted as PLA 1 and PLA 2 respedtivdoncryl® ADR 4368, which is a multifunctional epoxide
styreneacrylic oligomeric chain extender with Glycidyl methacrylate (GMA) functionality of 9
and epoxy equivalent weight 285 g.mohnd molecular weight of 6,800 g.mplvas supplied by
BASF®. TAM (98% purity, MonomeiPolymer 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
(CarboTherrfi, Grade CTP 05) was obtained from S#&Bubain 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 coatingtR 3251 D powder (14.8 g) with an acetone solution
containing TAM (0.15g, 0.11 wt.%) and DCP (0.045g, 0.3 wt.%) and allowing the solvent to
evaporate. The resulting mixture was charged totaing DSM micrecompounder which was
operated at 100 rpm tite 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 af@8k PLAL/TAM, was prepate
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 Charaatrization

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 frequendy ( wer e measured i n
mode at 140, 160, and 180 °C using MB®RL 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 visce#ila 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 thermabeilibrium was achieved. The average of three measurements is reported
throughout this work. Time sweeps, to detect sieduced crystallization were performed at 0.1

rad.s* and 14@C by loading samples at 1&D and cooled to perform the tests. Samplesew
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characterized in a uniaxial testing platform from Xpansion instruments hosted on é80ACR

Anton Paar rheomet¢23]. The measurements were conducted at 180°C at an extension rate of

0.1, 1, and 105 The linear viscoelastic (LVE) oscillatory measurements obtaine®DiCl were

used to calcul at e t heandliiokikeckdhe coasstencygof tlhevextemsional r v e
measurements. The c'teprasentsthelVE engelope mdriiaria extersion3 d

according to Troutonds | aw.
7.2.4 Batch Foaming

Compression molded sheets 0.75 mthick were prepared at 180 °C for 2 min in a Carver
hydraulic press. These sheets were cut into small specimens (0.5 X?pahdripaded into a high
pressure cylindrical chamber (radius: 1 cm, length: 8 cm). A scheafidkie batch foaming setup
is shown inFigure 7.1a The chamber was heated to saturation temperature dCl80ough a
heat gun. The samples were saturated at 180°C wah 00O psi for 30 min. These conditions
were chosen following a series oepminary 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 quashth room temperature to freeze in the foam
morphology. A detailed schematic of the processing conditions is shdvigure 7.1(b).

(a) (b)

Inlet Valve (V1) Sample Container

Middle Valve (v2) ‘ Outlet Valve (V3)

ﬂ

Heat Gun

Nitrogen Cylinder

('b/'l; ) 40 0 Q

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

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

120



7.2.5 Foam characterization

The samples were cryogenically fractured under liquid nitrogen and sputtered with gold. A
JEOL BM-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 expan&oVER) was

calculated as the ratio of bulk density of pure PLA matew b thebulk density of the foam

samplew :
VER=— (2)

The void fraction (V), which is the ratio of the volume of the gas phase contained in a foaphes

to the total volume of the foam, was calculated by
Vi=p — (2)
The cell density of the foams with respect to the unfoamed polymer volume (N) was calculated by

the following equation:
N= — 7 VER (3)

where N is the numbr 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 equiped 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 withcmsesn 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 QuZilter to remove gels before injecting
in to the columnThe results from theiple detector train and Viscotek Omnisec software were
used to determine polymer MWDs and MW averages using the values of the refractive index (dn.dc
1. The refractive index values were measured by a Wyatt Optilab DSP refractometer at 40 °C and
690 nm cébrated with sodium chloride. Five samples 1.8 mg.mL* were prepared in THF for
each polymer and injected sequentially to construct a curve with slope' f2{icThe refractive
index values for PLA, PLATAM, and PLAGMA were determiad to be 0.0482 ml.gf close

to values reported in the literat&b].
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7.2.7 Gel content measurement and characterization of dissolved particles

Gel content analysis was conduct®dextraction 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 presea 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& BOAG
to remove all the solvent. The deposited samples were imaged, using a H{#&@00 HEM,
operated at 75 kV. The size of the dissolved particles was estimated by Dynamic Light Scattering
(DLS), using a MalvernZetasizer Nano ZS equipped with 63%mar. PLA samples were
dissolved in THF (0.01 wk) for 5 hours and the resulting solution was transferred to quartz

cuvettes to perform DLS measurements.

7.2.8 Differential Scanning Calorimetry (DSC)

DSC wasperformed on a Q100 DSC from TA Instruments, under dry nitrogen. All samples
were first heated to 20@ at a heating rate of G-minto erase previous thermal history, then
cooled to O'C and reheated to 20Q at 5C-mint. The % crystallinity of the@ | y me, was, ¢

estimated using equation (4)

? ———QOpTMT 4

where, ® 'O is the enthalpy of fusionp 'O is the exothermic enthalpy (cold crystallization)
recorded during DSC heating cycle an@® is the theoretical enthalpy of a 100% crystalline
polymer, which is equal t83.6 J.d¢ [26].

To compare the nucleation capacity of the various formulations, the nucleation activgs
calculated. This quantity reveals whether a foreign substrate introduced into a polymer aids in
nucleation from the melt statés nucleation activity approaches 0, the foreign substrate is
increasingly active in nucleation. As suggested by Dobreva ¢24l. nucleation activity is
calculatedby comparing nucleation between homogeneous matesialn@ those with nucleating

agents®” through the following ratio:
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w z

. 2 (5)
0

whered can be experimentally determined from the slopeiofiaversusp¥3"Y graph as shown
in equation 6
1 6é¢i-o— (6)

Y
with 3Y as the squared degree of supercooly' ( “Y “Y) and is cooling rate of the cycle
andT, is the crystallization temperature of the polymer measured during secdimdjhEguation

6 holds for homogeneous nucleation near the melting temperature. Heterogeneous nucleation

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

vz

RIS )
Y
Linear plots are obtained fori versuspZ3"Y for all samples. Using the slopes of the lines, values

for Band6* 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 \ityaafthe polymer melt largely controls
the cell size, with lower viscosities promoting cell growth and resulting in large{28)IPLAL
and PLA 2, with low and high molar mass respectivébble 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 showigmre 7.2.

Figure 7.3 (af) compares the cell sizes PLA1 and PLi82ms. The insets in Figure 3 show
the cell size distribution, and the average cell sizes. The average cell sizes at the foaming

temperature of 18 were 51nm (Figure 7.33, and 32xm for PLAL1 and PLA2, respectively.

This confirms that the lower viscogibf 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 théower VER void fraction and cell density in PLAFiQures 7.4a and b, 7. The

lower void fraction in PLA2 may be attributed to the lower gas solubility, because of its higher

viscosity[1]. In all experiments the sagtion 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 71 Molecular weight and thermal properties of PLA formulations

Sample M (kg.mol?) n Te Tec Tm Ge
) (C) (°C) (%)

PLAL 71 1.7 - 109 170 24
PLA2 140 19 - 106 175 29
PLA1/TAM
(0,308, DCP! 138 2 135 - 170 52
0.1wt.% TAM)
PLAT/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.% T weight percentage, Mi Weight average molecular weight,i Dispersity,Tm T Melting
peak temperature T Crystallization peak temperature.T Cold crystallization peak temperature
measured on"2h e a t i paycentag 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 PLA1/TAM samples are
not shown in Figure a), due to intense crystallization phenomena whigrevented reliable
measurements (see also section 7.3.2)
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Decreasing the temperature resulted in higher viscosSigufes 7.2 and 7.5 which had a
substantial effect on the cell size, thus confirming that controlling the temperature provides a
powerfulmeans to tailor the cellular structy9,30] In both materials, the cells became smaller
and more uniform with decrease in the foaming temperature. The higher visuggtgsedcell
growth; at the same time the melt strength would increase, thus preventing coalescence during the
later stages.
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Figure 7.3 Effect of foaming temperature on cell size of PLAs. The insets show cell diameter

distribution graph.
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