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THESIS FINDINGS

1. Low-density { < 0.05 g/cn?), natural fibre-containing polylactic acid (PLA)
compositefoams werefirstly manufactued by supercritical carbon dioxidessisted
extrusion.It was found thatompared to the file-free materialthe addition of 5%
cellulose or basalt fibrallows the formation of foam cells at significantly lower
processing temperatuteds a resultof this advantag and theincreased dynamic
viscosity of the biocomposite blends, smaller cell diameters were obtained compared
to fibre-free PLA foams [I, VI, XVI]

2. Low-density (0.050.13 g/cn?), flameretarded microcellular PLA foams were firstly
manufactued by supercriticalcarbon dioxideassiste@xtrusion.AlthoughPLA foams
without flameretardang are more flammable than thdiulk counterparts, significant
flame retardancy was achieveding anovel intumescent flameetardant additive
system, including cellulose treated with phosphorus and bmootaining compounds
40% reduction in peak of heat release rate;94LV-0 (i.e. selfextinguishing) rating
accompanied with limiting oxygen index valas high as 31.5 vol% were reached for
the developed flameetarced PLA foam.[ll, VII, XVII, XXIII , XXIV , XXV, XXVI ]

3. PLA fibres with a diameter of-2 4 Om we r &y meltbowing@meddised for
selfreinforced compositpreparatiorfor the first time. Tle environmentally friendly,
solventfree fibre production technology allowed the manufacturing of nonwoven
webs,the processabilityand thermomechanical propertieswdiich were improved by
annealing The mmposites prepareoy hot compactionof PLA microfibres with 27
times higher crystalline proportions (compared to the original wedg47% higher
tensile strengttithan theselfreinforced composites amufacturedwithout the post
crystallisationstep [lll, VI, XXII, XVIII, XIX, XX]

4. Annealingmethods of PLAnonwovenwebs produced byhigh-speed electrospinning
(HSES) technique with a productivity higher than conventional singheedle
electrospinning(40 g/h, were compaed It was evinced thathe heat treatment
promotest he f or mati on of t he | e sveile ethaadb | e
treatment facilitates -crystalineffoont Besadeshigher o f
crystallinity of the webs was obtainedconsderably faster by ethanolassisted

annealng thanby conventional heat treatmefit/, XX, XXI]
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BJ

. A new formula was proposed and applied for the calculatiotoofplexcrystalline

compositons of poly(lactic acid) which, by usingcold crystallisationrecrystallisation
and melting enthalpyvalues of different crystdine forms based ontemperature
modulated differential scanning calorimetry (MDS@3atg provides more accurate

crystallinity results compared to the previously used methdds XX, XXI]
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1 INTRODUCTION

As society and decisiemakerstend to become more environmentally conscious,
technical termdike life cycle assessment (LCH), sustainable developmef#] andcircular
economy[3] are becoming more and moembeded in common parlance as increasingly
fashionable terms. Fortunately, research has already been going on for decades in academia
andamongstmarket players to develop raw materials and manufacturingaae with low
environmental impact and high efficiency. Inexpensive, easily manufactured, durable
polymers and their composites increase the standard of living of humanity and reduce energy
consumption year by year, thanks in part to their key role id &adety, transportation &

logistics, automotive, and construction industfis, 6, 7].

To facilitate reprocessg, selfreinforced composite€ESRC9 are being developed in
which the reinforcing fibkes and the matrix material are made of the same polyyper8].
Thus,SRCsare much lighter than conventional composites (reinforced with ddasalt,or
carbon filve) and can be fully recycled, as there is no need to separate the reinformag fib
from the matrix. Lightweight articles can also be achieved by foaming the polymeric base
material, in which case up to 9% of the product consists of dilled pores. Polymer
foams, as thermal insulation, save more than 140 times the energy needeeirfor th
production, and as packaging, they can effectively protect products that are several orders of

magnitude more valuable from physical impdéls

However the advantageous properties of plastics (cheap, easy to produce, durable,
lightweight) alsoled to their potential to cause serious environmental damage. Notorious
example of thiss the excessive plastic pollution in the oce&®®86 of whichis the result of
problematic (or nofexistent) waste management practices in-law middleincome
countries outsidéhe EuropeanUnion (EU)and theUnited State®f America(USA) [10, 11].
Although this is primarily a waste treatment issue, there has a&odn increasing focus on
biodegradable polymers over the past decAdengthese, polflactic acig (PLA) has been
producedcommerciallyin the largest quantities) addition, PLAIs obtaired from renewable

resourceg12].

The aim of myresearch was to develop composite systems that, due to their lower
density, could offer an environmentally friendly alternative for product designers in the
future, thus providing the opportunity gradually replace theconventionalsolutions and

petrotbasedraw materials currently in usédy goal was to effectuate the vatadding
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modification of PLA, which is an intensively researched, promising raw material with
properties similar to polyethylene terephthalate (PET). Besides its high tensile strethgth a
modulus, nevertheless, it is characedi by low elongation at break and poamnpact
resistance, so it is essential to improve these propeBsdevelopng selfreinforced
compositesand highly porousfoams these drawbacksan beoffset, while also sening the
objective of weight reduction.The relatively low melt strength and slow crystaition of

PLA have a negative effect on th@amability; thereforethese characteristics must also be
improved. In addition, foamed PLA is even more flammabtart the raw material, so a
suitable flameretardant (FR) additive system is required to produce a safe product. Since,
according to the literatureFR PLA foams have not yet been produced by continuous

technology (e.gextrusion), the way of implementati@abounds in open questions.

It is important to consider the raw material of the -eftife product as a valuable
resource, therefore the recycling of biopolymer products is also an issue to be adéressed.
to the production of SRCs, design for redyglis already taken into accouhn the case of
PLA the main challenge is to prevent hydrolytic degradation during the series of hot
processing steps (extrusion, injectionutaiing). Since the reinforcing and matrix materials of
SRCs are made of similgor identical) polymers, there is also a small differeniee (
processing window) between their melting temperatures,). (TAccordingly, the
manufacturing parameters must be adjusted so that propenfdirix adhesion is achieved,
but fibres are not damagl. In some cases, the processing window can only be increased by
crystallisation of the filves, so the crysthhe structure formed during the production and

annealingof PLA fibres have a major influence on the properties of the final product.

In my doctoral work, the production, testing and applicatoanted development of
lightweight biopolymer composite systems ewe carried out requiing synthetic,
technological, analytical, andethodological developments at the same tififee topicality
of the research is given by the fact that reducing the weight of products, thus the amount of
raw material used, is one of the most obvious directions of development towards the
sustainability ofmany industries. When creating composites, the advantageous properties of
different raw materials are combined, amdh valueadded high-performanceproducts can
be manufactued by the appropriate choice of composition and structure. Both SRCs and
polymea foams meet these criteria, so thigiectiveof my research was tocharacterise and
improve the functiongbropertiesof such heterogeneous systemusgto further develop their

productiontechnology.
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2 LITERATURE RE VIEW

2.1 Sustainability principles

The dangers of excessive development have been highlightdgfrdwyn and the
Brundtland Reportin the 1980s 13, 14]. The Report issued by th&/orld Commission of
Environment and Developmedéscribes sustainality as adevelopment that meets the needs
of the present without compromising the ability of future generations to meet their own needs.
The definition was further discussed Dgly [15, 16|, separating sustainable development
from growth Growth meangquantitative increase in physical scalghile developmentan be
described agjualitative improvement or unfoldingf potentialities An economy can grow
without develomg, develop without growmg, or do both or neither. However, since human
civilisation is a subsstem of the finiteglobal ecosyster® which does not grow, even though
it does develop economic growth obviously cannot be sustainalier long periods afime.
According toDaly, sustainable developmestiould meanhe achievement dbng-termsocial

well-beingand respectingcological limitsat the same time

Regarding the management of natural resouthesg arégwo principles of sustainable
developmentFirst that harvestrates should equathe rate of rgenergéion (sustaintedyield),
Secondthat waste emissiomrates should equal the natural assimilative capacities of the
ecosystems into which the wastes are emitted. Regenerative and assimilative capacities must
be treated as natural capital, and failure to maintain theseiti@patust be treated as capital
consumption, and therefore not sustaingllg]. The concept otircular economy(Figure
2.1) aims to preserve natural capitalhich could be achieved through th#icient use (or
conservatioh of finite resources and the balanaahsumptiorof renewable resource&?.

The main goalof the idea is to preserve the value and usability of prodemitsponentsand
materials for as long as possibland at the highest possible level. The model distinguishes
between technical and biological cycles. Both cycles improve thsatibh of resources used

by regenerating, sharing and keeping products in a closed loop, as well as optimizing system
efficiency. Product sharinge(g, carsharing)targetsmaximum utilsation while improving

the durability (e.g., byapplying reinforcementand modlarity of an articleincreag the

lengthof its life cycle.

12



Renewables @ “ Finite materials

Regenerate Substitute materials Virtualise Restore

Renewables flow management Stock management

it

Parts manufacturer

Biochemical l ‘
feedstock Product manufacturer
Regeneration Biosphere l l

Recycle

Service provider

h Refurpish/
I | Share remahufacture
Reusd/redistripute
Biogas Cascades @ Maintaify/prolohg
Collection Collection
Extraction of Source: Ellen MacArthur Foundation, SUN, and McKinsey Center for
biochemical Business and Environment; Drawing from Braungart & McDonough
feedstock Cradle to Cradle (C2C)

Figure 2.1 Outline of a circular economy17]

2.2 Biopolymers

In the atmosphere, carbon is present primarilgaabon dioxide (C&), whichis fixed
as biomaswia photosynthesisThis process has been going on for hundidsillions of
years and led to the vast resources of oil, gad, coal that our society relies on at present.
Since the beginningf the industrial revolution, these resources have been used at an
increasing rate to produce materials, chemicals, and fsls result, much of the carbon
stored millions of years ago is now being released into the atmosphere in a very short period
of time, on ageologically speakin§l18]. The result is that there is a net translocation of vast
guantities of carbon frorfixed reservesnto the atmosphere, leading &40 increase in C®
levels(Figure S}, which recently passedl@ ppm and continue to rigen average of-3 ppm
annually[19].

Currently, plastics are predominantly made of fekaded resources and mainly used
in a linear economy approach (manufacture, use and disposaba&al plastics have been
identified as a potential alternative to conventional plastics because w$¢hef renewable
resources as feedstock, therefore enabling a shift from a fossil economy tbasdibone
[20].
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The termbioplastic has becane widespreadas a resulof Eur opean Bi opl a
activity. According tothis industrial associatiora plastiomaterial is defined as a bioplastic if
it is either biebased, biodegradable, or features both propd@sA material is considered
bio-basedf it is partly or wholly derived from biomas$hetermbiodegadableis a qualifier
for macromolecules or polymeric substances susceptible to degradation by biological activity
by lowering of the molar masses of macromolecules that form the subgtaPces division
based on these properties is well illustratediigure2.2 which plotssome ofthe well-known
biopolymers along two axes according to their biodegradability and the type of raw material

used for their production.

Biobased

Nor .
o N > - Biodegradable
biodegradable

Conventiona
plastics

e.g. PE, PP, PET

Fossil-based

Figure 2.2 Grouping of polymers according to biodegradability and raw matefizi]

Neverthelesscgertain studies in the literature suggest thatuse of this terminology
(i.e. biogastics)to describe all biologyelated polymerss misleading and likely to cause
public confusior{22, 23]. Vert et al.notes thatsbioplasticis generally used as the opposite
of polymer derived from fossil resourgas anticipates that any polymer derived from the
biomass is environmentally friendlf. bio-based polymer similar to a petrobased (Figure
2.2, upperleft quartej does not imply any superiority with respect to the environment unless
the comparison of respeve life cycle assessments is favouraf#g]. Non-biodegradable
polymers are also made from renewable resources, (@o-polyethylene: biePE from
bioethanol) andbiodegradable polymers can be prepared using fossil feedstoekall(e.g,
polycaprolactone: PCL).
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4‘ BIO-BASED POLYMERS '—

Polymers extracted Polymers synthesized by means Polymers produced by
from biomass of bio-intermediaries (from microorganisms
] I renewable raw materials)
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Proteins (PLA) PBAT, PBS)

Polyhydroxy- Xanthan
Bio-polyamides alkanoates Curdlan
Oils Bio-polyurethanes (PHA) Pululan
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Milk whey
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(pure or blends)
—1 Corn, potato, wheat, etc. starch |
Modified cellulose-based
1 bioplastics (pure or blends)
—' Lignocellulose (wood, cotton, etc.) [
\_ Modified lignin-based bioplastics
—| Gums (guar, alginates, carragens, pectins) l (pure or blends)
—| Chitins and Chitosans | Biopolymers in the
I:] bioplastic industry

Figure 2.3 Main polymer groups extracted from biomasses or syntsagifrom bicintermediersor
producedby microorganismg 24]

As Figure2.3 indicates, b-based polymers can be further grouped into three classes:

- Polymers extracted directly from biomasses, with or without modification, (e.g.
starch modified polymers and polymeesiged from cellulose).

- Polymers produced directly by microorganisms in their natural or genetically
modified state (e.gpolyhydroxyalkanoate$?HAS).

- Polymers obtained with the participation of dobermediaries, produced with
renewable raw materials(e.g, poly(lactic acig; bio-polyethylene, from the
polymeriation of ethylene produced frobioethang] bio-nylons via diacids from

biomasses; and bipgolyurethanes, incorporating polyols of vegetal ori¢a4).

It needs tdbe remarled that incorporating additivesnto petroleurdbased plasticto
accelerate theirabiotic degradation does namitigate their environmental impactand
potentially gives rise to certain negative effe¢®s, 26]. Since in 2019 the European
Parliament approved a new law bannthg oxedegradable plasticsy 2021,thesemainly

polyethylenebasednaterialswill notbediscussedn the presenliterature review27].

The first natural polgser, polyhydroxybutyrate (PHB), was discovered by French
biologist Maurice Lemoigne in 1926 during research on the bactdacrillus megaterium
[28]. The discovery was ignored for many decades, largely because oil prices were low at the
time. In the 1930s, Henry Ford beghis research into the automotive application of
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soybeans, and in 1941 a soybémsed plasticautomobile body was completed
Unfortunately,it was the same yeavhenthe USA enteredWorld War II. Ford wasasked to
convert all of his assembly lines to niad vehicles needed for the wdlhus his interest in
soybeans was put on hd@R]. Furtherliterature on the history aretonomics of biopolymers
Is provided inChapter |. othe Supplementary appendix

The vivid research activityf the fieldopered a wealth ofpossibilities the designof
high valueadded producs and materials as well as the implementation of innovative
manufacturing technologiese more than likely to b&orthwhile.

2.3 Poly(lactic acid)

2.3.1 Production of poly(lactic acid)

Poly(lactic acid) PLA) is the most intensively researched and usmedbasedand
biodegradableliphatic polyester. Its monomer, lactic acidhf@roxypropionic acid), is a
naturally occurring organic acid. As a chiral molecuie,has two optically active
stereoisomersL- and D-lactic acid Figure 2.4). These enantiomers can be selectively
produced frontenewable raw materia(sarbohydratégssuch as cane sugar or corn starch by
appropriate microorganisms (fermentatior30][ The equimolar mixture of the two

enantiomerstacemie or DL-lactic acid is the easiest to syntlsesiia conventional chemical

methods.
o) o) o o)
Ho\:/U\OH Ho L, HOYU\OH NN
L-lactic acid D-lactic acid DL-lactic acid (racemic)

Figure 2.4 Structure of L-lactic acid, Dlactic acid and DL:lactic acid [31]

Upon dehydratioor depoymerisation of lower molecular weight pigolymer(Figure
2.6), a cyclic dimer of lactic acids formed Figure 2.5 showsthe possible structures of the

lactides consisting of different stereoisomeric lactic units.

0" O @) CH CH3
D-lactlde meso-lacude L-lactide rac-lactlde
Figure 2.5 Structures of various lactides3[]
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PLA was first synthesed byPelouzein 1845 by polycondensation of lactic acid. In
1932, Carothers et al. developed a method for the production BEA by ringopening
polymergation of lactids [31]. The method was later patented by DuPont in 1954. At that
time, only low molecular weight PLA could be prodddsy an extremely expensive process,
so the polymer was a very expensive raw material. The widespread use of PLA began in the
late 1990s after Cargill Inc. and the Dow Chemical Comparsycceeded in polymerizing
high-molecularweight poly(-lactic acid) (PLLA) by ringopening polymegation (ROP) of
L-lactide in industrial scale and commeraadl the PLLA polymef31, 32]. Several methods
are now known for the production of PLA, including azeotropic dehydration and enzyme
catalysedpolymersation [33], while the two most common synthetic routes are direct
polycondensation of lactic acid aRIOP of lactide Figure 2.6). The latter isutilised in

industryfor the most parftl8, 44].

7

Direct
L Polycondensation Oligomer
\ Pol d
s Sohd.Seate olycondensation V‘\_’A’/
| Polycondensation | Melt Polycondensation
% hais | | Cat A -H,0, Cat., A
: Chain
| Extension ! Low molecular Coupling
/ weight Prepolymer Agents
Azeotropic -‘\1‘ !
& " Dehydration
Polycondensation -H,0
o y — > Poly (Lactlc Acid)
Enzymatic
‘ [ Polymerization ] Ring Opening -H,0
Lactic Acid Polymerization | Cat., A
\ H,0 . \ -H,0 Py L
: . Cat., A P ( 9 Cat. A '
Ring Opening - =
Polymerization g ' \1‘ ‘ > Ve
Polycondensation él A A Depolymerization

Lactide

Low molecular
weight Prepolymer

Figure 2.6 Synthesis routes for high molecular weight PLA4]

Polymergation of optically pure lactides yields isotactic homopolymers, such as
poly(L-lactic acig (PLLA) and polyD-lactic acig (PDLA) [31]. Both PLLA and PDLA are

semicrystalline polymers with a glass transition temperatuedff506 0 AC and a mel

temperature () of about 1651 8 5 A C, depending on their compo

to process the polymdrelow 1851 9 0 Aidteat higher temperatures chain breakage and
molecular weight loss during thermal degradation may occur [16]. The crystallinity and

melting temperature of PLA also depend on the optical purity of the repeating units. Optically
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inactive polyDL-lactic acid (PDLLA) is an amorphous polymer composed of atactic L and

D units. When mixingisotactic PLLA and PDLA in a 1:1 ratio, stereomplex cystals are
formed with a melting point of 232 4 0 A C, which is approxi mately
the homopolymer of PLLA and PDLAY).

In 2013NatureWorkd.LC (Minnetonka, MN, USA) andCatalysta Energ\ (Menlo
Park, @\, USA) launched a research projeto replace agriculturdeedstockof lactic acid
production Using a new biocatalystaboratoryscalemethane to lactic aciiérmentationwvas
provenin 2014.Two years latera new $1 millionlaboratoryopenedaiming to move the
project from proof ofconcept to commercightion [36]. This research could open up new
perspectives in thenanufacturingof PLA, it could structurally lowercosts and it diversifies
manufacturers away from the relianca agricultural cropstoo. Alternative renewable
feedstock like sugar cane bagasse (lignocellulosic biomass, second generation feedstock),
cheese whey (nutrient rich wastewater), microalgal biomass (third generation feedstock), and
macroalgal biomass (potential feedstoae also investigatifor future production of lactic
acid[37]. Researchers also showed feasibilitypefA production from food wast&§, 39].

It can be deduced from the market datd&afopean Bioplasticgécf. Figure S-S8 in
Appendix) that in contrast to the struggles of the bioplastics induSmpplementary
appendix Chapter |), production capacities for PLA have gained momentum in the last few
years.Compared to the drastically shrinking #&T output, the manufaciog of PLA
advanced noticeablyincreasing the number of its applications in both flexible and rigid
packaging, consumer goods, electrics & el ect
Figure 8 in Appendix). The latter is presumably correlating vitik rising demand for 3D
printing filaments, the two most popular materials of which amg/lanitrile-butadiene
styrene(ABS) and PLA.

The current global production of PLA is aroud@95 MTPA, which means 48.7%
market sharef thetotal bioplastic prductionof 2.11 MTPA. This ratio isin anuptrendfrom
the 2019market share 013.9% [40] andthe 2018value 0f10.3%[41]. Of these 395,000
tonnes per annum (TPANatureWorksLLC produces 15000 TPA in its Blair (Nebraska
USA) facility built in 2001 [L8], usingYellow Dent#2 industrial corn as renewable feedstock.
In 2018Total Corbion PLAhas started a 75 kt PLA plant in Thailand, which prodirie&
from sugar candn September 2020otal Corbion PLAannouncedts intention to build its
second PLA plant with a capacity ramping up to 100,DB8. The new plant is planned to be

located on a Total site in Grandpu{fsrancg and to be operational in 20242]. From the
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literatureit seems to be evident thiéte PLA market is alynamicallydeveloping areathe
reason of which will beliscussed in deflain the following chapters.

2.3.2 Properties ofPLA
Compared to othenaterials the use of PLA has several advantages

- Substitdion of fossil resourcesThe polymercomes from a renewable energy source,

thus contaiing carboncapturedrom the air.

- Low GWP. Cradleto-Gateecopr of i | e of PNAapraduct Wgeb'k s 6
shows thatgreenhouse gas emissiéor Inged" manufacture(including biogenic
carbon uptakegresignificantly lowerthanin the case ofossil-basedpolymers[43)].

- Enerqy efficiency. the production of PLA requires Z5% less energy than the

production of petroleusbased plastics1B, 44]. Primary energy usagefrom non
renewableaesourcess a Group 1. globalindicatorin LCA (Supplementargppendix
Chapteill.) hencemanufacturerpay specialattentionto this matter.

- Triggerbiodegradble At ambient temperature it is just aslureble as other

conventional plastg understandablyesearchers want to make sthat the material

is also suitable foproducts withlongerlife cyclesbefore tle decomposition process

starts However, when specific conditions are met, PisAdesignedo biodegrade

within a few monthsThis shouldalmost exclusively happen in industrial composting
facilites, at 566 0 AC i n the presence of hi gh moi s
[45].

- Processabilityrecyclability. PLA has better thermal processabilihan most of the

bio-based polymers, includingHAs, polyethylene glycol (PEG) and PCL. It can be
processed by injection maling, injection blowing.film extrusion, extrusion foaming,
thermoforming, and film andibre formation. The finished product can thiere be
manufactued in a manner similar to conventional thermoplastic polymers, without the
need to replacexisting equipment.Accordingly, PLA canbe recycledby various
methods(including mechanical recycling¥ince the aspect of circular economy s$s a
relevant for biebased fastics as it is for conventionaines.

- Mechanical propertiesPLA has comparable tensile strength -@&® MPa) and

modulus of elasticity (3 GPa) withondegradable thermoplastics such as PET and
polystyrene (PS)
- Biocompatibility: PLA does not contain substances that are harmful to health and the

substances formed during its degradation are neither toxic nor carcinogenic. It has
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been classified as a safe substance by the United State Food and Drug Administration
(FDA) since 200246]. The polymer is also used as a material for implants in medical

technology

However, the application of PLA in certain applications is hampered by a number of

unfavourablegoroperties:

- Competition with the food industryWhen considering the disrupting effect of PLA
production on the food industry, it is worth to compare the sizes sé tharkets.A
few ordes of magnitudedifference between thetwo sectors further nuances the
subject,of the 4.7 billion ha global agriculturaarea,0.81 million ha(0.016%)was
used to produce feedstock for all bioplastics in 2E\&n bioethanol productigii10
billion L/y) usesabout270 times morefeedstock thamhe global productiof PLA,
giventhat416 kg of PLA and 433g of ethanolcan be made out of a metric tonne of
Yellow Dent corn 1.8, 47].

- Low toughess PLA is considered a brittle polymer witm &longation at break of

less han 10%. Brittleness can be a problem in areas requiring greater plastic
deformation, dynamic load capacity, and impact resistgg¥je

- Low heat dstortion temperature (HDT)A general drawback of the PLA family of

material is that they exhibit a lower glasg, T up t o about 6 0AC,
competing polyesters. Therefore, unless PLA can be crgsthliio a large extent, its
thermal resistance will remaielatively poor £8].

- Slow crystallgation The crystallisation kineticsof PLA are significantly slower than

that of other semicrystalline polymetge to the presence of rigid segments in its main
chain.After melt processing, a high crystalline fraction can only be achieved by slow
cooling (cooling rate |l ess than 1 AC/ min
crystallinity increases, the heasistance of the product improvds]

- Low melt strengthThis isone of the most importaproperties for film and injection

moulding, thermoformingfibre productionand foaming 49]. Due to therelatively
low melt strength of lineaPLA, its limited foamability has made its use in various
plastic foam applications challenging(]. However, by chain extension and cross
linking, the melt strength of PLA can be significantly increaisea reactive extrusion

process

- Water sensitivityin the presence of moistyrkydrolytic degradatiowia cleavage of

the ester groups of the main chain of Phb#ay occurduring processingwhich
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reduces the molecular weight and affects the properties of the p{@dlicto avoid
this, it is essential to dry the raw materigaisr to processing

- Flammability Like most thermoplastic polymers, PLA is flammabla be fit for
applicationin technicalanddurableproducts thermal stability and fire performance of

the polymemeedgo beimproved [51].

2.3.3 Application of PLA

Due to its favourableproperties,PLA productsseemto have the highestpotential
amongstbiopolymersto replacenondegradabl@olymersin many applicationslts excellent
biocompatibility is a key propertyto take into considerationwhich allowed its widespread
usein the biomedicalfield. Before the commerciakation of high molecularweight PLA, it
hasbeenmainly employedin high valueaddedproductssuchasbonescrews structuresand
tissueengineeringscaffolds[52, 53]. Wheninsertedin vivo, PLLA is ableto degradeover
time simply via hydrolysis without any use of catalystsor enzymes,hencethe surgical
removal of the implantis unnecessarys4]. PLA is a popularcarrier for drug formulation
becausats degradatiorproductsareharmlesd¢o humanhealthandarealsofoundin the body,
[59]. Following its hydrolysis,lactic acidis incorporatednto the tricarboxylic acid cycle and
excreted56.

Today, it is mainly usedasa raw materialfor shoppingor garbagedoil bags,sanitary
productsdiapers,groundcoverfoils, planting pots,anddisposablédoxes,bowls, andcutlery
[57]. In the packagingindustry, the composability of PLA is exploitedin shortlife cycle
products especiallyin food bio-packagingwhererecyclingis unpracticalor noteconomically
convenientdue to food contamination[58]. Nowadays therefore,PLA-basedproductsare
largdy usedin areaswvhereno extrememechanicabtresss to be expectedpn the otherhand,

biodegradabilityis importart.

The textile industry also utilises PLA due to its unique spectrumof properties
comparablego conventionalPolyesterand Nylon fibres anda seriesof advantagesver other
syntheticfabrics The outstandingesistanceo sunlight,resiliency,andelasticrecoveryoffers
potentialfor usein tents, patio umbrellas,and awnings. Automotive applicationsrequiring
high moisture wicking and UV stability, such as seatingmight also benefit from these
materials.The high loft andresiliencyoffer promisein sleepingbagsand otherapplications

requiring good insulation properties[59]. PLA exhibits good moisture managementnd
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comfort properties[60]. PLA filamentsalsofind their applicationin the 3D printing sector,
dueto therelativelow melting point, aswell asits goodadhesiorandflexural strength[61].

PLA is oneof themostpromisingbiopolymersandaccordinglyit hasbeenthe subject
of extensiveresearchocusng on expandingts fields of applicationandtuningits properties.
In orderto makeit more widely applicable,the elimination of the disadvantageé$sted in
Chapter2.3.2is the focusof the developmentsThereare severalattemptsin the literatureto
improve the mechanicalpropertiesof PLA with different blends [62], plasticsers [63],
copolymersation [64], nanoadditives[65], natural reinforcing fibres [66], and self
reinforcemen{67]. With a structure modifieth such wag, PLA couldbe suitable for use in
technical fields, but this also requires flame retardancy of the raw mgtetied.7]. Research
into the foaming ofPLA products has also begualready substituting a fraction of the
expanded polystyrenEPS foam marketfrom extrudedand thermoformed PLA tray$0,
68] to expanded PLAoams for impacenergy absorbers inelmets §9]. Because of the
high valueadding potentialand the combination ofroperties that makes a product
lightweightwhile ensuring its higiperformanceat the same timdoaming, flameetardancy

fibre productionandselfreinforcementvill be further discussed ithis literature review.

2.4 Polymer foams

2.4.1 Properties and applications

Porous materials play an important role in our daily lives; they can be found in
protective equipment in the form of an energy absorbing element, in filtering equipment, and
as a material for packaging, heat and soundatisu. High porosity solids usually have high
structural rigidity and low density, so they often also serve as a framework for living

organismsé€.g, coral, wood, bonegyQ].

Foams are e of the largest groups of porous materidle continuoussolid structure
(matrix) of which makes up only a small volume percent of the mateAatordingly,
depending on théoam 6 @orosity, most ofts volume isfilled with a low-density gas that can
form a coherent pore system or consist of discrete &adlsed on theontinuous or dispersed
character of the gas phases can speak of opasell and closegtell foams respectively[7].
The solid phase can be composedwidiely usedstructural materials; based on this we

distinguish between metal, ceramic and polymer foaftgi(e2.7).
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Figure 2.7 Porous materials:whale bone (a), aluminum foam (b), ceramic foam (c) and nickel
foam (d)[7]

The properties ofcellular plastics are determiad by the rigidity of the polymer
backbonethe porosityand microstructure of the foarand a number of other parameters.
They can be poducedusing thermoplastic or thermosegiolymer matrices, allowingthe
modulus of elasticity to be tailorembvering awide rangefrom rigid to flexible foams Cell
sizeand distribution are also kdgctors cells with diameteyon the order of 1@nicronsare
called microcells. Due to their small cell size, the mechanical properties of microcellular

foams far exceed thoséth larger bubble§71].

The functional characteristis of foamed plasticscontributed greatly to the

widespreadutilisation which are as follow§7]:

- Low relative densitysince most of théobamis madeup of pores (cells), the density of

the foam is a fraction of the density of the polymer that makes up the solid phase. In
addition, the polymers themselves are inherently lightweight materials, so the foams
made from them have a lower density than any otinectstral foam. Their application
can therefore also be economigalonvenientin technical fields (g. electronics and
automotive),when the appropriate mechanical properties and flame retardancy are
ensured

- Good specific_strengthalthough themechanial strength of the polymer foams is

lower (decreasing with porositygomparedo the densepolymermatrix, the specific

strength is significantly higher thdahat of porousnetak or ceramis with equivalent
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porosities Because smaller amounts pdlymeric materialcan be used to make an
article with similar properties to a solid product, polymeric foams are often used to
make disposable cupsaysand food containers.

Outstanding thermal insulatioafter foaming, the thermal conductivity of the material

is significantly reduced, as the thermal conductivity of the gas in the cells is one order
of magnitude lower than that of tldensepolymer. In addition, in the case of closed

cell foamswith dispere gas phasehe cell walls also inhibit convectidreattransfer

of the gas Not surprisingly, huge amounts of PS and PU foam are used to insulate
buildings, improving their energy efficiencyAlong with reduced material use
discussed in the previous pgigood thermal insulation is also an advantage in the
market for disposable cups and food contain@he packaging keeps theadyto-
servefood andhot drinks warmor fresh foodcold, and it only slightly increases the
total weight of the package to bansported58g].

Good impact energy absorptiogasfilled closed cells of polymer foams, especially

microcellular foams, compress under load (impact) and theanelxaggain in the case

of flexible cell walls, as a result of which they absorb the energy of the impact. In the
case ofigid foams, the cell walls collapse one after the other, which is also an energy
absorbing process. The foams therefore have excell@ation damping performance
and impact resistancproperties so they are widely used in the production of
mattressegpackagingand filling materials, as well as sports equipment (helmets and
other protectiveaccessorigd69].

Excellent soundibsorpion: the porous bodyabsorls the energy of the sound wat@

terminate the reflection and transferral of the wayeousticenergy is dissipated by
thermal losgyeneragd by the friction of air molecules with the pore walls, and viscous
loss causedby the viscaity of airflow within the material§72]. The scaered waves
extinguish each other in a shoperiod of time reducing resonance and noise
Generally, opeitell foams are better sound absorbers than their closed
counterparts.

Adequate compressive strengthe compressive strength of structural matseris an

important designparameter to take into accour@ompression tests aimgpliedto
deter mi ne a nmaundenrcrushingdlesadétcerdirgva EN 826 and 1ISO
844, the compressive strengthrafid foams and thermal insulation materials used in
construction must be compared at 10% deformatifh foams with a compressive
strength of 100 kPa (EPB0) are called "stepesistant” PS faas, and extruded PS
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(XPS) foams with a compressive strength ofi3@WD kPa can also be used to insulate

flat parkingroofssubjected to greater mechanical load (i.e. vehicles)

The foaming of the polymers thus greatly reduces material costs, as wellaasrigp
many beneficial properties to the articles. Although the production etitgity products is
economically advantageousyemust also keep the environmental impact in mind. Recycling
or landfill of traditional norbiodegradable foams guite cumlersome due to theamall pile
up density[73]. Depending on the density, the amount of material recovered is o9 k§
per cubic meter, and any additives and fillers, as well as impurities (food and other organic
matter) are also a problem in recydinAnother form of recycling i€nergy recovery or
incineration, in which only the energy stored in the polymer is recovered. In addition to
emitting large amounts of GOnto the atmosphere, this method emits substances that are

harmful to health in the event of imperfect combustj@d].

Landfilling is the most polluting and harmful waste treatment method for polymer
foams. However, as a consequencenuftreatment, was can also be released into the
wildlife . In addition, polymer foams, due to their extremely low density, can disperse even as
a result of air movement, endangering the safety of terrestrial and oceanic wildlife. Saido et
al. [75 have shown that styrenmonomers, dimers and trimers are formed during the
degradation of PS foams entering the oce8hgene monomer is anticipated to be a human
carcinogerthusharmful to marine life and can pose a direct risk to coastal populatioers
adsorbed on sand. Theubstances in question also enter the food chain, where they are

increasingly enriched, thus indirectly endangering humanity at the top of the food ¢gjin.

By combining theadvantags of polymer foams with the environmentally friendly
characteristis of biopolymers, these difficultiesiight be prevented, thereby shifting the

plastics industry towards moresustainabldéuture

2.4.2 Thebasic principlesand mechansm of foaming

The manufaturing of polymer foams is relatively simple compared to metal and
ceramic foamsUsually t compriseswo steps: mixing anchoulding (i.e. foaming). First, the
additivesgiven by the particular recipe are mixed with high molecular weight polymers. As
the main component is the given polymer, its characteristics predestine the production
method,basicproperties and areas of application of the polymer foam (Chaptdy. After

the homogersation of the raw materials, foaming and shaping take place
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There are three generafays of producing foams from thermoplastics: mechanical,
chemical,and physical77].

In the case of mechanical foaming, the blowing agent is air, which can be dispersed in
the polymer matrix by higiperformance mechanical mixing. This is the least found method
in the industry, a good example of which is the foaming of PVC for the produsfifioor

coveringy78].

Chemicalfoamingis achievedby blendingsolid endothermiar exothermicchemical
foaming additives (CFAs) with the polymer matrix. [79] The activation of the EA can
happenby decomposition or by reaction @ componentsExamples of chemical foaming
agents include organic pyrolytic foaming agents such as azo compaounmsy) compounds,
hydrazine derivatives, semicarbazide compounds, tetrazole compounds, and
trinydrazindriazine; and inorganic pyrolytic foaming agents such as carbonates and nitrites.
[80]. Also, bicarbonates (e,gsodium hydrogen carbonatare used in combination of organic
acids and organic acid salts (edtric acid, oxalic aciyi[81]. The advantage &ZFAs is ease
of handlingasthey can be addetd the granules of the matripolymer. CFAs are used to
decrease the density of the polymer, typically biy6@36 with loading levels of 0i20.5% by
weight on the amount of polymerT{]. PolyurethangPU) foams are formed by means of a
chemical processs well namely the simultaneous reaction between a diisocyanate with
polyol and waterThe supramolecular structure forming viasitu polymersationis blown
into a foam by the cogeneration of carbon dioxide gas evolved from thel isatganate

reaction[82].

During physical foaming, inert gases liquids (e.g., CQ, nitrogen) are dissolvei
the polymer melt under presswae hysical blowing agent€PBAs), and then by reducing the
pressure, the gases are released within the melt, their volume expanding, thereby causing the
polymer to foam. Low boiling point liquids (e.g., propane, butapentane, hexane,
chlorinated and fluorinated methane and ethane derivatives) can also be mixed into the melt to
produce foamable beads. When the particles are heated (sintered) at normal pressure, the
liquid evaporates, so that the foaming beads form ekbBy adding hollow plastic or glass
spheres to a polymer matrix, a closmdl foam can be producd83]. In contrastto CFAS
PBAs are more complicated to handle, as thayst be injected under high pressure into the
already molten polymeWith all that said the risk of thermal degradation is lower with
physical foaming, and since only gases are added, no solid foaming agent residues should

remain in the final producChemical foaming agents can generally be used to produce higher
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density polymer foams, high porosity foams can be obtained by physical fofraingg].
Thus, the latter method is mainly discussed below

In addition to coseffectiveness, environmental and safety considerations must be
taken into account when selectingPBA. The most commonly used alkaR8As containing
three or more carbon atoms ackassified asvolatile organic compounds (VOCs), the
emission of which should be avoidg¢84]. Moreover most of these hydrocarbons &ighly
flammable. Halogenated hydrocarbons can pose a danger to the ozone layer, cause a
greenhouse effect or be considered a hazardous air pollutant (some compounds fall into
several of these categories)idtclearthat the use of these materials shouldvideimised or

discarded.

Carbon dioxide (Cg) is also usedis PBAbecause it is netoxic, nonrflammable,
chemically iner{85]. During foaming, the polymer melt is usually processed at high pressure
and high temperature, under which conditions; @0n asupercritical stateA supercritical
fluid is defined as a substance for which both pressure and temperature are above their critical
values.The critical pressure of COs 738 MPaa nd i ts criti calthedeemper &

conditions are easily reached in a typical extrusion prqéégsre2.8).
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The use of supercritical CQscCQOz) as aPBA is advantageous in several respects.
The diffusion coefficient and viscosity of supercritical fluids are similar to those of gases, but
their density is moreomparable tahat of liquids[85]. Their surface tension is almost zero,
so it easily penetrates various materials. These properties make it an extremely good solvent
and plasticger in polymers, the solubility of S€0z in polypropylene(PP) ( 2 0 0 A C, 100 b
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for example, is four times better than the solubility of nitrodg8i}. Due to the plastising
phenomenonsc-CO; changes the behavipof the melt, significantly reducing viscosity, melt
strength, and d[88, 89]. Utilizing this effect, the processing of polymeesg;,by extrusion)

Is possible at much lower temperatures and the wear of the device is reduced.

The foamingprocesscan bedivided into three stages: cell nucleation (formation of

bubbles), cell growth and stalsiition(solidification of the polymer foan{)7]. The initiation

of the bubbles can take place in the polymer supersatutateBBA. The easiest way to
achieve this is to reduce the pressure. Cell nucleat® determines cell density and
distribution, so it has a very important effect on the subsequent properties abdhetpilhe

site of bubble formation may be the free volume of polymer macromolecules or sites with low
potential energy (e.g., the surface of nudtgatagents [90]. The homogenous and
heterogeneousell nucleationwill be further elaborated in Chapt2rs5.1with a closer focus

on the foaming of PLA.

As the bubbles grow, the foaming gas expands, while the bubbles may ewesteoal
The driving force of cell growth is the difference between the pressure in the bubbles and the
external pressure. The internal pressure is, of course, a function of the amount of gas present
and the temperatureThe external pressure depends on thecgssing (e.g.extrusion)
parameters. Since the internal pressure is inversely proportional to the diameter of(tlee cell
YoungLaplace equation whena cell wall breaks between two foam celise gas flows
from the smaller to the larger, and thiétre coalescence of thieubblesoccur P1]. Factors
influencing cell growth include the melt strength and surface tension of the polymer. If these
two valuesare too high, cell growth is inhibitedtherwise rupture of the cell walls may
occur. Overall, ell growth is a very complex phenomenon in which the properties of the melt
are constantly changing. The formation of the cells greatly increases the specific surface area,
thus creating a thermodynamically unstable system (the surface tension tendscéothed
surface area). Thus, upon completiorthef cellgrowthstep the structure of the foam must be
stabilised. Upon cooling, the polymer increases in viscosity and then solidifies. However,
cooling the foamed plastic is not an easy task giventtigapolymer foam has poor thermal
conductivity. Heat removal is aided by the endothermic process of gas release, while the heat
of crystallsation of the polymer reduces the rate of cooling. When the foaming gas is
released, the plastsar effect in the plymer is eliminated, so the process increases the melt

strength, thus helping the foam to solidi#.
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2.4.3 Foaming methods

The most common industrial production teclogges for polymer foams are injection,
pouring, mould pressing,reacton injection, rotatim foamng, hollow blow maulding, and
extrusion, which ardoriefly discussed beloVf7]. The manufacturing process is most often

carried out orsimilar equipment used for the productiondenseplastic products

By means ofnjection mouldinggcomplexshapeddimensionally accuate, highquality
productscanbe producel with high productivity including structural foamdThe steps of the
production process: preparation of raw materidisedng, heating and plastging
calculating,closing the mauld, injection, foaming, coolingdemouldng, and posttreatment
[7, 92]. Injection must be conducteat ahigh injection speedo that foaming of thpolymer
would only start in the tool (injection timshould bdess than 1 secondpupercritical fluids
can beused asPBA, enabling microcellular foaminglhe cooling is further ided by the
endothermic reaction of cell nucleation and growth. Therefbesprocess reques much less
cooling as well as energy @ammpared with conventional injection miding or structural
foam injection malding. Furthermore internal pressure arising frothe foaming eliminates

the sink marks and improves the dimensiatability of the malded part493].

Pour foaning is mainly used to produce PU foams. The advantdghis processs
that production takes place at low pressure, so the equipment is not subjected to high stress.
Due to the low pressure, large objects ao be produced, as well as-site foaming (&.
spray foaminsulation of buildings)However, these products have low strength and poor
dimensional precisiorgnd they cannot be used to prepare structural pantsder to achieve

good quality, propemixing of the components must be ensyrdd

During mould pressingthe materiad to be foamedare placed in themould and then
foamed by heating under pressure. Podymer isoften premixed with the blowing agent,
after which a prdoaming step is often included (e.m the production of EP®amsg [94].
The dimensional accueproducts that can be manufactured iis tvay are widely used in

the construction and packaging industry.

In reaction injection malding (RIM), two low viscosity, reactive liquids are mixed
under high pressur@nd tha injected into anould to react, polymesg, and foamln addition
to densePU products, this process produces large quantities of soft andigeh®U foam.
The polymeliis formed from isocyanate and polyol and crosslinked in tha@dnas described

in Chapter2.4.2 Foaming is achieved by the addition GFAs, the addition of excess
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iIsocyanate to water, or the addition of s to one of the reaction components. With an
appropriately chosen technology, an ogefi foam structure can be maf82, 95].

Rotation foamingis a methodto make small batches of large plastic foams with
uniform thickness and no trimmirajlowance The production equipment is simple, operates
at low pressurerequires low investmentbut after all, itis a batch technology with a long
production timeHollow blownproducts of PS, PE, and PP can be obtained by using-a two
headedmoulding eqipment. The obtained products have a pearly lustre, great whiteness,
separated bubbles, and good insulation, cushioning, and limpness. The required preform is

obtained by extrusion or injection miding [7].

One d the mostwidely appliedtechnologes listedhereis extrusion foamingwhich
can be used to produgdate, tube- andbarshaped products, profilesable insulationand
membrane$96, 97, 98, 99, 100, 101, 102 103. Foaming is feasiblaith single screwysing
a high L/D ratioscrew) as well as twiscrew and tandem extruders. The mechanism of
operation is similar to that of ndoamed products: th@olymer matrix, additives and
foaming agentpass through thprocessesf plasticsation homogersationand compression
zones,while either decomposition of foaminggents (chemical foaming), or gasification of
foaming agents (physic&baming), or pressure injecting with inert gaseChanical foaming)
is carried out T]. In the case of physical foaming additional mixing elements are required

after the injection of the gas.

Based on the literature being published in recent tintesan be concluded that
extrusion foaming is an actively researched area, especially when consighyisigal
foaming with scCO2 PBA. Sc-COz-assisted extrusion foamingight as well be thenost
sutable technology folow-densityPLA producs, hence at this poiittis necessary to narrow

the focusof this literature reviewto this particular topic.

2.5 Foaming of PLA by s¢CO; assisted extrusion

2.5.1 Parameters affecting the foaming process

As we saw inrChapter2.4.2 foaming of polymers is eelatively complex process. The
properties of the pauct depend on the microstructure of the foam, whidlnslamenrdally
determined by the number of cells formed per unit volume (cell density) and the quality of the
cells (expansion, distribution, closed / open structure). In order to achieve the daaiigd g

product, any of the foaming steps (cell nucleation, growth and stthol) can be interfered
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with by careful selection of the appropriapolymeric matrix material, additives and

processing parameters

The bubbles can be initiated by the freeumoé of the polymer chains or in the
vicinity nucleatingagens. The former is called homogeneous and the latter heterogeneous
nucleation [96]. Homogeneous nucleation is directly proportional to gas concentration,
pressure, and residence tintii(ng whichthe polymer and s€0; can mix) and inversely
proportional to temperatuf®7]. Homogeneous cell nucleation can also occur invibiaity
of macromolecules oriented under high shear sti@®#. In many cases, however,
homogenousiucleation rate is too low to achieve the proper cell density, in which case the
use of nucleating agents leneficial In the case of heterogeneous nucleation, the rate of
initiation is directly proportional to the concentration of the nucleating agewersely
proportional to temperatuf®9]. The heterogeneous nucleation mechansoiosely related
to local pressure fluctuations around the polyimacleating gent interface The activation
energy barrier to heterogeneously nucleate a bubble is less than that required to nucleate a cell
homogeneousl{90]. Talc, silica nanoparticles, carbon nanotuf@NT), and various layered
silicates, among others, can be used as heterogeneous nucleating Tdgepitessure drop
rate (Figure 2.9) of the cell nucleation device (die or nozzle) afdays a strong role in
determining the cell density ¢fie extruded foasithrough its effects on thinermodynamic
instability induced in the polymer/gas solution and the competition between cell nucleation
and growth[100. The producthn of high cell density products is therefore fanea by the
relatively low temperature, higpressure,and CQ concentration, as well as the use of

nucleating agents.
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Figure 2.9 Effect of pressure drop rate on cglopulationdensity 00, 101]
As the bubbles grow, the behauroof the polymer melt comemito view. As the
external pressure on the melt decreases as it exits the die, the internal pressure of the bubbles
expands the volume of the cells. Cell expansion can be inhibited by the melt strength and
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surface tension of the polymer. At high melt strength,ddlé expansion is hinderechigh
porosity is not achieved. On the other hand,; €§xapes easily from a material with low melt
strength, the cell walls rupture, maniform cell structure is created. The melt strengtthef

linear PLA polymer can be impved by using chain extendgiGE) [102. CEs have at least

two functional groups (amine, anhydride, epoxy, isocyanate) that create crosslinks between
polymer macromiecules. By increasing the diffusion coefficient arapour pressuref the

PBA, its moleculeenterthegas phaséaster from the melt, thus accelerating the expansion of
the bubbles. By increasing the melt concentration of, @@ degree of porosity can also be
increased.Increasinggas pressureincreasesthe solubility and the local concentratioof
gaseswhich dso increases the diffusion rate, heiogh pressure is required meanufacture

low density foams J0(O. Temperature affects all parameters, increasing the diffusi
coefficient andvapour pressuref the PBA, thereby promoting the growth of bubbles.
However, the melt strength of PLA decreases with increasing temperatutes sptimal
temperaturemust be foundo achievegood foamabilityas depictedn Figure 2.10 [103.
Moreover, dissolved s«€€Oz greatly reduces the melt strength of PLA, so the usgbsfis
essential. Thus, the production of a high porosity product can be achieved at the lowest

possible tenperature, higlpressureandappropriateCOz concentration by usinGEs.
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Figure 2.10'1C)btimal melt temperature is crucialo maximise the‘oarﬁ“é;pansion ratiol03
The most importanprocessafter the formation of cellef appropriate density and
quality is to thermodynamially stabilise the systemas it was also showin Section2.4.2
Here,a few parameters such te temperatureat which the matrix polymesolidifies (Tm),
and crystalkationkinetics of the polymer can also bd#luenced. The crystaiationof PLA

is inherentlyslow, it is mainly a function of composition, temperature, processing time, CO
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concentrationshearing in the die channandextension associated with cell growth outside
the die[48, 104. Nea the end of cell growth, the concentration of @nd its plasticizing
effect) in the polymer decreasesistinechanismncreagsthe melt strength of PLA, which
helps to solidify he polymer Shearing and extensidooth orient macromolecules in tHw
direction, thereforeincrease the rate of crystabition sometimes by several orders of
magnitude In addition, crystalBationratecan be accelerated by the usenotleating agents.
Thus, the use of nucleaty agens not only promotes cell nucleation but also accelerates the

formation of crystallite$104].

2.5.2 Examples forsc-CO, assisted extrusiofoaming of PLA

There are severalstudiesin the literature on foamingf PLA. Lee et al. compared
chemical (azodicarbonamide) and physical fCRlowing agents for PLA foamg [68]. In
the research, the physical blowing agent proved to be more efféatmatain products of
high porosity Using a twin-screw extruder Mihai et al. produced PLA foams with an
expansion ratio of 40 and a cell diameterof B 0 e m by i njecting 9 w
wiw) CQO: into the melt[105. Kuo et al. manufactued microcellularPLA foams with
expansiorratio of around20 by scCOz-assisted atchfoaming and extrusion foamirfd0qg.
15% wi/w hydrotalcite was used as the nucleating agent. It was found that with extrusion
foaming, the production of products is faster, the method is more suitable for mass
production. The extrusion foaming was carriedt an a tandem extrusion system, the
temperature of the | ast zone beMatugnaet 4.0 AC an
producedlow density microcellular PLA foams by extrusion foaming usirfg @/w
montmorillonite (MMT) nucleating@ent[107]. Microcdlular foams werealsomadeby Pilla
et al from PLA crosslinked with a CH102. Although the expansion ratio did not rise above
5, the morphology of the cells was uniform, with the smallest mean cell diameter being 10
€ mWanget al.[104], and Nofar et al.[108 109 investigated the effeaf chain extender
(Joncryl ADR4368C epoxybased CE also used Bylla) and different nanoparticles on the
foamability of PLA. The experiments were performed on a tandem extrusion system,
demonstrating thadn expansiorrate of 40 could be achieved with an average cell size of 50
¢ mKeshtkaret al. obtained foams of appragte morphology using®® w/w COz and 15%
w/w MMT [11(. When using more that% w/w MMT content, the properties did not
improve significantlyWanget al. showed that by prepariagymmetric PLLA/PDLA blends
with very small amounts of PDLA (0.83% w/w), the forming stereocomplex crystallites

significantly increasgheterogeneous cell nucleaticete, and h e P L A 6satiomratey st al |
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while reduces celsizefrom 1502 0 0 bélaw5 0 [@M]. The existence oftereocomplex
crystallites in these PLLA/PDLAblends was identified by widangle Xray diffraction
(WAXD) and differential scanning calorimetry (DSC)

2.6 Natural fibre reinforcement of PLA foams

Asreviewedin Chapter2.3.2 relatively poorthemal resistancendlow toughness are
the twomost significantrawbacks oPLA. Hence, matural fibres arefrequently blended with
PLA asreinforcementwith aspiration to improvéhesemechanical propertiegor instane,
aimingto obtain crystalline PLA composites of higlDTs, the outstandinghucleating ability
of naturatbasedbasalt fibores has beeamployedby T § ket al. L112. Amongst natural
polymers theassociatiorof cellulosic fibress such as woodlours with plastics is as old as
the plastics technology itseince the early 1900e most abundant biomass resource on
Earthhas beerconsideredas the still cheaper filling agent of the cheap plagtids. Not
sumprisingly, the diverseforms of cellulog are pronouncely popularfiller and reinforcing
additivesin modern biocomposites as wglll4 115 116 117.

Cellulose micre and nanbbres due to theirlarge surface argedigh modulus of
elasticity and high aspect ratiovere investigaed as reinforcemers for PLA foams most
particulaty for foams made via thecCOz-assistedbatch procesfll18 119 120 121, 122
123. When natural fires are addetb a lightweight foam structure, achievirggmultaneous
improvement in mechanicakerformance alongith other desirable propertiesight be quite
compkx This is because tHenal properties of the foams are directly controlled by several
factorsincluding method of dispersion of filler in the polymer matrithre orientation, voids
and porosity, pore structure, adhesion, interfacial interactions between filler and polymer
matrix, and the percentage weight concentration of filler {528. Accordingl, Ding et al.
showedthat cell densityincreases and expansion ratio decreases iwdteasingcellulose
nanofibrecontent[1227. Most of the studieound thatthe addition of natural fibres resulted
in decreased cell diameters dueeilwhanced melt strengthand the increased number of
heterogeneousucleaton sitesof thefibre surfaces118 119 120, 122. Bergeretet al found
thatfibre distribution within PLA matrix and fibre/matrix interactions have a direct impact on
the rheological behavim and therefore on the foam morpholpgincelocal debonding at the
fibre/matrix interfacecouldinduce gas loss that will decrease the cell growing ability, and on
the other hand, a heterogeneous distribution of the cel[5iZ. As an indication of poor
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stress transfer across the interphddathewet al. associatedlecrease strengthwith weak
interfacial adhesion betweanicrocrystalline cellulosand the PLA matrix§7].

However,cellulosecontaininghighly porousPLA foamsproduced bythe continuous
extrusionfoaming methods rarely found in the literatureWhilst Matuanaet al. produced
PLA foams filled with 1030% wood flour their void fractionsvere around 20%124]. The
field of scCOr-assisteccontinuousfoaming ofcellulose fibrereinforced PLAIs of scientific
interest, also @nsideringthe favourable flameetardant attributes of thisultifunctional
additivedescribed later in Chapt@r7.3 Thus, thecomprehensiveesearch intmatural fibre
reinforced extrusiofioamed PLA perhapscomparing celluloseto inorganic reference

additives (e.g., basalt fibreg needed.

2.7 Flame retardancy of polymers

Today,high-tech applicationslemandpolymers to have not only excellent mechanical
properties but also increasdide safetyin orderto satisfy various regulatory standards
Ensuring fire safety is a prerequisite to deliver the maximum benefits of polymer products
with regard to performance and sustainab{lit®5. This applies to E&E products, including
household appliances (kitchen appliances, refrigerators, iiaf@naion technology (audio
and video equipment, laptops, printers, mobile phones), technical components ljoacds,
switches, connectors, fuse systemaplesand wires. The requirements are also very strict in
transporation industry asoday's publicransport takes place on higpeedandhigh-capacity
railways,coachesships and airplanesA series of bus fire catastrophes in Eurcpéed for
increased safety ipublic transport.Twenty fatalities in a 2008 buge nearHannover has
sensitsed public opinion to this topid26. Sadly, several subseegjt tragedies including the
tragic 2017 Verona bus craghowed thathe implementation of fire safety standandsfar
from satisfactory[127]. The building and enstruction sectois also notorias for fire
catastrophesthe latest and most studied being Beenfell Towerincident. On 14" June
2017, a fire, reported to have started in a frittgezer in dourth-floor apartment, broke out
to ignite the recentl vy ichihspreaa vdryeapidlyf cioural the sy s
outside of the building, and into almost all the other apartments, ultimately killing 72
occupants[12§. An important lesson from the incident thatefsafe buildings need
construction materials and products to be approved, installed and maintained responsibly and
in accordance with all regulatiorp$25. In an erawhere highly functional plastic products
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have beenaking over the roles adther materials in our everyday life for decades, sustainable
FRs and firesafe productsvill always be considered key research areas.

2.7.1 Main flame-retardant mechanisms

Combustion of commodity plastics is a highly exothermic process in which
hydrocarbons that make up the polymer chains aresexidoCO. and water. Combustion is
a gas phase reaction, so the presendbedf decomposition products in the gaseous state is
also required for the ignition athe polymers This takes placebave ® 0 A C, at wh i
temperature some of the hydrogens in the macromolecukesoamuch thermal energy that
they are abstracted from carbowrasas a hydrogen radicahlongwith one electron of the
covalent bond. In the presence of oxydén), the hydrogen radical is convertedaxygen
(O*) and hydroxyl radicals (HO*), which reacts with carbon monoxide to form.@@d
another hydrogen radic@H*). The hydrogen radical can react with m@s to propagate the
chain reaction The heat generated during the exothermic reagironides energy fothe
thermal decomposition of the polymer, and the reaction of free radicals maintains the reaction
[129.

The flammability of polymers can be reduced by the use of HatadantyFRS)
There are mangroups of these additives depending on how they inhibit the combustion of
the plastic. Somd-Rs functions byscavengingfree radicals needed for the combustion
sustaining reaction. The main representatives of this group are halog@ming bromine,
Br, chlaine, Cl) organic compounds, which dissociate into free radicals in the gas phase at
the combustion temperature, and then halide radicals (X*) are converted to hydrogen halides
(HCI, HBr) by removing hydrogen from gaseous decomposition products. Theseagase
effective FRs because they react with H* and HO* radicals to forerahld HO gases and
lower energyX* radicals, thus closing the combustion chain reacti®@9. However,
halogenatedRs are now banned in most countries due to tingracton theenvironmen
and the human healfi3(. The adversdealtheffectsof halogercontaining additives will
be discussed in Secti@7.2

Other types ofRs are converted to nesombustible gases in an endothermic reaction
at high temperates, thereby cooling and diluting the reaction space. This group includes
metal hydroxides. During the endothermic thermal decomposition of magnesium hydroxide
andaluminiumtrinydrate (ATH), metal oxides and water are formed. The water vapor dilutes

the reaction space, and the solid magnesium and alumiroxide formed during the
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decomposition form a surface protective layer on the burning plastic. Magnesium hydroxide
must be used in large quantities for effective flame retardancy, which usually results i
deterioration in the mechanical properties of the product. Another limitation of the use is that
the decomposition temperature of magnesium hydroxide is in the temperature range used in
the processing technologies of many polymer typeas, (P, PE, PLA, so the processing

steps must be chosen carefylly9.

Compounds belonging to another groupFéis form a protective layer between the
surface of the burning polymer and the gaseous decomposition products in order to reduce the
heat flux to the surface, thereby inhibitittgermal decomposition. For example, phosphorus
containing FRs are converted tohpsphoric acid in the solid phase of oxygmmtaining
polymers, which removes water from the polymer, thereby forming a caeooliaiyer[131].
Decomposition products of phosphofentainingFRs are less harmful to health and the
environment than halogesontainingFRs, in addition,the amount omokegenerated during
a fire significanly reducedHealth risks are also lower during the use phase of the product, as
phosphor us b ars @sbd usechas feigiicsaot amimal feed additiveddditives
consisting of ammonium polyphosph#&gPP), polyhydric alcohols (g., pentaerythritol) and
nitrogensource(e.g., melamine) are collectively referred to edumescentflameretardant
(IFR) additive systemgl32. Modus operandi of IFRsan be describeaks follows. Due tothe
large amounts of heat generated during the pyrolysis of the pllticomponents create a
cellular, charred foam layer which can lead to a-800% increase in thickness. The layer
foamedby the released inert tnogencontaining gas separates the polymer from the flame,
while the resulting phosphoric acid catayg the deydrationof the polyol, creating additional
charredmaterial[133.

2.7.2 Flame retardancy of polymer foams

Foams made from highlgombustible polymers are much more flammable than the
base materialdue to the excellent thermal insulation of the cells, the high local temperature
required for combustion develops faster after ignition, andntla&ix material does not
dissipate heat. igh porosity foams have a high specific surface area, which also increases

flammability.

Since the 1970s, brominat&dRs (PBDEs. polybrominated diphenyl ethers, HBGD
hexabromocyclododecanes and TBBPA: tetrabromobisphahohave been fawsed in

househal products, including foamed parts for furniture and baby toys, mattresses, textiles,
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textiles, textiles insulation of hous¢$34]. In 1973, a polybrominated biphenkR called
AFiremastero was mi stakenly mi xed windh a m
distributed as a feed supplement on farms in Michigan. The defect was discovered almost a
year later when animals were observed to have lethargy, decreased milk production, and a
sharp increase in the number of calves born with the disortig®]. As aresult of the

incident, one and a half million chickens, more than 30,000 cattle, almost 6,000 pigs and
approx. 1,500 lambs were forcibly slaughtered. Symptoms later appeared among the
Michigan population and have been the subject of debate for a longSinoe then, PBDE,

HBCD, and TBBPAFRs have been shown to cause endocrine disruption and infertility,
damage the nervous system, and carcinogens, among other things. Because they are apolar
molecules, they accumulate in adipose tissue, so they can digongein mammalian high

fat milk. Unfortunately|t is not only the citizens of Michigathat were andtill are exposed

to the above halogenated flairegardants. Although their use has already been banned in
most countries, they are still found long life cycle plastic items (e.ginsulationmaterials,

old sofasand computers). These additive flametardants migrate out of the products and
accumulate in the form of indoor dust particles, so that contaminated dust can enter the body
during inhal@ion or ingestion (especially in young childreff)34]. The recycling of polymer

foams is also hampered by halogenakd®s, only halogenrcontaminated products rabe
produced by relaiming the raw materials, and air polluting-pyoducts can be produced by

incineration.

As pentabromodiphenyl ether (PentaBDE) useBR PU foams was banned in 2005
and HBCD used to reduce the flammability of PS foams was banné&d 51236, plastics
manufacturers started using other halogenated flataedants in the absence of a suitable
alternative. These include tris (id&hloro-2-propyl) phosphate (TDCPP) and tris 2,3
dibromopropyl) phosphate (TDBPP), which may have the s#gtrénental consequences as
their predecessor$l37). The development of new generation, environmentally and Realth
friendly FRs for polymer foams iguitean important issue today. A promising approach is the
nanocomposite technology mentioned above, which, in addition to flame retardancy, can also
have a positivémpact on mechanical properties (nucleateffec). IntumescentR additive
systems can alscelused in PU foam4.3g, BS-coatedexpanding beadsr coatingthe entire

foam body can also provide a solution to reduce the flammability of EPS {@88)s

After the banning of less flammable freon (CFCI3, CF2CI2) physical blowing agents,
the pentane thakeplaced them significantly increased the flammability of E&®l other)
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foams. Tls effect can be offset by the addition of higifficiency (but banned) HBCD
already in the range of 8%, but much more of thetumescenflame-retardants have to be
amlied in order for the foam to meet strict safety standards. It is important that the
mechanical properties of the product do not deteriorate as much as possible as a result of the
additives[14Q.

In PP foams|FR additive systemsare applicablealthoughthe associatiorof the
hydrophilic APP with PPcan lead to considerable decrease in mechanical properties
Recently,Huanget al.improved IFR dispersiothusmechanical propertied ®P/IFR blends
by scCOz-assistedextrusionfoaming [141]. In another study, thepreparedlow density
(D0.08g cm' ) anisotropic PP/IFR foamthat could selfextinguish within % after 6G of
combustion at only 2&t% IFR due to its uniform dispersion, and also exhibit greatly

enhanced mechanical propertiesaateing specific stiffness as high B4813MP a/ ('Y cm
[142.

2.7.3 Flame retardancy oPLA

To reduce the flammability of PLA, two basic methods are distinguished: either by
mixing (compoundingFR additives into the polymer matrix, or by copolymerizing the PLA

with reactive comonomers. The latter method is less common due to its cost.

Almost all of the additive typé-Rsare suitable for reducing the flammability of PLA
[143. Nishidaprepared PLA/ATH mixtures that requiredi®®% w/w ATH for proper flame
retardancy[144]. However, the large amount of additive led to a significketerioration of
the mechanical propertieKiuchi et al achieved a V0 rating in the UL94 flammability test
of PLA compositeswhile reduéng the ATH content using a combination of %0w/w
phenolic resin and 4826 w/w ATH. [145. Tanget al.achieved UL94 V-0 ratingusing 20%
w/w aluminum hypophosphite (AHP), and Cone calorimeteasurementshowed reduced
heatrelease ratgl46. Due to the poor compatibility between the AHP particles and the PLA
matrix, the mechanical properties also deteriorated in their case. The mdédeeiteiency
of the inorganic materials presented so far has encouraged researchers to devétép new
oligomers and branched chain polymers based on organic syntheses. After the synthesis of
poly(1, 2-propanediol-carboxyethylphenyl phosphinate) (PCPP) and direct compounding
with PLA, Lin et al. measured théimiting oxygenindex (LOI) of the samples. Due the
10% m/m organicFR additive, the LOI increased from 19.7% to 28.2 vdit47]. Li et al.
prepared=R PLA composites using a brancheolyphosphamide ester oligomer (HBPE). The
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extraordinary efficiency of HBPE is shown by the fact thatRRePLA composié achieved
UL-94 V-0 classification andn LOI value as high &3%/[148§.

The IFR additivesystems describegarlierhave also been shown to be effective in a
PLA matrix. Songet al.usedPEGin addition to APP as aharring agento simultaneously
improve flame retardncy andtoughnessof PLA [149. Boczet al. created selfeinforced
PLA composites,and by adding FRs to the systenbrittleness and flammabilityvere
simultaneously reducedComposites containing 16% w/®wR (10:1 by weight APP and
MMT) resulted in an LOI of 34% by volume and a494 V-0 rating, and th&R content also

improved impact resistan¢é7].

Numerous researcprojectsare aimed at replacing petroledrasedpentaerythrital
most commonly used a&srbonizingagent in IFR systems, with components originafiogn
renewable resourceRetiet al.used lignin and starch in additi to APP reaching anLOI of
32% for the optimal composition (60% PLA, 12% APP, 28% stath{]. X. Wanget al.
achieved a LOI of 41% and a 84 V-0 rating for PLA composites containing 20% w/w
microencapsulated APP and 10% w/w staftbl]. Pack et al. prepared PLA mixtures
containing resorcinol bis(diphenyl phosphate) (RDP) oligetreated starch, MMT, and
halloysite. Starch treated with phosphofasntainingFR promoted the formation of a carbon
protective layer, which became more compact due to nanoadditis&s Cellulose, which,
similarly to starch, isof renewableorigin and themacromolecule contains many hydroxyl
groups therefore it can also be used ascharring agenin IFR systemsGaan and Sun
treated cellulos®ased natural fites with phosphorusontaining materials and investigated
their effect on flammability. The mogffective FR additive was diammonium phosphate
(DAP), which increased the LOI of natural ies from 18.5% to 35.5% when used at 4%
wiw. [153. GrexaandL ¢ bikvestigated the flammability of lignocellulo$ased chipboard
in the presence of variol=R additives. Cone calorimetric studies have shown that the best
FR effect can be achieved with a combination of monoammonium phosphate (MAP) and
boric acid (BA\) [154].

Nanocomposite technology is also of increased interest among researdreiiSLok
composites, as nanoadditives usually result in significant improvements kiRthed other
properties of the polymer, even in small amount8%d. Materials possessingotentialFR
activity include CNT, MMT, graphene, expandable graphite, layered double hydr@ndes
sepiolite. Isitman and Kay investigated the effect of naraalditive geometry in alumiom

phosphinecontaining PLA nanocompositegl55. The FR efficiency improved in the
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direction of rodshaped halloysit < spherical nanosilicate glatelike MMT, reflecting the
dominant role of the specific surface arBantaineandBourbigotcompared the efficacy of
Cloisite 30B type MMT with multiwalledCNTs. MMT showed a synergistic effect in
combination with a IFR additive, butCNTSs resulted inantagonistic effecf156. Li et al.
combinedIFR additivesystem with MMT to imprové=R effect and melt strengfli57]. Melt
flow index (MFI) and viscosity measuremgs showed that the tendency of the composite to

drip during combustion was significantly reduced

2.7.4 Flame retardedPLA foams and their properties

Flame retardancy of PLA foams is a special, new field of resegmeonly a limited
number of literature sources are availaBle/NVanget al.prepared PLA foams containing -15
25% w/w halogenfree flameretardant and-5% w/w starch bybatchfoaming, ughg CQ: as
blowing agen [15§. At a FR content of 1% w/w, an expansion ratio of 16 was achieved.
This ratio decreased to 10 with the addition & W/w starch, and deteriorated significantly
with increasing amount of additive, with the addition & &/m starch, each product showed
a maximum old expansion.Foams with the besER efficiency (LOI of 26.4%6) were
obtained at a starch content 6631/m, and with aFR ratio of 15% w/w, respectivelyDuring
the UL-94 horizontal flammability test, these foasmfextinguished, however, the authors
did not publish the Ut94 classification for flameetardant PLA foamsNonethelessthe
densePLA/FR/starch compsites used as thmatrix material for the foams were ratedOv
The foams containing%8 w/w starch and 15%/w flameretardant had an average cell size
of 95 em and an exp &nWangenal asa prodoceddLA fegams u n d
containing 530% w/w FR and 0.51.5%w/w graphene by C&assistedbatchfoaming[159.
Foaming wasarried outat 608 0 A C awO:tpressureof 4.0 MPapreviously maintained
for 12 hourdo ensure equilibrium adsorption For f oams f o &Rverdentaft 7 0 AC
15% wi/w, an expansion ratio of 16.5 was achieved, which was reduced to 7.5 by the addition
of 0.5% w/w graphene. For foams containing 15% WRy the LOI increased to 24.8% from
18.2% of the nonFR PLA foam. Both authors used the flamnetardant additive 100D
(Starbetter, China), whictontains21% nitrogen, 23% phosphorus, and has a decomposition
temperature above 260AC. 't should be noted
not show a uniform cebtructure because theR particles did not accelerate cell nucleation
due to their large size. However, during cell growth, they caused the cell walls to open, the
bubbles to merge, resulting irhaterogeneousell distribution. The authors did not study the
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mechanical properties of the foams, where the role of morphology is promamehthe
shortcomings of the foam structure are clearly distinguished.

In Section 2.6.2, we saw that the flame retardancy & BUA can be solved withFR
additive systems, and their efficiency can be increased with nanoadditiyed/(dT). The
use of environmentally friendly flarretardants can furtheextend the PLA foam®
advantagesover conventional (PU, PS) foams. APPelts for example, degrades in the
environment and is also used as a fegliliin agriculture, so it is unlikely to inhibit the
biodegradability of PLA. In addition, no adverse health effects of APP are Ki@fn

2.8 Selfreinforced polymer composites

2.8.1 Rationale,advantagesgisadvantages

As reviewedin the precedingchaptersthe foamingof polymericmaterialss a popular
and effective means of manufacturinglightweight products. However foams or even
structuralfoamsarenot fit to be usedin certainapplicationsdemandinchigh-endmechanical
properties like protective covering panelsof sportsequpment suitcasespr vehicle parts
(Figure2.11 a). Otherlightweightmaterials suchaspolymercomposites aremoresuitablefor
thesepurposespffering load-bearingcapability in privileged directions dependingon the
designof thereinforcementThe concept o$elf-reinforced compositeSRC9 is based on the
combination of thermoplastic fibres as a reinforcement phase within an isotropic
thermoplastic matrix of the same (or a similgngmical composition. In a broader sense, both
thereinforcing and matrix materials belong to samepolymerfamily [161]. This approach
was first outlined byCapiati and Portef162, referred toasione pol y me,r C 0 Mg

exploiting the difference betweemigh-density polyethylene (HDPEfilaments and non
treated HDPE matrix

e

© O ‘.‘;l *\.'.\M‘..,.,
Figure 2.11a) Selfreinforced compositapplications(Source:P u r eC#&rvE) b) wind turbine
blades being landfilled
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The advantages of SRC systems include the ability to acbigetandingnterfaaal
adhesiorbetweerthe chemically similarcomponent$163. The ease of recyclinglsohas to
be emphased as they represent likely the best recycling option when reprocessing via
remelting is targetefB]. In contrast, the reprocessing of fibreglaasmid, carbonhasat, or
steelfibre reinforced composites is rather complicated, often predestining the products to be
landfilled for the lack of a more sustainable waste treatment opf&oyuré 2.11 b).
Furthermore, the density of the thermoplastic fibres in SRCs is smaller than that of the fibre
reinforcement in conventional composites, making them more attractive alternatives for
lightweight applications, also taking into account teéuced consumption of a vehicle or the
better user experience of a prod(Etgure 2.11 a). Additionally, when prepared from a
biodegradable polymer, both matrix and reinforcement phases of the SRC can be fully
decomposedt the end of their service life or after several recgdaops[164.

On theother hand,thermoplasticfibres are inherently thermally unstable,this must
always be kept in mind when designing,processing,or applying selfreinforced polymer
compositeg161]. A mayordeficiencyof SRCsis that, whetherbasedon fossil or renewable
resources, thermoplastis are flammable materials [164. Moreover, thermoplastic
reinforcementvill alwaysbe proneto losetheir stressbearingability at high temperaturegup
to their Tm). Thedifferencebetweerthe Tm of thefibresandthe matrix (or the surfaceandthe
coreof thefibre whenno matrix is used is of key importancen SRtechnologiesThe choice
of polymersystemausedaswell asthe choiceselfreinforcementechnologyapplieddefines
the boundarieof the manufacturingparametersalsocalledasprocessingvindow. Sincethis
feasibility window is finite, the processparametersnustbe controlledaccuratelyanda less
robustmanufacturingnethodcanbe expensiveo operatg 161].

2.8.2 Methodsof SRC production

The manufacturing of SRG@seay be achieved by a variety techniques, gnerally the
reinforcement and matrix phases are consolidated by either thermal or 4@sedtmethods
[16]]. In their review ,Kmettyandco-workersclassified SRCs according to their constituents
their productionand the spatial alignment of the reinforcing phase inside the mafriAg
the focus of the preserliterature review is on biopolymer composites, only the main

production methods will be introducedthout claiming completeness

2.8.2.1Consolidation of coextruded tapes

To widen the processing window, Peijs developembextrusionmethodto apply a

copolymer on both sides of a PP homopolyniéd]. Via coextrusion, both the reinforcement
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and matrix phases can be produced at the same TineeTn difference between the two
constituents reached @0 AC due to the | et ofthecpolyrmer. mol e
During manufacturing, the similarity of the core and skin polymers eventuates in melt
entanglement and an excellent bond between the layers within a singleAtdpegher

advantage of this method is that the stretching of the aaedrtapes results in higtrength,
high-modulus tapes, allowing a reinforcement content ©¥®8% in some case8,166.

heat,
pressurc

Figure 2.12 taped6l]

2.8.2.2Melt, powder or solution impregnation

Severaltechniques exist fointroduction of a polyrar matrix phasento a polymer
fibre structure as showrschematicallyn Figure2.13. During melt impregnatiorthe polymer
melt is forced to flow around the fibresnslar to a resin infusion process used in
conventional compositemanufacturing161]. This technique requires very low matrix melt
viscosity, thus elevatedhould temperatureand an adequate processing window. As the
inherently high viscosity of thermoplastic matrices makes the proper consolidation
challenging, other methods were develgpeaimely powder and solution impregnatid®T,
168 169.

Solution impregnation
] I Q.Q.C.O‘Q...C
e Melt impregnation
e oeeeee
..‘. cat s Immersion in
...‘.. p_rls‘urc'_ : l solvent
000000 . SVOOPOV
flow Q@@@@@
0000000
000000

Powder impregnation
. l Solvent extraction and
consolidation

Figure 2.13 Schematic illustration of nelt, powder, and solution impregnatiofgrey: matrix, dark
grey: reinforcement) 161]
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In the Pllowing step pressurenay be applied to the impregnated composite to ensure
good consolidation and the closure of any voids due to trapped air. Upon cooling, this
polymer melt becomes the matrix phase of the comppsitkile the fibres withstand
processing without significardeteriorationof mechanical properties, and so remain as the
reinforcement phase of the compogité1]. Most of the authors described the consolidation
of reinforchng and matrix phase a compression moulding process in an injection
mouldingapparatus.

2.8.2.3Film stacking

As mentioned earlierCapiati and Portemtroduced the concept of single polymer
composites, embedding PE fibres imatrix of a similarpolymer[162. Mead and Porter
further developed this technique by laminatinghly orientedHDPE strips between films of
low-density polyethylene (LDPE)170. The relativdy large differencein melting
temperature between h e t wo constituent sto achie?e5ADPE was
reinforcements embedded in a LDPE matfikis method ofreinforcement and film stacking
(Figure 2.14) was reported in several subsequent publicatid)s6f, 161, 171]. The
difference compared to the previously described melt impregnation technology is that the
matrix phase does not need to be forced in between the reinforcing phase from outside the
mould, the matrix films are prarranged amongst the fibre layeidence,the concept
minimises the risk of variale product properties along the cr@gstion, caused by filtration
of solid additives on the reinforcing phade’?. Due to thegreatvariety of polymer films
with suitable thickness, fibre volume fractions carrddatively high andvell controlled As
any type of planafibre orientation(uni- and bidirectional), woven fabrics and random fibre
mats can be usea diverse group of SE& can be manufactured this wdgerandB 8 r § ny
investigatedcarded and needlgunched fibrous mat as well as knitted febrdestined to
become the matrix phase, insteadndérleavingpolymer films [L73. The production otheir
singlecomponent SRCs was possible because of the different degree of fibre orientation

(stretching ratio), although the processing window was as narrov@ as T .

Reinforcements :
T S —— o ? Matrix layers
= e o » l,
g ., e — o .

- =
o N, y _ i
R S d Iy SIS S s PEEA RS KRR o vl m

Figure 2.14 Schematic illustration of theifm stacking techniqug8]
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2.8.2.4Hot compaction

Hot compaction isone of the most challenging modeof SRC preparatianThe
relatively new method was developed\Wardet al. [L74, 175. They found that thesurface
and coreof oriented PE fibresshowed different melting behaviouend exploited this
phenomenon to melt the outer layer of the fibres and tapes, which became the matrix after
crystallisation The residual core section of the fibres and tapes acted as the renmgotce
the produced SRCF{gure 2.15). The challenging nature of thgartial meltingof single
component polymeric systemsomes understandably fromhe very narrow processing
window. In a paper oiVard et al. he width of the feasibletemperature rangeas around @

6 A[176. Asthe compaction temperature approaches the melting temperature ofréhe fib
the transverse strength of composites witfidirectionally aligned (i.e. 1D) reinforcement
increasesalthoughin exchange fothe stiffness and strength measiim the longitudinal
direction[8]. Dueto the vide variety of polymersandform of reinforcementsthe production

of SRCsvia hot compactionis largely an empirical processduring which the processing
parametersof pressuretemperatureand time are varied until the desired propertiesare
obtained 163.

900000 ..

00000600 0@ —»J:‘ “‘ 4
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Figure 2.15 Schematic illustration of hotompactiontechnique [L61]

It was found by Hine et al. that the processingtemperéure for fabrics (two
dimensional 2D reinforcement)was higherthanfor 1D-alignedfibres. This appliesbecause
an assemblyof woven fabrics hasmore interstitial spaceto be filled with the matrix thana
parallelsed 1D fibre one[177]. Basedon tensiletestsanddetailedmorphologicalstudies the
authorsdedued that the final matrix contentshouldbe betveen20 and 30% in orderto set
optimum propertiesfor SRPMsfrom woven fabric layers.It was also emphassed that the

processingvindow for 2D fabricsis evensmallerthanthatfor 1D fibres or taped§].

2.8.3 Selfreinforced PLA composites

During the late 1980sand the early ®@0s, bioabsorbablescrews rods and implants
were develoged for fracture fixation in the medical field, using PLA reinforcementand
matrix, thus ceasg the needfor surgicalremoval[178 179 18(. Later, the use of PLA as
an engineering resifviz. outside themedical industry) got into the focusf materials

resarch.In orderto improve the inherentlylow HDT andimpactresistanceof PLA, while
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ensuringreprocessabilityand completebiodegradabilityof the product,the utilisation of SR
techniquesvascomprehensivelgtudedin thelastthreedecades.

The literature showsthat the reinforcementof PLA SRCswas mostly manufactured
via conventionafibre productiontechnologiesie. melt spinninganddrawing[67, 181, 187.
Highly crystallinePLA fibres and amorphous matrix films wem@med into SRCs using the
film stacking method 182 183. Flame retarded PLA SRCs were manufactubpgdfilm
stacking, using crosgly configuration of filament layers, obtaining a perforation energy of
16 J/mm and a se#xtinguishing behaviou67]. Hot compactiortechnique( 9 5 A C, 9 MPa
10 min)wasappledbyWr i g ht Ch et all tedevelapuniditectionalSRC specimens
from PLA fibresmelt-spunby the author$184, 185. Commercially availableneltspunPLA
yarns were utilisedhy Wu et al.to preparehot compactedPLA SRCs fromthree dimensional

and fve-direction braieéd preformg186.

Electrospunstereocomplexanofibreswere proposedo be useful for increasng the
processingemperaturavindow of PLA SRCs[163. Suchfibrous materialwasproducedby
Tsuiji et al. thus increasingthe Tm to about222A Cin contrastto the Tm (1 7 8) AICPLLA
fibres[187]. Kurokawaet al.compiled highly transparent SRCs usicgmpression moulded
PLLA sheetsaandelectrospurstereocomplex PLA fibres by applyimgcompaction pressure of
8 MPa altl8g.1S®rofdet al.used theelectrospinningechnique as well tproduce
reinforcement fotheir PLA SRCs[189, 19(. Both Kurokawaet al. andSomordet al. took
advantage of a la¢ treatment step, characterisations on the products were conducted after the
drying processt 100 A8, ®r h50AC, in the pl8k¥hkilace of
Somordet al. failed to mention that raamealing processcould also occur during heat
treatment Kurokawaet al. acknowledged the annealing effect of the drying process on the
completely amorphous electrospun fibres proven by WAXS analyses.composites were
manufacturedvia hot compaction ofthe PLA fibres applyi g MR 3A C,
compression timeframe afii 60 . Taimbicet al. studied the hot compactiohPLA and PCL
fibres produced by dual electrospinniri®]]. After postproduction treatments of straining
and annealing, the fioreee r ¢ pressed at 90AC, 1.2 MPa for

As the physical properties of PLA SRCs are highly dependent on their reinforcement,
fibre production methods will be reviewed and compared in the following chapter with special

attention on the recently discussedeaarch papers.
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2.8.4 Fibre production methodfor self-reinforced PLA composites

The use of fibres as reinforcing phase of composites is based on the recognition that a
smaller diameter specimen contains smaller amountdetécts;thus themost effective
reinforcement is obtained from fibre with the smallest possible diamet(size effect)192
193. This phenomenois well illustrated by the fact that the strength of glas®dilor carbon
fibres increases significantly with decreasing diametaptherreason for fibe reinforcement
is the increasd specific surface area at the interface that has a decisive effect on the
mechanicalproperties of the composif®5]. The industrial and experimentalproductionof
polymeric fibre reinforcements well describedn the literature. Spinningis a term usedto
describeprocessingnethodsconventionallyusingspinneretextrusionso producecontinuous
polymeric fibres Spinneretextrusion spinning methodscan be classifiedaccordingto the
physical form of the raw materia] namely melt spinning, solution spinning,and emulsion
spinning. Melt spinning includestraditional melt spinning, meltblowing, multicomponent
conjucate nanospinningvia the island seamethodor the segmentedpie method. Solution
spinning comprisesdry spinning, conventionalwet spinning, shearedwet nanospinning
( Xan oS h and geE 9pinning. Moreover film splitting, drawing and thermal size
reductbn processgcentrifugalspinningarerepresentativenethodsableto procesdoth fibre-

forming polymermeltsandsolutions[194].

During the melt spinning method,polymer melt is extruded through small orifices in
a spinneret and drawn into thimostly macrescale)fibres by a uniaxial drawing poess
[163. PLA successfullyoridgesthe gapbetweematuralandsyntheticfibres andfinds its use
in the textile andcompositeindustry. Comparedo PET, PLA havelower smokegeneration,
specificgravity, andmeltingtemperatureallowing easiemprocessabilitylts elasticrecoveryis
superiorto PET (at 5% strain) leadingto good shaperetention.PLAS fower refractiveindex
meansthat deepershadescan be achieved using a given concentrationof dispersedye,
furthermorejt is highly resistatto degradatiorby ultravioletradiation[192). With that being
said, he interchain interactions in apolar polymers are relatively weak and therefore a high
degree of drawability can be obtained. Polar polyrmeisiding PLA on the othehand, have
relatively strong interchain interactions and are therefore less draji@fde M2 k ect &t
accomplishednelt spinningunder a dry nitrogematmosphere using a single screw extruder
having a tapered spinning die with a die ex
[181]. Melt-spun monofilaments werdrawn to a final draw ratio of 7 in two consecutive
ovens at 120AC and dgrold @tating at differgnt SpeedsdTheafinall  t a k
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mean diameters of the filaments were 0.3, 0.5 and 0.7 Wimi ght Ch atral. e swor f

produced oriented PLAbres for their hot compacted SRCs by an extrusion prdds.

The extrudate was wound oraol 8 i nc h di a nrg atapproxihratelyr360 rpnt, a t
resultingin a linear velocity of 8.6 m/®etailed characteristics of the fibres were published in
their subsequent papefiameteso f 1 0 0 . B610)& meddtedsie strengthof 116.18

N 7. 63 MPRaerepontedi856 )

Amongst nanomaterial forming methods, electrospinr{ie§) employs a toglown
engineering approacheducing a messcalechargedluid jet to nanescale fibesas an effect
of a high electric field194, 195. This technique was discoveratithe dawn of the 190y
Morton and Cooleyand has been developkdtherfor over a centuryl96 197, 19§. In the
late 1930s). V. PetryanovSokolovand ceworkers developed electrospun filtration medium
known as APetlodyl®f 20¢. Howeven, the reamofibfousharacteristics of
these materials and their significance in different fieldere only recognised aftehe
widespread availability of scanning electron microscf&4]. From 1995anincreasing rate
of published scientific contributionsan be observedn laboratoryscale ES development

including the production of PLA fibres

The ES technique used byomordet al reacheda productivity rate of 0.32 g/h
nanofibrousPLA mats weighing0.8 g were produced within a 2.5 h perifB9. The

maximum productivity of the dud@S put into use byfumbicet al. wa0.56 g/hl . 77 N 0.

em ( n dameted fibres were collected omeetallic mandrefotating at a speed of 4000
rpm. Tsuji et al. electrospurPLLA/PDLA stereocomplexanofitres and PLLA microfibres
with a productivity rateof 0.1 ml/min [187]. PLLA fibres with diameteref 1.712.7 and 1.0
1.8 Om wer e f orleend25kV respectivalyawhereas tioefblendréib with
diameters of 8001400 nm and 400970 nmwere obtained at the applied voltages -4
and -25kV. They found that higher voltage amdectrically induced high shearing force
during ES enhanced the formation aftereocomplex crystallitesConventional solution
spinning method and a medpinning nethodwere also used to prepare stereocomplex PLA
fibres with diameters d0i1 8 0 afu@0i5 0 0 , réspectively 202, 203. Kurokawaet al.
managed to prepare electrospun stereocomplex Fadibres with a productivity of 1.0
mi/h, a PLA soluteconcentratn of 7w tartdapplying 1 5 [488. The ES conditions
wereoptimizedin a previousstudy[204]. Regardinghereportedproductivities theindustrial
applicability of SCRsbasedon micro- or nanofibrousPLA mats are questionald, higher

throughputandscaledup fibre productionmethodsvould be advantageous.
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Melt-blowing or meltblown (MB) technologyis a higher productivity meansof
plastic fibre production dating back to the work of V. A. Wene at the Naval Research
Laboratory later developedby the Exxon Corporation[205 20€. During the onestepMB
processa thermoplastigpolymeris blown by convergenstreamsof hot air exiting from the
top and bottom side of the die orifices to form extremelyfine diameterfibres. The fibres
attenuatedy the dragforce are subsequentlyplown by the high-velocity air onto a collector
screenthusforming a selfbonded honwovenMB web[207]. Dueto theindustrialrelevance
of this technology,a few studieswere focusedon MB PLA fibres.M ¢, | lanel Krobjilowski
pioneered this field in 2001, showing the challengng nature of biopolymer fibres
manufacturingpy MB [207]. In contrastto PR the majorresinusedin MB& characterisethy
low molecularweightandviscosity, rheologicalbehaviars of biodegradablg@olymersgive a
strong restriction for extrusionthough micro-scale size orifices. However, PLA could be
processednto fibres of similar diameterasPP (~10 Gm) at 200/ 2 2 0. Aafer, NatureWorks

introducectheir newinged™ PLA gradefor melt-blown nonwovenproduction[20§.

Heating
Element

Figure 2.16 Slot (Exxon)melt-blowing die and sectioned view there¢205, 206

Liu et al. further investigatedthe processof PLA MB andfound that key parameters
include mdt temperaturghot air temperatureand air gap width [209. According to their
studies, the spinneretholes might be partially blocked below 2 0 0 A@lt temperature
resultingin unevenstructure On the otherhand,above2 3 0 & €fibres becomevery brittle
dueto thermaldegradationHot air temperaturesf 250/ 3 0 0 @ applied,the upperlimit
happenedo be the beginningof degradationas well. Yu et al. usedNatureWorksl n g e o E
6252DgradePLLA blendedwith 0.1i 5 wt% PDLA suppliedby ChangchurSinoBiomaterials
for MB PLA fibres with stereocomplexcrystalline domains[210. The MB processwas
conductedon a coathangerdie with 0.35 mm holesplacedat a distanceof 30 cm from the
collector, die temperaturesverein therangeof 20012 4 0 Ahe@ presencef PDLA improved

the mechanicalpropertiesof MB PLA nonwoven,tensile strength and modulus values
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between0.54 1.69 MPaand19.591 69.89MPawerereportd, respectively Hammond<t al.
managedo producesubmicron MB PLA fibres using a 25.4 Gm diameter die [211]. The
authorsinvestigatedhe differentcrystalstructureormedduringMB andfoundthatUcrystal
contentand tensile strengthof the nonwovenmicro- and nanofilres increasedwith higher
airflow. Most recently,Jafari et al. producedViB PLA nonwovenfilt er mediafrom Ingeo™
grade 6260D [212. To the bestof our knowledge MB PLA fibres were not studied as

reinforcement®f SRCs
2.9 Summary of the literature review

The reviewed literature sources and data suggest that the develagrightweight
PLA productk is a research area pairamount importanceConsidering the aspects of
sustainable developmerit, seems obvioushat the future use adidvancedPLA producs
could be a solution to many environmental problems generated bysihg standard of
living. Compared ta@onventionabplastic products, thesequire less raw material to produce,
and the resources used for this are not fdsledout renewable.

To be more than just a raw material of disposable articles and to become more applied
in durable technical products, PLA have to be modified to ingits propertiesFoaming of
PLA can increase thenpact energy absorptiaf the product, reduce ispparentensity and
bring other beneficial properties (thermal and sound insulation) to theHoreever, he
utilisation of PLA, being a relatively flammable organic polymer quite challengings the
vastmajority of durablgroductsneedto comply with strict safety regulationBhis particular
drawback is even more pronounced for PLA foams ghhioid fraction.Based on the
examined literaturetheremight bea few possibiliiesto adequately flame retasven highly
porousPLA foamsby exploiting synergistidlame-retardanteffects of nanoadditiveqe.g,
montmorillonite)and IFRs. Otherenvironmentally friendlyadditives such as celluloseuld
aso enhance flameetardant properties ibugh th& beneficiouscharring activity. Both
montmorillonite and cellulose areaturaly occurring inexpensiveand multifunctional
additives which exhibit reinforcing, flameretardant foam cell nucleating and crystal
nucleatingpropertiesin PLA foams albeit theseapproachesvere only investigated using
batch foaming technology. Continuous processes such-@®sassisted extrusion foaming
methodsalso hae theirown challengesboth melt strength and crystaHition kinetics of
PLA needs to be optimized. Supplementary additives such as FRs or natural fibre
reinforcement further complicates the system, represeatidiional scientific tasks and thus

potential advances in the field.

51



Selfreinforcement is a promising means of producing impact resistant and lightweight
composites from biopolymers without compromising their reprocessability or
biodegradability As novel SR solutionsdemanda better understanding of fibre productian
wide variety oftechniquesverereviewed including melt spinning, electrospinning, and melt
blowing. A very fewexamplesf the latter two methodsererecorded in thditerature when
consideringthem as meansof reinforcenent manufacturingfor all-PLA composites The
fibres thus madewith smaller diameterand higher specific surface areaight improve
interfacial adhesia It was also dund crucialto comprehensively examine the crystalline
structure othe reinforcing fibresasdifferent crystdine forms or even stereocomplex crystal
domains may bkey factors iSRPLA composites.

In an erawhere there igver more researclorks arebeing published, it isirtually
impossible to revievevery single relevant article. Even so, putting research in context is of
key importance, | hope that this brigtill quite comprehensiveljterature review could
manage tofulfil its purpose. Beforethe distinguished research projects discussed in the
following chapters, thaims, topicality,and a narrower context of thparticular fieldwill

also be given.

3 THESIS OVERVIEW , CHALLENGES TO BE ADDRESSED

Considering the potential scientificovelties ad open questions identified in the

literature review, the following objectives and experiments were defined:

- Improvingthe foamability of PLA by appropriate additives

- Elaboration and development of-€€©; assisted extrsionfoaming techology of PLA

- Investigation of natural fibre reinforoeentfor PLA foams

- Development of FR PLA foams using IFR additive system

- Development of FRreated natural charring agent for FR PLA foams

- Upscaling of PLA nane and microfibre production methodsto be used as
reinforcement ilPLA SRG

- Examiningof theannealingof PLA fibresto achievancreased heat resistance

- Comparison of different annealing methad$LA micrdfibres

- Quantitative and qualitative analysis of the PLA crystallites in recrysstdlfibres

- Preparatio of PLA SRCs from nan@and microfibresand characterisation thereof
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4 MATERIALS AND METHODS

4.1 Materials

Duringtheresearch work the followingaterials were used.
PLA grades

Table4.1 Summary of the applied PLA types

Material Brand/ Producer/supplier Characteristics
(abbreviation) Type name

poly(lacticacid) | nge o E  NatureWorks LLC Tm=14516 0 AC, Mw
(PLA) Biopolymer (Minnetonka, MN, USA) g/mol, MFR = 14 g/10 min
3052D (210AC, D2actiles k
content = 4%
poly(lacticacid) | nge o E  NatureWorks LLC Tm=160-175A €, MFR =22
(PLA) Biopolymer (Minnetonka, MN, USA) g/ 10 mi n ( 2D0OA
3001D lactide content 4.4%
poly(lacticacid) | nge o E NatureWorks LLC Tm = 165-180 A*CMFR =24
(PLA) Biopolymer (Minnetonka, MN,USA) g/ 10 min ( 2DO0A
3100HP lactide content 9.5%
poly(lactic acid) IngedE NatureWorks LLC Tm=14516 0AC, MFR
(PLA) Biopolymer (Minnetonka, MN, USA) mi n ( 210AC, 2.
8052D

* Estimated based on differential scanning calorimetry (DSC) measurements.

Additives
Table4.2 Sunmary of the applied additive materials
Material Brand/ Producer/supplier Characteristics
(abbreviation) Type nhame
chain extender Joncryl BASF SE Mw = 6800g/mol, epoxy
(CE) ADR4368C  (Lugwigshafen, equivalent weight = 285 g/mol
Germany)
talc (T) HTPultra5 L  IMI FABI SpA medi an di amet e

(Postalesio, Italy)
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montmorillonite
(MMT)

Cloisite 116

BYK-Chemie GmbH, nontreated nucleating agent

(Moosburg, Germany)

cellulose fibre Arbocel J.Rettenmaier & fibre I ength =
BWW40, S°hne GmbHdi ameter = 20 (
(Rosenberg, Germany
ultrafine cellulose  Arbocel J.Rettenmaier & average fibre-I
fibre UFC100 J. S°hne GmbH, based charring agent apdtential
Rosenberg, Germany) reinforcement
basalt fibre 150tex13I Basaltex KVT linear density = 150 tex, filament
di ameter = 13 ¢
length = 10 mm
intumescent flame  Exolit AP462 Clariant GmbH melamine formaldehyde resin

retardant agent
(IFR)

(Frankfurt am Main,  micro-encapsulated ammonium

Germany) polyphosphate (APP) bas&eR

Chemicals
Table4.3 Summary of other applied chemicals
Material Brand/ Producer/supplier Characteristics
(abbreviation) Type name

diammonium
phosphate (DAP)

SigmaAldrich Co. (St. FR treatment for cellulose fibres
Louis, MO, USA)

boric acid (BA)

Merck KGaA FR treatment for cellulose fibres

(Darmstadt, Germany)

ethanol

Merck Ltd. 99.5% (for synthesis)
(Budapest, Hungary annealingnedium

dichloromethane

Merck Ltd. 99.0%, solvent for PLA

(Budapest, Hungary electrospinning

carbon dioxide
(COy)

Linde Gas Hungary  purity: 99,98%, physical blowing
Co. Cltd. agent
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4.2 Equipment used for sample preparation

4.2.1 Melt compounding

PLA mixtures were prepared by using a Labtech Scientific LTE26odular twin
screw extrudefLabtech Engineering Co., Samutprakarn, Thailand) with a screw diameter of
26 mm and a length to diame{&vD) ratio of 44 The strands were air cooled on a conveyor
belt and pelleted in a Labtech LZ-120/VS granulator (Labtech Engineering Co.,

Samutprakarn, Thailand)

4.2.2 Physical foaming

SupercriticalCOz-aided melt extrusion was performed onsiaglescrew extruder
(Rheoscam, SCAMEX, Crosne, France) with a screw diameter of 30 mm and a length to
diameter ratio (L/D) of 35The extruderis equipped bya syringe pumpTeledyne §CO
260D Lincoln, NE, USA) and a static mixer (SMBH 17/4, Sulzer, Swzerland) This

apparatus wassed for the preparation of natural filmentainingPLA foams.

ScCO, assisted extrusion foaming wakso carried out on a modified Collin Teach
Line ZK 25T type cerotating twinscrew extruder (Dr Collin GmbH, Ebersberg, @any)
with a screw diameter of 25 mm and a L/D ratio of 24. The apparatus consists of 5 heating
zones, the s€O; is introduced into the 4th zone using a syringe pump (Teled$a&O
260D, Lincoln, NE, USA).This extruderwas used for thenanufacturing of flame retarded
PLA foams.

4.2.3 Fibre production

4.2.3.1Melt-blowing

For the production oimeltblown PLA fibres, Quick Extruder QE TS16 02/2016A
typetwins cr ew phar maceuti cal extruder (WAWanCK 20C
L/D ratio of 25was usedA specially designed adaptisrattached to the extruder die to allow
the formation of sufficiently fine filkes and an appropriate flow of hot air, i.e., the melt
blowing process. The die §&25 holesof 330 em di ameter next t o«
compressed air with an overpressure of libaeated by an AHF562 type device supplied
by OMEGA Engineering INCStamford, CT, USAFor the collection of PLA microfibres, a

hemispherical sieve made of metal mesh placed at a distance of 25 cm fromisheselie
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4.2.3.2High-speed electrospinning

PLA nonwoven fibre mats were prepared by a féghed electrospinning (HSES)
setup consisting of a stainless steel SpPi NnNne
toahighs peed mot or ( Qui ¢ k 2 0 0 0. THe spthnerei cosnetadvwoa S v 8 r |
a high voltage generato#g kV) anda peristaltic pumgor feeding the polymer solutiohe
produced PLA fibregan becollected on a round metal mesh placed on the grounded metal
funnel, in order to prevent the fibrous material from enteringathsuction systemHigure
4.1).

@ @
4P @

X

Figure 4.1 Schematic illustration and a photo of the HSES device: PLA solutid), pump (2),
spinneret (3), high voltage (4), grounded metal funnel and wire mesh (5), cyclone for collecting
residual particles (6), air suction system (7)

4.2.4 Compression moulding

The hot compression process was carried out with a Collin GmbH -LaaelPhten
Press (Ebersberg, Germany) 200E hydraulic pexpspped with a square mould with
di mensions of 3 § pldced Bedweem twd metal sheets coated with
polytetrafluoroethylene (PTFE) foil
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4.3 Methods

4.3.1 Rheological measurements

Melt rheology under dynamical shear was investigated using an AR 2000 type
rotational rheometer (TA Instruments, New Castle, DE, USA) with 25 mm diameter parallel
pl ate geometry. Dynamic frequency sweep tes
complex shear viscogit(d ¥ Pas) over a frequency range of-Q0 Hz under controlled

strain of 1%.

4.3.2 Morphological analyses
Scanning electron microscopy

Scanning electron microscopic (SEM) images were taken frofltAdoams fibrous
matsand compositesA JEOL JSM6380LA type apparatus (JEOL Ltd., Akishima, Tokyo,
Japan) was used for examination with accelerating voltad® of 15 keV. All the samples
were coated with golgalladium alloy before examination in orderpgevent charge buitd

up on the surface.

The dispersion of the FR additives was investigated via energy dispergiag X
spectrometry (EDS) using the same apparatus. Element mapping was carried out with an

accelerating voltage of 15 keV and an amplificatoo f T 500 .

The distribution of fibre diameters was determined via measurement of aZ(east
(MB) or 130 (HSES)randomly selected single fibre using an image analysis software
(ImageJ). Onavay ANOVA was used to evaluate the statistical significanceeotlitierence
between the mean values of fibre diameters before and after thermally induced or solvent

induced crystalBation(p<0.05).
Porosity measurements

The void fraction and expansion ratio of the foamsremdetermined by water
displacement method (Archimedes method). Void fraction or porosity is defined as a fraction
of the volume of voids over the total volume as a percentage. The percentage of void fraction
(Vi) was cal cul ated f r yr(apd dnethefdenaitynaf the naigampe r e n t

extrudate ) according to Equatiori}:

W pmITp — Q)
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The apparentensity () of theflame retaréd extrudate was calculated based on the
composition(Table 5.2) The density of the PLA and the additives were 1.24 3{&hA)
[213, 1.90 g/cm (IFR) [214, 2.35 g/cmd (MMT) [215 and 1.50 g/crh(starch, cellulose),
respectively. The apparentdensity of the PLAbased natural fibre-containing polymer
mixtures were considered to be 1.27 gichhe apparent density of the foamed samples was
determined by water displacement method, based on ASTM-DG9Zhe expansion ratio

(G) was calculated according to E&gion @):
%o —— (2)

4.3.3 Thermal analytical methods
Differential scanning calorimetry (D9®ffoamed samples

DSC measurementsf PLA foamswere carried out using a TA Instruments Q2000
type instrument (New Castl e, DE, USA) with
nitrogen gas flow, covering a temperature range o1 &0 AnChe case of flame retarded
foams,the measurement coveredeanperature range of 250 0 A\Baut 36 mg of sample

was used in each test.

The per cent ag)ef PLA fgasns wak talculaied gccordisgEquation
(2), wherem hh is the melting enthalpyp Hc is the cold crystaliationenthalpy  #id the
melting enthalpy of a perfect PLA crystal equal to 93 d&fj[and( is the weight fraction of

fillers.
P —nm 3
DSCanalysis of melblown fibres

The thermal properties of the mélown PLA fibres were studied usinthe
aforementioned A Instruments Q2000 type calorimeter. DSC measurements were carried out
at a heating r at e |/mirf nitrdgenAg@y fiov, ovetrny ¢ éemperatdre m
rangeof 3002 0 0 AC. 18 Ing oftsamgle was measured in each test using 26.4 mg
alumi num pans. T h e c)doktlersamplesaviasocalcylatetd adedrding i t y
to Equation Q).

DSCanalysis ohigh-speed electrospuiibres

In the case ofhigh-speed electrospun PLA fibres, Mettler Toledo (Greifensee,
Switzerland) DSC3+ type instrument was used for differential scanning calorimetry (DSC).

About 67 mg of each honwoven mat was compressed into astiegged sample and sealed in
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a 40 Omniumaiudblai DSC measurements were carried out with a heating rate of
2 AC/ mi n50 mi/muh enitrogen gas flow, covering a temperature range 2250 A C .

STARe software was used to control and evaluate the measurements.

The degree of crystallinitysf) of the samples was calculated according to Equation
(4), wherem Hh indicates the melting enthalpgp Hc is the cold crystalationenthalpy,o ke
is the recrystaliation enthalpy,pptm (U or U6) is the enthalopy
crystalline PLLA inU  ( V/g)3 dr  Upforrn,tp®7( U3 or UB) is the
crystallisatonof 100% crystal lghne rPIgVEOMPSAES W (130 J

Ny ‘pmmb (4)

Nj
Modulated differential scanning calorimetry (MDSC)

The reversing and nereversing heat flow curves were distinguished using a DSC3+
type (Mettl er Tol edo AG, Grei fensee, Swi t ze
sample preparation method was identical to that of the normal DSC. Tempenatiukated
differential scanning calorimetry (MDSC) measurements were implemented at an underlying
heating rmaitne, offr omMAGO0 t o I/mi® Gitdgen gasl flod.eThe 50 m
modul ati on pulse height was fixed at 0. 5K (
pulselength from 15 to 30 seconds. STARe software was used to control and evaluate the
measurements. A calculation window of 300 s was found to be appropriate for evaluation with
3 s shift and 90 s smoothing window. The sample response parameter was fuithisedp

for each sample to obtain total heat flow curves similar to the normal DSC experiments.

Thermogravimetry

Thermogravimetric analysis (TGA) measurements were carried out using a TA
Instruments (New Castle, NH, USA) Q5000 type instrument with a lgeatin at e of 10 A
under 25 ml/min nitrogen gas flow, covering a temperature range-6f®® AC. -Wbou't 4
mg of sample was used in each test. The TGA measurements were repeated three times for

each type of sample.
4.3.4 Flammability tests

UL-94 flammability tets

The flameretardant performance of the prepared samples was chasedtday
standard UL94 flammability tests (ASTM D 635 and ASTM D 3801). 194 classification is
used to determine dripping and flame spreading rates.
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Determination ofimiting oxygen index (LOI)

Limiting oxygen index (LOI) measurements were performed according to the ASTM D
2863 standard. The LOI value expresses the lowest oxygen to nitrogen ratio where specimen

combustion is still selupporting.

Pyrolysis combustion flow caimetry (PCFC)

Pyrolysis combustion flow calorimetry (PCFC) (Fire Testing Technology FAA Micro
Calorimeter) was used to assess the flammability of the formulations. Tests were performed
accordngto ASTMB7 309 at a heating r at &temderatirdd/ s , a
750AC and a combustion temper at wiN=0/8&fnm 900AC.
mnl and the sample weight was 6 N 0.1 mg. A
HRR values are r e p5khoThe msulslobtaidewere goirecthd after N
conducting TGA under nitrogen atmosphere of each sample. The residual mass at a given

temperature allowed the calculation of the specific heat release rate at any given temperature
[217).

4.3.5 Spectroscopic analyses
Fourier transform infrared spectrometry (FTIR)

Fouriertransform infrared (FTIR) spectra were collected from thetnested and FR
treated cellulose fibres using a Bruker Tensor 37 type FTIR Spectrometer equipped with
DTGS detector (Bruker Corporation, Billericklassachusetts, USA). The additives were
grinded with KBr and colgbressed into suitable discs at 200 bars. The measurement was
carried out in transmission mode, in a spectral range 6#800 cm® with a resolution of 4

cm' L. The device produced thétimate spectrum as an average of 16 spectra.
X-ray diffraction (XRD)

X-ray reflexion diffraction patterns were
MDP diffractometer (Almelo, The Netherlands) using-lCW r adi ati on (1.541

filter. The applieccurrent was 30 mA, while the voltage was 40 kV. The 20 mm wide samples

were placed on a Si sheet and analysed bet we
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Raman micrespectroscopy

Raman spectra were collected from the PLA nonwoven mats using a Horiba Jobin
Yvon LabRAM (Longjumeau, France) system coupled with an Olympus BX41 optical
microscope (Olympus Corporation, Tokyo, Japan) and an external 532 nm fregoeidsd
Nd-YAG laser source. About-8 mg of fibrous material was compressed into a-diskped
sample and paced under t he objective on a mi cr c
magnification was used for optical imaging and spectrum acquisition. The laser beam is
directed through the objective, and backscattered radiation is collected with the same
objective. Tk collected radiation is directed through a notch filter that removes the Rayleigh
photons, then through a confocal hole and the entrance slit onto a grating monochromator
(1800 groovémm) that disperses the light before it reaches the CCD detector. The
spectrograph was set to provide a spectral range af183D cm' and 4 ¢t resolution. The
acquisition time of a single spectrum was 70 s in each experiment and 5 spectra were
averaged at a time. All spectra were baseline corrected and@raalsed withn the whole

wavenumber range in order to eliminate the intensity deviation between the measured points.

4.3.6 Mechanical and thermomechanicdgsts
Localised thermomechanical analysis (LTMA)

Localised thermomechanical analyses were performed using a TA Instsu(hzw
Castl e, DE, U S ATherral Aaly2e® €q0ippédiwithra thermal probe (model
161500, ThermoMicroscopes, Sunnyvale, CA, USA). Tpmnt calibration was
implemented at room temperature using the melting temperature of a reference paigethyl
terephthalate (PET) film. About-8 mg of fibrous material was compressed into a-disk
shaped sample and placed on the sample holder using -gideb tape. At least 10
measurements were performed to ensure reliable and reproducible results. Thehap of
thermal probe was held in contact with the sample using constant force and heated from 25 to
200 AC /s.tVerticd gosition data of the tip was collected in the function of temperature.

Compressiortests

An AR2000 Rheometer (TAnstruments, New Castle, DE, USA) with plaiate
adjustment was used for mechanical charaagadnof cylindrical foam specimens with a
diameter of 8 mm. Compression tests were carried out with a constant compression rate of 30

Om/ s. The dsqaeezingd upper ptate wasmm,and the initial gap was 20 mm in
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all cases. The compressive resistance at 10% relative deformation were determined for each
foam samples. At least 5 specimens were tested in all cases.

Tensile Test

Static tensile tests ave performed on the annealed and-anonealed microfibroys
melt-blown PLA mats, and also on theLA SRCs Samples (7.5 mm | 3
mi crofibrous mats and specimens (3 mm [ 30
tested on a ZWICK Z005 univetsgesting machine (Zwick GmbH & Co., KG, Ulm,
Germany). For the samples of the mats, a 20 N load cell was used, the initial grip separation
was 11 mm, and the crosshead speed was set to 5 mm/min. Regarding the composite
specimens, the measurements werdop@ed on a 5 kN load cell with an initial grip

separation of 10 mm and crosshead speed of 1 mm/min.

Static tensile tests weralso carried out on the recrystaid and notireated
microfibrous high-speed electrospun PLAat s . Sampl es .0 MmR)oof he mm |
microfibrous mats were cut and testedtba aforementionedWICK Z005 universal testing
machine. The measurements were performed using a 5 kN load cell, with an initial grip
separation of 20 mm, and crosshead speed of AmmmAll the tests wre performed at room
temperature at a r el at i v-sectibnalraieal (# ofyhe fibfous50 N
PLA specimen was determined fI2dgomd), hsavellde nsi ty

the mass (m) and the exact length (I) of the samyding the following equation:

0 — aa 4
Youngdés modul us ( E) anwkre takulated from the $tress s s a't

strain curves.
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5 RESULTS AND DISCUSSION

5.1 Continuous manufacturing of PLA biocomposite foams and

characterisation thereof

5.1.1 Rationaleand aims

The replacement of conventional petbaised and short lifeycle polymer foams with
bio-based and biodegradable alternatives will be crucial for the natural environment and to
diminish the burden ofahdfills, still the application of biopolymers as porous materials is

negligible up to now.

Recently, PLA foams have been considered as the most promisiigaded and
biodegradable substitutes for polystyrene (PS) and polyethylene (PE) foam produats, wh
currently hold the majority ratio in the packaging industry. This is mainly due to the
competitive material and processing costs of PLA accompanied with comparable barrier and
mechanical properties arehvironmentallyfriendly character318. Besides e packaging
industry, there is a wide range of potential application fields for PLA foams, such as
construction and transportation, where these could effectively serve as lightweight heat and
sound insulating elements, panels and sandwich composite Eamesver, to produce low
density PLA foams with uniform cell morphology, improvements of the inherent
shortcomings of PLA, especially its low melt strength and slow crysatiinkinetics, need

to be addressed.

One of the most investigated methods tgiave the melt strength of PLA is the
increase of its molecular weight and the modification of its linear molecular structure by using
chain extenders (CEs). CEs have two or more functional groups such as hydroxyl, amine,
anhydride, epoxy, carboxylic acat isocyanate. Bifunctional CEs couple the two end groups
of PLA, thereby lead to a linear polymer with somewhat higher molecular weight, while CEs
of higher functionality give raise to branched structures with significantly improved
rheological propertiegl02 219. It was found bywanget al. [L04] that molecular branching
increases melt strength and elasticity, and thereby also the integrity of cells, cell density, and

expansion ratio during extrusion foaming.

Enhancing crystaliationkinetics of PLA during foaming has been recsgdias an
effective way to overcome its weak viscoelastic properties and to improve its foaming

behaviour (i.e. cell nucleation and expansid@ig 220 221]. In PLA, improved crystallinity
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has been achieved by using different nucleation agents, such as talc, that increase the
heterogeneous nucleation densiiOf. It was shown byPilla et al. L0 that the
simultaneous addition of talc and CE leads to increased cell density and more uniform cell
structure. Fillers, such as wood particl@gd or clay nanoparticleslfL( are also known to

act as crystal nucleating agents and change the melt visddsitgover fillers influence the
microstructure and thus the mechanical and thermal propertiee tdams 223. Significant
crystallinity can also be achieved by using plastid that widen the crystaitionwindow

by increasing the PLA chain mobility and decreasing the glass transition temperature.

Polymer foams are generally obtained by thditah of chemical blowing agents,
their mostly exothermic reaction makes, however, the process and the final cell structure
hardly controllable. In addition, they may lead to unwanted residues in the bulk. Physical
blowing agents are more desirable frdnstrespect. Currently, the focus is @arbon dioxide
(CQO) due to its chemical inertia, ndlammability, relative ease of handle, well controllable
influence and more favourable interaction with polymers compared to other inert gases.
Moreover, it advantageously replaces less ecological solvents like butananepeort
chlorofluorocarbons (CFCs), which are known for their contribution to the depletion of the
ozone layer and may bring hazardous risks. Therefore, the new types-foai® are

preferably manufactured by G@id techniques.

Microcellular PLA foams an be manufactured through batch processes, which are,
however, hardly scalable from lagale due to their small production rate. In the industry, the
more costeffective continuous processing technologies such as extrusion foaming and foam
injection moutling are preferred. Recently, many studies have been focused on extrusion
foaming using supercritical CQsc¢COz) as physical blowing agenB8%. When CQ is
supercitical, its solubility and diffusivity in PLA increases significantly. The-G0z
introduced into the extruder dissolves in the polymer melt and acts as a gafi24] and
by this means affects its crystalitionrate R25. Moreover, lower processingmperatures
are applicable and also the mechanical abrasion of the equipment will be reduced. In addition,
this may lead to reduced degradation of thermolabile molecules like active pharmaceutical
ingredients which may be used with such proc&f] Compared to the conventional
foaming processes, the advantages of th€@caid extrusion foaming are the accurate
control of the foam quality (i.e. cell structure), the mild conditions (reduced risk of thermal
and hydrolytic degradation), environmental fiddiness (organic solvedffitee, no residue), the

reduced energy demand during processing and the safety.
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In this work, natural fibrecontainingPLA foams, as potential green replacements for
petroleumbased polymer foams, were investigated. High porosityicrocellular
biocomposite foams were manufactured by continuou€&cassisted extrusion process. To
obtain uniform cell structures with increased cell density, efforgtionalsed CE and talc
were applied. The effect of cellulose and basalt fiorefesement was investigated on the
morphology and mechanical properties of the PLA foams.

5.1.2 Sample preparation

Before processing, all materials ( g e 0 E  Bi o p otypemeA, natutabfibies
and additives) were dried at 85AC for 6 h in

Table5.1 Composition of the PLA compounds used for foam extrusion

Sample PLA  Chain extender Talc  Cellulose fibre Basalt fibre
[wt%] [wt%] [wt%] [wt%] [wt%]
PLA 100 - - - -
PLA+CE+T 96 2 2 - -
PLA+CE+T+CF 91 2 2 5 -
PLA+CE+T+BF 91 2 2 - 5

PLA mixtures were prepared by using a Labtech Scientific LTE£26odular twin
screw extruder with a constant screw speed of 20 rpm and the folltevimzerature profile
of the extruder zones: zomel 75AC,=1795A€,:-180AEG,+~=180AC,
zone=185AC:120AEG. The obt ai n el aredried prior totfoars we r e
extrusion. The composition of the manufactured four types of PLA camaisas summarised
in Table5.1.

SupercriticalCOz-aided melt extrusion was performed on a sirsgleew extruder
(Rheoscam, SCAMEX, Crosne, France) with a scdéwneter of 30 mm and a length to
diameter ratio (L/D) of 35326227]. As physical foaming agent, C@vas injected into the
barrel using a syringpump (260D, ISCO Lincoln, NE, USA). As it is shownhkigure5.1,
the injection position is located at 20 L/D from hopper, where the screw diameter is constant.
CO: was introduced at the same pressure as the pressure prevailing in the extruder. The
polymeii CO; mixture then passed through a static mixer (SNR&7/4, Sulzer, Switzerland).

This element, inserted before the die, provides a distributive mixing between the two
components. A hommade flat die with a width of 30 mm and an adjustable height, which
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allows to tune the pressure before the die, was used. The temperature inside the barrel was
regulated at the following six locationsi &nd T before and T after the ©:2 injection

location, T» before the mixing element,sTat the static mixer andeTat the die. The
temperature (dat-Tmatd and pressure (HPs) of the material were measured at three and four

sensor locations, respectively.

V. V
s o
CO,
Static mixer

Syringe pump

| - |

Feed hopper
'\\ Gastight ring y Gastlght ring
/ \\ lT, yﬂ_ Uﬂ
,17 = = == —. )
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Figure 5.1 Schematic picture of the foaming system

During foam extrusion experiments the screw speed was kept constant at 30 rpm and
the following temperature profile was set for the extruder zonesye® 5 0 A=C,1 6T0 A C,
T= 180AC18UAC16UTAC, whi § and tid tempendtuxes dTwefe T
varied between110i 145A Cat eachexperimentwhile keeping them at a same value. This
temperature will be called die temperature in the rest ottlapter CO; was introduced at a
constant volumetric flow rate ranging between 1.5 and 3.0 ml/min. OAC&®swas injected,
a significant decrease in the material pressure within the extruder barrel occurred, mainly due
to the decrease of melt viscosity. Parallel with the increasingcG@entrations (in the range
of 2 to 8 wt%), F and T had been cooled to irease melt strength at the die. Once stable
conditions have been established, samples were collected. At each new condition, the
temperature (fatg) and pressure gPof the material, measured just before the entry within the
die, were registered. To studiie influence of operating parameters on porous structure,
several experiments have been carried out varying mixer and die temperatures zand CO

concentration, by keeping other parameters constant.
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5.1.3 Results and discussion

5.1.3.1Rheological properties

The effect of the used additivesCE, talc and fibres on the melt rheology and
processability of PLA was studied by dynamic viscosity measurements. As illustrated in
Figure 5.2, the introduction of 2% CE and 2% talc was found to increase the complex
viscosity. Likely, not only the CE induced lofpain branched structure reduced the chain

mobility of PLA but also talc enhances the melt viscosity mainly at the lower shear rate

region.
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Figure 5.2 Dynamic viscosity as a function of angular frequency for neat and additive containing
PLA

The addition of both cellulose and basalt fibres further increased the melt viscosity in the
whole frequency range. As the increase of the viscosity mainly depends on the concentration,
particle size, the particle size distribution and shape of the fillers, the mobility of PLA chain
segments were more hindered by the larger number, smaller andifgerm cellulose
particles. The decreased chain mobility was expected to improve the melt strength and

resistance against G@iffusion, but affect the crystadlationkinetics as well.

5.1.3.2Morphology

Foamed samples from each experiment were compared at three porosity levels, at
around 15%, 45% and 95%, respectivelpw-density (} < 0.05 g/cnd), highly porous
(Vi>95%) PLA foam structures were obtained typically at & C@hcentration of about 8
wit% and with Tmas of around 1161 2 0 A C, a s Fpmurebs. dnnatl @askes, then lower

the die temperature, the higher the porosity. This effect is well documented in the literature
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[7] and is linked with the formation of a skin at the surface of the samples due to lower die
temperatures and an optimal melt tempeeatefore the die. This frozen surface prevents
CQO: to escape leading to pore growth and higher expansion ratio. Moreover, in order to
prevent cell coalescence and to preserve the high cell density, the polymer melt should be
cooled substantially to incase its strength to preserve the high cell density, while keeping a
sufficient fluidity for bubble to grow. The effect of GQrontent is also linked with
temperature since the G®olubilisation is inversely proportional to temperature. High. CO

content ca only be obtained at low temperatures.
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Figure 5.3 Effect of formulation and mixer and die temperatures on the porosity of PLA foams
extruded at 8% of C®

It was observed that &ower processingtemperatug is available for PLA foam
formation by using natural fibres. Compared to neat PLA, in the case of the additive
containing mixtures less porous foams were obtained at all die temperatures, indicating more
gas loss when CE, talc and fibre are presentdrptilymer melts. As a function of decreasing
temperatures, a sharp increase in the porosity of the CE and talc containing PLA foam
(PLA+CE+T) is observable, which is associated with its accelerated solidification with
crystallisation at low temperature. Biilar behaviour was observed for the cellulose
containing mixture, indicating enhanced nucleation effect of the dispersed cellulose fibres.

Scanning electron microscop{sEM) micrographs taken from the highly expanded
(Vs> 95%) foams are presentedkigure5.4. It can be seen that broad cell size distribution
accompanied with rather limp aollapsed cell walls are characteristic for the neat PLA foam
(Figure 5.4 a). It is assumed that due to the early homogeneous nucleation the cells have

longer time fo growth [LO7].
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Figure 5.4 SEM micrographs of the cell morphologies obtained for highly expanded>95%)
PLA foams. The actual porosity values are repemted after the abbreviation of the materials
within every micrograph

Nevertheless, due to the insufficient melt strength of PLA at the foaming temperature,
the cell walls have only low resistance against @@usion from the melt to the atmosphere,
and thus limp and mechanically weak cell structure is formed. In contrast, the PLA foam
containing CE and talc (PLA+CE+T) has a denser and more uniform cell morphBlggye(

5.4 b), indicating that the addition of CE effectively increased the melt streBgied on the
lower temperature profile, allowed in the case of the fdmetainingfoams, a greater degree

of crystallinity and improved melt strength were expected. It can beme€igure5.4 ¢ and

d that the addition of natural fibres resulted in decreased cell diametelys dike to the
increased melt viscosity (s€&gure5.2) and due to the increased number of nucleating sites
induced by the fibre surface&l8 119 120, 127. At the same time, the fibreontaining
foams have less uniform cell structure, which should be related to the fibre distribution within
the polymer matrix and the fibmaatrix interactionsJ19. It is suggested that as a result of
local fibrematrix debonding microholes are induced, where the gas loss hinders the cell

growing ability, and thus neaniform distribution of cell sizesiobtained. Also, an increase in
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the opercell ratio in the presence of fibres comparedilice-free PLA foams was expected
based on the results of previous studis].

5.1.3.3Crystallinity

The crystallinity of the PLA foams was examineddifferential scanmg calorimetry
(DSC method. The first heating runs of the neat PLA foams at three porosity levels are
presented ifFigure5.5. It can be observed that the I@paerosity PLA foams are almost fully
amor phous, which is indicated by the sharp
exothermic peak in the range of cris@lisatecannd 12
[229. The melting of the crystalline prms occurs around 150AC. Typi
peaks are visible, at 149AC coUanstwlpandti ng t
156AC corresponding to melti ngUcrgstals 3@.dn t her m
contrast, only a slight ¢ crystallisationexotherm is observable in the DSC curve of the
PLA foam of 96.4% porosity, indicating noticeable inherent crystalline phase in this sample.
Based on the dominance of the ordetkctystal form in the highly expanded PLA foam, it
can be oncluded that its crystalation occurred mainly during processing. Similar trends
were observed for the other examined, additive containing PLA foams.

Figure5.6 preents the estimated crystallinity versus porosity for the neat and additive
containing PLA foams. It can be seen that for the additive containing foam samples the degree
of crystallinity increased almost linearly with porosity. It is likely due to therstraiuced
crystallisation[110, 231] and to the plastising effect of CQ which results in the decrease of
the temperature of crystaitionand formation of more perfect crystalline domains.

The advantageous effect of the used nucleating agents (talc, cellulose and basalt fibre)
on the crystallinity is most observable at lovexpansion ratios. Accordingly, both natural
fibres promoted the nucleation effectively, but the highest degree of crystallinity values were
obtained for the basalt fibi@ontaining PLA foams. In the case of cellulose fibret is
supposed that the in@sed dynamic viscosityFigure 5.2) and thus the hindrance of
molecular chain mobility decreased the crysdalion The high degree of crystallinity is,
however, crual to obtain improved therramechanical propertie282, 233. The prominent
nucleating ability of basalt fibres has been seti by T § letial.[117 to obtain crystalline

PLA composites of high heat deflection temperatures.
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Figure 5.5 DSC curves of PLA foams of increasing porosity. Thewsadtporosity values are
represented after the abbreviation of the materials within the graph
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Figure 5.6 Foam crystallinity as a function of porosity

5.1.3.4Compression strength

The mechanicaperformance of the PLA foams, manufactured in this work, has been
evaluated based on their compression strength at 10% deformation. The compression strength
of the obtained neat and additive containing highly expandted> (95%) PLA foams are
indicated inFigure5.7. It is clearly visible that without additives the neat PLA foam has low
compression strength, about 20 kPa. This is expected based on the collapsed wek,struc
also observed ifrigure 5.4 a, formed as a consequence of the insufficient melt strength. In
contrast, the addition of CE and talc promoted the formation of ramifeellstructure, the
mechanical resistance of which reaches 100 kPa. The compression strength of the talc and CE
containing PLA foam deteriorated when 5 wt% natural fibres were added. This can be
explained by the poor adhesion, the lower polydispersity the increased opeamll ratio
evidenced by SEM micrographBigure5.4 ¢ andd). Another argument can be that cellulose
and basalt fibres are too large compared withcell size to provide efficient reinforcement.
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Nevertheless, the compression strength of the basaltddm&iningPLA foam reaches 40

kPa.
120
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0]
o
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PLA PLA+CE+T PLA+CE+T+CF PLA+CE+T+BF
Figure 5.7 Compression strength diighly expanded (V& 95%)PLA foams

5.1.4 Conclusions

Natural fibrecontainingmicrocellular PLA composite foams were manufactured by
sc¢CQO assisted foam extrusion process, the same method that could be easilgaled
towards real industrial applications. Epoxy functiosed CE and talc were used to improve
the foamability of PLA. It was found that the addition of 5 wt% cellulose or basalt fibres
provideslower processingemperatureorofiles for PLA foam productionln accordance with
the literature it was evinced thatatural fibres increase the melt viscosity and promote the
heterogeneous cell nucleation. As a result, composite foam structuresmatlter cell
diameters andporosity higher than 95% could be obtained. However, due to the fibre
distribution and the weak fibmmatrix adhesion, the fibreontainingfoams havewider cell
diameter distributiorand increased open cell ratio compared to the CE and talc containing
foam. In the case otellulose fibrg, it is supposed that the increased dynamic viscosity and
thus the hindrance of molecular chain mobility decreased the crystalli Basalt fibres can
serve as reinforcement providing improved compression strengthacoigpo PLA foams.
However, the best mechanical performance was achieved withturgalfibres, by applying
only the combination of CE and talc. The compression strength of this foam reaches 100 kPa.
It is believed that further chemical or physical mdifions, such as reinforcement and flame
retardancy, could promote the market penetration of PLA foams in technical application fields
as well.Due to theimpronounced charring activigtombined with intumescefiame-retardant
systemsthe multifunctiond cellulose fibrescould not only play the role of reinforcement
PLA foams, butlso act as charring agesrisuringthe fire safety of theroduct

Related publications I, VI, XVI
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5.2 Development of flame retardedPLA foams

5.2.1 Rationaleand aims

Over the last few years, the foaming of biopolymers has undergone a considerable
improvement. The motivation of these research activities is strongly related to the
sustainabilityoft he pl asti cs i ndustry. The sedheor 6 s ¢
environmental damages caused by plastic wastes requirgelongsolutions. An obvious
alternative is the use of polymers that can be produced from renewable resources and that are
biodegradable at the same time. Another approach to sustainabiiitgy reduction of the
mass (and therefore the demand of raw materials) of the products, which can be effectively

achieved by foaming.

Based on welfounded forecasts, PLA foams will substitute a significant proportion of
PS andPE foams produced in tremend volume 234, 107. Nevertheless, the mass
production oflow-densityPLA foams using the environmentally preferred physical blowing
agents, such as nitrogen or carbon dioxide, proved to be challenging due to the inherent low
melt strength and low crystaditionrate of the polymerRilla et al. proposed that with chain
extenders (CEs) the polymer can be reactively modified, besides, with the use of nucleating
agents the crystadlation kinetics can be enhanced 0. Both methods result in an
improvement in the rheological properties and expandability. In addition, increased
crystallinity has beneficial effect on the mechanical properties (such as compression strength)
of the products, which, this way, become corapér with the mechanical performance of
expanded PS2B5. The effects of epoxjunctionalsed CE and various nanopatrticles have
been investigated on the foamability of PLAWanget al. L04 andNofar et al. [L08 109.
The experiments were performed on a tandem extrusion system, proving that eviatda 40
expars i on ratio with an aver aKeshtkaretdl bbtamedPleA of 5 (
foams with appropriate morphology using 9% w/w 2C&hd 15% w/w montmorillonite
(MMT) and revealed that above 1% w/w MMT content the expansion ratio did not improve

significantly [110.

Regarding the industrial application of PLA foams, not only the mechanical properties
are the crucial factors, but also the foams must meetnsbew of safety requirements,
depending on the application area. Like most organic materials, polymeric foams are
generally classified as easily combustible and highly flammable substances. Therefore, flame

retardancy of PLA foams is also essential in otddre widespread in the targeted packaging,
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automotive, E&E and construction industries, resulting in reduced usage of the highly
polluting PS and polyurethane (PU) foams.

In the literature, intumescent flapnetardant (IFR) systems are favourably used t
reduce the flammability of PLA1G6, 236, 237]. It was also found that the efficiency of the
IFR system can be noticeably increased by combining it with nanoparticles such as sepiolite
(SEP) R38 239 or montmorillonite (MMT) B7, 155 157, 24Q. Furthermore, the charring
ability of the IFR system has also been enhanced by renewable satlmragents such as
starch 152 and cellulose153 154.

Nevertheless, flame retardancy of PLA foams is a special, new field of research,
therefore only limited sources of literature exist, which, moreover, exclusively deal with batch
foaming technologies. These pioneering works have beeredastt byWanget al. [L58
159, who prepared phosphoroflame-retardantPLA foams by solid state foaming, and by
using stach and graphene as coactive additives, respectively. The produced foams showed
nontuniform cell structure, which they explained by the poor cell nucleation ability of the
usedflame-retardantparticles, and their weak interfacial bonding with the mairberefore,
it is still an actual challenge of research to produce microcellular PLA foams in-flame
retarded form, preferably by means of the industrially more relevant extrusion techr&3ogy [
11Q.

In this work, flameretarded, low density PLA foams were successfully manufactured
by supercritical carbodioxide (seCQOz) assisted extrusion. The flammability of the highly
porous material was effectively reduced by incorporating ammonium polyphosphate based
flame-retardant (FR) additive and Rireated cellulose, functioning both as-biased charring
agent ad potential reinforcement, besides using CE and MMT for adequate rheology and
foamability. The MMT clays were also expected to contribute to fthmeretardant
performance. The effects of the used additives and fillers were comprehensively investigated
on the morphology, and thermal and flammability characteristics of the manufactured PLA

foams.

5.2.2 Sample preparation

Flameretardanttreatment of cellulose fibres

For flameretardant treatment, the cellulose fibres were rigorously stirred-fiold0
aqueous dation of 5.00% DAP and 1.25% BA for 2 h. The cellulose fibres were then filtered
and dried in an oven at 120AC overnight.
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Compounding

Il n order to prevent hydrolytic degradatio

at least & before melt procesy) and extrusion foaming.

PLA blends were compounded by using a Labtech Scientific LTE426odular
twin-screw extruder. The screw speed was set to constant 20 rpm and the following
temperature profile was applied on the extruder zonesizore 7 5 An@s= 12800 A Cr, zone
=185ACy=180Me€, die=190AC. The strands were
pelletised.

Six types of blendbased or8052D typePLA were manufactured, the compositions of
which are shown inTable 5.2 As it can be seen, 2% CE was used in each blend to
compensate the unavoidable decrease of molecular weight of PLA during tHeldwo
thermemechanical processing (compounding and eidrutbaming) and to provide adequate
melt-strength by forming branched molecular structure. The effect of 2% CE addition on the
dynamic viscosity of the used PLA grade was investigated in our previous Nvork [

Table5.2 Compositions of the PLA blends

PLA CE MMT IFR  cell FRecel
[Wi%6] [wi%] [wi%] [wi%] [wi%]  [wi%]

PLA/CE 98.0 2.0 - - - -
PLA/CE/MMT 96.5 2.0 1.5 - - -
PLA/CE/IFR 83.0 2.0 - 15.0 - -
PLA/CE/MMTI/IFR 81.5 2.0 15 15.0 - -
PLA/CE/MMT/IFR/cell 78.5 2.0 15 15.0 3.0 -
PLA/CE/MMT/IFR/FR -cell 78.5 2.0 15 15.0 - 3.0

Extrusion foaming

ScCQO; assisted extrusion foaming was carried out on a modified Collin Jleaeh
ZK 25T type cerotating twinscrew extruder (Dr Collin GmbH, Ebersberg, Germany) with a
screw diameter of 25 mm and a L/D ratio of 24. The apparatus consists of 5 heating eones, th
sc-COz was introduced into theé™4zone using a syringe pump (Teledyne Isco 260D, Lincoln,
NE, USA).Firstly, the extruder was heated up according to temperature profiteliCated n
Table 5.3,and pure PLA was extruded conventionally. Since: @Oin supercritical state
above 74 bar (and 31AC) .2cotlchbe startadj whentthie diead o f f
pressure exceeded 80 bars. ALC&® is introduced into the barrel, it dissolves in the PLA
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melt and acts like a plastger by reducing the meltiscosity of the polymer. This effect was
compensated by lowering the temperature of the last three zones to temperature profile T
(Table 5.3) By reducing the foaming temperature, the cell density increases together with the
increasing melt strength aeden microcellular foams can be obtained.

Table5.3 Temperature profiles used before {jTand during (T2) scCO,-aided foam extrusion

Die Zoned4 Zone3d Zone?2 Zonel

[ AC] [ AC [AC] [AC] [AC]
T1 140 160 165 165 175
T> 85100 125 135 165 170

After reaching the steady state of the extrusion foaming process, the pure PLA was
replaced by the previously compounded PLA blends. During extrusion foamingw&O
injected at 148150 bars, introducing ~9 m/m% of-8 inside the melt. The appropriate

pressure was set by varying the screw speed between 10 and 20 rpm. PLA foams were
collected using a conveyor.

5.2.3 Results and discussion

5.2.3.1Charactesationof flameretardant treated cellulose

The FTIR spectra of the untreated (cell) and flastardantreated cellulose fibres
(FR-cell) are compared iRigure5.8. Thepresence of DAP on the surface of the-tFéated
fiores was confirmed by the appearance of the characteristic bands at 14628270 cm
! both assigned to the vibrations of ammoni@#1]. The small amount of BA absorbed on
the surface of theellulose fibres was not detectable by this method.

T T T T T T T T T T I

cell
—— FR-cell
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Figure 5.8 FTIR spectra of untreated and FRreated cellulose fibres
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In Figureb5.9, the effect of FRreatment on the thermal degradation of cellulose can be
followed. Due to the treatment with DAP and BA containing solution the initial
decomposition temperature of tdoedwertempesmtere was |
I's typical for treatments with phosphates;
temperatures of decomposition were measured both for ammqmasphate 442 and
diammoniumphosphatdreated natural fibore2f3. It is presumedhat in this case the early
pyrolysis of the phosphateeated cellulose was compensated by the addition of BA, which
promoted the formation of a glassy film on the surface of the cellulose fittdsgnd thus
increased their thermal stability by abo®@ AC compar ed -reated fibre, bup hos p h
still below that of the nottreated fibres. Nevertheless, the thermal decomposition of the FR
treated cellul ose fibres starts at 235AC,
temperature of PLA foams.rOthe other hand, the combined treatment with DAP and BS
effectively promoted the formation of solid
the FRtreated fibres was 36.5 %, while only 3.0% ash remained from thereeted
cellulose. Based on theignificant char formation ability of the FReated fibres,
advantageous effect was expected on ftameretardantproperties of the FRellulose

containing PLA foams.
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Figure 5.9 TGA curves of thenon-treated (cell) and FRireated cellulose fibres (FRell)

5.2.3.2Morpholoqy of the flamaetarded PLA foams

The void fraction and expansion ratio of the PLA foams, prepared-BOsaided
extrusion foaming, are shown iRigure 5.10. It can be seen that thedditivefree PLA
(PLA/CE) could be expanded only to its double volume, having approximately 50% void
fraction. In the case of all the composite foams, however, microcellular foam structures with
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void fractions higher than 90% were obtained, presumably r@sult of the increased melt
viscosity and effective heterogeneous cell nucleation promoted by the used additives.
Compared to the pure PLA foam (PLA/CE) significantly increased expansion ratios were
achieved for all the additive containing foams, thé highest expansion ratio of 29.3 was
achieved for the MMT containing FfRee foam (PLA/CE/MMT). These results are in
connection with the heterogeneous nucleation ability of the used additives, which is in strong
relation with the particle size; the nuat®n effect of the larger size IFR and cellulose is
moderate compared to that of the MMT nanoclays. Although the introduction of FR particles
at higher loadings could noticeably hinder the foam expansion due to the reduced amount of
polymer resin and ineased stiffness of the polymer matrik68 159, in our case an
expaision ratio as high as 16.9 was reached for the PLA/CE/MMT/IFR/cell foam with 19.5%
additive content. Nevertheless, when -tF&ated cellulose was added (PLA/CE/MMT/
IFR/FR-cell), the expansion ratio decreased to 9.9, which is explained by the weak
compatihlity of FR-cell with the PLA matrix, causing increased number of interfacial defects,
which favours the escape of €@uring the foaming process.
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Figure 5.10 Void fraction (a) and expansion ratio (b) ahe PLA foams
SEM images taken from the cressctions of the PLA foams are presente&igure

5.11 and Figure 5.12. In Figure 5.11, the structure of PLA foams with the six different
compositions are shown. Uniform, closed cellular foam structures can be observed, the
average diameter of the cells is approximately-1(80 e m i n al | cases.
based on thexpansion ratio result$igure5.10), PLA containing CE alone~{gure5.11 a)

was not sufficiently foamable, instead of thumlled cells, a coherent porous structure with
low void fraction can be seen. Without the nucleating agent, slow cryatahand the
absece of heterogeneous cell nucleation hindered the formation of high porosity foam
structure.In the case of the PLA/CE/MMT foanfrigure5.11 b), uniform cell structure an
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be observed as an evidence of increased melt strength, effective cell nucleation and faster
crystallisationpromoted by the incorporated MMT nanopatrticles.

Figure 511SEM mi crographs of the PLA foams (wi
The effect of the used FR agents on the morphology of the PLA foams was also
examined. It was found that the larger size IFR particles themselves are less effective
regarding heterogeneous nucleati resulting in broader cell size distribution of the
PLA/CE/IFR foam Figure5.11 c). The addition of cellulose resulted in higher cell density
(Figure5.11 e) and greater expansion ratio (see als&igure5.10), however, with the FR
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cell additive Figure 5.11 f) the structure of the foam became similar to thatthod
PLA/CE/MMT/IFR foam Figure5.11d) composed of slightly larger cells.

18KV

Figure 5.12 SEM micrographs ofth L A/ CE/ MMT/ | FR foam (1250,
As it can be seen from the SEM images present&agure5.12, the FR particles are
well embedded in the PLA matrix material and treg mainly located in the cell wall
junction regions. The high void fraction and expansion ratio values can be explained by the
relatively thin cell walls and high cell density. It can be concluded that, despite the relatively
high additive contents (almbs20 wt%), flameretarded PLA foams with adequate
morphology could be manufactured by the extrusion foaming technology.

Figure 5.13 EDS mapping of PLA/CE/MMT/IFR/FRcell foam
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The distribution of the FRparticles in the foamed samples was examined by EDS
method According to the micrographs presentedrigure5.13, the IFR additive system is
well dispersed in the pafyer matrix, the IFR particles with diameters of3® Om c an
identified with adequate distribution. The fiRated cellulose particles (length of which was
8 Ooopld not be distinguished from the PLA matrix this way since their elemental

compositionsare similar, and their mass fraction was only 3 m/m%.

5.2.3.3Thermal properties of the flamretarded PLA foams

DSC analysis revealed that crystlfiionduring the saCOrz-assisted foaming process
is fundamentally different from that of simple extrusion. As sangple, in the thermograms
of FR-cell containing bulk and foamed PLA sampleBSigire 5.14), glass transition
temperatureg~6 1 A C) grystalisdtiahtemperature Teo) and melting temperaturd )

can be examined.
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Figure 5.14 DSC thermograms of FReell containing bulk and foamed PLA

Concerning the curve of bulk PLA, a considerable cofgstallisation
exotherm Tec~1101 30 AC) can be observed alongsi de
152AC and 157AC corresponding to melting
mor e st ab |l,230UOnc¢he gtieet harid,she foamed sample with same composition

b

W i

of

has much smaller exothermic peak in the range e 900 AC and only one

around nld54/A@,i nig higher crystallinity in t
cold crystallisation exotherm to lower temperature is attributed to the strmloced

nucleation enhanced crystalitionof the stretched amorphous phase in the cell \ya8g].
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During foaming, PLA chains in the cell walls undergo significar&bal stretching, and
when heated in the DSC, the crystalion of the alignedamorphais chains that did not

crystallise during foaming is facilitated by the presence of theepisting crystals.

The degree of crystallinity of the PLA blends before and after foaming was estimated
and presented irFigure 5.15. As it can be seen, the foams have significantly higher
crystallinity than the bulk materials. It is mentioned in theevious work(5.1.3.3 that cell
expansion during the extrusion foaming process favours the formation of ordered crystals, and
higher expansion ratio is accompanied with higher proportion of crystallinity. It is assumed
that foaming of PR blends causes chain orientation, and crystallinity is increased by- strain
induced crystalBation The results showed that not only the MMT acts as nucleating agent,
but the presence of IFR also promotes crysttion furthermore, by adding neat or FR
treated cellul ose, the foamsd crystallinity
crystallinity composed of t hnechanical ppopestiesscnl e U
be supposed for these foamed materi2d][
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18 | [ foam ]
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10 .

Crystallinity [%)]
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Figure 5.15 Degree of crystallinity of the PLA blends before and after foaming

Characteristic parameters of TGA of the prepared PLA compounds before and after
foaming are compared in

Table 5.4 while the residual masses obtained5a0 0 AC ar eFigara®1&n i n
(average value and standard deviation were determined from three repeated measurements).
Based on the data of
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Table 54, it can be readed that the dnset (initial degradation temperature) and
DTGpeak (femperature of degradation rate maximum) of the foamedriaiateorrelate with
their expansion ratio (see Higure 5.10). Moderate expansion results in a slight shift to
higher temperatures due to the lower heat conductiuityilthe foamed structure exists). At
much higher expansion ratio (samples PLA/CE/MMT and PLA/CE/MMT/IFR/cell), however,
enhanced surface area is exposed to degradation, which process can overcome the delay

caused by lower heat conductivity.

Based on the esi dual ma s s e s Figuie 5.16)i itncandbe seen tf&i0 0 A C
despitethe identical FR contents, lower amount of char formed from the foamed samples.
This is the consequence of the inhomogeneous distribution of the FR particles among the
cells. As it was found during SEM examinatidfigure5.12), the FR particles are aggregated
mainly in the cell wall joints, while the thin cell walls are typically FR poor and therefore

their charring cannot be initiated.

When considering the effect tiie used additives on the thermal degradation, same
tendencies can be observed for the bulk and foamed samples. MMT, when applied by itself
(PLA/CE/MMT), caused slight decrease of the initial degradation temperature, but noticeably
lowered the weight lossate compared to the additive free reference samples (PLA/CE). The
introduction of IFR further moderated the weight loss rate and effectively promoted the
charring of the PLA samples, at 500AC- more
containing samlps (Figure 5.16). The lowest maximal weight loss rate and the biggest
residual mass were obtained, however, whertrERed cellulose fibres were combined with
the IFRsystem (PLA/CE/MMT/IFR/FReell). It is assumed that phosphorus and boron, being
present right on the surface of cellulose, can initiate the charring and ceramisation of cellulose
with high efficiency.

Table5.4 TGA characteristic parameters of flamestarded PLA bulk and foamed materials

Tonset DTG peak Max. weight loss rate
[ AC] [ AC] [ %/ AC]
bulk foam bulk foam bulk foam
PLA/CE 318.3 318.4 364.6 368.3 3.04 3.06
PLA/CE/MMT 298.0 290.1 364.7 356.7 2.54 2.28
PLA/CE/IFR 315.0 320.2 363.3 365.7 2.13 2.36
PLA/CE/MMTI/IFR 3145 321.2 365.3 367.3 2.32 2.56

83



PLA/CE/MMT/IFR/cell 317.6 318.3 3655 366.1 2.28 2.30

PLA/CE/MMT/IFR/FR -cell 311.1 3126 363.8 364.8 2.01 2.13

Residue [%]

Figure 5.16 Comparison of the residues of flarmetarded bulk and foamed samples obtained at
500AC of TGA analyses performed in nitr

5.2.3.4Flammability characteristics of the flamnetarded PLA foams

Pyrolysis combustion flow calorimetry (PCFC) was carried out on both the foamed
and unfoamed flameetarded PLA samples. By this method, no significant difference could
be evinced between the specific heat release rate (HRR) curves of the counterparts with
identical composition. The evaluated specific peak of heat release rate (pkHRR) values are
compared inFigure 5.17. Nevertheless, it can be seen tha¢ tspecific pkHRR value of
PLA/CE was effectively reduced by the applied IFR systems; the best result, about 40%
reduction was achieved when MMT and cellulose were combined with the commercial IFR
additive in the foamed and unfoamed samples alike. Thegésreonfirm the beneficial char

promoting effect of the applied minor components offtlime-retardantomposition.
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Figure 5.17 Specific pkHRR values of the flameetarded bulk and foamed samples obtained from
PCFC measurements

Standard UL94 tests and LOI measurements were performed to chasacteg
flame-retardantperformance of the prepared PLA foams also in comparison with that of the
unfoamed samples with edtical chemical composition. The results are showhaible 5.5
and Figure 5.18, respectively. The additivikee PLA foam (PLA/CE) with void fraction of
about 50% acted similarly to its unfoamed counterpart; horizontally mounted it burned with
an average flame spreading rate of 39 mm/min and a LOI.6f\&2% was determined for
this sample. Thanks to the beneficial effect of MMT on the foaming process, highly porous
structure (V= 96.6%) was obtained from the PLA/CE/MMT blend, the horizontal burning
rate of which, however, became extremely rapid due to the readily available oxygen within
the foam and failed the U84 test. On the contrary, the LOI of this foam sample increased to
24.0 vol%, the same value as that of its unfoamed counterpart. It is presumed that during LOI
measurement, where the vertically mounted specimen is ignited from the top, the char
promoting effect of MMT prevails over the fire feeding effect of the acdel@raxygen
supply R45. This means that MMT has multifunctional role in this system; it acts both as
nucleating agent anitame-retardantcomponent. IFR content of 15% proved to be sufficient
to pass VO classification according to the L84 standard for dth types of samples, and to
reach a LOI as high as 29.0 and 30.0 vol%, respectively.

85



Table5.5 UL94 rating of the prepared PLA foams

Sample UL -94 [rating]

bulk foam
PLA/CE HB* (31) HB* (39)
PLA/CE/MMT HB* (33) NR* (313)
PLA/CE/IFR V-0 V-0
PLA/CE/MMT/IFR V-0 V-0
PLA/CE/MMT/IFR/cell V-0 V-0
PPLA/CE/MMT/IFR/FR -cell V-0 V-0

*in parenthesis the flame spreading rates [mm/min] are indicated

LOI [vol%]

Figure 5.18 LOI values of the prepared flamestarded bulk and foamed samples

In accordance with the literatuaed previous studies of our research gr@if 157,
the combined application of MMT and IFR proved to be advantageous in both systems and
resuled in increase of the LOI values, but the efficiency of the synergism proved to be
moderate in the foamed samples. Despite the identical chemical composifionyd%o
higher LOI values were reached in the case of the bulk materials than for the foampézbsa
containing both IFR and MMT additiveZhai et al. also found that the foaming process
reduces the LOI values of flammetarded PLA, which they attributed to two reasons; the
increased contact area between PLA matrix and air ardkttreased volume concentration of

the used flameetardants in the expanded foam structufe),[15§. Interestingly, in our
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work significant differences between the LOI values of the foamed and unfoamed samples
were only evidenced when both IFR and MMT were applied. It is presumed that essential
congregation of the MMT plas on the charring surface can occur only in the case of the bulk
samples, while the barrier effect of the nanoclay particles being concentrated in the cell wall
joints cannot prevail.

When the effect of cellulose, applied as esf$ective filler with reinforcing potential,
is evaluated, it can be seen that the LOI of the cellulose containing samples increased further.
The introduction of 3 wt% FRell led to 31.5 vol% LOI value of tHeamed specimens. The
flame-retardant properties achieved in the case of the extruded PLA foams with high foam
expansion ratiost(=16.9 and 9.9) noticeably outperform the flammability test results (LOI=
26.4%) published byhai et al. 158 on solid state foamed PLA foams with similar flame
retardant composition (15% nitrogen and phosphorus containing FR + 3% starch) but lower
expansion ratio. The increased expang@tio and better flameetardant performance of the
extruded foams can be ascribed probably to the dissimilar distribution of the FR particles
compared to the solistate foamed samples. During extrusion, the foaming occurs at higher
temperature coupledith continuous mixing, therefore the arrangement of FR particles and
fillers in the polymer melt occurs simultaneously with the cell growth. As a result, significant
part of the FR particles will be located in the cell wall joints (as observé&agure 5.12)
where themajor part of the polymer mass is present. The more FR particles are well
embedded in the polymer matrix, the less is the possibility for interfacial debonding and
formation of microholes enabling gas escape. In the case of the lower temperaturetsolid sta
foaming technology, however, the inherent FR distribution within the polymer matrix does
not remarkably change during cell growth, consequently more microholes will be induced at
the filler-matrix interfaces, especially at the thin cell walls, hindetivegcell growing ability
and resulting in increased opeell ratio accompanied with decreased expansion ratio.
NeverthelessZzhaiet al . al so reported that with incre
cell structure of flameetardant loaded PLA foas, prepared by solid state foaming, became
more uniform [59. Similar conclusions can be drawn regarding the flaetardant
properties; considering the morphgjoof the extruded foams, for the well embedded FR
particles at the cell wall joints more polymer mass is available to be affected and thus better
flame-retardant efficiency can be observed. In this sense, it could be concluded that in the
case of polymefoams, surprisingly, the special (in the cell wall joints) aggregated structure

of the active fillers is favourable over their homogeneous distribution.
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5.2.4 Conclusions

Flameretarded microcellular PLA foams were successfully manufactured-6Y0sc
assisted »rusion foaming technology. During production, CE was used to improve the
rheological behaviour and MMT was applied as nucleating agent for better foamability and as
potential FR synergist at the same time. In spite of the fact that foams are more flemmab
than their solid polymeric counterparts, significant flame retardancy was achieved by
incorporating APP based IFR additive in the cellular structure. The efficiency of the IFR was
enhanced by combining it with FiReated cellulose fibres, which noticdalincreased the
charring ability of the system, as revealed by the TGA results and PCFC measurements. As a
result, 40% reduction in specific peak of heat release rate, UL®4a¥ing accompanied with
LOI value as high as 31.5 vol% were reached for tiedRd FRcell containing PLA foam.

Also, among the examined foams, the highest degree of crystallinity reached 19%, composed

of the more stable U form, i fasedcharringaggnhn uc |l e a
addition to cushion packaging, therepared flameetarded biocomposite foams could
potentially find applications in the higher valadded E&E or transportation industries

Supercritical CQ-aided extrusion resulted in ledensity foams having void fractions
higher than 90% accompaniedtiwexpansion ratios of 120, depending on the fillenatrix
compatibility even at relatively high (almost 20 wt%) additive contents. SEM images revealed
that the effectively flameetarded PLA foams have uniform cellular structure with
characteristic celliameters of 100 50 & m. Maj or part of the FR
embedded in the cell wall joints, which is of key importance regarding expandability and
charring ability. From this respect, extrusion foaming was found to bertve compared to
the batch technologigd58 159 due to the continuous mixing of the components and the
typically higher temperature applied during foam forming, which allows the active fillers to
allocate in the polymer melt simultanegushith the cell growth. As a result, fewer
microholes will be induced at the fillenatrix interfaces in the thin cell walls, and thus lower
opencell ratios and higher expansion ratios can be obtained. Considerifignieeetardant
properties, more poiger is available for the wembedded active fillers, located in the cell
wall joints, to be affected and thus enhanced ¢baming, and improved flameetardant

properties can be obtained.

Relatedpublications: Il, VII, XVII, XXII , XXIV , XXV, XXVI
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5.3 Application of melt-blown PLA fibres in self-reinforced composites

5.3.1 Rationaleand aims

As the conventional linear economic model has begun to shift towards a more
sustainable circular econodyeven at a moderate p&cenore and more emphasis has been
placed orthe development of renewable and/or biodegradable polymers (collectively known
as biopolymers) within the plastics industry. Various types of natural polymers (cellulose
derivatives, lignin, chitosan, pectin, alginate, polyhydroxyalkanoates, pullulargyatitketic
biopolymers (poly(glycolic acid)PLA, poly(vinyl alcohol), polybutylene succinate, etc.)
have been investigated over the last two deca@#®g.[Among the aimed uses are medical,
packaging, and many industrial applications, especially in the foir biocomposites or
nanobiocompositefi7, 248 249, 250.

The most intensively studied biopolymer, PLA, hagl@bal marketvalued at USD
535.6 million in 2019 and is expected to expand at a compound annual growth rate (CAGR)
of 15.9% from 2020 to 202[251]. Compared to the rest of thoplastics industry, th@LA
market is expanding at an increasing sp&é€ll The main advantage of PLA is that it can be
processed using the conventional methods of the plastics industry (extrusion, injection
moulding, thermoforming, fibre drawing, etq252. Various products can be produced using
this biopolymer, such as inter alia, blemoulded bottles, injectiormoulded cups, spoons and
forks [253. Nevertheless, in order to use PLA as a raw material for durable applications, it is
necessary to increas low impact and heat resistance. Researchers have demonstrated that
with selfreinforcement (SR), a special type of composite production, the impact resistance of
PLA can be improvedg[/, 166. In addition, since the reinforcement and matrix material of
an PLA SRC product are both congsed of PLA grades, the article remains fully
biodegradable. This concept fits well into a sustainable, circular economic model, so lately,

there has been increased scientific interest irregiforced biocomposites.

Jia et al. [L83 combined oriented crystalline PLA fibres with amorphous PLA films
with significantly different melting points in order to widen the processing window which
exceeded 30 AConteWioft 28% (@pplyiing lbimdeecticnal orientation of the
fibres), PLA SRG with a modulus of 3.29 GPa and tensile strength of 48 MPa were
produced. Thus, the modulus increased by 140% and the tensile strength by 13% compared to
the matrix material. It isvorth mentioning that with a bidirectional orientation of the fibres,

the modulus increased by only 74% and the tensile strength decreased by 65%.
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Somord et al. [L189 produced PLA SRCs via hot compaction of PLA fibres
manufactured by electrospinning. The PLA solution was prepared with a mixture of
dichloromethane and dimethylformamide (7:3), and the fibre formation was carried out using
20 kV acceleration voltage and 18 cm collectotatise. Fibre mats of 0.8 g were produced
within a 2.5 h period, which equals a productivity rate of 0.32 g/h. The crystallinity of the
produced fibres was 16% based on differential scanning calorimetry (DSC) measurements.
After removing the moisture contemf the fibres with ethanol, composite sheets with
di mensions of 30 mm I 30 mm I 150 &m were p.
compression time from 10 to 60 s. The tensile strength and modulus of the composites (at 20 s
compacti on 5 NMPaeE =32 BGParimproved compared to the properties of the
i sotropic PLA fil m ( (Kyieletal£3.p@patddcarshedEh PEA 2. 8 G
fibres composed of a semicrystalline core and amorphoushaheabaxial electrospinning.

The bicompnent fibre structure ensured a wide processing window for SR composite
preparation. Thermal treatment of the electrospun fibres was found to be essential to increase
crystallinity and mechanical strength. Nevertheless, the low productivity of electriogpinn

and the involved organic solvents make this method hardly scalable; the application areas of
electrospinning are limited to small size products with high added vahteZ56, 257, 258

259.

From a feasibility point of view, conventional fibproduction techniques are more
advantageous, because production can be accomplished at significantly higher speeds and in
higher quantities. Melblowing is one of the most cesffective and versatile commercially
available processes to produce microfbb® pr oduct s. The definitiol
onestep process in which higrelocity air blows molten thermoplastic polymer from an
extruder die tip onto a c 26 Welyblowingteohnofogyr m a |
has also been used to méaumiure PLA nonwoven mats, targeting innovative applications
such as special tissue scaffol@d]] and filters P09. However, the utiBationof meltblown
PLA microfibres to form SR composites has been barely studied in the literature. Recently,
meltspun coresheah PLA fibres with a melt processing wiodvn as wi de as 40,
transformed into PLASRCsvia hotpressing by Liu et al261]. The hotpressing temperature
was found to have a noticeable effect on t
properties.

The present study demonstrates the manwfi;g method of oneomponent
microfibrous PLA mats by the solvefree meltblowing technique, focusing on the effect of
the D-lactide content and thermal annealing on the morphological, thermal and mechanical
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properties of the produced PLA fibres. THataoned nonwoven mats were further processed
by hot compaction to form PLASRCs the corresponding properties of which were

investigated as well.

5.3.2 Sample preparation

5.3.2.1Melt-Blowing

As the stereoisomeric purity of PLA significantly influences its mechanicdl an
thermal properties2bZ, PLA grades possessing comparable rheological properties (MFIs),
but differing in D-lactide content, were selected for fibre production. 3052D, 3001D and
3100HP Ingeb Biopolymer PLA were chosefPLA fibres were produced by medtowing
from raw materials previously dried for at
02/2016A type twirscrew pharmaceutical extruder was used. The four heating zones of the
extruder were heta¢d mpgernt @t Rr0d AWCas t h20 AIC eand t h
15 rpm. A specially designed adapter was attached to the extruder die to allow the formation
of sufficiently fine fibres and an appropriate flow of hot air, i.e., the -vlelving process.
The diehad 3 em di ameter holes next to each oth
overpressure of 1 bar was heated by an A1HB2 type device. The air temperature was set to
300AC. For the collection of PLA microfibre
placedat a distance of 25 cm from the die was used. By means cbloeling, 0.6 to 0.7 g
of fabric was produced per minute, corresponding to a productivity rate of 36 g/h. This is
1101 130 times higher than the productivity of the electrospinning method ys8drbordet
al. [189.

5.3.2.2Thermal Annealing

The produced mellown webs were largely amorphous due to rapid cooling, and
since the crystalline fraction plays a keyerdh the production of composites, thermal
annealing experiments were carried out above the glass transition tempergtusaifiples
of the microfibrous mats were placed into a
were taken every 15 min andetnafter 120 min, from which the effect of pasystallisation

was investigated by DSC.

5.3.2.3Composite Preparation

PLA SRG were prepared from annealed and-anonealed nonwoven PLA mats of
the 3100HP type PLA, which proved to be the most promising materittel case of nen
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anneal ed mat s, the moisture was removed by
during hot compacti on. F2r squares twire cutwwhicls were2 6 . 6
|l ayered into a square moul d 3 wWhemduld dds mplacads i on s
between two metal sheets coated with PTFE foil. The hot compression process was carried
out with a Collin GmbH Teachine Platen Press (Ebersberg, Germany) 200E hydraulic press

at 165AC and 60 bars f or 60 d)ifof thecanrealed matsu r a t i
Nonranneal ed fibres were also processed at 1
apparatus. After the hot compression was completed, the mould was cooled to room

temperature via cooling in water for 7 min under pressure.
5.3.3 Results and Discussion

5.3.3.1Fibre Morphology

The morphologies of the nonwoven mats and the fibre diameters were investigated by
SEM analysi s. As it can be observed in the
(Figure 5.19), PLA fibres are randomly stacked in several layers, showing longitudinal
bonding in numerous locations. The average fibre diameters of the prepared three types of
PLA nonwoven mats are showmFigure5.20. The diameter of the metiown fibres varied
bet ween 2 and 14 em for each type of PLA use

produced by elgrospinning in the literature [14].

P

X1, 808 B 3100HP
B rarn

Figure 5.19 SEM images of the meblown PLA nonwoven mats: (a,d) 3052D; (b,e) 3001D; (c,f)
3100HP.Magni fi cati on: l 100, I 1000.
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Figure 5.20 Diameters of the melblown PLA fibres

In Figure5.20, a decreasing tendency of fibre diameters can be observed as a function
of P b-ldiide content, but the difference is not significant. The measured fibre diameter
values (at least 70 fibsewere measured from each type of PLA nonwoven mat) were
statistically tested, and we were able to reject the null hypothesis that the slope of the
regression line for the fibre diameters of increasidgctide contents is zero (H 1 =H0) with
aprobadii ty value of p = 0.045 which is close t
0.05.

5.3.3.2Thermal Propertigs Crystallinity

DSC analyses were carried out to investigate the thermal properties and crystallinity of
the annealed and ndreated fibres. Asan be seen iRigure5.21, depending on the-lactide
content of the used PLA type, a two to sef@d increase in crystallinity was reached after
two hours of annealing@@ased on the initiad percentage points logs crystalline contenof
the 3052D and 3001D samplesis assurad that this proedure erases the thermal history of
the amaphous phaseand creates a new structure. During the +hlgitving process,
orientation and alignment of the PLA macromolecules in the direction of the dis
occurred, initiating crystaliationand ordering bthe amorphous region at the same time.
Anneal ing at 85AC, above the ¢giBAAE) tranbaht
segmental mobility and the oriented polymer chains try to return to their thermodynamically
more stable form. These phenomenal@xpthe decrease in crystallinity in the first period (15
min) of thermal annealing. For the 3100HP type PLA, the two processes compensate each
other so that total crystallinity is not reduced. Then, during cold crgsiiadin the amorphous
parts of themacromolecules are reorgaed, but the longitudinal axis of the fibre is not a
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preferred direction anymore, and the crystallinity shows an increasing tendency as a function

of the annealing time for all polymer types.
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Figure 5.21 Crystallinity of PLA fibres as a function of annealing time

The thermal transitions of the PLA fibres with differingactide-contents can also be

observed on the corresponding DSC cur¥gure5.22). In the case of neannealed (0 min)
66AC.

samples, the gl'i s

observed around

On

t he cur

phenomenon is marked by a much smaller thermal effect as the -frozgnains induced

during the meklblowing process are eliminated in 15 min. As the crystallinity increases with

the annealing time, the exothermic peak of cold crystibndecreases, and after 30 min of

annealing, it is barely noticeable. For the sE®@nnealed for 2 h, this heat transition is not

visible at all, indicating that the fibres have reached the maximum crystathaitycan be

obt ai

ned

by

t her.mal anneal

ng

at

85AC

It can be observed that after 15 min of thermal treatment, the coldltsgionpeak

temperature significantly increased. The shift of cold crystlbnexotherm to the lower

temperature of the netmeated fibres is attributed to the stramduced nucleation enhanced

crystallisationof the stretched amorphous phase.tiere is nostrainrinducedorientation in

the annealed fibres, the ordering of the macromolecules requires extra energy (higher

temperature). At higheb-lactide contentsHigure 5.22 a), this effect causes a significant

difference, but it is barely noticeable for 3100HHg(re 5.22 c), as in the latter case,

crystallisationis facilitated by the presence of a high amount ofgprei st i ng

cCrysta

26%). After increasing the heat treatment time, the cold crysththh peak temperatures

showed a slightly decreasing tendency in all cases, which is also due to the increasing

crystallinity.
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Figure 5.22 Thermograms of 3052D (a), 3001D (b) a®d00HP (c) type PLA annealed foiir @20
min.

For the annealed 3052D (@& min) PLA fibres Figure 522 a), a double
endothermic crystalline melting peak can dlgserved, which means that both crystalline

forms of PLA (the |less ordered UNj and the m
smal |l er peak at 159AC shows thesamebni md ath e
crystal form; the larger peak e f er s t o the melting of the U
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contains the highest amount oflactide (4.0%), which decreases the regularity of the
macromol ecules so that UNj crystalline format
these less orderedr yst al |l i ne structures also transfc
crystalline form. This curve as well as the ones of 3001D and 3100HP PLA types show a
smaller exothermic peak prior to crystalline melting. From this we conclude that during the
heattrat ment , UNj i s for med, and this exother mi
into the more stable U f oR6H. Toecoystalineimeltingi n t h
peak temperature increases with a decreapiiga ct i de cont ent (3052D:
172AC, 3100HP: 175AC), this effect is also d
optically pure PLA types.

5.3.3.3Mechanical Properties dthe Microfibrous Mats

The results of the tensile tests are shown Figure 5.23. The mechanical
characteristics of the meilown microfibrous mats are comparable witle modulus and
strength of electrospun PLA nonwoven mats, as found in the liter&iede [t can be noticed
that the Youngds modul i of the ann-amdaledd mat s
mats obtained from the same material. This phenomeaoibe explained by macromolecular
processes occuring during heat treatment. During thermal treatment, the amorphous
orientation formed in the PLA fibres is relaxed, so the modulus is also red26gd [
Regarding the tensile strendtlexcept for the 3100HRyped the norannealed mats also
outperform the annealed ones. As the tensile strength is more influenced by the orientation of

the crystalline part, the differences between the values are smaller.
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mats.

5.3.3.4Mechanical Properties of SR Composites

Based on the DSC measurements, crystallinity data and mechanical properties of the
meltblown PLA nonwoven mats, the 3100HP type PLA was selected for SR composite
preparation. The typical stréstrain curves of the obtained composites can be seegune

5.24, while the modulus and tensile strength values are shotigume5.25.

97



3100HP
50 e —10s_ann
= 40 "," P i - -20s_ann
o - - ]
2
w 30 ---30s_ann
Q
&
L P A v [ A T R 60s_ann
10 —20s
G 1 T T 1 T 1
0 0.5 1 15 2 2.5 3 35
Strain [%]

Figure 5.24 Stres$strain curves of PLA SRCs.
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In contrast to the tensile test results of the nonwoven mats, annealed fibres compacted
for 30 s (30s_ann) showed slight improvements in modulus when compar8&RQGo
specimens composed of ntreated mats (20 s). The significant effect of thermal treatofent
the fibrous mats was also evidenced by the obtained 47% increase in tensile strength, reaching
43 N 9 MPa in the case ofurabléireecharical prapariies areo mp o s
connected to the high crystallinity achievable in the case ofldve (0.5%) D-lactide
containing PLA type, providing suitable thermal resistance for processing by hot compaction.
However, 60 s of hot compression resulted in noticeable deterioration of elongation at break
(Figure5.24) and tensile strengtiFigure 5.25 a) values of the PLASRC likely due to the
partial melting and fusion of the microfds and also to the physical ageing that occurs during

longer processing times.

5.3.3.5Morphology of the PLASRCs

The fracture surfaces of the PLBRC specimens weranalysedoy SEM. Based on
the SEM micrographs presentedRigure 5.26, conclusions regarding the consistency,€fibr
orientation and failure mechanism of the <co
processing temperature but identical hot compaction time (20 s), a significantly lower amount
of reinforcing fibre was observed in the fracture surface of the compuaide from non
treated PLA matsHigure 5.26 a), while fibres that underwent thermal annealing mostly
remained intact during processingigure 5.26 b). The more than twiold increase in
crystallinity resulted in higher thermal resistance of the microfibres, and thus, lower

sensitivity to the high compssion temperature.

x5aa SErm

Figure 5.26 SEM images of seffeinforced (SR) PLA composites made from nannealed (a) and
annealed (b) fibres with 0.5% {actide content (3100HPMa gni f i 808t i on:
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In the SEM images, three different failure modes can be observed, namely, fibre
pullout, fibre/matrix debonding and brittle failure of fibores. Composites made from highly
amorphous fibres broke with plastic deformation, but specimatis higher crystallinity
suffered brittle fibre failure. In the case of the SR composite composed of thermally annealed
microfibres, only a suitable fraction (surface) of the reinforcing fibres were molten during
processing, forming the matrix phase, amdist wellconsolidated composites could be

obtained. In this case, sefinforcement was successfully implemented.

5.3.4 Conclusions

In this chapter PLA microfibrous nonwoven mats, serving as precursors for self
reinforced composite preparation, were prepared by-lbh@Ning technology. Fibres with
diameters rangingpetween2il 4 Om wer e obtained with a prod
three types ofPLA grades differing inD-lactide content. The crystalline fractions of the
obtained fibres were significantly increased
of improving their thermal resistance. The heat treatment induced, however, relaftdtie
molecular orientation in the fibres, and thus decreased modulus vauesi@asured for the
annealed fibres. Nevertheless, gelhforced composites witladequate morphologgnd
mechanical performance could only be obtained from thermallytr@aged fibres. The
improved thermal resistance of the highly crystalline PLA microfibres proved to be of key
importance regarding the ability of partial melting, i.e., matrix formation, and to obtain
adequate consolidation quality by hot compactids.a caclusionfor the sake of future
advancemestin the field, PLA grades of lowD-lactide contentshould beconsidered as
reinforcement Annealing conditions must beelected carefully, ensurininimal fibre
relaxationand maximal crystallinityln an effort toprevent thermal degradation thfe PLA
during processingand consequentlythe severe deterioration of molecular weight and
mechanicabproperties milder fibre productiontechniques such as solvent spinning meésho
might be considered-or further optimabation of SRC manufacturinga more profound
analysis of the thermomechanical propert@sl crystallineforms of the PLA fibresis

recommended

Related publications 111, VI, XXII, XV, XIX, XX
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5.4 Effects of thermal annealing and solventnduced crystallisation on the
structure and properties of PLA microfibres produced by high-speed

electrospinning

5.4.1 Rationaleand aims

A wide variety of valueadded biopolymer systems, that have been gaining ground in
several industry segments, have to be adjusted to certain processing and application
requirements. Annealing is one of the frequently satili modifications that usually tek
place during or after manufacturing. By this method, the crystallinity of a polymer material
can be enhanced through the increased macromolecular mobility apoWwe Farticular,
design of PLA products require special attention to its crystalline phasdy due to the
inherently slow crystaliationkinetics of the polymer33, 266 267, 268 269. Inter alia,
thermal history has direct influence on the crystallirof PLA, and consequently, on its
properties altogether. Numerous studies showed that by exploiting the advantages of thermal
anneal ing, Youngo6s modul us and heat di stor
improved, moreover, even increased tensitengfth andacceptablempact resistance are
achievable without altering the molecular mds 29, 263 270, 271, 2727. Stereochemistry
also greatly affects the crystabition capability of PLA. A PLAmacromolecule can form
stereoisomers depending on its monomersd and D-L (meso) lactide. For commercial
purposes, PLA blends with a higher amount dhattide and a loweb-lactide content are
used P29. The properties of these senrystalline PLA grades can be tailored by varying the
ratio of the two isomers, thus adjusting the molecular regularity of the PLA chains. By this

means, a grade with lowbrlactide content has higher maximum crystalline fraction.

Crystallisationof PLA canr e s u |l t i n three possible crys
When PLA is crystalied from melt or solution, even during cold cryssation U polymorp
is developed. This is the most stable form, which turned out to belaleded 103 helix, that
packs into an orthorhombic unit celRf3 274 . The b form can be o0b
extreme conditions e.g. by applying high drawing along with elevated temperature, and can be
described with a trigonal unit celRT5 276 277, 278 279 . The ort hois hombi
produced through epitaxial crystahition[28(. During conventional PLA processing routes
U form is more |ikely to develop; t herefore,
crystal type is of great relevance. Even more research has besmmtating on the subject

since Zhang et al. reported that PLAcouldcryswlli i nt o a | ess ordered ¢
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[28]] . Subsequent studies revealed that at ten
U crystals is obser gesd,ontlhye ashtsa2ls 283 ABATCo r[m
289. In the temperature range of 1004 0 AC, bot h t y p282283284.cr yst al ¢

Nonwoven technologies and products represent a notable portion of the packaging
industry, the largest single market of polyme28g 287]. In addition, these materials with
disordered fibre mangement represent the main component of a wide range of applications,
including filtration 209, 288, absorbents489, 290, drug delivery 91, 292 293, and
tissueengineering 294, 295. With respect to annealing of PLA nonwovens heat resistance,
tensile strength and modulus usually increases, while ductility red@éés497). In our
previous study, meblown PLA nonwoven mats were used as precursors foresaforced
composite prepatn [lII]. Without the annealingstep, the inherently mainly amorphous
PLA microfibres could not fulfil their reinforcing role in the composite, as they fused at the
elevated temperature of hot compaction. Another popular manufacturing method to obtain
micro- or nanofibrous PLA mats is electrospinning (E&}6, 287, 288297, 29§. Recently,
high-speed electrospinning (HSES) technique has been developed to increase the productivity
of this processg92, 293 299 300 301]. To the best of our knowledge, the HSES concept has
not yet been utied to produce PLA fibres.

Several routes exist for tailoring the final properties of microfibrous PLA products via
changes in the macromolecular structure. On the one hand, when modifying the composition,
the use of organic or inorganic additives proved to be advantageous, andteren
complexation of PLA chains is on the tabl87, 294, 302 303, 304, 305. On the other hand,
postprocessing of the fibres can increase the crystallite size and can result in moseargani
crystals [87. However, conventional ann&aj (using heat treatment without fixation)
generally leads to dramatic relaxation of PLA fibres and the shrinkage of the pr2éyct |
30§ . When annealing at 140AC, Ri berio et al
PLA fibres 307 . Accordingly, it seems to be chall ¢
phase m nane and micrometer sized systems with such high sensibility to thermal defects.
Viswanath et al. also found that conventional annealing damaged the manufactured
nanofibrous mats, while photothermal annealing in presence of embedded gold nanoparticles
preserved the nanostructured morpholog30§. Besides heat treatmenBye et al.
recommend the technique of vapour annealing by suspending the electrospun mat above a
pool of dichloromethane2pP4. Naga et al. proposed solveiriduced crgtallisation of

amorphous PLA309. Regarding nanoand microfibrous structures the large surface area to
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volume ratio further increases the efficiency of solviadticed crystalBation Gualandiet al.

investigated the effect of ethanol disinfection teceospun PLA scaffolds and demonstrated

t hat the fibresd crystallinity exceeded 30%
more than 30 minute6¢4]. Consequently, modulus and tensile strength of the electrospun

mat increased by 69% and 36%, respectivBlgmordet al. also used ethanol to remove

residual water from electrospun PLA mats, but for some reason, they did not mention the
solventinduced cystallisation effect just noted that without the ethanol rinsing step
discoloration or degradation of PLA would occur in subsequenpiesising stepslBY. The

crystallinity of the produced setkinforced nanocomposites increased toi 48846,
accompanied with enhanced toughness.

The aforementioned modifications of nonwoven mats certainly need some sort of
charactesation Thermoanalytical and morphological investign are evident and essential
routes to determine basic properties of the product; the overall crystallinity, fibore diameters
and alignment can be assessed by differential scanning calorimetry (DSC) and scanning
electron microscopy (SEM), respectiveBOpB, 307. Nonetheless, in order tifferentiate the
two main crystal form (U and U6), the exact
intrac and intermolecular interactions have to be determined using more sophisticated
methods. Temperatwaodulated DSC (MDSC) permits the silianeous measurement and
separation of thermal events that are reversible andewarsible at the modulation period
timescale 310, 311]. With the special concept of stochastic modulation, also known as
TOPEME technique, e v en definable 12 BB I3 xStricwiralt c a p ¢
analysis by Xray diffraction method is a powerful way to obtain the atomic positions and to
probe longrange order in the crystalline phasgr] 283 285 315. On the contrary,
vibrational spectroscopy detects localised structures at the molecular scale. Among other
methods, Raman micigpectroscopy is a versatile technique capable of defining
conformation distribution, in both amorphous and crystalline regi®@i$ [317, 31§.
Measuring the HDT is a key topic when determining the effects of annealing, since
recrystallsed PLA products have higher HDT compared to amorphous 888 However,
information derived from a bulk HDT measurement (i.e. ISO 75 standard) represents a
superposition of information from all of the constituents in a specimen, therefese it
unsuitable for examining the heat resistance of nonwoven mate3ieds [n the field of
scanning probe microscopy, |l ocalised ther mon

equivalent of thermomechanical investigation on microms&tate areas wiin a 1020
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seconds period3R0, 321, 322. By exploiting the high spatial resolution of this technique, the
fibres themselves play the role of TMA specimens.

In the present paper, the results of the annealing modifications are described in detail
for both hat and ethanol treatment of nonwoven PLA mats. Pamatlieéalingexperiments
were implemented on duplicate samples derived from the samesiegid electrospun PLA
nonwoven. The specimens were comprehensively chassecdsy means of morphological,
spectroscopic, thermal and mechanical testing methods. In addition to the new way of high
throughput ES manufacturing of PLAnarnd mi cr of i br es, t he di st
U -delated thermal effects in the same DSC cumeresents the novelty of our research,

which was reatied using modulated differential scanning calorimetry.

5.4.2 Experimental section

5.4.2.1Production of PLA nonwoven mats

PLA nonwoven fibre mats were prepared by a féghed electrospinning (HSES)
setupconsistpy of a stainless steel spinneret equi j
to a highs peed mot or (Quick2000 L 29€., 10%Tl w/g z aVv a s \
PLA/dichloromethane solution was prepared in a sealable glass bottle with a magnetic stirrer,
using 100 g of the PLA granules and 1000 ml solvent. The optimised composition is based on
experiments conducted previously by our research group (the presentation ofswigghnd
the scope of this paper). The solution was fed with a flow rate of #b0using a peristaltic
pump. 45 kV voltage was applied on the spinneret, the rotational speed of which was fixed at
25000 rpm. The produced PLA fibres were collected oouad metal mesh placed on the
grounded metal funnel, in order to prevent the fibrous material from entering the air suction
system Figure 4.1). PLA nonwoven mats weighg ~20 g were removed from the mesh
collector in 30 minute time periods and placed in airtight sample bags for further processing.
The experiments were performed at constant
humi dity of 50 NyoltledSESTdehmique reackled 40tgvhichi ist 23
orders of magnitude higher than that of the single needle ES technique used for PLA nano
and microfibre production until nov286, 287, 288 296, 187).

104



5.4.2.2Annealingmethods

Thermallyinduced crystalkation

The obtained PLA nonwoven mats were cut intenB@-wide and 80 mm long strips
and placed in&conventi onal oven for anneal img at :
precisely measured using a thermocouple and a digital multimeter. Samples for analyses were
taken after 510,15,20,30,45,60and90 mirutesand named kb, H-10,6 H-90, respectively.

Solventinduced crystalbation

20 mm wide nonwoven PLA strips were placed in a covered Petri dish containing
99. 5% et hanol . The solvent was previously nh
Samples were taken out after 3 seconds, 5, 10, 15, 2hdBa@5 minutes (namedE E10,
e B5, respectively) and then dried under air

5.4.3 Results and discussion

5.4.3.1Morphology of the PLA nonwoven mats

SEM images were taken to investigate the effect of theatwealingmethods on the
morphology of the PLA nonwoven mats. As it can be sedfiganre5.27 c, heat treatrant
caused significant shrinkage of the mat, largely curled fibres were observed already after 5
minutes of annealing. Increasing treatment time resulted in even stronger deforfFigtioa (
5.27 ef). This phenomenon is due to the relaxation of oriented amorphous PLA chains at
temperatures abovegT306. However, after immersing n 4 0AC et hanol t he
mostly preserved their straight shapég(re5.27 b, d). Overwhelming majority of the PLA
microfibres inFigure5.27 a-fareof I3 Om t hi ¢ k nheesns r(asnognien go ff rto m
to 8.5 Om). Thus, despite of the high throt

diameter distribution was obtained.
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Figure 5.27 SEM micrographs of the PLA mats, N{a), E-5 (b), H-5 (¢), E-45 (d), H45 (e),H-90
(®

The potential effect of thermally and solvent induced crystdlbn on the fibre
diameters was investigated by image analysis of SEM micrographs. The distribution of fibre
diameters before and after treatrtseis depicted irFigure 5.28. Based on the diameter
analysis data it is supposed that in the first period (5 minutes) of either thermal or solvent
treatment the meaniaineter of the fibres slightly increased, being a possible reason of the
macroscopic constriction along with the curling of the microfibres. One possible explanation
for this result is the chain relaxation of PLA macromolecules during treatment, prgcticall
after the beginning of the segment movement allows the contraction of the oriented chains
along the longitudinal axis of the fibre. Onay ANOVA was implemented to evaluate the
statistical significance of the difference between the mean values, aralildeaject the null
hypothesis (p = 0.00017) that the mean values of the fibre diameters are egquNTH=
dE5 = dH5). It was found that the increase of fibre diameters of the thermally annealed mat is
greater than that of the ethasidated samples hich is in accordance with the greater
shrinkage and more curly character of theb Hnat as observed during SEM inspection
(Figure5.27). After 45 minutes of treatmen(g-45 and H45), however, a slight decrease in
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the fibre diameters was revealed compared to the-shwettreated fibres (5 and H5),
which is attributed with the increasing crystalline contents.
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Figure 5.28 Diameter distribution of fibres before (NT) and after (a) ethanol immersion and (b)
thermal annealing

5.4.3.2Thermal charactesationusing DSC and MDSC

5.4.3.2.1 DSOneasurements

As the conventional DSC analysis revealed, the crysa#éitin during the solvent

assisted treat ment
at 8Fghk€s.294a,b).
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Tg. A single melting endothermic peadationn s vi s
exotherm around 159AC corresponding to the ¢
order ed Undo dtyon atnhiec atlhleyr more stable U crystal
[230, 283. The main difference between tlanealingmethods is the presence of this
recrystallsation effect anticipating two distinct crystalline forms. On the one hand, each heat
treated sample ({3i H-90, Figure 5.29 b) shows this relatively small exotherm before the
crystalline melting peak; on the other hand, it utterly disappears aftéen immersion in

4 0 A Ganat Figure 5.29 a). Based on these results, it can be presumed that the ethanol

sol vent favours the formation of U cnyystals
results in | ess or dystalsaiionddhermarpud #WI0sA.C T hse sdad
noticeable in the case of-bl and H10 samples indicating a rather moderate pace of

crystallisationin the conventional oven compared to the ethambtd treatment.

5.4.3.2.2 Newformula to estimate the crystalline fraction

The degree of crystallinityaf) of the samples was calculated according to Equation
(4), a further developed version dhe equation commdn used for the estimation of
crystalline fraction of PLA samples (vid. Equati@) in Chapte#.3.3.

R L 3)

whereq Hh is the melting enthalpygp Hc is the cold crystalfiationenthalpy — &pid

the melting enthalpy of a perfect PLA crystal dnid the weight fraction of fillers

The necessity of the newly developed formstams from the fact thahe generdly
applied equon assumes a uniform crystalline phase, thus uses the reference melting
enthalpy(qp H°) of the 100% crystallinePLLA extrapolated to infinite crystal thickness (93
JIg) B3, 216, 283 without taking into accourthe presence of different polymorphs, théto
U recrystallsation enthalpyor the influenceof D-lactic acid units in thePLA sample. In
addition, Equation 3) is widely used for the simple estimation of crystalline fractdn
various PLA grades with different.cTand Tm values. Neglecting the temperature dependence
of crystallization and melting enthalpiesuld lead to indefinites. values as most recently
shown byRighettiet al.[285. It was also proven that due to theesence of conformational
defects in thelisorderedd p o | ythe@nthalpigs of melting dabandU crystals of 100%
crystalline PLLAare different
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The initial use of Equatior3] eventuated annrealistically larges value (36.6%) for
the asrecievedelectrospun PLA fibres, even though during the electrospinning process
(including HSES) the instantaneous evaporation of the solvent results in mostly amorphous
fibrous material 188. The small crystalline proportionof the asspun fibres was confirmed
by XRD and LTMA measurements shown ¢hapters5.4.3.3.1and 5.4.3.4.1 For all the
reasons mentioned abgva more sophisticated formula was needed to include the four
possible thermal events in the calculatiBased ongualitative data oMDSC discussed in
the following chapter, the presenceteb polymorphgUandU Ypwere evinced.The melting
endotherrit peakar o u n d il Figurd £29 correspond to the melting of U crystals
whether formed in ethaneassistedtreatmentor via crystal perfectionduring the DSC
measurementf any exothernic peakis present in the DSC curvi,,mustbe subtracéd from
this melting endothermic peak order not to be included in theitial crystalline fraction
value Each measurednthalpyhasto be divided by therystallisation or meltingenthalpy of
100%ocrystalline PLLAto yield the result othegivencrystalline fractionMDSC results also
showed thattte recrystalkationexothermic peakonsists othe meltingof® cr yst al s an
simultaneousformation U crystals thus the measuredrecrystallisationenthalpy must be
divided by the differenceof these two valuesTo express thecrystalline fractionas a

percentagethefinal result ismultiplied by 100 Equation 4)).

In Equation §), phHh indicates the melting enthalpgp Hc is the cold crystalfiation

enthalpy, htc is the recrystaliation enthalpypplm( U or U6) is the enth
the 100% crystalline PLLA (U ¢14B06)Y/ g3 ODhe
of crystallsationo f 100% crystalline PLLA i285.0he(130

negativeand positive notatiorof exothermic and endothermic enthalpies was taken into
accountwithin the formula

Ny ‘pmmb (4)

Nj

The Tec of U §854C) andU crystals(145C) as well as thedoftheU§ 1 50 A@) and
crystals (180AC) atinvestigatedbRighbtiet ab avet siméal tghiee s we r
respective temperatures of the present study, as it can be determiigdra5.29. Thus,
with respect to the temperature dependencaydtallization and meltig enthalpiesthe use
of these values and Equation (4) providebetterestimation for lowD-lactide-containing
PLA gradesHowever, ongoresuppogion was madenamelythat the solventassistedoost

crystallization treatmen$ comparablete r yst al | i zati on at 145AC.
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Figure 5.30 Effect of ethanolinduced and thermal annealing on the crystallinity of PLA
microfibres

The: of the PLA nonwoven mats, calculatadcording to Equatiord) from the DSC
curves, is presented irigure 5.30. Using Equation 4) an initial G of 2.2% is calculated,
which seems to be ane inaccordancevith the subsequenXRD and LTMA results(Chapters
5.4.3.3.1and 5.4.3.4.) than thehigher value (36.6%) estimated lle generally used
Equation 8). As it can be seen, lahlong the ethanahducedannealingthe samples have
significantly higher crystallinity then their hefneated counterparts. It is assumed that due to
the plasticsing effect of ethanol and the increased mobility of polymer chains facilitated the
formati on of the ther mody nz64ni309.aAfteryd5 mo,r e st
conventional heat treatment resulted in samples revealiag high as 26%, but eventually
ended up underperforming the samples soaked in ethanol, the crystallinity of which exceeded
30% already after 5 min. This advantage of ethanol treatrsealso attributed to the fast
diffusion of the solvent in 0.28.50-O mthick fibres allowing the immediate solveintduced

crystallisationof PLA.
5.4.3.2.3 MDSQGnalysis

The main goal of the MDSC measurements was the investigation of overlapping
thermal effects bymeans of separating the heat capaddpendent and kinetic changes
within the fibres. The speci al approach of
for temperature modulation. During evaluation, a correlation analysis of the measured heat
flow and the heating rate is carried out. The -newversing heat flow is directly determined
and can be associated with latent heat flow, while the reversing heat flow is calculated and

can be linked to sensible heat flow. The sum of the two is the total bedBi2.
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Figure 5.31 MDSC curve of the NT sample with thesulting reversible, noareversible and total
heat flow curves

A temperaturenodulated DSC curve of the ntreated sample is displayed fingure
5.31 with the obtained noreversing heat flow as well as the calculated reversing and total
heat flow curves. The cold crystatitionexotherm (708 5 A C) is cleardy vis
reversible heat flow, right after the relaxation of PLA fibres &8 A Eigure5.32 allows us
to observe these phenomena at higher resolution. Relaxation is only possible if the
macromolecule segments have enough mobility to settle backnre stable conformation,
just after the temperature exceeds theThe step of Jtakes place in the reversing curve,
thus it can be separated from the relaxation exotherm. Based on the Bayareb.32 a it

can be concluded that 5 min of heat treatment reducesgthedTthe relaxation temperature

by about 5AC. Thi s i s p r elactiden a&cdnient witbim the e d b

amorphous phase since the lamdfiekening and crystalline reorgaationprocess uses up

free L-lactide units as building block&1§.

In the case of the reference PLA nonwoven (NT) and thetrested (H5i H-90)
samples, the recrystatit i on of the | ess ordered Ud to t
crystals can be separated into two procedSggie 5.32 b). In the norreversing curve, the
mel ting of U6 crystals can be observed:; me
crystallisatonof U crystals is notieakibdrourndt el 60nad
sum, as it can also be seen inuktion (4). The lack of the recrystadtion exotherm
confirms the order ed-imbdersed samptes, evere after 5 min lofe et

treatment.
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Figure 5.32 MDSC curves in the temperature ranges (@) 56i9 0 A C (bp15Gi1 8 5 AC

5.4.3.3Structural charactesationof the PLA microfibres

5.4.3.3.1 X-ray diffraction (XRD) measurements

X-ray diffraction measurement is one of the few charaagadntechniques that are
able to differentiate the U and U6 crystal]l.i
structural differences between the PLA nonwoven mat samples treated by taen&ading
methodsFigure5.33 a shows the formation of different crystalline structures as a function of
treatment time. In contrast to the diffraction pattern of the NT sample, two strong reflections
at 2diE7.16Ad8adm dl1®. @A are obser veedsampes. Trel | t h
reflection intensities are in accordance with the trend of the crystallinity valégure5.30.
While crystallsatond ur i ng conventi onal anneal ing- at 85
treated samples reach their maximum crystalline content wiiti® Bninutes. Even 3 s of
i mmersion in 40AC ethanol act i v.&\ithyregardto mot ed
ethanoltreated samples, a slight shift in these two main reflections is in eviden€guhe
5.33 a, the differences between the two approachesnokalingcan be examined in detail.
Il ndexing of the observed reflections, based
polymorphs, are shown as wellg3 285 323. For comparison, the diffraction patterns of E
45 and H 45 samples are normedl using the strongest@/200 reflection intensity. IRigure
5.33 b, the changes in the peak positions of the 110/200 and 203 reflections are more visible,

indicatingthetwal i sti nct crystalline structures of U
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Moreover, ethanel r eat ed samples exhibit the 210
strong evidence of the more ordered polymorph. Hence, it was evinced that the ethanol
solvent actively induces the forna on o f U crystals, while <co

85AC only results in less ordered U6 crystal

Figure 5.33 XRD patterns of the PLA nonwoven mats (@ffect of treatment time (@5 min), (b)
effect of treatment type (i.e. ethanol, heat treatment)

5.4.3.3.2 Raman micraspectroscopic charactesation

Raman micrespectroscopy was used for structural analysis of the single fibres of the
nontreated, heatreated andsolventtreated electrospun PLA mats, respectivelyFigure
5.34, higher crystallinity of both types of treated fibres compared to thetreated PLA
fibres is revaled by the increased intensity of the crystallisignsitive peak at 928n* and
by the changes of the relative intensity of the bands in th&4860cm® region [B1§.
Al t hough the two crystalline forms U and U6
can be seen in the 200 émegion as shown ifigure 5.35 a. In the spectrum collected from
the thermally annealed PLA fibore{810) t he greater degree of di
in lowering in the frequency of the 200 érband B16. On the other hand, the presence of

K

I

S

triplet in the carbonyl stretching regiofigure 5.35 b) i ndicates the pred

crystals in the ethandteated fibre (E45).
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