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H2O  dihydrogen oxide (water) 
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HBr  hydrogen bromide 

HCl  hydrogen chloride 

HDT  heat distortion temperature 

HDPE  high-density polyethylene 

HO*  hydroxyl radical 
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IFR  intumescent flame-retardant 

ISCCS  International Sustainability & Carbon Certification System  

LCA  life cycle assessment 

L/D  length to diameter 

LDPE  low-density polyethylene 

LOI  limiting oxygen index 

LTMA   localized thermomechanical analysis 

MAP  monoammonium phosphate 

MB  melt-blowing; melt-blown 

MFI  melt flow index 

MDSC  modulated differential scanning calorimetry  

MMT  montmorillonite 

MTPA  million tonnes per annum 

O*  oxygen radical 

O2  oxygen molecule 

PBA  physical blowing agent 

PBDEs polybrominated diphenyl ethers 

PCFC  pyrolysis combustion flow calorimetry 

PCL  polycaprolactone 

PCPP  poly(1, 2-propanediol-2-carboxyethyl phenyl phosphinate) 

PDLA  poly(D-lactic acid) 

PDLLA  poly(DL-lactic acid) 

PLLA  poly(L-lactic acid) 

PE  polyethylene 

PET  polyethylene terephthalate 

PEG  polyethylene glycol 

PHAs  polyhydroxyalkanoates 

PHB  polyhydroxybutyrate 

PLA  poly(lactic acid) 

PLLA  poly(L-lactic acid) 

PP  polypropylene 

PS  polystyrene 

PTFE  polytetrafluoroethylene 

PU  polyurethane 

RDP  resorcinol bis(diphenyl phosphate) 

RIM  reaction injection moulding 

ROP  ring-opening polymerisation 
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sc-CO2  supercritical carbon dioxide  

SEM  scanning electron microscopy 

SRC  self-reinforced composite 

T  talc 

TBBPA tetrabromobisphenol A 

TDCPP tris (1,3-dichloro-2-propyl) phosphate  

TDBPP tris (2,3-dibromopropyl) phosphate 

Tcc  cold crystallisation temperature 

Tg  glass transition temperature 

Tm  melting temperature 

TGA  thermogravimetric analysis 

USA  United States of America 

Vf  void fraction 

VOC  volatile organic compound 

WAXD wide-angle X-ray diffraction 

X*   halide radical 

XPS  extruded polystyrene 

XRD  X-ray diffraction 

ȹHcc   cold crystallisation enthalpy 

ȹHm   melting enthalpy 

ȹHm0   melting enthalpy of the 100% crystalline PLA 

ȹHrec  recrystallisation enthalpy 

ɖ*  complex shear viscosity 

ɟ  density 

ɟapp  foamsô apparent density 

ű  weight fraction of fillers 

ū  expansion ratio 

ɢc  degree of crystallinity 
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THESIS FINDINGS 

1. Low-density (ɟ < 0.05 g/cm3), natural fibre-containing polylactic acid (PLA) 

composite foams were firstly manufactured by supercritical carbon dioxide-assisted 

extrusion. It was found that compared to the fibre-free material the addition of 5% 

cellulose or basalt fibre allows the formation of foam cells at significantly lower 

processing temperatures. As a result of this advantage and the increased dynamic 

viscosity of the biocomposite blends, smaller cell diameters were obtained compared 

to fibre-free PLA foams. [I, VI, XVI ] 

2. Low-density (0.05ï0.13 g/cm3), flame retarded microcellular PLA foams were firstly 

manufactured by supercritical carbon dioxide-assisted extrusion. Al though PLA foams 

without flame-retardants are more flammable than their bulk counterparts, significant 

flame retardancy was achieved using a novel intumescent flame-retardant additive 

system, including cellulose treated with phosphorus and boron-containing compounds. 

40% reduction in peak of heat release rate, UL-94 V-0 (i.e. self-extinguishing) rating 

accompanied with limiting oxygen index value as high as 31.5 vol% were reached for 

the developed flame-retarded PLA foam. [II , VII , XVII , XXIII , XXIV , XXV , XXVI ] 

3. PLA fibres with a diameter of 2-14 Õm were produced by melt-blowing and used for 

self-reinforced composite preparation for the first time. The environmentally friendly, 

solvent-free fibre production technology allowed the manufacturing of nonwoven 

webs, the processability and thermomechanical properties of which were improved by 

annealing. The composites prepared by hot compaction of PLA microfibres with 2ï7 

times higher crystalline proportions (compared to the original webs) have 47% higher 

tensile strength than the self-reinforced composites manufactured without the post-

crystallisation step. [III , VIII , XXII, XVIII , XIX , XX]  

4. Annealing methods of PLA nonwoven webs, produced by high-speed electrospinning 

(HSES) technique with a productivity higher than conventional single-needle 

electrospinning (40 g/h), were compared. It was evinced that the heat treatment 

promotes the formation of the less stable Ŭǋ crystal modification, while ethanol 

treatment facilitates the formation of a more stable Ŭ crystalline form. Besides, higher 

crystallinity of the webs was obtained considerably faster by ethanol-assisted 

annealing than by conventional heat treatment. [IV , XX, XXI]  
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5. A new formula was proposed and applied for the calculation of complex crystalline 

compositions of poly(lactic acid), which, by using cold crystallisation, recrystallisation 

and melting enthalpy values of different crystalline forms based on temperature-

modulated differential scanning calorimetry (MDSC) data, provides more accurate 

crystallinity results compared to the previously used methods. [IV , XX, XXI]  

ĐJ TUDOMĆNYOS EREDM£NYEK 

1. ElsŖk®nt §ll²tottam elŖ kis sŤrŤs®gŤ (ɟ < 0,05 g/cm3), term®szetes sz§lakat tartalmaz· 

politejsav (PLA) kompozit habokat szuperkritikus sz®ndioxiddal seg²tett extr¼zi·val. 

Kimutattam, hogy a sz§lakat nem tartalmaz· alapanyaghoz k®pest 5% cellul·z- vagy 

bazaltsz§l hozz§ad§sa sz®lesebb hŖm®rs®klet-tartom§nyon teszi lehetŖv® habcell§k 

kialakul§s§t. Ennek az elŖnynek ®s a biokompozit kever®kek megnºvekedett 

viszkozit§s§nak eredm®nyek®nt kisebb cella§tm®rŖket siker¿lt el®rni a sz§lmentes 

PLA habokhoz k®pest. [I , VI, XVI]  

2. ElsŖk®nt §ll²tottam elŖ kis sŤrŤs®gŤ (0,05-0,13 g/cm3), mikrocell§s PLA habokat 

®g®sg§tolt form§ban, szuperkritikus sz®n-dioxiddal seg²tett extr¼zi·val. B§r a nem 

®g®sg§tolt PLA habok l®nyegesen gyorsabban ®gnek a tºmbi anyagokn§l, az §ltalam 

kifejlesztett ¼j, foszfor ®s b·r-tartalm¼ vegy¿letekkel kezelt cellul·zt tartalmaz· 

felhabosod· ®g®sg§tl· adal®krendszer haszn§lat§val az ®g®sg§tl§s a habok eset®ben 

kiv§l· hat®konys§g¼nak bizonyult. Az ¼j ®g®sg§tl· rendszerrel a PLA hab maxim§lis 

hŖkibocs§t§si sebess®g®t 40%-kal m®rs®keltem, UL-94 V-0 (ºnkiolt·) fokozatot ®s 

31,5 tf% oxig®nindex ®rt®ket ®rtem el. [II, VII, XVII, XXIII, XXIV, XXV, XXVI]  

3. ¥mled®kf¼v§ssal 2-14 Õm §tm®rŖjŤ PLA sz§lakat gy§rtottam, amelyekbŖl elsŖk®nt 

hoztam l®tre ºnerŖs²tett PLA kompozitokat. A kºrnyezetbar§t, old·szermentes 

sz§lgy§rt§si technol·gia nemszŖtt szºved®kek elŖ§ll²t§s§t tette lehetŖv®, amelyeket a 

tov§bbi feldolgozhat·s§g ®s a termomechanikai tulajdons§gok jav²t§sa ®rdek®ben 

ut·krist§lyos²tottam. Az eredeti szºved®kekn®l 2-7 szer nagyobb krist§lyos r®szar§ny¼ 

PLA mikrosz§lakb·l forr· kompakt§l§sos m·dszerrel gy§rtott kompozitok 

szak²t·szil§rds§ga 47%-kal nagyobb, mint az ut·krist§lyos²t§si l®p®s n®lk¿l k®sz¿lt 

ºnerŖs²tett kompozitok®. [III , VIII , XXII, XVIII , XIX , XX]  
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4. Nagysebess®gŤ elektrosztatikus sz§lk®pz®ssel (high-speed electrospinning, HSES) az 

ismert egytŤs sz§lk®pz®sn®l j·val nagyobb (40 g/h) termel®kenys®ggel gy§rtott PLA 

szºved®kek lehets®ges ut·krist§lyos²t§si technol·gi§it ºsszevetve kimutattam, hogy 

hŖkezel®s hat§s§ra a kev®sb® stabil Ŭǋ krist§lym·dosulat alakul ki, etanolos kezel®ssel 

viszont a stabilabb Ŭ m·dosulat k®pzŖd®se seg²thetŖ elŖ. A 40 ÁC-os etanolban kezelt 

sz§lakban nagyobb krist§lyoss§g ®rhetŖ el gyorsabb krist§lyosod§s mellett a 

hagyom§nyos hŖkezel®shez k®pest. [IV , XX, XXI]  

5. Đj sz§m²t§si m·dszer alkalmaz§s§ra tettem javaslatot politejsav bonyolult krist§lyos 

ºsszet®teleinek meghat§roz§s§ra, amely a kor§bban haszn§lt k®pletekn®l pontosabb 

inform§ci·t szolg§ltat a minta krist§lyoss§g§ra n®zve, mivel az eredm®nyt a 

hŖm®rs®klet-modul§lt differenci§lis p§szt§z· kalorimetria (MDSC) adatai alapj§n 

mindk®t krist§lym·dosulatra meghat§rozott hidegkrist§lyosod§si, §tkrist§lyosod§si ®s 

olvad§si entalpia ®rt®kekbŖl sz§molja. [IV , XX, XXI]  
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1 INTRODUCTION  

As society and decision-makers tend to become more environmentally conscious, 

technical terms like life cycle assessment (LCA) [1], sustainable development [2] and circular 

economy [3] are becoming more and more embedded in common parlance as increasingly 

fashionable terms. Fortunately, research has already been going on for decades in academia 

and amongst market players to develop raw materials and manufacturing methods 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 in food safety, transportation & 

logistics, automotive, and construction industries [4, 5, 6, 7]. 

To facilitate reprocessing, self-reinforced composites (SRCs) are being developed in 

which the reinforcing fibres and the matrix material are made of the same polymer type [8]. 

Thus, SRCs are much lighter than conventional composites (reinforced with glass, basalt, or 

carbon fibre) and can be fully recycled, as there is no need to separate the reinforcing fibres 

from the matrix. Lightweight articles can also be achieved by foaming the polymeric base 

material, in which case up to 90-97% of the product consists of air-filled pores. Polymer 

foams, as thermal insulation, save more than 140 times the energy needed for their 

production, and as packaging, they can effectively protect products that are several orders of 

magnitude more valuable from physical impacts [9]. 

However, the advantageous properties of plastics (cheap, easy to produce, durable, 

lightweight) also led to their potential to cause serious environmental damage. Notorious 

example of this is the excessive plastic pollution in the oceans, 98% of which is the result of 

problematic (or non-existent) waste management practices in low- or middle-income 

countries outside the European Union (EU) and the United States of America (USA) [10, 11]. 

Although this is primarily a waste treatment issue, there has also been an increasing focus on 

biodegradable polymers over the past decade. Among these, poly(lactic acid) (PLA) has been 

produced commercially in the largest quantities, in addition, PLA is obtained from renewable 

resources [12]. 

The aim of my research 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 to gradually replace the conventional solutions and 

petrol-based raw materials currently in use. My goal was to effectuate the value-adding 
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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 strength and 

modulus, nevertheless, it is characterised by low elongation at break and poor impact 

resistance, so it is essential to improve these properties. By developing self-reinforced 

composites and highly porous foams, these drawbacks can be offset, while also serving the 

objective of weight reduction. The relatively low melt strength and slow crystallisation of 

PLA have a negative effect on the foamability; therefore, these characteristics must also be 

improved. In addition, foamed PLA is even more flammable than the raw material, so a 

suitable flame-retardant (FR) additive system is required to produce a safe product. Since, 

according to the literature, FR PLA foams have not yet been produced by continuous 

technology (e.g., extrusion), the way of implementation abounds in open questions. 

It is important to consider the raw material of the end-of-life product as a valuable 

resource, therefore the recycling of biopolymer products is also an issue to be addressed. Prior 

to the production of SRCs, design for recycling is already taken into account. In the case of 

PLA the main challenge is to prevent hydrolytic degradation during the series of hot 

processing steps (extrusion, injection moulding). Since the reinforcing and matrix materials of 

SRCs are made of similar (or identical) polymers, there is also a small difference (ie. 

processing window) between their melting temperatures (Tm). Accordingly, the 

manufacturing parameters must be adjusted so that proper fibre-matrix adhesion is achieved, 

but fibres are not damaged. In some cases, the processing window can only be increased by 

crystallisation of the fibres, so the crystalline structure formed during the production and 

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

In my doctoral work, the production, testing and application-oriented development of 

lightweight biopolymer composite systems were carried out, requiring synthetic, 

technological, analytical, and methodological developments at the same time. The 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 of many industries. When creating composites, the advantageous properties of 

different raw materials are combined, and high value-added, high-performance products can 

be manufactured by the appropriate choice of composition and structure. Both SRCs and 

polymer foams meet these criteria, so the objective of my research was to characterise and 

improve the functional properties of such heterogeneous systems, and to further develop their 

production technology.  
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2 L ITERATURE RE VIEW  

2.1 Sustainability principles 

The dangers of excessive development have been highlighted by Brown and the 

Brundtland Report in the 1980s [13, 14]. The Report issued by the World Commission of 

Environment and Development describes sustainability as a development that meets the needs 

of the present without compromising the ability of future generations to meet their own needs. 

The definition was further discussed by Daly [15, 16], separating sustainable development 

from growth. Growth means quantitative increase in physical scale, while development can be 

described as qualitative improvement or unfolding of potentialities. An economy can grow 

without developing, develop without growing, or do both or neither. However, since human 

civili sation is a subsystem of the finite global ecosystemðwhich does not grow, even though 

it does developðeconomic growth obviously cannot be sustainable over long periods of time. 

According to Daly, sustainable development should mean the achievement of long-term social 

well-being and respecting ecological limits at the same time. 

Regarding the management of natural resources, there are two principles of sustainable 

development. First that harvest rates should equal the rate of regeneration (sustainted yield), 

Second that waste emission rates 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 these capacities must be treated as capital 

consumption, and therefore not sustainable [15]. The concept of circular economy (Figure 

2.1) aims to preserve natural capital, which could be achieved through the efficient use (or 

conservation) of finite resources and the balanced consumption of renewable resources [17]. 

The main goal of the idea is to preserve the value and usability of products, components, and 

materials for as long as possibleðand at the highest possible level. The model distinguishes 

between technical and biological cycles. Both cycles improve the utilisation of resources used 

by regenerating, sharing and keeping products in a closed loop, as well as optimizing system 

efficiency. Product sharing (e.g., car-sharing) targets maximum utilisation, while improving 

the durability (e.g., by applying reinforcement) and modularity of an article increase the 

length of its life cycle. 
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Figure 2.1 Outline of a circular economy [17] 

2.2 Biopolymers 

In the atmosphere, carbon is present primarily as carbon dioxide (CO2), which is fixed 

as biomass via photosynthesis. This process has been going on for hundreds of millions of 

years and led to the vast resources of oil, gas, and coal that our society relies on at present. 

Since the beginning of the industrial revolution, these resources have been used at an 

increasing rate to produce materials, chemicals, and fuels. As a 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 a geologically speaking [18]. The result is that there is a net translocation of vast 

quantities of carbon from fixed reserves into the atmosphere, leading to an increase in CO2 

levels (Figure S1), which recently passed 410 ppm and continue to rise an average of 2-3 ppm 

annually [19]. 

Currently, plastics are predominantly made of fossil-based resources and mainly used 

in a linear economy approach (manufacture, use and disposal). Bio-based plastics have been 

identified as a potential alternative to conventional plastics because of the use of renewable 

resources as feedstock, therefore enabling a shift from a fossil economy to a bio-based one 

[20]. 
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The term bioplastic has become widespread as a result of European Bioplasticsô 

activity. According to this industrial association, a plastic material is defined as a bioplastic if 

it is either bio-based, biodegradable, or features both properties [21]. A material is considered 

bio-based if it is partly or wholly derived from biomass. The term biodegradable is a qualifier 

for macromolecules or polymeric substances susceptible to degradation by biological activity 

by lowering of the molar masses of macromolecules that form the substances [22]. A division 

based on these properties is well illustrated in Figure 2.2 which plots some of the well-known 

biopolymers along two axes according to their biodegradability and the type of raw material 

used for their production. 

 
Figure 2.2 Grouping of polymers according to biodegradability and raw material [21] 

 

Nevertheless, certain studies in the literature suggest that the use of this terminology 

(i.e. bioplastics) to describe all biology-related polymers is misleading and likely to cause 

public confusion [22, 23]. Vert et al. notes that as bioplastic is generally used as the opposite 

of polymer derived from fossil resources, it anticipates that any polymer derived from the 

biomass is environmentally friendly. A bio-based polymer similar to a petrobased one (Figure 

2.2, upper-left quarter) does not imply any superiority with respect to the environment unless 

the comparison of respective life cycle assessments is favourable [22]. Non-biodegradable 

polymers are also made from renewable resources (e.g., bio-polyethylene: bio-PE from 

bioethanol), and biodegradable polymers can be prepared using fossil feedstocks as well (e.g., 

polycaprolactone: PCL). 
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Figure 2.3 Main polymer groups extracted from biomasses or synthesised from bio-intermediers or 

produced by microorganisms [24] 

As Figure 2.3 indicates, bio-based polymers can be further grouped into three classes: 

- Polymers extracted directly from biomasses, with or without modification (e.g., 

starch modified polymers and polymers derived from cellulose). 

- Polymers produced directly by microorganisms in their natural or genetically 

modified state (e.g., polyhydroxyalkanoates: PHAs). 

- Polymers obtained with the participation of bio-intermediaries, produced with 

renewable raw materials. (e.g., poly(lactic acid); bio-polyethylene, from the 

polymerisation of ethylene produced from bioethanol; bio-nylons via diacids from 

biomasses; and bio-polyurethanes, incorporating polyols of vegetal origin) [24]. 

It needs to be remarked that incorporating additives into petroleum-based plastics to 

accelerate their abiotic degradation does not mitigate their environmental impact and 

potentially gives rise to certain negative effects [25, 26]. Since in 2019 the European 

Parliament approved a new law banning the oxo-degradable plastics by 2021, these mainly 

polyethylene-based materials will  not be discussed in the present literature review [27]. 

The first natural polyester, polyhydroxybutyrate (PHB), was discovered by French 

biologist Maurice Lemoigne in 1926 during research on the bacterium Bacillus megaterium 

[28]. The discovery was ignored for many decades, largely because oil prices were low at the 

time. In the 1930s, Henry Ford began his research into the automotive application of 
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soybeans, and in 1941 a soybean-based plastic automobile body was completed. 

Unfortunately, it was the same year when the USA entered World War II. Ford was asked to 

convert all of his assembly lines to making vehicles needed for the war, thus his interest in 

soybeans was put on hold [29]. Further literature on the history and economics of biopolymers 

is provided in Chapter I. of the Supplementary appendix. 

The vivid research activity of the field opened a wealth of possibilities: the design of 

high value-added products and materials as well as the implementation of innovative 

manufacturing technologies are more than likely to be worthwhile. 

2.3 Poly(lactic acid) 

2.3.1 Production of poly(lactic acid) 

Poly(lactic acid) (PLA) is the most intensively researched and used bio-based and 

biodegradable aliphatic polyester. Its monomer, lactic acid (2-hydroxypropionic acid), is a 

naturally occurring organic acid. As a chiral molecule, it has two optically active 

stereoisomers: L- and D-lactic acid (Figure 2.4). These enantiomers can be selectively 

produced from renewable raw materials (carbohydrates) such as cane sugar or corn starch by 

appropriate microorganisms (fermentation) [30]. The equimolar mixture of the two 

enantiomers, racemic- or DL-lactic acid is the easiest to synthesise via conventional chemical 

methods. 

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

Upon dehydration or depolymerisation of lower molecular weight pre-polymer (Figure 

2.6), a cyclic dimer of lactic acid is formed. Figure 2.5 shows the possible structures of the 

lactides, consisting of different stereoisomeric lactic units. 

 
Figure 2.5 Structures of various lactides [31] 
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PLA was first synthesised by Pelouze in 1845 by polycondensation of lactic acid. In 

1932, Carothers et al. developed a method for the production of PLA by ring-opening 

polymerisation of lactides [31]. The method was later patented by DuPont in 1954. At that 

time, only low molecular weight PLA could be produced by 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 Company succeeded in polymerizing 

high-molecular-weight poly(L-lactic acid) (PLLA) by ring-opening polymerisation (ROP) of 

L-lactide in industrial scale and commercialised the PLLA polymer [31, 32]. Several methods 

are now known for the production of PLA, including azeotropic dehydration and enzyme-

catalysed polymerisation [33], while the two most common synthetic routes are direct 

polycondensation of lactic acid and ROP of lactide (Figure 2.6). The latter is utili sed in 

industry for the most part [18, 44]. 

 

Figure 2.6 Synthesis routes for high molecular weight PLA [34] 

Polymerisation of optically pure lactides yields isotactic homopolymers, such as 

poly(L-lactic acid) (PLLA) and poly(D-lactic acid) (PDLA) [31]. Both PLLA and PDLA are 

semicrystalline polymers with a glass transition temperature (Tg) of 50-60ÁC and a melting 

temperature (Tm) of about 165-185ÁC, depending on their composition. Thus, it is expedient 

to process the polymer below 185-190ÁC, since at 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 poly(DL-lactic acid) (PDLLA) is an amorphous polymer composed of atactic L and 

D units. When mixing isotactic PLLA and PDLA in a 1:1 ratio, stereo-complex crystals are 

formed with a melting point of 230-240ÁC, which is approximately 50ÁC higher than that of 

the homopolymer of PLLA and PDLA [35]. 

In 2013 NatureWorks LLC (Minnetonka, MN, USA) and Catalysta EnergyTM (Menlo 

Park, CA, USA) launched a research project to replace agricultural feedstock of lactic acid 

production. Using a new biocatalyst, laboratory-scale methane to lactic acid fermentation was 

proven in 2014. Two years later, a new $1 million laboratory opened aiming to move the 

project from proof of concept to commercialisation [36]. This research could open up new 

perspectives in the manufacturing of PLA, it could structurally lower costs, and it diversifies 

manufacturers away from the reliance on agricultural crops, too. Alternative renewable 

feedstocks like sugar cane bagasse (lignocellulosic biomass, second generation feedstock), 

cheese whey (nutrient rich wastewater), microalgal biomass (third generation feedstock), and 

macroalgal biomass (potential feedstock), are also investigated for future production of lactic 

acid [37]. Researchers also showed feasibility of PLA production from food waste [38, 39]. 

It can be deduced from the market data of European Bioplastics (cf. Figure S7-S8 in 

Appendix) that in contrast to the struggles of the bioplastics industry (Supplementary 

appendix, Chapter I.), production capacities for PLA have gained momentum in the last few 

years. Compared to the drastically shrinking bio-PET output, the manufacturing of PLA 

advanced noticeably, increasing the number of its applications in both flexible and rigid 

packaging, consumer goods, electrics & electronics (E&E) and in the ñOtherò category (cf. 

Figure S8 in Appendix). The latter is presumably correlating with the rising demand for 3D-

printing filaments, the two most popular materials of which are acrylonitrile-butadiene-

styrene (ABS) and PLA. 

The current global production of PLA is around 0.395 MTPA, which means a 18.7% 

market share of the total bioplastic production of 2.11 MTPA. This ratio is in an uptrend from 

the 2019 market share of 13.9% [40] and the 2018 value of 10.3% [41]. Of these 395,000 

tonnes per annum (TPA), NatureWorks LLC produces 150,000 TPA in its Blair (Nebraska, 

USA) facility built in 2001 [18], using Yellow Dent #2 industrial corn as renewable feedstock. 

In 2018 Total Corbion PLA has started a 75 kt PLA plant in Thailand, which produces PLA 

from sugar cane. In September 2020 Total Corbion PLA announced its intention to build its 

second PLA plant with a capacity ramping up to 100,000 TPA. The new plant is planned to be 

located on a Total site in Grandpuits (France) and to be operational in 2024 [42]. From the 
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literature it seems to be evident that the PLA market is a dynamically developing area, the 

reason of which will be discussed in detail in the following chapters. 

2.3.2 Properties of PLA 

Compared to other materials, the use of PLA has several advantages: 

- Substitution of fossil resources: The polymer comes from a renewable energy source, 

thus containing carbon captured from the air. 

- Low GWP: Cradle-to-Gate eco-profile of NatureWorksô PLA product (IngeoTM) 

shows that greenhouse gas emission for IngeoTM manufacture (including biogenic 

carbon uptake) are significantly lower than in the case of fossil-based polymers [43].  

- Energy efficiency: the production of PLA requires 25-55% less energy than the 

production of petroleum-based plastics [18, 44]. Primary energy usage from non-

renewable resources is a Group 1. global indicator in LCA (Supplementary appendix, 

Chapter II.) hence manufacturers pay special attention to this matter. 

- Trigger-biodegradable: At ambient temperature it is just as durable as other 

conventional plastics, understandably researchers want to make sure that the material 

is also suitable for products with longer life cycles before the decomposition process 

starts. However, when specific conditions are met, PLA is designed to biodegrade 

within a few months. This should almost exclusively happen in industrial composting 

facilities, at 50-60ÁC in the presence of high moisture content and microorganisms 

[45]. 

- Processability, recyclability: PLA has better thermal processability than most of the 

bio-based polymers, including PHAs, polyethylene glycol (PEG) and PCL. It can be 

processed by injection moulding, injection blowing, film extrusion, extrusion foaming, 

thermoforming, and film and fibre formation. The finished product can therefore be 

manufactured in a manner similar to conventional thermoplastic polymers, without the 

need to replace existing equipment. Accordingly, PLA can be recycled by various 

methods (including mechanical recycling), since the aspect of circular economy is as 

relevant for bio-based plastics as it is for conventional ones. 

- Mechanical properties: PLA has comparable tensile strength (60-65 MPa) and 

modulus of elasticity (3 GPa) with nondegradable 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 



 

 

20 

 

been classified as a safe substance by the United State Food and Drug Administration 

(FDA) since 2002 [46]. 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 

unfavourable properties: 

- Competition with the food industry: When considering the disrupting effect of PLA 

production on the food industry, it is worth to compare the sizes of these markets. A 

few orders of magnitude difference between the two sectors further nuances the 

subject, of the 4.7 billion ha global agricultural area, 0.81 million ha (0.016%) was 

used to produce feedstock for all bioplastics in 2018. Even bioethanol production (110 

billion L/y) uses about 270 times more feedstock than the global production of PLA, 

given that 416 kg of PLA and 433 kg of ethanol can be made out of a metric tonne of 

Yellow Dent corn [18, 47]. 

- Low toughness: PLA is considered a brittle polymer with an elongation at break of 

less than 10%. Brittleness can be a problem in areas requiring greater plastic 

deformation, dynamic load capacity, and impact resistance [34]. 

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

material is that they exhibit a lower glass Tg, up to about 60ÁC, compared to 

competing polyesters. Therefore, unless PLA can be crystallised to a large extent, its 

thermal resistance will remain relatively poor [48]. 

- Slow crystallisation: The crystallisation kinetics of PLA are significantly slower than 

that of other semicrystalline polymers due 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 less than 1 ÁC/min) or by the use of nucleating agents. As the 

crystallinity increases, the heat resistance of the product improves [48]. 

- Low melt strength: This is one of the most important properties for film and injection 

moulding, thermoforming, fibre production and foaming [49]. Due to the relatively 

low melt strength of linear PLA, its limited foamability has made its use in various 

plastic foam applications challenging [50]. However, by chain extension and cross-

linking, the melt strength of PLA can be significantly increased in a reactive extrusion 

process. 

- Water sensitivity: in the presence of moisture, hydrolytic degradation via cleavage of 

the ester groups of the main chain of PLA may occur during processing, which 
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reduces the molecular weight and affects the properties of the product [34]. To avoid 

this, it is essential to dry the raw materials prior to processing. 

- Flammability: Like most thermoplastic polymers, PLA is flammable. To be fit for 

application in technical and durable products, thermal stability and fire performance of 

the polymer needs to be improved [51]. 

2.3.3 Application of PLA 

Due to its favourable properties, PLA products seem to have the highest potential 

amongst biopolymers to replace nondegradable polymers in many applications. Its excellent 

biocompatibility is a key property to take into consideration, which allowed its widespread 

use in the biomedical field. Before the commercialisation of high molecular weight PLA, it 

has been mainly employed in high value-added products such as bone screws, structures and 

tissue engineering scaffolds [52, 53]. When inserted in vivo, PLLA is able to degrade over 

time simply via hydrolysis without any use of catalysts or enzymes, hence the surgical 

removal of the implant is unnecessary [54]. PLA is a popular carrier for drug formulation, 

because its degradation products are harmless to human health and are also found in the body, 

[55]. Following its hydrolysis, lactic acid is incorporated into the tricarboxylic acid cycle and 

excreted [56]. 

Today, it is mainly used as a raw material for shopping or garbage foil  bags, sanitary 

products, diapers, ground cover foils, planting pots, and disposable boxes, bowls, and cutlery 

[57]. In the packaging industry, the compostability of PLA is exploited in short li fe cycle 

products, especially in food bio-packaging, where recycling is unpractical or not economically 

convenient due to food contamination [58]. Nowadays, therefore, PLA-based products are 

largely used in areas where no extreme mechanical stress is to be expected, on the other hand, 

biodegradability is important. 

The textile industry also utilises PLA due to its unique spectrum of properties 

comparable to conventional Polyester and Nylon fibres and a series of advantages over other 

synthetic fabrics. The outstanding resistance to sunlight, resiliency, and elastic recovery offers 

potential for use in tents, patio umbrellas, and awnings. Automotive applications requiring 

high moisture wicking and UV stability, such as seating might also benefit from these 

materials. The high loft and resiliency offer promise in sleeping bags and other applications 

requiring good insulation properties [59]. PLA exhibits good moisture management and 
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comfort properties [60]. PLA filaments also find their application in the 3D printing sector, 

due to the relative low melting point, as well as its good adhesion and flexural strength [61]. 

PLA is one of the most promising biopolymers, and accordingly it has been the subject 

of extensive research focusing on expanding its fields of application and tuning its properties. 

In order to make it more widely applicable, the elimination of the disadvantages listed in 

Chapter 2.3.2 is the focus of the developments. There are several attempts in the literature to 

improve the mechanical properties of PLA with different blends [62], plasticisers [63], 

copolymerisation [64], nanoadditives [65], natural reinforcing fibres [66], and self-

reinforcement [67]. With a structure modified in such ways, PLA could be suitable for use in 

technical fields, but this also requires flame retardancy of the raw material. [51, 67]. Research 

into the foaming of PLA products has also begun, already substituting a fraction of the 

expanded polystyrene (EPS) foam market from extruded and thermoformed PLA trays [50, 

68] to expanded PLA foams for impact energy absorbers in helmets [69]. Because of their 

high value-adding potential and the combination of properties that makes a product 

lightweight while ensuring its high-performance at the same time, foaming, flame retardancy, 

fibre production and self-reinforcement will be further discussed in this 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 sound insulation. High porosity solids usually have high 

structural rigidity and low density, so they often also serve as a framework for living 

organisms (e.g., coral, wood, bones) [70]. 

Foams are one of the largest groups of porous materials, the continuous solid structure 

(matrix) of which makes up only a small volume percent of the material. Accordingly, 

depending on the foamôs porosity, most of its volume is filled with a low-density gas that can 

form a coherent pore system or consist of discrete cells. Based on the continuous or dispersed 

character of the gas phase, we can speak of open-cell and closed-cell foams, respectively [7]. 

The solid phase can be composed of widely used structural materials; based on this we 

distinguish between metal, ceramic and polymer foams (Figure 2.7). 



 

 

23 

 

 

Figure 2.7 Porous materials: whale bone (a), aluminum foam (b), ceramic foam (c) and nickel 

foam (d) [7] 

The properties of cellular plastics are determined by the rigidity of the polymer 

backbone, the porosity and microstructure of the foam, and a number of other parameters. 

They can be produced using thermoplastic or thermoset polymer matrices, allowing the 

modulus of elasticity to be tailored covering a wide range from rigid to flexible foams. Cell 

size and distribution are also key factors; cells with diameters on the order of 10 microns are 

called microcells. Due to their small cell size, the mechanical properties of microcellular 

foams far exceed those with larger bubbles [71].  

The functional characteristics of foamed plastics contributed greatly to their 

widespread utilisation, which are as follows [7]: 

- Low relative density: since most of the foam is made up 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 other structural foam. Their application 

can therefore also be economically convenient in technical fields (e.g. electronics and 

automotive), when the appropriate mechanical properties and flame retardancy are 

ensured. 

- Good specific strength: although the mechanical strength of the polymer foams is 

lower (decreasing with porosity) compared to the dense polymer matrix, the specific 

strength is significantly higher than that of porous metals or ceramics with equivalent 
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porosities. Because smaller amounts of polymeric material can be used to make an 

article with similar properties to a solid product, polymeric foams are often used to 

make disposable cups, trays and food containers. 

- Outstanding thermal insulation: after 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 the dense polymer. In addition, in the case of closed-

cell foams with disperse gas phase, the cell walls also inhibit convection heat transfer 

of the gas. Not surprisingly, huge amounts of PS and PU foam are used to insulate 

buildings, improving their energy efficiency. Along with reduced material use 

discussed in the previous point, good thermal insulation is also an advantage in the 

market for disposable cups and food containers. The packaging keeps the ready-to-

serve food and hot drinks warm or fresh food cold, and it only slightly increases the 

total weight of the package to be transported [58]. 

- Good impact energy absorption: gas-filled closed cells of polymer foams, especially 

microcellular foams, compress under load (impact) and then expand again in the case 

of flexible cell walls, as a result of which they absorb the energy of the impact. In the 

case of rigid foams, the cell walls collapse one after the other, which is also an energy-

absorbing process. The foams therefore have excellent vibration damping performance 

and impact resistance properties, so they are widely used in the production of 

mattresses, packaging, and filling materials, as well as sports equipment (helmets and 

other protective accessories) [69]. 

- Excellent sound absorption: the porous body absorbs the energy of the sound wave to 

terminate the reflection and transferral of the waves. Acoustic energy is dissipated by 

thermal loss generated by the friction of air molecules with the pore walls, and viscous 

loss caused by the viscosity of airflow within the materials [72]. The scattered waves 

extinguish each other in a short period of time reducing resonance and noise. 

Generally, open-cell foams are better sound absorbers than their closed-cell 

counterparts. 

- Adequate compressive strength: the compressive strength of structural materials is an 

important design parameter to take into account. Compression tests are applied to 

determine a materialôs behaviour under crushing loads. According to EN 826 and ISO 

844, the compressive strength of rigid foams and thermal insulation materials used in 

construction must be compared at 10% deformation. PS foams with a compressive 

strength of 100 kPa (EPS-100) are called "step-resistant" PS foams, and extruded PS 
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(XPS) foams with a compressive strength of 300ï700 kPa can also be used to insulate 

flat parking roofs subjected to greater mechanical load (i.e. vehicles). 

The foaming of the polymers thus greatly reduces material costs, as well as imparting 

many beneficial properties to the articles. Although the production of low-density products is 

economically advantageous, one must also keep the environmental impact in mind. Recycling 

or landfill of traditional non-biodegradable foams is quite cumbersome due to their small pile-

up density [73]. Depending on the density, the amount of material recovered is only 15-40 kg 

per cubic meter, and any additives and fillers, as well as impurities (food and other organic 

matter) are also a problem in recycling. Another form of recycling is energy recovery or 

incineration, in which only the energy stored in the polymer is recovered. In addition to 

emitting large amounts of CO2 into the atmosphere, this method emits substances that are 

harmful to health in the event of imperfect combustion. [74]. 

Landfilling is the most polluting and harmful waste treatment method for polymer 

foams. However, as a consequence of mistreatment, waste 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 styrene monomers, dimers and trimers are formed during the 

degradation of PS foams entering the oceans. Styrene monomer is anticipated to be a human 

carcinogen thus harmful to marine life and can pose a direct risk to coastal populations when 

adsorbed on sand. The substances in question also enter the food chain, where they are 

increasingly enriched, thus indirectly endangering humanity at the top of the food chain. [76]. 

By combining the advantages of polymer foams with the environmentally friendly 

characteristics of biopolymers, these difficulties might be prevented, thereby shifting the 

plastics industry towards a more sustainable future. 

2.4.2 The basic principles and mechanism of foaming 

The manufacturing of polymer foams is relatively simple compared to metal and 

ceramic foams. Usually it comprises two steps: mixing and moulding (i.e. foaming). First, the 

additives given 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, basic properties and areas of application of the polymer foam (Chapter 2.4.1). After 

the homogenisation of the raw materials, foaming and shaping take place. 
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There are three general ways of producing foams from thermoplastics: mechanical, 

chemical, and physical [77].  

In the case of mechanical foaming, the blowing agent is air, which can be dispersed in 

the polymer matrix by high-performance mechanical mixing. This is the least found method 

in the industry, a good example of which is the foaming of PVC for the production of floor 

coverings [78]. 

Chemical foaming is achieved by blending solid endothermic or exothermic chemical 

foaming additives (CFAs) with the polymer matrix. [79] The activation of the CFA can 

happen by decomposition or by reaction of its components. Examples of chemical foaming 

agents include organic pyrolytic foaming agents such as azo compounds, nitroso compounds, 

hydrazine derivatives, semicarbazide compounds, tetrazole compounds, and 

trihydrazinotriazine; and inorganic pyrolytic foaming agents such as carbonates and nitrites. 

[80]. Also, bicarbonates (e.g., sodium hydrogen carbonate) are used in combination of organic 

acids and organic acid salts (e.g., citric acid, oxalic acid) [81]. The advantage of CFAs is ease 

of handling as they can be added to the granules of the matrix polymer. CFAs are used to 

decrease the density of the polymer, typically by 40ï60% with loading levels of 0.5ï20.5% by 

weight on the amount of polymer [77]. Polyurethane (PU) foams are formed by means of a 

chemical process as well, namely the simultaneous reaction between a diisocyanate with 

polyol and water. The supramolecular structure forming via in-situ polymerisation is blown 

into a foam by the cogeneration of carbon dioxide gas evolved from the waterïisocyanate 

reaction [82]. 

During physical foaming, inert gases or liquids (e.g., CO2, nitrogen) are dissolved in 

the polymer melt under pressure as physical blowing agents (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, butane, pentane, 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 a block. By adding hollow plastic or glass 

spheres to a polymer matrix, a closed-cell foam can be produced [83]. In contrast to CFAs, 

PBAs are more complicated to handle, as they must be injected under high pressure into the 

already molten polymer. With 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 product. Chemical foaming agents can generally be used to produce higher 
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density polymer foams, high porosity foams can be obtained by physical foaming [77, 79]. 

Thus, the latter method is mainly discussed below.  

In addition to cost-effectiveness, environmental and safety considerations must be 

taken into account when selecting a PBA. The most commonly used alkane PBAs containing 

three or more carbon atoms are classified as volatile organic compounds (VOCs), the 

emission of which should be avoided. [84]. Moreover, most of these hydrocarbons are highly 

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). It is clear that the use of these materials should be minimised or 

discarded. 

Carbon dioxide (CO2) is also used as PBA because it is non-toxic, non-flammable, 

chemically inert [85]. During foaming, the polymer melt is usually processed at high pressure 

and high temperature, under which conditions CO2 is in a supercritical state. A supercritical 

fluid is defined as a substance for which both pressure and temperature are above their critical 

values. The critical pressure of CO2 is 7.38 MPa and its critical temperature is 31.1ÁC, these 

conditions are easily reached in a typical extrusion process (Figure 2.8). 

 

Figure 2.8 Phase diagram of CO2, supercritical range [86] 

The use of supercritical CO2 (sc-CO2) as a PBA is advantageous in several respects. 

The diffusion coefficient and viscosity of supercritical fluids are similar to those of gases, but 

their density is more comparable to that of liquids [85]. Their surface tension is almost zero, 

so it easily penetrates various materials. These properties make it an extremely good solvent 

and plasticiser in polymers, the solubility of sc-CO2 in polypropylene (PP) (200ÁC, 100 bar), 
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for example, is four times better than the solubility of nitrogen. [87]. Due to the plasticising 

phenomenon, sc-CO2 changes the behaviour of the melt, significantly reducing viscosity, melt 

strength, and Tg [88, 89]. Utilizing this effect, the processing of polymers (e.g., by extrusion) 

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

The foaming process can be divided into three stages: cell nucleation (formation of 

bubbles), cell growth and stabilisation (solidification of the polymer foam) [77]. The initiation 

of the bubbles can take place in the polymer supersaturated by PBA. The easiest way to 

achieve this is to reduce the pressure. Cell nucleation rate determines cell density and 

distribution, so it has a very important effect on the subsequent properties of the product. The 

site of bubble formation may be the free volume of polymer macromolecules or sites with low 

potential energy (e.g., the surface of nucleating agents) [90]. The homogenous and 

heterogeneous cell nucleation will be further elaborated in Chapter 2.5.1 with a closer focus 

on the foaming of PLA. 

As the bubbles grow, the foaming gas expands, while the bubbles may even coalesce. 

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 temperature. The external pressure depends on the processing (e.g., extrusion) 

parameters. Since the internal pressure is inversely proportional to the diameter of the cell (i.e. 

Young-Laplace equation), when a cell wall breaks between two foam cells, the gas flows 

from the smaller to the larger, and then the coalescence of the bubbles occur [91]. Factors 

influencing cell growth include the melt strength and surface tension of the polymer. If these 

two values are too high, cell growth is inhibited; otherwise rupture of the cell walls may 

occur. Overall, cell 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 tends to reduce the 

surface area). Thus, upon completion of the cell growth step, 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 given that the polymer foam has poor thermal 

conductivity. Heat removal is aided by the endothermic process of gas release, while the heat 

of crystallisation of the polymer reduces the rate of cooling. When the foaming gas is 

released, the plasticiser effect in the polymer is eliminated, so the process increases the melt 

strength, thus helping the foam to solidify [7]. 
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2.4.3 Foaming methods 

The most common industrial production technologies for polymer foams are injection, 

pouring, mould pressing, reaction injection, rotation foaming, hollow blow moulding, and 

extrusion, which are briefly discussed below [7]. The manufacturing process is most often 

carried out on similar equipment used for the production of dense plastic products. 

By means of injection moulding complex-shaped, dimensionally accurate, high-quality 

products can be produced with high productivity, including structural foams. The steps of the 

production process: preparation of raw materials, feeding, heating and plasticising, 

calculating, closing the mould, injection, foaming, cooling, demoulding, and post-treatment 

[7, 92]. Injection must be conducted at a high injection speed so that foaming of the polymer 

would only start in the tool (injection time should be less than 1 second). Supercritical fluids 

can be used as PBA, enabling microcellular foaming. The cooling is further aided by the 

endothermic reaction of cell nucleation and growth. Therefore, the process requires much less 

cooling as well as energy as compared with conventional injection moulding or structural 

foam injection moulding. Furthermore, internal pressure arising from the foaming eliminates 

the sink marks and improves the dimensional stability of the moulded parts [93]. 

Pour foaming is mainly used to produce PU foams. The advantage of this process is 

that production takes place at low pressure, so the equipment is not subjected to high stress. 

Due to the low pressure, large objects can also be produced, as well as on-site foaming (e.g. 

spray foam insulation of buildings). However, these products have low strength and poor 

dimensional precision, and they cannot be used to prepare structural parts. In order to achieve 

good quality, proper mixing of the components must be ensured [7]. 

During mould pressing, the materials to be foamed are placed in the mould and then 

foamed by heating under pressure. The polymer is often premixed with the blowing agent, 

after which a pre-foaming step is often included (e.g., in the production of EPS foams) [94]. 

The dimensional accurate products that can be manufactured in this way are widely used in 

the construction and packaging industry. 

In reaction injection moulding (RIM), two low viscosity, reactive liquids are mixed 

under high pressure and then injected into a mould to react, polymerise, and foam. In addition 

to dense PU products, this process produces large quantities of soft and semi-rigid PU foam. 

The polymer is formed from isocyanate and polyol and crosslinked in the mould, as described 

in Chapter 2.4.2. Foaming is achieved by the addition of CFAs, the addition of excess 
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isocyanate to water, or the addition of N2 gas to one of the reaction components. With an 

appropriately chosen technology, an open-cell foam structure can be made [82, 95]. 

Rotation foaming is a method to make small batches of large plastic foams with 

uniform thickness and no trimming allowance. The production equipment is simple, operates 

at low pressure, requires low investment but after all, it is a batch technology with a long 

production time. Hollow blown products of PS, PE, and PP can be obtained by using a two-

headed moulding equipment. 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 moulding [7]. 

One of the most widely applied technologies listed here is extrusion foaming, which 

can be used to produce plate-, tube- and bar-shaped products, profiles, cable insulation, and 

membranes [96, 97, 98, 99, 100, 101, 102, 103]. Foaming is feasible with single screw (using 

a high L/D ratio screw) as well as twin-screw and tandem extruders. The mechanism of 

operation is similar to that of non-foamed products: the polymer matrix, additives and 

foaming agents pass through the processes of plasticisation, homogenisation and compression 

zones, while either decomposition of foaming agents (chemical foaming), or gasification of 

foaming agents (physical foaming), or pressure injecting with inert gas (mechanical foaming) 

is carried out [7]. 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 times, it can be concluded that 

extrusion foaming is an actively researched area, especially when considering physical 

foaming with sc-CO2 PBA. Sc-CO2-assisted extrusion foaming might as well be the most 

suitable technology for low-density PLA products, hence at this point it is necessary to narrow 

the focus of this literature review to this particular topic. 

2.5 Foaming of PLA by sc-CO2 assisted extrusion 

2.5.1 Parameters affecting the foaming process 

As we saw in Chapter 2.4.2, foaming of polymers is a relatively complex process. The 

properties of the product depend on the microstructure of the foam, which is fundamentally 

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 desired quality 

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

processing parameters. 

The bubbles can be initiated by the free volume of the polymer chains or in the 

vicinity nucleating agents. The former is called homogeneous and the latter heterogeneous 

nucleation [96]. Homogeneous nucleation is directly proportional to gas concentration, 

pressure, and residence time (during which the polymer and sc-CO2 can mix) and inversely 

proportional to temperature [97]. Homogeneous cell nucleation can also occur in the vicinity 

of macromolecules oriented under high shear stress [98]. In many cases, however, 

homogenous nucleation rate is too low to achieve the proper cell density, in which case the 

use of nucleating agents is beneficial. In the case of heterogeneous nucleation, the rate of 

initiation is directly proportional to the concentration of the nucleating agent, inversely 

proportional to temperature [99]. The heterogeneous nucleation mechanism is closely related 

to local pressure fluctuations around the polymerïnucleating agent interface. The activation 

energy barrier to heterogeneously nucleate a bubble is less than that required to nucleate a cell 

homogeneously [90]. Talc, silica nanoparticles, carbon nanotubes (CNT), and various layered 

silicates, among others, can be used as heterogeneous nucleating agents. The pressure drop 

rate (Figure 2.9) of the cell nucleation device (die or nozzle) also plays a strong role in 

determining the cell density of the extruded foams through its effects on the thermodynamic 

instability induced in the polymer/gas solution and the competition between cell nucleation 

and growth [100]. The production of high cell density products is therefore favoured by the 

relatively low temperature, high pressure, and CO2 concentration, as well as the use of 

nucleating agents. 

 
Figure 2.9 Effect of pressure drop rate on cell population density [100, 101] 

 

As the bubbles grow, the behaviour of the polymer melt comes into 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, the cell expansion is hindered, high 

porosity is not achieved. On the other hand, CO2 escapes easily from a material with low melt 

strength, the cell walls rupture, non-uniform cell structure is created. The melt strength of the 

linear PLA polymer can be improved by using chain extenders (CE) [102]. CEs have at least 

two functional groups (amine, anhydride, epoxy, isocyanate) that create crosslinks between 

polymer macromolecules. By increasing the diffusion coefficient and vapour pressure of the 

PBA, its molecules enter the gas phase faster from the melt, thus accelerating the expansion of 

the bubbles. By increasing the melt concentration of CO2, the degree of porosity can also be 

increased. Increasing gas pressure increases the solubility and the local concentration of 

gases, which also increases the diffusion rate, hence high pressure is required to manufacture 

low density foams [100]. Temperature affects all parameters, increasing the diffusion 

coefficient and vapour pressure of the PBA, thereby promoting the growth of bubbles. 

However, the melt strength of PLA decreases with increasing temperature, so the optimal 

temperature must be found to achieve good foamability as depicted in Figure 2.10 [103]. 

Moreover, dissolved sc-CO2 greatly reduces the melt strength of PLA, so the use of CEs is 

essential. Thus, the production of a high porosity product can be achieved at the lowest 

possible temperature, high pressure, and appropriate CO2 concentration by using CEs. 

 
Figure 2.10 Optimal melt temperature is crucial to maximise the foam expansion ratio [103] 

 

The most important process after the formation of cells of appropriate density and 

quality is to thermodynamically stabilise the system, as it was also shown in Section 2.4.2. 

Here, a few parameters such as the temperature at which the matrix polymer solidifies (Tm), 

and crystallisation kinetics of the polymer can also be influenced. The crystallisation of PLA 

is inherently slow, it is mainly a function of composition, temperature, processing time, CO2 
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concentration, shearing in the die channel, and extension associated with cell growth outside 

the die [48, 104]. Near the end of cell growth, the concentration of CO2 (and its plasticizing 

effect) in the polymer decreases, this mechanism increases the melt strength of PLA, which 

helps to solidify the polymer. Shearing and extension both orient macromolecules in the flow 

direction, therefore increase the rate of crystallisation sometimes by several orders of 

magnitude. In addition, crystallisation rate can be accelerated by the use of nucleating agents. 

Thus, the use of nucleating agents not only promotes cell nucleation but also accelerates the 

formation of crystallites [104].  

2.5.2 Examples for sc-CO2 assisted extrusion foaming of PLA 

There are several studies in the literature on foaming of PLA. Lee et al. compared 

chemical (azodicarbonamide) and physical (CO2) blowing agents for PLA foaming [68]. In 

the research, the physical blowing agent proved to be more effective to obtain products of 

high porosity. Using a twin-screw extruder, Mihai et al. produced PLA foams with an 

expansion ratio of 40 and a cell diameter of 50ï100 ɛm by injecting 9 weight percent (% 

w/w) CO2 into the melt [105]. Kuo et al. manufactured microcellular PLA foams with 

expansion ratio of around 20 by sc-CO2-assisted batch foaming and extrusion foaming [106]. 

15% w/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 carried out in a tandem extrusion system, the 

temperature of the last zone being 110ÁC and the pressure being 227 bar. Matuana et al. 

produced low density microcellular PLA foams by extrusion foaming using 5% w/w 

montmorillonite (MMT) nucleating agent [107]. Microcellular foams were also made by Pilla 

et al. from PLA cross-linked with a CE [102]. Although the expansion ratio did not rise above 

5, the morphology of the cells was uniform, with the smallest mean cell diameter being 10 

ɛm. Wang et al. [104], and Nofar et al. [108, 109] investigated the effect of chain extender 

(Joncryl ADR-4368C epoxy-based CE also used by Pilla) and different nanoparticles on the 

foamability of PLA. The experiments were performed on a tandem extrusion system, 

demonstrating that an expansion rate of 40 could be achieved with an average cell size of 50 

ɛm. Keshtkar et al. obtained foams of appropriate morphology using 9% w/w CO2 and 1-5% 

w/w MMT [110]. When using more than 1% w/w MMT content, the properties did not 

improve significantly. Wang et al. showed that by preparing asymmetric PLLA/PDLA blends 

with very small amounts of PDLA (0.5ï3% w/w), the forming stereocomplex crystallites 

significantly increases heterogeneous cell nucleation rate, and the PLAôs crystallisation rate, 
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while reduces cell size from 150-200 Õm below 50 Õm [111]. The existence of stereocomplex 

crystallites in these PLLA/PDLA blends was identified by wide-angle X-ray diffraction 

(WAXD) and differential scanning calorimetry (DSC). 

2.6 Natural fibre reinforcement of PLA foams 

As reviewed in Chapter 2.3.2, relatively poor thermal resistance and low toughness are 

the two most significant drawbacks of PLA. Hence, natural fibres are frequently blended with 

PLA as reinforcement with aspiration to improve these mechanical properties. For instance, 

aiming to obtain crystalline PLA composites of high HDTs, the outstanding nucleating ability 

of natural-based basalt fibres has been employed by T§bi et al. [112]. Amongst natural 

polymers the association of cellulosic fibresðsuch as wood flourðwith plastics is as old as 

the plastics technology itself, since the early 1900s the most abundant biomass resource on 

Earth has been considered as the still cheaper filling agent of the cheap plastics [113]. Not 

surprisingly, the diverse forms of cellulose are pronouncedly popular filler and reinforcing 

additives in modern biocomposites as well [114, 115, 116, 117]. 

Cellulose micro- and nanofibres, due to their large surface area, high modulus of 

elasticity and high aspect ratio, were investigated as reinforcements for PLA foams, most 

particularly for foams made via the sc-CO2-assisted batch process [118, 119, 120, 121, 122, 

123]. When natural fibres are added to a lightweight foam structure, achieving simultaneous 

improvement in mechanical performance along with other desirable properties might be quite 

complex. This is because the final properties of the foams are directly controlled by several 

factors including method of dispersion of filler in the polymer matrix, fibre orientation, voids 

and porosity, pore structure, adhesion, interfacial interactions between filler and polymer 

matrix, and the percentage weight concentration of filler used [123]. Accordingly, Ding et al. 

showed that cell density increases and expansion ratio decreases with increasing cellulose 

nanofibre content [122]. Most of the studies found that the addition of natural fibres resulted 

in decreased cell diameters due to enhanced melt strength and the increased number of 

heterogeneous nucleation sites of the fibre surfaces [118, 119, 120, 122]. Bergeret et al. found 

that fibre distribution within PLA matrix and fibre/matrix interactions have a direct impact on 

the rheological behaviour and therefore on the foam morphology, since local debonding at the 

fibre/matrix interface could induce gas loss that will decrease the cell growing ability, and on 

the other hand, a heterogeneous distribution of the cell size [119]. As an indication of poor 
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stress transfer across the interphase, Mathew et al. associated decreased strength with weak 

interfacial adhesion between microcrystalline cellulose and the PLA matrix [57]. 

However, cellulose-containing highly porous PLA foams produced by the continuous 

extrusion foaming method is rarely found in the literature. Whilst Matuana et al. produced 

PLA foams filled with 10ï30% wood flour, their void fractions were around 20% [124]. The 

field of sc-CO2-assisted continuous foaming of cellulose fibre reinforced PLA is of scientific 

interest, also considering the favourable flame-retardant attributes of this multifunctional 

additive described later in Chapter 2.7.3. Thus, the comprehensive research into natural fibre 

reinforced extrusion-foamed PLA, perhaps comparing cellulose to inorganic reference 

additives (e.g., basalt fibre) is needed. 

2.7 Flame retardancy of polymers 

Today, high-tech applications demand polymers to have not only excellent mechanical 

properties but also increased fire safety in order to satisfy various regulatory standards. 

Ensuring fire safety is a prerequisite to deliver the maximum benefits of polymer products 

with regard to performance and sustainability [125]. This applies to E&E products, including 

household appliances (kitchen appliances, refrigerators, irons), information technology (audio 

and video equipment, laptops, printers, mobile phones), technical components (circuit boards, 

switches, connectors, fuse systems), cables, and wires. The requirements are also very strict in 

transportation industry as today's public transport takes place on high-speed and high-capacity 

railways, coaches, ships, and airplanes. A series of bus fire catastrophes in Europe called for 

increased safety in public transport. Twenty fatalities in a 2008 bus fire near Hannover has 

sensitised public opinion to this topic [126]. Sadly, several subsequent tragedies including the 

tragic 2017 Verona bus crash showed that the implementation of fire safety standards is far 

from satisfactory [127]. The building and construction sector is also notorious for fire 

catastrophes, the latest and most studied being the Grenfell Tower incident. On 14th June 

2017, a fire, reported to have started in a fridge-freezer in a fourth-floor apartment, broke out 

to ignite the recently installed fa­ade system, after which it spread very rapidly around the 

outside of the building, and into almost all the other apartments, ultimately killing 72 

occupants [128]. An important lesson from the incident that fire-safe buildings need 

construction materials and products to be approved, installed and maintained responsibly and 

in accordance with all regulations [125]. In an era where highly functional plastic products 
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have been taking over the roles of other materials in our everyday life for decades, sustainable 

FRs and fire-safe products will 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 are oxidised to CO2 and water. Combustion is 

a gas phase reaction, so the presence of their decomposition products in the gaseous state is 

also required for the ignition of the polymers. This takes place above 300ÁC, at which 

temperature some of the hydrogens in the macromolecule have so much thermal energy that 

they are abstracted from carbon atoms as a hydrogen radicals along with one electron of the 

covalent bond. In the presence of oxygen (O2), the hydrogen radical is converted to oxygen 

(O*) and hydroxyl radicals (HO*), which reacts with carbon monoxide to form CO2 and 

another hydrogen radical (H*). The hydrogen radical can react with more O2, to propagate the 

chain reaction. The heat generated during the exothermic reaction provides energy for the 

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 flame-retardants (FRs). 

There are many groups of these additives depending on how they inhibit the combustion of 

the plastic. Some FRs functions by scavenging free radicals needed for the combustion-

sustaining reaction. The main representatives of this group are halogen-containing (bromine, 

Br, chlorine, 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 

(HCl, HBr) by removing hydrogen from gaseous decomposition products. These gases are 

effective FRs because they react with H* and HO* radicals to form H2 and H2O gases and 

lower energy X* radicals, thus closing the combustion chain reaction [129]. However, 

halogenated FRs are now banned in most countries due to their impact on the environment 

and the human health [130]. The adverse health effects of halogen-containing additives will 

be discussed in Section 2.7.2. 

Other types of FRs are converted to non-combustible gases in an endothermic reaction 

at high temperatures, thereby cooling and diluting the reaction space. This group includes 

metal hydroxides. During the endothermic thermal decomposition of magnesium hydroxide 

and aluminium trihydrate (ATH), metal oxides and water are formed. The water vapor dilutes 

the reaction space, and the solid magnesium and aluminium oxide 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 in 

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 types (e.g., PP, PE, PLA), so the processing 

steps must be chosen carefully [129]. 

Compounds belonging to another group of FRs 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 inhibiting thermal decomposition. For example, phosphorus-

containing FRs are converted to phosphoric acid in the solid phase of oxygen-containing 

polymers, which removes water from the polymer, thereby forming a carbonised layer [131]. 

Decomposition products of phosphorus-containing FRs are less harmful to health and the 

environment than halogen-containing FRs, in addition, the amount of smoke generated during 

a fire significantly reduced. Health risks are also lower during the use phase of the product, as 

phosphorus based chemicals are also used as fertilisers or animal feed additives. Additives 

consisting of ammonium polyphosphate (APP), polyhydric alcohols (e.g., pentaerythritol) and 

nitrogen source (e.g., melamine) are collectively referred to as intumescent flame-retardant 

(IFR) additive systems [132]. Modus operandi of IFRs can be described as follows. Due to the 

large amounts of heat generated during the pyrolysis of the plastic, the components create a 

cellular, charred foam layer which can lead to a 700-800% increase in thickness. The layer 

foamed by the released inert nitrogen-containing gas separates the polymer from the flame, 

while the resulting phosphoric acid catalyses the dehydration of the polyol, creating additional 

charred material [133]. 

2.7.2 Flame retardancy of polymer foams 

Foams made from highly combustible polymers are much more flammable than the 

base material; due to the excellent thermal insulation of the cells, the high local temperature 

required for combustion develops faster after ignition, and the matrix material does not 

dissipate heat. High porosity foams have a high specific surface area, which also increases 

flammability. 

Since the 1970s, brominated FRs (PBDEs: polybrominated diphenyl ethers, HBCDs: 

hexabromocyclododecanes and TBBPA: tetrabromobisphenol A) have been favoured in 

household products, including foamed parts for furniture and baby toys, mattresses, textiles, 
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textiles, textiles insulation of houses [134]. In 1973, a polybrominated biphenyl FR called 

ñFiremasterò was mistakenly mixed with a magnesium oxide called ñNutrimasterò and 

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 disorder. [135]. As a result 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 long time. Since then, PBDE, 

HBCD, and TBBPA FRs 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 also be found in mammalian high-

fat milk. Unfortunately, it is not only the citizens of Michigan that were and still are exposed 

to the above halogenated flame-retardants. Although their use has already been banned in 

most countries, they are still found in long life cycle plastic items (e.g., insulation materials, 

old sofas and computers). These additive flame-retardants migrate out of the products and 

accumulate in the form of indoor dust particles, so that contaminated dust can enter the body 

during inhalation or ingestion (especially in young children). [134]. The recycling of polymer 

foams is also hampered by halogenated FRs, only halogen-contaminated products can be 

produced by reclaiming the raw materials, and air polluting by-products can be produced by 

incineration. 

As pentabromodiphenyl ether (PentaBDE) used in FR PU foams was banned in 2005 

and HBCD used to reduce the flammability of PS foams was banned in 2015 [136], plastics 

manufacturers started using other halogenated flame-retardants in the absence of a suitable 

alternative. These include tris (1,3-dichloro-2-propyl) phosphate (TDCPP) and tris (2,3-

dibromopropyl) phosphate (TDBPP), which may have the same detrimental consequences as 

their predecessors. [137]. The development of new generation, environmentally and health-

friendly FRs for polymer foams is quite an important issue today. A promising approach is the 

nanocomposite technology mentioned above, which, in addition to flame retardancy, can also 

have a positive impact on mechanical properties (nucleating effect). Intumescent FR additive 

systems can also be used in PU foams [138], BS-coated expanding beads or coating the entire 

foam body can also provide a solution to reduce the flammability of EPS foams [139]. 

After the banning of less flammable freon (CFCl3, CF2Cl2) physical blowing agents, 

the pentane that replaced them significantly increased the flammability of EPS (and other) 
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foams. This effect can be offset by the addition of high-efficiency (but banned) HBCD 

already in the range of 0.8-4%, but much more of the intumescent flame-retardants have to be 

applied 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 [140]. 

In PP foams, IFR additive systems are applicable, although the association of the 

hydrophilic APP with PP can lead to considerable decrease in mechanical properties. 

Recently, Huang et al. improved IFR dispersion thus mechanical properties of PP/IFR blends 

by sc-CO2-assisted extrusion foaming [141]. In another study, they prepared low density 

(Ḑ0.08g cmī3) anisotropic PP/IFR foams that could self-extinguish within 2s after 60s of 

combustion at only 25wt% IFR due to its uniform dispersion, and also exhibit greatly 

enhanced mechanical properties, reaching specific stiffness as high as Ḑ1813MPa/(g cmī3) 

[142]. 

2.7.3 Flame retardancy of PLA 

To reduce the flammability of PLA, two basic methods are distinguished: either by 

mixing (compounding) FR 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 type FRs are suitable for reducing the flammability of PLA 

[143]. Nishida prepared PLA/ATH mixtures that required 50ï65% w/w ATH for proper flame 

retardancy [144]. However, the large amount of additive led to a significant deterioration of 

the mechanical properties. Kiuchi et al. achieved a V-0 rating in the UL-94 flammability test 

of PLA composites while reducing the ATH content using a combination of 10% w/w 

phenolic resin and 44.5% w/w ATH. [145]. Tang et al. achieved UL-94 V-0 rating using 20% 

w/w aluminium hypophosphite (AHP), and Cone calorimeter measurements showed reduced 

heat release rate [146]. Due to the poor compatibility between the AHP particles and the PLA 

matrix, the mechanical properties also deteriorated in their case. The moderate FR efficiency 

of the inorganic materials presented so far has encouraged researchers to develop new FR 

oligomers and branched chain polymers based on organic syntheses. After the synthesis of 

poly(1, 2-propanediol-2-carboxyethyl phenyl phosphinate) (PCPP) and direct compounding 

with PLA, Lin et al. measured the limiting oxygen index (LOI) of the samples. Due to the 

10% m/m organic FR additive, the LOI increased from 19.7% to 28.2 vol% [147]. Li et al. 

prepared FR PLA composites using a branched polyphosphamide ester oligomer (HBPE). The 
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extraordinary efficiency of HBPE is shown by the fact that the FR PLA composite achieved 

UL-94 V-0 classification and an LOI value as high as 33% [148]. 

The IFR additive systems described earlier have also been shown to be effective in a 

PLA matrix. Song et al. used PEG in addition to APP as a charring agent to simultaneously 

improve flame retardancy and toughness of PLA [149]. Bocz et al. created self-reinforced 

PLA composites, and by adding FRs to the system brittleness and flammability were 

simultaneously reduced. Composites containing 16% w/w FR (10:1 by weight APP and 

MMT) resulted in an LOI of 34% by volume and a UL-94 V-0 rating, and the FR content also 

improved impact resistance [67]. 

Numerous research projects are aimed at replacing petroleum-based pentaerythritol, 

most commonly used as carbonizing agent in IFR systems, with components originating from 

renewable resources. Reti et al. used lignin and starch in addition to APP, reaching an LOI of 

32% for the optimal composition (60% PLA, 12% APP, 28% starch) [150]. X. Wang et al. 

achieved a LOI of 41% and a UL-94 V-0 rating for PLA composites containing 20% w/w 

microencapsulated APP and 10% w/w starch [151]. Pack et al. prepared PLA mixtures 

containing resorcinol bis(diphenyl phosphate) (RDP) oligomer-treated starch, MMT, and 

halloysite. Starch treated with phosphorus-containing FR promoted the formation of a carbon 

protective layer, which became more compact due to nanoadditives [152]. Cellulose, which, 

similarly to starch, is of renewable origin and the macromolecule contains many hydroxyl 

groups; therefore, it can also be used as a charring agent in IFR systems. Gaan and Sun 

treated cellulose-based natural fibres with phosphorus-containing materials and investigated 

their effect on flammability. The most effective FR additive was diammonium phosphate 

(DAP), which increased the LOI of natural fibres from 18.5% to 35.5% when used at 4% 

w/w. [153]. Grexa and L¿bke investigated the flammability of lignocellulose-based chipboard 

in the presence of various FR 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 researchers of FR PLA 

composites, as nanoadditives usually result in significant improvements in the FR and other 

properties of the polymer, even in small amounts (3-5%). Materials possessing potential FR 

activity include CNT, MMT, graphene, expandable graphite, layered double hydroxides and 

sepiolite. Isitman and Kay investigated the effect of nano-additive geometry in aluminium 

phosphine-containing PLA nanocomposites [155]. The FR efficiency improved in the 
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direction of rod-shaped halloysite < spherical nanosilicate < plate-like MMT, reflecting the 

dominant role of the specific surface area. Fontaine and Bourbigot compared the efficacy of 

Cloisite 30B type MMT with multiwalled CNTs. MMT showed a synergistic effect in 

combination with an IFR additive, but CNTs resulted in antagonistic effect [156]. Li et al. 

combined IFR additive system with MMT to improve FR effect and melt strength [157]. Melt 

flow index (MFI) and viscosity measurements showed that the tendency of the composite to 

drip during combustion was significantly reduced. 

2.7.4 Flame retarded PLA foams and their properties 

Flame retardancy of PLA foams is a special, new field of research, thus only a limited 

number of literature sources are available. J. Wang et al. prepared PLA foams containing 15-

25% w/w halogen-free flame-retardant and 1-5% w/w starch by batch foaming, using CO2 as 

blowing agent [158]. At a FR content of 15% w/w, an expansion ratio of 16 was achieved. 

This ratio decreased to 10 with the addition of 1% w/w starch, and deteriorated significantly 

with increasing amount of additive, with the addition of 5% m/m starch, each product showed 

a maximum 3-fold expansion. Foams with the best FR efficiency (LOI of 26.4%) were 

obtained at a starch content of 3% m/m, and with a FR ratio of 15% w/w, respectively. During 

the UL-94 horizontal flammability test, these foams self-extinguished, however, the authors 

did not publish the UL-94 classification for flame-retardant PLA foams. Nonetheless, the 

dense PLA/FR/starch composites used as the matrix material for the foams were rated V-0. 

The foams containing 3% w/w starch and 15% w/w flame-retardant had an average cell size 

of 95 ɛm and an expansion ratio of around 8. K. Wang et al. also produced PLA foams 

containing 5-30% w/w FR and 0.5-1.5% w/w graphene by CO2-assisted batch foaming [159]. 

Foaming was carried out at 60ï80ÁC with a CO2 pressure of 4.0 MPa previously maintained 

for 12 hours to ensure equilibrium adsorption. For foams foamed at 70ÁC with a FR content of 

15% w/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% w/w FR, the LOI increased to 24.8% from 

18.2% of the non-FR PLA foam. Both authors used the flame-retardant additive 100D 

(Starbetter, China), which contains 21% nitrogen, 23% phosphorus, and has a decomposition 

temperature above 260ÁC. It should be noted that the foams produced by the two authors did 

not show a uniform cell structure because the FR 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 in a heterogeneous cell distribution. The authors did not study the 
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mechanical properties of the foams, where the role of morphology is prominent, and the 

shortcomings of the foam structure are clearly distinguished. 

In Section 2.6.2, we saw that the flame retardancy of bulk PLA can be solved with IFR 

additive systems, and their efficiency can be increased with nanoadditives (e.g., MMT). The 

use of environmentally friendly flame-retardants can further extend the PLA foamsô 

advantages over conventional (PU, PS) foams. APP itself, for example, degrades in the 

environment and is also used as a fertiliser in agriculture, so it is unlikely to inhibit the 

biodegradability of PLA. In addition, no adverse health effects of APP are known [160]. 

2.8 Self-reinforced polymer composites 

2.8.1 Rationale, advantages, disadvantages 

As reviewed in the preceding chapters, the foaming of polymeric materials is a popular 

and effective means of manufacturing lightweight products. However, foams or even 

structural foams are not fit  to be used in certain applications demanding high-end mechanical 

properties, like protective covering panels of sports equipment, suitcases, or vehicle parts 

(Figure 2.11 a). Other lightweight materials, such as polymer composites are more suitable for 

these purposes, offering load-bearing capability in privileged directions, depending on the 

design of the reinforcement. The concept of self-reinforced composites (SRCs) is based on the 

combination of thermoplastic fibres as a reinforcement phase within an isotropic 

thermoplastic matrix of the same (or a similar) chemical composition. In a broader sense, both 

the reinforcing and matrix materials belong to the same polymer family [161]. This approach 

was first outlined by Capiati and Porter [162], referred to as ñone polymer compositeò, 

exploiting the difference between high-density polyethylene (HDPE) filaments and non-

treated HDPE matrix. 

 
Figure 2.11 a) Self-reinforced composite applications (Source: PureÈ, CurvÈ) b) wind turbine 

blades being landfilled 
 

a) b) 
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The advantages of SRC systems include the ability to achieve outstanding interfacial 

adhesion between the chemically similar components [163]. The ease of recycling also has to 

be emphasised as they represent likely the best recycling option when reprocessing via 

remelting is targeted [8]. In contrast, the reprocessing of fibreglass, aramid, carbon, basalt, or 

steel fibre reinforced composites is rather complicated, often predestining the products to be 

landfilled for the lack of a more sustainable waste treatment option (Figure 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 the reduced consumption of a vehicle or the 

better user experience of a product (Figure 2.11 a). Additionally, when prepared from a 

biodegradable polymer, both matrix and reinforcement phases of the SRC can be fully 

decomposed at the end of their service life or after several recycling loops [164]. 

On the other hand, thermoplastic fibres are inherently thermally unstable, this must 

always be kept in mind when designing, processing, or applying self-reinforced polymer 

composites [161]. A mayor deficiency of SRCs is that, whether based on fossil or renewable 

resources, thermoplastics are flammable materials [164]. Moreover, thermoplastic 

reinforcement will  always be prone to lose their stress-bearing ability at high temperatures (up 

to their Tm). The difference between the Tm of the fibres and the matrix (or the surface and the 

core of the fibre when no matrix is used) is of key importance in SR technologies. The choice 

of polymer systems used as well as the choice self-reinforcement technology applied defines 

the boundaries of the manufacturing parameters, also called as processing window. Since this 

feasibility window is finite, the process parameters must be controlled accurately, and a less 

robust manufacturing method can be expensive to operate [161]. 

2.8.2 Methods of SRC production 

The manufacturing of SRCs may be achieved by a variety of techniques, generally the 

reinforcement and matrix phases are consolidated by either thermal or solvent-based methods 

[161]. In their review, Kmetty and co-workers classified SRCs according to their constituents, 

their production and the spatial alignment of the reinforcing phase inside the matrix [8]. As 

the focus of the present literature review is on biopolymer composites, only the main 

production methods will be introduced without claiming completeness. 

2.8.2.1 Consolidation of coextruded tapes 

To widen the processing window, Peijs developed a coextrusion method to apply a 

copolymer on both sides of a PP homopolymer [165]. Via coextrusion, both the reinforcement 
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and matrix phases can be produced at the same time. The Tm difference between the two 

constituents reached 20-30ÁC due to the less regular molecular structure of the copolymer. 

During manufacturing, the similarity of the core and skin polymers eventuates in melt 

entanglement and an excellent bond between the layers within a single tape. A further 

advantage of this method is that the stretching of the coextruded tapes results in high-strength, 

high-modulus tapes, allowing a reinforcement content of 80ï90% in some cases [8, 166]. 

 
Figure 2.12 Consolidation of coextruded tapes [161] 

 

2.8.2.2 Melt, powder or solution impregnation 

Several techniques exist for introduction of a polymer matrix phase into a polymer 

fibre structure, as shown schematically in Figure 2.13. During melt impregnation, the polymer 

melt is forced to flow around the fibres similar to a resin infusion process used in 

conventional composite manufacturing [161]. This technique requires very low matrix melt 

viscosity, thus elevated mould temperature, and an adequate processing window. As the 

inherently high viscosity of thermoplastic matrices makes the proper consolidation 

challenging, other methods were developed, namely powder and solution impregnation [167, 

168, 169]. 

       
Figure 2.13 Schematic illustration of melt, powder, and solution impregnation (grey: matrix, dark 

grey: reinforcement) [161] 
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In the following step, pressure may 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 composite, while the fibres withstand 

processing without significant deterioration of mechanical properties, and so remain as the 

reinforcement phase of the composite [161]. Most of the authors described the consolidation 

of reinforcing and matrix phases in a compression moulding process or in an injection 

moulding apparatus. 

2.8.2.3 Film stacking 

As mentioned earlier, Capiati and Porter introduced the concept of single polymer 

composites, embedding PE fibres in a matrix of a similar polymer [162]. Mead and Porter 

further developed this technique by laminating highly oriented HDPE strips between films of 

low-density polyethylene (LDPE) [170]. The relatively large difference in melting 

temperature between the two constituents (~25ÁC) was exploited to achieve HDPE 

reinforcements embedded in a LDPE matrix. This method of reinforcement and film stacking 

(Figure 2.14) was reported in several subsequent publications [8, 67, 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 pre-arranged amongst the fibre layers. Hence, the concept 

minimises the risk of variable product properties along the cross-section, caused by filtration 

of solid additives on the reinforcing phase [172]. Due to the great variety of polymer films 

with suitable thickness, fibre volume fractions can be relatively high and well controlled. As 

any type of planar fibre orientation (uni- and bidirectional), woven fabrics and random fibre 

mats can be used, a diverse group of SRCs can be manufactured this way. Izer and B§r§ny 

investigated carded and needle-punched fibrous mat as well as knitted fabrics destined to 

become the matrix phase, instead of interleaving polymer films [173]. The production of their 

single-component SRCs was possible because of the different degree of fibre orientation 

(stretching ratio), although the processing window was as narrow as 7-8ÁC. 

    
Figure 2.14 Schematic illustration of the film stacking technique [8] 
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2.8.2.4 Hot compaction 

Hot compaction is one of the most challenging modes of SRC preparation. The 

relatively new method was developed by Ward et al. [174, 175]. They found that the surface 

and core of oriented PE fibres showed different melting behaviours and 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 reinforcement in 

the produced SRC (Figure 2.15). The challenging nature of the partial melting of single-

component polymeric systems comes understandably from the very narrow processing 

window. In a paper of Ward et al. the width of the feasible temperature range was around 4ï

6ÁC [176]. As the compaction temperature approaches the melting temperature of the fibre, 

the transverse strength of composites with unidirectionally aligned (i.e. 1D) reinforcement 

increases, although in exchange for the stiffness and strength measured in the longitudinal 

direction [8]. Due to the vide variety of polymers and form of reinforcements, the production 

of SRCs via hot compaction is largely an empirical process during which the processing 

parameters of pressure, temperature and time are varied until the desired properties are 

obtained [163]. 

 
Figure 2.15 Schematic illustration of hot compaction technique [161] 

It was found by Hine et al. that the processing temperature for fabrics (two 

dimensional, 2D reinforcement) was higher than for 1D-aligned fibres. This applies because 

an assembly of woven fabrics has more interstitial space to be filled with the matrix than a 

parallelised 1D fibre one [177]. Based on tensile tests and detailed morphological studies, the 

authors deduced that the final matrix content should be between 20 and 30% in order to set 

optimum properties for SRPMs from woven fabric layers. It was also emphasised that the 

processing window for 2D fabrics is even smaller than that for 1D fibres or tapes [8]. 

2.8.3 Self-reinforced PLA composites 

During the late 1980s and the early ó90s, bioabsorbable screws, rods, and implants 

were developed for fracture fixation in the medical field, using PLA reinforcement and 

matrix, thus ceasing the need for surgical removal [178, 179, 180]. Later, the use of PLA as 

an engineering resin (viz. outside the medical industry) got into the focus of materials 

research. In order to improve the inherently low HDT and impact resistance of PLA, while 
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ensuring reprocessability and complete biodegradability of the product, the utilisation of SR 

techniques was comprehensively studied in the last three decades. 

The literature shows that the reinforcement of PLA SRCs was mostly manufactured 

via conventional fibre production technologies, ie. melt spinning and drawing [67, 181, 182]. 

Highly crystalline PLA fibres and amorphous matrix films were formed into SRCs using the 

film stacking method [182, 183]. Flame retarded PLA SRCs were manufactured by film 

stacking, using cross-ply configuration of filament layers, obtaining a perforation energy of 

16 J/mm and a self-extinguishing behaviour [67]. Hot compaction technique (95ÁC, 9 MPa, 

10 min) was applied by Wright Charlesworth et al. to develop unidirectional SRC specimens 

from PLA fibres melt-spun by the authors [184, 185]. Commercially available melt-spun PLA 

yarns were utilised by Wu et al. to prepare hot compacted PLA SRCs from three dimensional 

and five-direction braided preforms [186]. 

Electrospun stereocomplex nanofibres were proposed to be useful for increasing the 

processing temperature window of PLA SRCs [163]. Such fibrous material was produced by 

Tsuji et al. thus increasing the Tm to about 222ÁC, in contrast to the Tm (178ÁC) of PLLA 

fibres [187]. Kurokawa et al. compiled highly transparent SRCs using compression moulded 

PLLA sheets and electrospun stereocomplex PLA fibres by applying a compaction pressure of 

8 MPa at 180ÁC [188]. Somord et al. used the electrospinning technique as well to produce 

reinforcement for their PLA SRCs [189, 190]. Both Kurokawa et al. and Somord et al. took 

advantage of a heat treatment step, characterisations on the products were conducted after the 

drying process at 100ÁC, 2 h [188] or 50ÁC, in the presence of ethanol solvent [189]. While 

Somord et al. failed to mention that an annealing process could also occur during heat 

treatment, Kurokawa et al. acknowledged the annealing effect of the drying process on the 

completely amorphous electrospun fibres proven by WAXS analysis. The composites were 

manufactured via hot compaction of the PLA fibres, applying 165ÁC, 6 MPa and a 

compression timeframe of 10ï60 s. Tumbic et al. studied the hot compaction of PLA and PCL 

fibres produced by dual electrospinning [191]. After post-production treatments of straining 

and annealing, the fibres were pressed at 90ÁC, 1.2 MPa for 1 min. 

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 discussed research papers. 
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2.8.4 Fibre production methods for 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 amounts of defects; thus the most effective 

reinforcement is obtained from a fibre with the smallest possible diameter (size effect) [192, 

193]. This phenomenon is well illustrated by the fact that the strength of glass fibres or carbon 

fibres increases significantly with decreasing diameter. Another reason for fibre reinforcement 

is the increased specific surface area at the interface that has a decisive effect on the 

mechanical properties of the composite [95]. The industrial and experimental production of 

polymeric fibre reinforcement is well described in the literature. Spinning is a term used to 

describe processing methods conventionally using spinneret-extrusions to produce continuous 

polymeric fibres. Spinneret-extrusion spinning methods can be classified according to the 

physical form of the raw material, namely melt spinning, solution spinning, and emulsion 

spinning. Melt spinning includes traditional melt spinning, melt-blowing, multicomponent 

conjugate nanospinning via the islandïsea method or the segmented pie method. Solution 

spinning comprises dry spinning, conventional wet spinning, sheared wet nanospinning 

(XanoShearÊ), and gel spinning. Moreover, film splitting, drawing and thermal size-

reduction process, centrifugal spinning are representative methods able to process both fibre-

forming polymer melts and solutions [194]. 

During the melt spinning method, a polymer melt is extruded through small orifices in 

a spinneret and drawn into thin (mostly macro-scale) fibres by a uniaxial drawing process 

[163]. PLA successfully bridges the gap between natural and synthetic fibres and finds its use 

in the textile and composite industry. Compared to PET, PLA have lower smoke generation, 

specific gravity, and melting temperature allowing easier processability. Its elastic recovery is 

superior to PET (at 5% strain) leading to good shape retention. PLAôs lower refractive index 

means that deeper shades can be achieved, using a given concentration of disperse dye, 

furthermore, it is highly resistant to degradation by ultraviolet radiation [192]. With that being 

said, the interchain interactions in apolar polymers are relatively weak and therefore a high 

degree of drawability can be obtained. Polar polymers including PLA, on the other hand, have 

relatively strong interchain interactions and are therefore less drawable [163]. Mªkelª et al. 

accomplished melt spinning under a dry nitrogen atmosphere using a single screw extruder 

having a tapered spinning die with a die exit diameter of 1.0 or 1.5 mm, heated to 230ÁC 

[181]. Melt-spun monofilaments were drawn to a final draw ratio of 7 in two consecutive 

ovens at 120ÁC and 140ÁC, using feed and take-up rolls, rotating at different speeds. The final 
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mean diameters of the filaments were 0.3, 0.5 and 0.7 mm. Wright Charlesworth et al. 

produced oriented PLA fibres for their hot compacted SRCs by an extrusion process [184]. 

The extrudate was wound onto an 18 inch diameter drum rotating at approximately 360 rpm, 

resulting in a linear velocity of 8.6 m/s. Detailed characteristics of the fibres were published in 

their subsequent paper, diameters of 100.56 Ñ 8.06 (n=10) ɛm and tensile strengths of 116.18 

Ñ 7.63 MPa (n = 6) were reported [185]. 

Amongst nanomaterial forming methods, electrospinning (ES) employs a top-down 

engineering approach, reducing a meso-scale charged fluid jet to nano-scale fibres as an effect 

of a high electric field [194, 195]. This technique was discovered at the dawn of the 1900s by 

Morton and Cooley and has been developed further for over a century [196, 197, 198]. In the 

late 1930s, I. V. Petryanov-Sokolov and co-workers developed electrospun filtration medium 

known as ñPetryanov filtersò [194, 199, 200]. However, the nanofibrous characteristics of 

these materials and their significance in different fields were only recognised after the 

widespread availability of scanning electron microscopy [201]. From 1995, an increasing rate 

of published scientific contributions can be observed on laboratory-scale ES development, 

including the production of PLA fibres. 

The ES technique used by Somord et al. reached a productivity rate of 0.32 g/h, 

nanofibrous PLA mats weighing 0.8 g were produced within a 2.5 h period [189]. The 

maximum productivity of the dual ES put into use by Tumbic et al. was 0.56 g/h, 1.77 Ñ 0.37 

ɛm (n = 100) diameter fibres were collected on a metallic mandrel rotating at a speed of 4000 

rpm. Tsuji et al. electrospun PLLA/PDLA stereocomplex nanofibres and PLLA microfibres 

with a productivity rate of 0.1 ml/min [187]. PLLA fibres with diameters of 1.7ï2.7 and 1.0ï

1.8 Õm were formed at voltages of -12 and -25 kV, respectively, whereas the blend fibres with 

diameters of 800ï1400 nm and 400ï970 nm were obtained at the applied voltages of -12 

and -25 kV. They found that higher voltage and electrically induced high shearing force 

during ES enhanced the formation of stereocomplex crystallites. Conventional solution-

spinning method and a melt-spinning method were also used to prepare stereocomplex PLA 

fibres with diameters of 60ï180 Õm and 20ï500 Õm, respectively [202, 203]. Kurokawa et al. 

managed to prepare electrospun stereocomplex PLA nanofibres with a productivity of 1.0 

ml/h, a PLA solute concentration of 7 wt%, and applying 15 kV [188]. The ES conditions 

were optimized in a previous study [204]. Regarding the reported productivities, the industrial 

applicability of SCRs based on micro- or nanofibrous PLA mats are questionable, higher 

throughput and scaled-up fibre production methods would be advantageous. 
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Melt-blowing or melt-blown (MB) technology is a higher productivity means of 

plastic fibre production, dating back to the work of V. A. Wente at the Naval Research 

Laboratory, later developed by the Exxon Corporation [205, 206]. During the one-step MB 

process, a thermoplastic polymer is blown by convergent streams of hot air exiting from the 

top and bottom side of the die orifices to form extremely fine diameter fibres. The fibres 

attenuated by the drag force are subsequently blown by the high-velocity air onto a collector 

screen, thus forming a self-bonded, nonwoven MB web [207]. Due to the industrial relevance 

of this technology, a few studies were focused on MB PLA fibres. M¿ller and Krobjilowski 

pioneered this field in 2001, showing the challenging nature of biopolymer fibres 

manufacturing by MB [207]. In contrast to PPðthe major resin used in MBðcharacterised by 

low molecular weight and viscosity, rheological behaviours of biodegradable polymers give a 

strong restriction for extrusion though micro-scale size orifices. However, PLA could be 

processed into fibres of similar diameter as PP (~10 Õm) at 200ï220ÁC. Later, NatureWorks 

introduced their new IngeoTM PLA grade for melt-blown nonwoven production [208]. 

 
Figure 2.16 Slot (Exxon) melt-blowing die and sectioned view thereof [205, 206] 

 

Liu et al. further investigated the process of PLA MB and found that key parameters 

include melt temperature, hot air temperature, and air gap width [209]. According to their 

studies, the spinneret holes might be partially blocked below 200ÁC melt temperature, 

resulting in uneven structure. On the other hand, above 230ÁC, the fibres become very brittle 

due to thermal degradation. Hot air temperatures of 250ï300ÁC were applied, the upper limit  

happened to be the beginning of degradation as well. Yu et al. used NatureWorks IngeoÈ 

6252D grade PLLA blended with 0.1ï5 wt% PDLA supplied by Changchun SinoBiomaterials 

for MB PLA fibres with stereocomplex crystalline domains [210]. The MB process was 

conducted on a coat-hanger die with 0.35 mm holes placed at a distance of 30 cm from the 

collector, die temperatures were in the range of 200ï240ÁC. The presence of PDLA improved 

the mechanical properties of MB PLA nonwoven, tensile strength and modulus values 
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between 0.54ï1.69 MPa and 19.59ï69.89 MPa were reported, respectively. Hammonds et al. 

managed to produce sub-micron MB PLA fibres using a 25.4 Õm diameter die [211]. The 

authors investigated the different crystal structures formed during MB and found that Ŭ crystal 

content and tensile strength of the nonwoven micro- and nanofibres increased with higher 

airflow. Most recently, Jafari et al. produced MB PLA nonwoven filt er media from IngeoTM 

grade 6260D [212]. To the best of our knowledge, MB PLA fibres were not studied as 

reinforcements of SRCs. 

2.9 Summary of the literature review 

The reviewed literature sources and data suggest that the development of lightweight 

PLA products is a research area of paramount importance. Considering the aspects of 

sustainable development, it seems obvious that the future use of advanced PLA products 

could be a solution to many environmental problems generated by the rising standard of 

living. Compared to conventional plastic products, they require less raw material to produce, 

and the resources used for this are not fossil-based but 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 improve its properties. Foaming of 

PLA can increase the impact energy absorption of the product, reduce its apparent density and 

bring other beneficial properties (thermal and sound insulation) to the fore. However, the 

utilisation of PLA, being a relatively flammable organic polymer, is quite challenging as the 

vast majority of durable products need to comply with strict safety regulations. This particular 

drawback is even more pronounced for PLA foams of high void fraction. Based on the 

examined literature, there might be a few possibilities to adequately flame retard even highly 

porous PLA foams by exploiting synergistic flame-retardant effects of nanoadditives (e.g., 

montmorillonite) and IFRs. Other environmentally friendly additives such as cellulose could 

also enhance flame-retardant properties through their beneficious charring activity. Both 

montmorillonite and cellulose are naturally occurring, inexpensive and multifunctional 

additives which exhibit reinforcing, flame-retardant, foam cell nucleating and crystal 

nucleating properties in PLA foams, albeit these approaches were only investigated using 

batch foaming technology. Continuous processes such as sc-CO2 assisted extrusion foaming 

methods also have their own challenges, both melt strength and crystallisation kinetics of 

PLA needs to be optimized. Supplementary additives such as FRs or natural fibre 

reinforcement further complicates the system, representing additional scientific tasks and thus 

potential advances in the field. 
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Self-reinforcement is a promising means of producing impact resistant and lightweight 

composites from biopolymers without compromising their reprocessability or 

biodegradability. As novel SR solutions demand a better understanding of fibre production, a 

wide variety of techniques were reviewed including melt spinning, electrospinning, and melt-

blowing. A very few examples of the latter two methods were recorded in the literature when 

considering them as means of reinforcement manufacturing for all-PLA composites. The 

fibres thus made with smaller diameters and higher specific surface area might improve 

interfacial adhesion. It was also found crucial to comprehensively examine the crystalline 

structure of the reinforcing fibres, as different crystalline forms or even stereocomplex crystal 

domains may be key factors in SR PLA composites. 

In an era where there is ever more research works are being published, it is virtually 

impossible to review every single relevant article. Even so, putting research in context is of 

key importance, I hope that this brief (still quite comprehensive) literature review could 

manage to fulfil its purpose. Before the distinguished research projects discussed in the 

following chapters, the aims, topicality, and a narrower context of that particular field will 

also be given. 

3 THESIS OVERVIEW , CHALLENGES TO BE ADDRESSED 

Considering the potential scientific novelties and open questions identified in the 

literature review, the following objectives and experiments were defined: 

- Improving the foamability of PLA by appropriate additives 

- Elaboration and development of sc-CO2 assisted extrusion foaming technology of PLA  

- Investigation of natural fibre reinforcement for PLA foams 

- Development of FR PLA foams using IFR additive system 

- Development of FR-treated natural charring agent for FR PLA foams 

- Upscaling of PLA nano- and microfibre production methods to be used as 

reinforcement in PLA SRCs 

- Examining of the annealing of PLA fibres to achieve increased heat resistance 

- Comparison of different annealing methods of PLA microfibres 

- Quantitative and qualitative analysis of the PLA crystallites in recrystallised fibres 

- Preparation of PLA SRCs from nano- and microfibres and characterisation thereof 
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4 MATERIALS AND METHODS  

4.1 Materials 

During the research work the following materials were used. 

PLA grades 

Table 4.1 Summary of the applied PLA types 

Material  

(abbreviation) 

Brand/ 

Type name 

Producer/supplier Characteristics 

poly(lactic acid) 

(PLA) 

IngeoÊ 

Biopolymer 

3052D 

NatureWorks LLC 

(Minnetonka, MN, USA) 

Tm = 145-160ÁC, Mw = 116,000 

g/mol, MFR = 14 g/10 min 

(210ÁC, 2.16 kg), D-lactide 

content = 4.0% 

poly(lactic acid) 

(PLA)  

IngeoÊ 

Biopolymer 

3001D 

NatureWorks LLC 

(Minnetonka, MN, USA) 

Tm = 160-175ÁC*, MFR = 22 

g/10 min (210ÁC, 2.16 kg), D-

lactide content = 1.4% 

poly(lactic acid) 

(PLA)  

IngeoÊ 

Biopolymer 

3100HP 

NatureWorks LLC 

(Minnetonka, MN, USA) 

Tm = 165-180ÁC*, MFR = 24 

g/10 min (210ÁC, 2.16 kg), D-

lactide content = 0.5% 

poly(lactic acid) 

(PLA)  

IngeoÊ 

Biopolymer 

8052D 

NatureWorks LLC 

(Minnetonka, MN, USA) 

Tm = 145-160ÁC, MFR = 14 g/10 

min (210ÁC, 2.16 kg) 

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

 

Additives 

Table 4.2 Summary of the applied additive materials 

Material  

(abbreviation) 

Brand/ 

Type name 

Producer/supplier Characteristics 

chain extender 

(CE) 

Joncryl 

ADR4368-C 

BASF SE 

(Lugwigshafen, 

Germany) 

Mw = 6800 g/mol, epoxy 

equivalent weight = 285 g/mol 

talc (T) HTPultra5 L IMI FABI SpA 

(Postalesio, Italy) 

median diameter = 0.65 Õm 
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montmorillonite 

(MMT)  

Cloisite 116È BYK-Chemie GmbH, 

(Moosburg, Germany) 

non-treated nucleating agent 

cellulose fibre Arbocel 

BWW40, 

J. Rettenmaier & 

Sºhne GmbH 

(Rosenberg, Germany) 

fibre length = 200 Õm, fibre 

diameter = 20 Õm 

ultrafine cellulose 

fibre  

Arbocel 

UFC100 J. 

J. Rettenmaier & 

Sºhne GmbH, 

Rosenberg, Germany) 

average fibre length = 8 Õm, bio-

based charring agent and potential 

reinforcement 

basalt fibre 150tex13-I Basaltex KVT linear density = 150 tex, filament 

diameter = 13 ɛm, initial fibre 

length = 10 mm 

intumescent flame-

retardant agent 

(IFR)  

Exolit AP462 Clariant GmbH 

(Frankfurt am Main, 

Germany) 

melamine formaldehyde resin 

micro-encapsulated ammonium 

polyphosphate (APP) based IFR 

 

Chemicals 

Table 4.3 Summary of other applied chemicals 

Material  

(abbreviation) 

Brand/ 

Type name 

Producer/supplier Characteristics 

diammonium 

phosphate (DAP) 

- Sigma-Aldrich Co. (St. 

Louis, MO, USA) 

FR treatment for cellulose fibres 

boric acid (BA) - Merck KGaA 

(Darmstadt, Germany) 

FR treatment for cellulose fibres 

ethanol - Merck Ltd. 

(Budapest, Hungary) 

99.5% (for synthesis) 

annealing medium 

dichloromethane - Merck Ltd. 

(Budapest, Hungary) 

99.0%, solvent for PLA 

electrospinning 

carbon dioxide 

(CO2) 

- Linde Gas Hungary 

Co. Cltd. 

purity: 99,98%, physical blowing 

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 LTE 26-44 modular twin-

screw extruder (Labtech Engineering Co., Samutprakarn, Thailand) with a screw diameter of 

26 mm and a length to diameter (L/D) ratio of 44. The strands were air cooled on a conveyor 

belt and pelletised in a Labtech LZ-120/VS granulator (Labtech Engineering Co., 

Samutprakarn, Thailand). 

4.2.2 Physical foaming 

Supercritical-CO2-aided melt extrusion was performed on a single-screw extruder 

(Rheoscam, SCAMEX, Crosne, France) with a screw diameter of 30 mm and a length to 

diameter ratio (L/D) of 35. The extruder is equipped by a syringe pump (Teledyne ISCO 

260D Lincoln, NE, USA) and a static mixer (SMB-H 17/4, Sulzer, Switzerland). This 

apparatus was used for the preparation of natural fibre-containing PLA foams. 

Sc-CO2 assisted extrusion foaming was also carried out on a modified Collin Teach-

Line ZK 25T type co-rotating twin-screw 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 

zones, the sc-CO2 is introduced into the 4th zone using a syringe pump (Teledyne ISCO 

260D, Lincoln, NE, USA). This extruder was used for the manufacturing of flame retarded 

PLA foams. 

4.2.3 Fibre production 

4.2.3.1 Melt-blowing 

For the production of melt-blown PLA fibres, Quick Extruder QE TS16 02/2016A 

type twin-screw pharmaceutical extruder (QUICK 2000 Ltd., Tiszavasv§ri, Hungary) with an 

L/D ratio of 25 was used. A specially designed adapter is attached to the extruder die to allow 

the formation of sufficiently fine fibres and an appropriate flow of hot air, i.e., the melt-

blowing process. The die has 25 holes of 330 ɛm diameter next to each other, and the 

compressed air with an overpressure of 1 bar is heated by an AHP-7562 type device supplied 

by OMEGA Engineering INC, Stamford, CT, USA. For the collection of PLA microfibres, a 

hemispherical sieve made of metal mesh placed at a distance of 25 cm from the die is used. 
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4.2.3.2 High-speed electrospinning 

PLA nonwoven fibre mats were prepared by a high-speed electrospinning (HSES) 

setup consisting of a stainless steel spinneret equipped with orifices (d = 330 Õm) connected 

to a high-speed motor (Quick2000 Ltd, Tiszavasv§ri, Hungary). The spinneret is connected to 

a high voltage generator (45 kV) and a peristaltic pump for feeding the polymer solution. The 

produced PLA fibres can be collected on a round metal mesh placed on the grounded metal 

funnel, in order to prevent the fibrous material from entering the air suction system (Figure 

4.1). 

 

Figure 4.1 Schematic illustration and a photo of the HSES device: PLA solution (1), 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 Teach-Line Platen 

Press (Ebersberg, Germany) 200E hydraulic press equipped with a square mould with 

dimensions of 30 Ĭ 30 Ĭ 0.4 mm3 placed between two 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-

plate geometry. Dynamic frequency sweep tests were performed at 170ÁC to measure the 

complex shear viscosity (ɖ*, Pas) over a frequency range of 0.1-100 Hz under controlled 

strain of 1%.  

4.3.2 Morphological analyses 

Scanning electron microscopy 

Scanning electron microscopic (SEM) images were taken from the PLA foams, fibrous 

mats and composites. A JEOL JSM-6380 LA type apparatus (JEOL Ltd., Akishima, Tokyo, 

Japan) was used for examination with accelerating voltage of 10 or 15 keV. All the samples 

were coated with goldïpalladium alloy before examination in order to prevent charge build-

up on the surface. 

The dispersion of the FR additives was investigated via energy dispersive X-ray 

spectrometry (EDS) using the same apparatus. Element mapping was carried out with an 

accelerating voltage of 15 keV and an amplification of Ĭ500. 

The distribution of fibre diameters was determined via measurement of at least 70 

(MB) or 130  (HSES) randomly selected single fibre using an image analysis software 

(ImageJ). One-way ANOVA was used to evaluate the statistical significance of the difference 

between the mean values of fibre diameters before and after thermally induced or solvent-

induced crystallisation (p<0.05). 

Porosity measurements 

The void fraction and expansion ratio of the foams were determined 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 

(Vf) was calculated from the foamsô apparent density (ɟapp) and the density of the non-foamed 

extrudate (ɟ) according to Equation (1): 

ὠ ρππzρ  (1) 
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The apparent density (ɟ) of the flame retarded extrudate was calculated based on the 

composition (Table 5.2). The density of the PLA and the additives were 1.24 g/cm3 (PLA) 

[213], 1.90 g/cm3 (IFR) [214], 2.35 g/cm3 (MMT) [ 215] and 1.50 g/cm3 (starch, cellulose), 

respectively. The apparent density of the PLA-based, natural fibre-containing polymer 

mixtures were considered to be 1.27 g/cm3. The apparent density of the foamed samples was 

determined by water displacement method, based on ASTM D792-00. The expansion ratio 

(ū) was calculated according to Equation (2): 

‰  (2) 

4.3.3 Thermal analytical methods 

Differential scanning calorimetry (DSC) of foamed samples 

DSC measurements of PLA foams were carried out using a TA Instruments Q2000 

type instrument (New Castle, DE, USA) with a heating rate of 10ÁC/min under 50 ml/min 

nitrogen gas flow, covering a temperature range of 25-180ÁC. In the case of flame retarded 

foams, the measurement covered a temperature range of 25-200ÁC.  About 3-6 mg of sample 

was used in each test.  

The percentage crystallinity (ɢc) of PLA foams was calculated according to Equation 

(2), where ȹHm is the melting enthalpy, ȹHcc is the cold crystallisation enthalpy, ȹHm
0 is the 

melting enthalpy of a perfect PLA crystal equal to 93 J/g [216] and ű is the weight fraction of 

fillers. 

… Ϸ
Ў Ў

Ў Ͻ 
Ͻρππ  (3) 

DSC analysis of melt-blown fibres 

The thermal properties of the melt-blown PLA fibres were studied using the 

aforementioned TA Instruments Q2000 type calorimeter. DSC measurements were carried out 

at a heating rate of 10ÁC/min under 50 ml/min nitrogen gas flow, covering a temperature 

range of 30ï200ÁC. About 4ï9 mg of sample was measured in each test using 26.4 mg 

aluminum pans. The degree of crystallinity (ɢc) of the samples was also calculated according 

to Equation (3). 

DSC analysis of high-speed electrospun fibres 

In the case of high-speed electrospun PLA fibres, a Mettler Toledo (Greifensee, 

Switzerland) DSC3+ type instrument was used for differential scanning calorimetry (DSC). 

About 6-7 mg of each nonwoven mat was compressed into a disk-shaped sample and sealed in 
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a 40 ÕL aluminium crucible. DSC measurements were carried out with a heating rate of 

2ÁC/min under 50 ml/min nitrogen gas flow, covering a temperature range of 25ï200ÁC. 

STARe software was used to control and evaluate the measurements. 

The degree of crystallinity (ɢc) of the samples was calculated according to Equation 

(4), where ȹHm indicates the melting enthalpy, ȹHcc is the cold crystallisation enthalpy, ȹHrec 

is the recrystallisation enthalpy, ȹH0m (Ŭ or Ŭô) is the enthalpy of melting of the 100% 

crystalline PLLA in Ŭ (143 J/g) or Ŭô (107 J/g) form, ȹH0c (Ŭ or Ŭô) is the enthalpy of 

crystallisation of 100% crystalline PLLA in Ŭ (130 J/g) or Ŭô (76 J/g) form [285]. 

…
ǋ ǋ

ρzππ    Ϸ   (4) 

Modulated differential scanning calorimetry (MDSC) 

The reversing and non-reversing heat flow curves were distinguished using a DSC3+ 

type (Mettler Toledo AG, Greifensee, Switzerland) instrument in TOPEMÈ mode. The 

sample preparation method was identical to that of the normal DSC. Temperature-modulated 

differential scanning calorimetry (MDSC) measurements were implemented at an underlying 

heating rate of 1ÁC/min, from 50 to 190ÁC, under 50 ml/min nitrogen gas flow. The 

modulation pulse height was fixed at 0.5K (Ñ0.25K), while the TOPEMÈ mode varied the 

pulse length 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 further optimised 

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 heating rate of 10ÁC/min 

under 25 ml/min nitrogen gas flow, covering a temperature range of 25-500ÁC. About 4-10 

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 tests 

The flame-retardant performance of the prepared samples was characterised by 

standard UL-94 flammability tests (ASTM D 635 and ASTM D 3801). UL-94 classification is 

used to determine dripping and flame spreading rates. 
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Determination of limiting 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 self-supporting. 

Pyrolysis combustion flow calorimetry (PCFC) 

Pyrolysis combustion flow calorimetry (PCFC) (Fire Testing Technology FAA Micro 

Calorimeter) was used to assess the flammability of the formulations. Tests were performed 

according to ASTM D-7309 at a heating rate of 1ÁC/s, a maximum pyrolysis temperature of 

750ÁC and a combustion temperature of 900ÁC. The flow was a mixture of O2/N2 20/80 cm3 

min-1 and the sample weight was 6 Ñ 0.1 mg. All experiments were made in triplicate and 

HRR values are reproducible to within Ñ 5%. The results obtained were corrected after 

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) 

Fourier-transform infrared (FTIR) spectra were collected from the non-treated and FR-

treated cellulose fibres using a Bruker Tensor 37 type FTIR Spectrometer equipped with 

DTGS detector (Bruker Corporation, Billerica, Massachusetts, USA). The additives were 

grinded with KBr and cold-pressed into suitable discs at 200 bars. The measurement was 

carried out in transmission mode, in a spectral range of 400-4000 cm-1 with a resolution of 4 

cmī1. The device produced the ultimate spectrum as an average of 16 spectra. 

X-ray diffraction (XRD) 

X-ray reflexion diffraction patterns were recorded with a PANalytical Xôpert Pro 

MDP diffractometer (Almelo, The Netherlands) using Cu-KŬ radiation (1.541 ¡) and Ni 

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

were placed on a Si sheet and analysed between 2ɗ angles of 4Á and 44Á. 
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Raman micro-spectroscopy 

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 frequency-doubled 

Nd-YAG laser source. About 3-4 mg of fibrous material was compressed into a disk-shaped 

sample and placed under the objective on a microscope slide. An objective of 50Ĭ 

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. The 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 groove/mm) that disperses the light before it reaches the CCD detector. The 

spectrograph was set to provide a spectral range of 100ï1900 cm-1 and 4 cm-1 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 area-normalised within the whole 

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

4.3.6 Mechanical and thermomechanical tests 

Localised thermomechanical analysis (LTMA) 

Localised thermomechanical analyses were performed using a TA Instruments (New 

Castle, DE, USA) ÕTA 2990 Micro-Thermal Analyzer equipped with a thermal probe (model 

1615-00, ThermoMicroscopes, Sunnyvale, CA, USA). Two-point calibration was 

implemented at room temperature using the melting temperature of a reference polyethylene 

terephthalate (PET) film. About 3-4 mg of fibrous material was compressed into a disk-

shaped sample and placed on the sample holder using a two-sided tape. At least 10 

measurements were performed to ensure reliable and reproducible results. The tip of the 

thermal probe was held in contact with the sample using constant force and heated from 25 to 

200ÁC at 10ÁC/s. Vertical position data of the tip was collected in the function of temperature. 

Compression tests 

An AR2000 Rheometer (TA Instruments, New Castle, DE, USA) with plate-plate 

adjustment was used for mechanical characterisation of cylindrical foam specimens with a 

diameter of 8 mm. Compression tests were carried out with a constant compression rate of 30 

Õm/s. The diameter of the squeezing upper plate was 25 mm, 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 Tests 

Static tensile tests were performed on the annealed and non-annealed microfibrous, 

melt-blown PLA mats, and also on the PLA SRCs. Samples (7.5 mm Ĭ 30 mm) of the 

microfibrous mats and specimens (3 mm Ĭ 30 mm) of the SR composites were cut out and 

tested on a ZWICK Z005 universal testing 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 were performed on a 5 kN load cell with an initial grip 

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

Static tensile tests were also carried out on the recrystallised and non-treated 

microfibrous, high-speed electrospun PLA mats. Samples (20.0 mm Ĭ 25.0 mm) of the 

microfibrous mats were cut and tested on the aforementioned ZWICK 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 5 mm/min. All the tests were performed at room 

temperature at a relative humidity of 50 Ñ 10%. The cross-sectional area (A0) of the fibrous 

PLA specimen was determined from the density of the PLA grade (ɟ = 1.24 g/cm3), as well as 

the mass (m) and the exact length (l) of the sample, using the following equation: 

ὃ
ᶻ
    άά    (4) 

Youngôs modulus (E) and tensile stress at yield (ůy) were calculated from the stress-

strain curves. 
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5 RESULTS AND DISCUSSION 

5.1 Continuous manufacturing of PLA biocomposite foams and 

characterisation thereof 

5.1.1 Rationale and aims 

The replacement of conventional petrol-based and short life cycle polymer foams with 

bio-based and biodegradable alternatives will be crucial for the natural environment and to 

diminish the burden of landfills, still the application of biopolymers as porous materials is 

negligible up to now.  

Recently, PLA foams have been considered as the most promising bio-based and 

biodegradable substitutes for polystyrene (PS) and polyethylene (PE) foam products, which 

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 and environmentally friendly character [218]. Besides the 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 cores. However, to produce low-

density PLA foams with uniform cell morphology, improvements of the inherent 

shortcomings of PLA, especially its low melt strength and slow crystallisation kinetics, need 

to be addressed.  

One of the most investigated methods to improve 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 acid or 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 properties [102, 219]. It was found by Wang et al. [104] that molecular branching 

increases melt strength and elasticity, and thereby also the integrity of cells, cell density, and 

expansion ratio during extrusion foaming. 

Enhancing crystallisation kinetics of PLA during foaming has been recognised as an 

effective way to overcome its weak viscoelastic properties and to improve its foaming 

behaviour (i.e. cell nucleation and expansion) [218, 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 density [105]. It was shown by Pilla et al. [102] that the 

simultaneous addition of talc and CE leads to increased cell density and more uniform cell 

structure. Fillers, such as wood particles [222] or clay nanoparticles [110] are also known to 

act as crystal nucleating agents and change the melt viscosity. Moreover, fillers influence the 

microstructure and thus the mechanical and thermal properties of the foams [223]. Significant 

crystallinity can also be achieved by using plasticisers that widen the crystallisation window 

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

Polymer foams are generally obtained by the addition 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 from this respect. Currently, the focus is on carbon dioxide 

(CO2) due to its chemical inertia, non-flammability, 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 butane, pentane or 

chlorofluorocarbons (CFCs), which are known for their contribution to the depletion of the 

ozone layer and may bring hazardous risks. Therefore, the new types of bio-foams are 

preferably manufactured by CO2 aid techniques.  

Microcellular PLA foams can be manufactured through batch processes, which are, 

however, hardly scalable from lab-scale due to their small production rate. In the industry, the 

more cost-effective continuous processing technologies such as extrusion foaming and foam 

injection moulding are preferred. Recently, many studies have been focused on extrusion 

foaming using supercritical CO2 (sc-CO2) as physical blowing agent [85]. When CO2 is 

supercritical, its solubility and diffusivity in PLA increases significantly. The sc-CO2 

introduced into the extruder dissolves in the polymer melt and acts as a plasticiser [224] and 

by this means affects its crystallisation rate [225]. Moreover, lower processing temperatures 

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 process [226]. Compared to the conventional 

foaming processes, the advantages of the sc-CO2 aid 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 friendliness (organic solvent-free, no residue), the 

reduced energy demand during processing and the safety. 
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In this work, natural fibre-containing PLA foams, as potential green replacements for 

petroleum-based polymer foams, were investigated. High porosity, microcellular 

biocomposite foams were manufactured by continuous, sc-CO2 assisted extrusion process. To 

obtain uniform cell structures with increased cell density, epoxy-functionalised CE and talc 

were applied. The effect of cellulose and basalt fibre reinforcement was investigated on the 

morphology and mechanical properties of the PLA foams.  

5.1.2 Sample preparation  

Before processing, all materials (IngeoÊ Biopolymer 3052D type PLA, natural fibres 

and additives) were dried at 85ÁC for 6 h in all cases. 

Table 5.1 Composition of the PLA compounds used for foam extrusion 

Sample PLA 

[wt%]  

Chain extender 

[wt%]  

Talc 

[wt%]  

Cellulose fibre 

[wt%]  

Basalt fibre 

[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 26-44 modular twin-

screw extruder with a constant screw speed of 20 rpm and the following temperature profile 

of the extruder zones: zone1=175ÁC, zone2=175ÁC, zone3=180ÁC, zone4=180ÁC, 

zone5=185ÁC, zone6=190ÁC. The obtained extrudates were pelletised and dried prior to foam 

extrusion. The composition of the manufactured four types of PLA compounds is summarised 

in Table 5.1. 

Supercritical-CO2-aided melt extrusion was performed on a single-screw extruder 

(Rheoscam, SCAMEX, Crosne, France) with a screw diameter of 30 mm and a length to 

diameter ratio (L/D) of 35 [226,227]. As physical foaming agent, CO2 was injected into the 

barrel using a syringe pump (260D, ISCO Lincoln, NE, USA). As it is shown in Figure 5.1, 

the injection position is located at 20 L/D from hopper, where the screw diameter is constant. 

CO2 was introduced at the same pressure as the pressure prevailing in the extruder. The 

polymerïCO2 mixture then passed through a static mixer (SMB-H 17/4, Sulzer, Switzerland). 

This element, inserted before the die, provides a distributive mixing between the two 

components. A home-made 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 locations: T1 and T2 before and T3 after the CO2 injection 

location, T4 before the mixing element, T5 at the static mixer and T6 at the die. The 

temperature (Tmat1-Tmat3) and pressure (P1-P4) of the material were measured at three and four 

sensor locations, respectively. 

 

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 zones: Thopper= 50ÁC, T1= 160ÁC, 

T2= 180ÁC, T3= 180ÁC, T4= 160ÁC, while the mixer (T5) and die temperatures (T6) were 

varied between 110ï145 ÁC at each experiment while keeping them at a same value. This 

temperature will be called die temperature in the rest of this chapter. CO2 was introduced at a 

constant volumetric flow rate ranging between 1.5 and 3.0 ml/min. Once sc-CO2 was injected, 

a significant decrease in the material pressure within the extruder barrel occurred, mainly due 

to the decrease of melt viscosity. Parallel with the increasing CO2 concentrations (in the range 

of 2 to 8 wt%), T5 and T6 had been cooled to increase melt strength at the die. Once stable 

conditions have been established, samples were collected. At each new condition, the 

temperature (Tmat3) and pressure (P4) of the material, measured just before the entry within the 

die, were registered. To study the influence of operating parameters on porous structure, 

several experiments have been carried out varying mixer and die temperatures and CO2 

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

5.1.3.1 Rheological properties 

The effect of the used additives, CE, 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 long-chain branched structure reduced the chain 

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

region. 

 
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 and less uniform cellulose 

particles. The decreased chain mobility was expected to improve the melt strength and 

resistance against CO2 diffusion, but affect the crystallisation kinetics as well. 

5.1.3.2 Morphology 

Foamed samples from each experiment were compared at three porosity levels, at 

around 15%, 45% and 95%, respectively. Low-density (ɟ < 0.05 g/cm3), highly porous 

(Vf > 95%) PLA foam structures were obtained typically at a CO2 concentration of about 8 

wt% and with Tmat3 of around 110-120ÁC, as presented in Figure 5.3. In all cases, the 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 temperature before the die. This frozen surface prevents 

CO2 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 increase its strength to preserve the high cell density, while keeping a 

sufficient fluidity for bubble to grow. The effect of CO2 content is also linked with 

temperature since the CO2 solubilisation is inversely proportional to temperature. High CO2 

content can only be obtained at low temperatures. 

 

Figure 5.3 Effect of formulation and mixer and die temperatures on the porosity of PLA foams 

extruded at 8% of CO2 
 

It was observed that a lower processing temperature 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 present in the polymer 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. Similar behaviour was observed for the cellulose 

containing mixture, indicating enhanced nucleation effect of the dispersed cellulose fibres. 

Scanning electron microscopy (SEM) micrographs taken from the highly expanded 

(Vf > 95%) foams are presented in Figure 5.4. It can be seen that broad cell size distribution 

accompanied with rather limp or collapsed 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 for growth [107].  
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Figure 5.4 SEM micrographs of the cell morphologies obtained for highly expanded (Vf > 95%) 

PLA foams. The actual porosity values are represented 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 CO2 diffusion 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 morphology (Figure 

5.4 b), indicating that the addition of CE effectively increased the melt strength. Based on the 

lower temperature profile, allowed in the case of the fibre-containing foams, a greater degree 

of crystallinity and improved melt strength were expected. It can be seen on Figure 5.4 c and 

d that the addition of natural fibres resulted in decreased cell diameters likely due to the 

increased melt viscosity (see Figure 5.2) and due to the increased number of nucleating sites 

induced by the fibre surfaces [118, 119, 120, 122]. At the same time, the fibre-containing 

foams have less uniform cell structure, which should be related to the fibre distribution within 

the polymer matrix and the fibre-matrix interactions [119]. It is suggested that as a result of 

local fibre-matrix debonding microholes are induced, where the gas loss hinders the cell 

growing ability, and thus non-uniform distribution of cell size is obtained. Also, an increase in 
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the open-cell ratio in the presence of fibres compared to fibre-free PLA foams was expected 

based on the results of previous studies [228]. 

5.1.3.3 Crystallinity 

The crystallinity of the PLA foams was examined by differential scanning calorimetry 

(DSC) method. The first heating runs of the neat PLA foams at three porosity levels are 

presented in Figure 5.5. It can be observed that the low porosity PLA foams are almost fully 

amorphous, which is indicated by the sharp glass transition around 60ÁC and by the broad 

exothermic peak in the range of 100 and 120ÁC indicating significant cold crystallisation 

[229]. The melting of the crystalline phase occurs around 150ÁC. Typically two endothermic 

peaks are visible, at 149ÁC corresponding to melting of the less ordered Ŭô crystals, and at 

156ÁC corresponding to melting of the thermodynamically more stable Ŭ crystals [230]. In 

contrast, only a slight cold crystallisation exotherm 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 ordered Ŭ crystal form in the highly expanded PLA foam, it 

can be concluded that its crystallisation occurred mainly during processing. Similar trends 

were observed for the other examined, additive containing PLA foams.  

Figure 5.6 presents 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 the strain-induced 

crystallisation [110, 231] and to the plasticising effect of CO2 which results in the decrease of 

the temperature of crystallisation and 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 lower expansion ratios. Accordingly, both natural 

fibres promoted the nucleation effectively, but the highest degree of crystallinity values were 

obtained for the basalt fibre-containing PLA foams. In the case of cellulose fibres, it is 

supposed that the increased dynamic viscosity (Figure 5.2) and thus the hindrance of 

molecular chain mobility decreased the crystallisation. The high degree of crystallinity is, 

however, crucial to obtain improved thermo-mechanical properties [232, 233]. The prominent 

nucleating ability of basalt fibres has been utilised by T§bi et al. [112] 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. The actual porosity values are 

represented after the abbreviation of the materials within the graph 

 
Figure 5.6 Foam crystallinity as a function of porosity 

 

5.1.3.4 Compression strength 

The mechanical performance 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 expanded (Vf > 95%) PLA foams are 

indicated in Figure 5.7. 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 cell structure, 

also observed in Figure 5.4 a, formed as a consequence of the insufficient melt strength. In 

contrast, the addition of CE and talc promoted the formation of uniform cell-structure, 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 and the increased open-cell ratio 

evidenced by SEM micrographs (Figure 5.4 c and d). Another argument can be that cellulose 

and basalt fibres are too large compared with the cell size to provide efficient reinforcement. 
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Nevertheless, the compression strength of the basalt fibre-containing PLA foam reaches 40 

kPa. 

 
Figure 5.7 Compression strength of highly expanded (Vf > 95%) PLA foams 

5.1.4 Conclusions 

Natural fibre-containing microcellular PLA composite foams were manufactured by 

sc-CO2 assisted foam extrusion process, the same method that could be easily scaled-up even 

towards real industrial applications. Epoxy functionalised CE and talc were used to improve 

the foamability of PLA. It was found that the addition of 5 wt% cellulose or basalt fibres 

provides lower processing temperature profiles for PLA foam production. In accordance with 

the literature, it was evinced that natural fibres increase the melt viscosity and promote the 

heterogeneous cell nucleation. As a result, composite foam structures with smaller cell 

diameters and porosity higher than 95% could be obtained. However, due to the fibre 

distribution and the weak fibre-matrix adhesion, the fibre-containing foams have wider cell 

diameter distribution and increased open cell ratio compared to the CE and talc containing 

foam. In the case of cellulose fibres, it is supposed that the increased dynamic viscosity and 

thus the hindrance of molecular chain mobility decreased the crystallisation. Basalt fibres can 

serve as reinforcement providing improved compression strength comparing to PLA foams. 

However, the best mechanical performance was achieved without natural fibres, 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 modifications, such as reinforcement and flame 

retardancy, could promote the market penetration of PLA foams in technical application fields 

as well. Due to their pronounced charring activity combined with intumescent flame-retardant 

systems, the multifunctional cellulose fibres could not only play the role of reinforcement in 

PLA foams, but also act as charring agent ensuring the fire safety of the product.  

Related publications: I, VI, XVI  
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5.2 Development of flame retarded PLA foams 

5.2.1 Rationale and 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 

sustainability of the plastics industry. The sectorôs dependence on fossil fuels as well as the 

environmental damages caused by plastic wastes require long-term solutions. 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 sustainability is the reduction of the 

mass (and therefore the demand of raw materials) of the products, which can be effectively 

achieved by foaming.  

Based on well-founded forecasts, PLA foams will substitute a significant proportion of 

PS and PE foams produced in tremendous volume [234, 102]. Nevertheless, the mass 

production of low-density PLA 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 crystallisation rate of the polymer. Pilla et al. proposed that with chain 

extenders (CEs) the polymer can be reactively modified, besides, with the use of nucleating 

agents the crystallisation kinetics can be enhanced [102]. 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 comparable with the mechanical performance of 

expanded PS [235]. The effects of epoxy-functionalised CE and various nanoparticles have 

been investigated on the foamability of PLA by Wang et al. [104] and Nofar et al. [108, 109]. 

The experiments were performed on a tandem extrusion system, proving that even a 40-fold 

expansion ratio with an average cell size of 50 ɛm is achievable. Keshtkar et al. obtained PLA 

foams with appropriate morphology using 9% w/w CO2 and 1-5% 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 meet a number 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 order to be 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 flame-retardant (IFR) systems are favourably used to 

reduce the flammability of PLA [156, 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) [238, 239] or montmorillonite (MMT) [67, 155, 157, 240]. Furthermore, the charring 

ability of the IFR system has also been enhanced by renewable carbonisation agents such as 

starch [152] and cellulose [153, 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 been carried out by Wang et al. [158, 

159], who prepared phosphorous flame-retardant PLA foams by solid state foaming, and by 

using starch and graphene as coactive additives, respectively. The produced foams showed 

non-uniform cell structure, which they explained by the poor cell nucleation ability of the 

used flame-retardant particles, and their weak interfacial bonding with the matrix. Therefore, 

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 technology [85, 

110]. 

In this work, flame-retarded, low density PLA foams were successfully manufactured 

by supercritical carbon dioxide (sc-CO2) assisted extrusion. The flammability of the highly 

porous material was effectively reduced by incorporating ammonium polyphosphate based 

flame-retardant (FR) additive and FR-treated cellulose, functioning both as bio-based charring 

agent and potential reinforcement, besides using CE and MMT for adequate rheology and 

foamability. The MMT clays were also expected to contribute to the flame-retardant 

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 

Flame-retardant-treatment of cellulose fibres 

For flame-retardant treatment, the cellulose fibres were rigorously stirred in 10-fold 

aqueous solution of 5.00% DAP and 1.25% BA for 2 h. The cellulose fibres were then filtered 

and dried in an oven at 120ÁC overnight.  
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Compounding 

In order to prevent hydrolytic degradation of PLA, all materials were dried at 85ÁC for 

at least 8 h before melt processing and extrusion foaming. 

PLA blends were compounded by using a Labtech Scientific LTE 26-44 modular 

twin-screw extruder. The screw speed was set to constant 20 rpm and the following 

temperature profile was applied on the extruder zones: zone1-3=175ÁC, zone4-6=180ÁC, zone7-

9=185ÁC, zone10=190ÁC, die=190ÁC. The strands were air cooled on a conveyor and 

pelletised.  

Six types of blends based on 3052D type PLA were manufactured, the compositions of 

which are shown in Table 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 the two-fold 

thermo-mechanical processing (compounding and extrusion foaming) 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 work [I].  

Table 5.2 Compositions of the PLA blends 

 
PLA 

[wt%]  

CE 

[wt%]  

MMT  

[wt%]  

IFR 

[wt%]  

cell 

[wt%]  

FR-cell 

[wt%]  

PLA/CE 

PLA/CE/MMT  

PLA/CE/IFR  

PLA/CE/MMT/IFR  

PLA/CE/MMT/IFR/cell  

PLA/CE/MMT/IFR/FR -cell 

98.0 2.0 - - - - 

96.5 2.0 1.5 - - - 

83.0 2.0 - 15.0 - - 

81.5 2.0 1.5 15.0 - - 

78.5 2.0 1.5 15.0 3.0 - 

78.5 2.0 1.5 15.0 - 3.0 

 

Extrusion foaming 

Sc-CO2 assisted extrusion foaming was carried out on a modified Collin Teach-Line 

ZK 25T type co-rotating twin-screw 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 zones, the 

sc-CO2 was introduced into the 4th zone using a syringe pump (Teledyne Isco 260D, Lincoln, 

NE, USA). Firstly, the extruder was heated up according to temperature profile T1 indicated in 

Table 5.3, and pure PLA was extruded conventionally. Since CO2 is in supercritical state 

above 74 bar (and 31ÁC), the injection of fluid state CO2 could be started when the head 

pressure exceeded 80 bars. As sc-CO2 is introduced into the barrel, it dissolves in the PLA 
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melt and acts like a plasticiser by reducing the melt viscosity of the polymer. This effect was 

compensated by lowering the temperature of the last three zones to temperature profile T2 

(Table 5.3). By reducing the foaming temperature, the cell density increases together with the 

increasing melt strength and even microcellular foams can be obtained. 

Table 5.3 Temperature profiles used before (T1) and during (T2) sc-CO2-aided foam extrusion 

 

 

 

After reaching the steady state of the extrusion foaming process, the pure PLA was 

replaced by the previously compounded PLA blends. During extrusion foaming, CO2 was 

injected at 145-150 bars, introducing ~9 m/m% of sc-CO2 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 

5.2.3.1 Characterisation of flame-retardant treated cellulose 

The FTIR spectra of the untreated (cell) and flame-retardant-treated cellulose fibres 

(FR-cell) are compared in Figure 5.8. The presence of DAP on the surface of the FR-treated 

fibres was confirmed by the appearance of the characteristic bands at 1402 cm-1 and 3270 cm-

1, both assigned to the vibrations of ammonium [241]. The small amount of BA absorbed on 

the surface of the cellulose fibres was not detectable by this method. 

  
Figure 5.8 FTIR spectra of untreated and FR-treated cellulose fibres 

 

 
Die 

[ÁC] 

Zone 4 

[ÁC] 

Zone 3 

[ÁC] 

Zone 2 

[ÁC] 

Zone 1 

[ÁC] 

T1 

T2 

140 160 165 165 175 

85-100 125 135 165 170 
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In Figure 5.9, the effect of FR-treatment on the thermal degradation of cellulose can be 

followed. Due to the treatment with DAP and BA containing solution the initial 

decomposition temperature of cellulose was lowered by 50ÁC. The shift to lower temperature 

is typical for treatments with phosphates; in our previous works about 90ÁC lower onset 

temperatures of decomposition were measured both for ammonium-phosphate [242] and 

diammonium-phosphate-treated natural fibres [243]. It is presumed that in this case the early 

pyrolysis of the phosphate-treated cellulose was compensated by the addition of BA, which 

promoted the formation of a glassy film on the surface of the cellulose fibres [244] and thus 

increased their thermal stability by about 40ÁC compared to the phosphate-treated fibre, but 

still below that of the non-treated fibres. Nevertheless, the thermal decomposition of the FR-

treated cellulose fibres starts at 235ÁC, which is higher than the typical processing 

temperature of PLA foams. On the other hand, the combined treatment with DAP and BS 

effectively promoted the formation of solid residues and char. The char amount at 500ÁC for 

the FR-treated fibres was 36.5 %, while only 3.0% ash remained from the non-treated 

cellulose. Based on the significant char formation ability of the FR-treated fibres, 

advantageous effect was expected on the flame-retardant properties of the FR-cellulose 

containing PLA foams. 

 
Figure 5.9 TGA curves of the non-treated (cell) and FR-treated cellulose fibres (FR-cell) 

5.2.3.2 Morphology of the flame-retarded PLA foams 

The void fraction and expansion ratio of the PLA foams, prepared by sc-CO2-aided 

extrusion foaming, are shown in Figure 5.10. It can be seen that the additive-free 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 as a result 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, but the highest expansion ratio of 29.3 was 

achieved for the MMT containing FR-free 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 nucleation 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 increased stiffness of the polymer matrix [158, 159], in our case an 

expansion ratio as high as 16.9 was reached for the PLA/CE/MMT/IFR/cell foam with 19.5% 

additive content. Nevertheless, when FR-treated cellulose was added (PLA/CE/MMT/ 

IFR/FR-cell), the expansion ratio decreased to 9.9, which is explained by the weak 

compatibility of FR-cell with the PLA matrix, causing increased number of interfacial defects, 

which favours the escape of CO2 during the foaming process.  

 
Figure 5.10 Void fraction (a) and expansion ratio (b) of the PLA foams 

SEM images taken from the cross-sections of the PLA foams are presented in Figure 

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 100-150 ɛm in all cases. As it was noticed 

based on the expansion ratio results (Figure 5.10), PLA containing CE alone (Figure 5.11 a) 

was not sufficiently foamable, instead of thin-walled cells, a coherent porous structure with 

low void fraction can be seen. Without the nucleating agent, slow crystallisation and the 

absence of heterogeneous cell nucleation hindered the formation of high porosity foam 

structure. In the case of the PLA/CE/MMT foam (Figure 5.11 b), uniform cell structure can 
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be observed as an evidence of increased melt strength, effective cell nucleation and faster 

crystallisation promoted by the incorporated MMT nanoparticles. 

 

Figure 5.11 SEM micrographs of the PLA foams (with Ĭ50 amplification) 

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 nucleation, resulting in broader cell size distribution of the 

PLA/CE/IFR foam (Figure 5.11 c). The addition of cellulose resulted in higher cell density 

(Figure 5.11 e) and greater expansion ratio (see also in Figure 5.10), however, with the FR-



 

 

80 

 

cell additive (Figure 5.11 f) the structure of the foam became similar to that of the 

PLA/CE/MMT/IFR foam (Figure 5.11 d) composed of slightly larger cells. 

 
Figure 5.12 SEM micrographs of the PLA/CE/MMT/IFR foam (Ĭ250, Ĭ500)  

As it can be seen from the SEM images presented in Figure 5.12, the FR particles are 

well embedded in the PLA matrix material and they are 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 (almost 20 wt%), flame-retarded PLA foams with adequate 

morphology could be manufactured by the extrusion foaming technology. 

 
Figure 5.13 EDS mapping of PLA/CE/MMT/IFR/FR-cell foam 
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The distribution of the FR particles in the foamed samples was examined by EDS 

method. According to the micrographs presented in Figure 5.13, the IFR additive system is 

well dispersed in the polymer matrix, the IFR particles with diameters of 10-30 Õm can be 

identified with adequate distribution. The FR-treated cellulose particles (length of which was 

8 Õm) could not be distinguished from the PLA matrix this way since their elemental 

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

5.2.3.3 Thermal properties of the flame-retarded PLA foams 

DSC analysis revealed that crystallisation during the sc-CO2-assisted foaming process 

is fundamentally different from that of simple extrusion. As an example, in the thermograms 

of FR-cell containing bulk and foamed PLA samples (Figure 5.14), glass transition 

temperature (Tg ~ 61ÁC), cold crystallisation temperature (Tcc) and melting temperature (Tm) 

can be examined.  

 

Figure 5.14 DSC thermograms of FR-cell containing bulk and foamed PLA 

  Concerning the curve of bulk PLA, a considerable cold crystallisation 

exotherm (Tcc ~110-130ÁC) can be observed alongside with two melting endothermic peaks at 

152ÁC and 157ÁC corresponding to melting of the less ordered Ŭô and the thermodynamically 

more stable Ŭ crystals [I, 230]. On the other hand, the foamed sample with same composition 

has much smaller exothermic peak in the range of 90-110ÁC and only one melting peak 

around 154ÁC, indicating higher crystallinity in the form of the ordered Ŭ crystals. The shift of 

cold crystallisation exotherm to lower temperature is attributed to the strain-induced 

nucleation enhanced crystallisation of the stretched amorphous phase in the cell walls [231]. 
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During foaming, PLA chains in the cell walls undergo significant bi-axial stretching, and 

when heated in the DSC, the crystallisation of the aligned amorphous chains that did not 

crystallise during foaming is facilitated by the presence of the pre-existing crystals. 

The degree of crystallinity of the PLA blends before and after foaming was estimated 

and presented in Figure 5.15. As it can be seen, the foams have significantly higher 

crystallinity than the bulk materials. It is mentioned in the previous 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 PLA blends causes chain orientation, and crystallinity is increased by strain-

induced crystallisation. The results showed that not only the MMT acts as nucleating agent, 

but the presence of IFR also promotes crystallisation, furthermore, by adding neat or FR-

treated cellulose, the foamsô crystallinity exceeded even 19%. Based on the enhanced 

crystallinity composed of the more stable Ŭ form, improved thermo-mechanical properties can 

be supposed for these foamed materials [232]. 

  
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 obtained at 500ÁC are shown in Figure 5.16 

(average value and standard deviation were determined from three repeated measurements). 

Based on the data of  
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Table 5.4, it can be realised that the Tonset (initial degradation temperature) and 

DTGpeak (temperature of degradation rate maximum) of the foamed materials correlate with 

their expansion ratio (see in Figure 5.10). Moderate expansion results in a slight shift to 

higher temperatures due to the lower heat conductivity (until the 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 residual masses obtained at 500ÁC (Figure 5.16) it can be seen that 

despite the 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 examination (Figure 5.12), 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 of the 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 loss rate 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 500ÁC more than 10% residue remained from all the IFR-

containing samples (Figure 5.16). The lowest maximal weight loss rate and the biggest 

residual mass were obtained, however, when FR-treated cellulose fibres were combined with 

the IFR system (PLA/CE/MMT/IFR/FR-cell). 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. 

Table 5.4 TGA characteristic parameters of flame-retarded PLA bulk and foamed materials 

 Tonset 

[ÁC] 

DTGpeak 

[ÁC] 

Max. weight loss rate 

[%/ÁC] 

 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/MMT/IFR  314.5 321.2 365.3 367.3 2.32 2.56 
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PLA/CE/MMT/IFR/cell  317.6 318.3 365.5 366.1 2.28 2.30 

PLA/CE/MMT/IFR/FR -cell 311.1 312.6 363.8 364.8 2.01 2.13 

 

Figure 5.16 Comparison of the residues of flame-retarded bulk and foamed samples obtained at 

500ÁC of TGA analyses performed in nitrogen atmosphere 

5.2.3.4 Flammability characteristics of the flame-retarded PLA foams 

Pyrolysis combustion flow calorimetry (PCFC) was carried out on both the foamed 

and unfoamed flame-retarded 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 in Figure 5.17. Nevertheless, it can be seen that the specific 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. These results confirm the beneficial char 

promoting effect of the applied minor components of the flame-retardant composition. 
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Figure 5.17 Specific pkHRR values of the flame-retarded bulk and foamed samples obtained from 

PCFC measurements 

Standard UL-94 tests and LOI measurements were performed to characterise the 

flame-retardant performance of the prepared PLA foams also in comparison with that of the 

unfoamed samples with identical chemical composition. The results are shown in Table 5.5 

and Figure 5.18, respectively. The additive-free 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 of 20.0 vol% was determined for 

this sample. Thanks to the beneficial effect of MMT on the foaming process, highly porous 

structure (Vf= 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 UL-94 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 accelerated oxygen 

supply [245]. This means that MMT has multifunctional role in this system; it acts both as 

nucleating agent and flame-retardant component. IFR content of 15% proved to be sufficient 

to pass V-0 classification according to the UL-94 standard for both types of samples, and to 

reach a LOI as high as 29.0 and 30.0 vol%, respectively.  
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Table 5.5 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 

 
Figure 5.18 LOI values of the prepared flame-retarded bulk and foamed samples 

 

 

In accordance with the literature and previous studies of our research group [67, 157], 

the combined application of MMT and IFR proved to be advantageous in both systems and 

resulted in increase of the LOI values, but the efficiency of the synergism proved to be 

moderate in the foamed samples. Despite the identical chemical composition, 9-10 vol% 

higher LOI values were reached in the case of the bulk materials than for the foamed samples 

containing both IFR and MMT additives. Zhai et al. also found that the foaming process 

reduces the LOI values of flame-retarded PLA, which they attributed to two reasons; the 

increased contact area between PLA matrix and air and the decreased volume concentration of 

the used flame-retardants in the expanded foam structures [140, 158]. 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 plates 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 cost-effective 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% FR-cell led to 31.5 vol% LOI value of the foamed specimens. The 

flame-retardant properties achieved in the case of the extruded PLA foams with high foam 

expansion ratios (ū=16.9 and 9.9) noticeably outperform the flammability test results (LOI= 

26.4%) published by Zhai 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 expansion ratio and better flame-retardant performance of the 

extruded foams can be ascribed probably to the dissimilar distribution of the FR particles 

compared to the solid-state foamed samples. During extrusion, the foaming occurs at higher 

temperature coupled with 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 observed in Figure 5.12) 

where the major 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 temperature solid state 

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, hindering the cell growing ability 

and resulting in increased open-cell ratio accompanied with decreased expansion ratio. 

Nevertheless, Zhai et al. also reported that with increasing foaming temperature (to 80ÁC) the 

cell structure of flame-retardant loaded PLA foams, prepared by solid state foaming, became 

more uniform [159]. Similar conclusions can be drawn regarding the flame-retardant 

properties; considering the morphology of 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 polymer foams, 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 

Flame-retarded microcellular PLA foams were successfully manufactured by sc-CO2-

assisted extrusion 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 flammable 

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 FR-treated cellulose fibres, which noticeably increased 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, UL94 V-0 rating accompanied with 

LOI value as high as 31.5 vol% were reached for the IFR and FR-cell containing PLA foam. 

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

of the more stable Ŭ form, indicating nucleating effect of the used bio-based charring agent. In 

addition to cushion packaging, the prepared flame-retarded biocomposite foams could 

potentially find applications in the higher value-added E&E or transportation industries. 

Supercritical CO2-aided extrusion resulted in low-density foams having void fractions 

higher than 90% accompanied with expansion ratios of 10-20, depending on the filler-matrix 

compatibility even at relatively high (almost 20 wt%) additive contents. SEM images revealed 

that the effectively flame-retarded PLA foams have uniform cellular structure with 

characteristic cell diameters of 100-150 ɛm. Major part of the FR particles was found to be 

embedded in the cell wall joints, which is of key importance regarding expandability and 

charring ability. From this respect, extrusion foaming was found to be favourable compared to 

the batch technologies [158, 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 simultaneously with the cell growth. As a result, fewer 

microholes will be induced at the filler-matrix interfaces in the thin cell walls, and thus lower 

open-cell ratios and higher expansion ratios can be obtained. Considering the flame-retardant 

properties, more polymer is available for the well-embedded active fillers, located in the cell 

wall joints, to be affected and thus enhanced char forming, and improved flame-retardant 

properties can be obtained. 

Related publications: II , VII , XVII , XXIII , XXIV , XXV , XXVI  
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5.3 Application of melt-blown PLA fibres in self-reinforced composites 

5.3.1 Rationale and aims 

As the conventional linear economic model has begun to shift towards a more 

sustainable circular economyðeven at a moderate paceðmore and more emphasis has been 

placed on the 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, pullulan) and synthetic 

biopolymers (poly(glycolic acid), PLA, poly(vinyl alcohol), polybutylene succinate, etc.) 

have been investigated over the last two decades [246]. Among the aimed uses are medical, 

packaging, and many industrial applications, especially in the form of biocomposites or 

nanobiocomposites [247, 248, 249, 250]. 

The most intensively studied biopolymer, PLA, has a global market valued 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 2027 [251]. Compared to the rest of the bioplastics industry, the PLA 

market is expanding at an increasing speed [40]. 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, etc.) [252]. Various products can be produced using 

this biopolymer, such as inter alia, blow-moulded bottles, injection-moulded cups, spoons and 

forks [253]. Nevertheless, in order to use PLA as a raw material for durable applications, it is 

necessary to increase its low impact and heat resistance. Researchers have demonstrated that 

with self-reinforcement (SR), a special type of composite production, the impact resistance of 

PLA can be improved [67, 166]. In addition, since the reinforcement and matrix material of 

an PLA SRC product are both composed 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 in self-reinforced biocomposites. 

Jia et al. [183] combined oriented crystalline PLA fibres with amorphous PLA films 

with significantly different melting points in order to widen the processing window which 

exceeded 30ÁC. With a fibre content of 22% (applying unidirectional orientation of the 

fibres), PLA SRCs 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 is worth 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. [189] 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 collector distance. 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 content of the fibres with ethanol, composite sheets with 

dimensions of 30 mm Ĭ 30 mm Ĭ 150 ɛm were pressed at 165ÁC and 6 MPa, by varying the 

compression time from 10 to 60 s. The tensile strength and modulus of the composites (at 20 s 

compaction time: ůy = 77.5 MPa, E = 3.2 GPa) improved compared to the properties of the 

isotropic PLA film (ůy = 49.9 MPa, E = 2.8 GPa). Kriel et al. [254] prepared core-sheath PLA 

fibres composed of a semicrystalline core and amorphous sheath by coaxial electrospinning. 

The bicomponent 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 electrospinning 

and the involved organic solvents make this method hardly scalable; the application areas of 

electrospinning are limited to small size products with high added value [255, 256, 257, 258, 

259]. 

From a feasibility point of view, conventional fibre production techniques are more 

advantageous, because production can be accomplished at significantly higher speeds and in 

higher quantities. Melt-blowing is one of the most cost-effective and versatile commercially 

available processes to produce microfibrous products. The definition of this technique is óa 

one-step process in which high-velocity air blows molten thermoplastic polymer from an 

extruder die tip onto a conveyor to form a fine fibered webô [260]. Melt-blowing technology 

has also been used to manufacture PLA nonwoven mats, targeting innovative applications 

such as special tissue scaffolds [211] and filters [209]. However, the utilisation of melt-blown 

PLA microfibres to form SR composites has been barely studied in the literature. Recently, 

melt-spun core-sheath PLA fibres with a melt processing window as wide as 40ÁC were 

transformed into PLA SRCs via hot-pressing by Liu et al. [261]. The hot-pressing temperature 

was found to have a noticeable effect on the compositesô morphological and mechanical 

properties. 

The present study demonstrates the manufacturing method of one-component 

microfibrous PLA mats by the solvent-free melt-blowing technique, focusing on the effect of 

the D-lactide content and thermal annealing on the morphological, thermal and mechanical 



 

 

91 

 

properties of the produced PLA fibres. The obtained nonwoven mats were further processed 

by hot compaction to form PLA SRCs, the corresponding properties of which were 

investigated as well. 

5.3.2 Sample preparation 

5.3.2.1 Melt-Blowing 

As the stereoisomeric purity of PLA significantly influences its mechanical and 

thermal properties [262], PLA grades possessing comparable rheological properties (MFIs), 

but differing in D-lactide content, were selected for fibre production. 3052D, 3001D and 

3100HP IngeoTM Biopolymer PLA were chosen. PLA fibres were produced by melt-blowing 

from raw materials previously dried for at least 8 h at 85ÁC. A Quick Extruder QE TS16 

02/2016A type twin-screw pharmaceutical extruder was used. The four heating zones of the 

extruder were heated to 200ÁC, the die temperature was 170ÁC and the screw speed was set to 

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 melt-blowing process. 

The die had 330 ɛm diameter holes next to each other, and the compressed air with an 

overpressure of 1 bar was heated by an AHP-7562 type device. The air temperature was set to 

300ÁC. For the collection of PLA microfibres, a hemispherical sieve made of metal mesh 

placed at a distance of 25 cm from the die was used. By means of melt-blowing, 0.6 to 0.7 g 

of fabric was produced per minute, corresponding to a productivity rate of 36 g/h. This is 

110ï130 times higher than the productivity of the electrospinning method used by Somord et 

al. [189]. 

5.3.2.2 Thermal Annealing 

The produced melt-blown webs were largely amorphous due to rapid cooling, and 

since the crystalline fraction plays a key role in the production of composites, thermal 

annealing experiments were carried out above the glass transition temperature (Tg). Samples 

of the microfibrous mats were placed into an 85ÁC oven for 2 h. In the first hour, samples 

were taken every 15 min and then after 120 min, from which the effect of post-crystallisation 

was investigated by DSC. 

5.3.2.3 Composite Preparation 

PLA SRCs were prepared from annealed and non-annealed nonwoven PLA mats of 

the 3100HP type PLA, which proved to be the most promising material. In the case of non-



 

 

92 

 

annealed mats, the moisture was removed by drying for 1 h at 50ÁC to avoid hydrolysis 

during hot compaction. From the webs, 26.6 Ĭ 26.6 mm2 squares were cut, which were 

layered into a square mould with dimensions of 30 Ĭ 30 Ĭ 0.4 mm3. The mould was placed 

between two metal sheets coated with PTFE foil. The hot compression process was carried 

out with a Collin GmbH Teach-Line Platen Press (Ebersberg, Germany) 200E hydraulic press 

at 165ÁC and 60 bars for 4 different durations (10, 20, 30 and 60 s) for the annealed mats. 

Non-annealed fibres were also processed at 160ÁC, 60 bars, for 20 s, using the same 

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 

5.3.3.1 Fibre Morphology 

The morphologies of the nonwoven mats and the fibre diameters were investigated by 

SEM analysis. As it can be observed in the images with magnifications of Ĭ100 and Ĭ1000 

(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 shown in Figure 5.20. The diameter of the melt-blown fibres varied 

between 2 and 14 ɛm for each type of PLA used, which is greater than the diameters of fibres 

produced by electrospinning in the literature [14].  

   

   
Figure 5.19 SEM images of the melt-blown PLA nonwoven mats: (a,d) 3052D; (b,e) 3001D; (c,f) 

3100HP. Magnification: Ĭ100, Ĭ1000. 
 

 a  b  c 

 d  e  f 
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Figure 5.20 Diameters of the melt-blown PLA fibres 

In Figure 5.20, a decreasing tendency of fibre diameters can be observed as a function 

of PLAôs D-lactide content, but the difference is not significant. The measured fibre diameter 

values (at least 70 fibres were 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 increasing D-lactide contents is zero (H0: ɓ1 = 0) with 

a probability value of p = 0.045 which is close to the generally used significance level of Ŭ = 

0.05. 

5.3.3.2 Thermal PropertiesðCrystallinity 

DSC analyses were carried out to investigate the thermal properties and crystallinity of 

the annealed and non-treated fibres. As can be seen in Figure 5.21, depending on the D-lactide 

content of the used PLA type, a two to seven-fold increase in crystallinity was reached after 

two hours of annealing. Based on the initial 4 percentage points loss in crystalline content of 

the 3052D and 3001D samples, it is assumed that this procedure erases the thermal history of 

the amorphous phase and creates a new structure. During the melt-blowing process, 

orientation and alignment of the PLA macromolecules in the direction of the fibre axis 

occurred, initiating crystallisation and ordering of the amorphous region at the same time. 

Annealing at 85ÁC, above the glass transition temperature of PLA (~60ï66ÁC), enhances 

segmental mobility and the oriented polymer chains try to return to their thermodynamically 

more stable form. These phenomena explain the 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 crystallisation, the amorphous 

parts of the macromolecules are reorganised, 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. 

  

Figure 5.21 Crystallinity of PLA fibres as a function of annealing time 

The thermal transitions of the PLA fibres with differing D-lactide-contents can also be 

observed on the corresponding DSC curves (Figure 5.22). In the case of non-annealed (0 min) 

samples, the Tg is observed around 66ÁC. On the curves of the annealed fibres, this 

phenomenon is marked by a much smaller thermal effect as the frozen-in strains induced 

during the melt-blowing process are eliminated in 15 min. As the crystallinity increases with 

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

annealing, it is barely noticeable. For the samples annealed for 2 h, this heat transition is not 

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

obtained by thermal annealing at 85ÁC. 

It can be observed that after 15 min of thermal treatment, the cold crystallisation peak 

temperature significantly increased. The shift of cold crystallisation exotherm to the lower 

temperature of the non-treated fibres is attributed to the strain-induced nucleation enhanced 

crystallisation of the stretched amorphous phase. As there is no strain-induced orientation in 

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

temperature). At higher D-lactide contents (Figure 5.22 a), this effect causes a significant 

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

crystallisation is facilitated by the presence of a high amount of pre-existing crystals (ɢ = 

26%). After increasing the heat treatment time, the cold crystallisation 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) and 3100HP (c) type PLA annealed for 0ï120 

min. 

For the annealed 3052D (15ï60 min) PLA fibres (Figure 5.22 a), a double 

endothermic crystalline melting peak can be observed, which means that both crystalline 

forms of PLA (the less ordered Ŭǋ and the more ordered Ŭ crystalline forms) are present. The 

smaller peak at 159ÁC shows the melting of the Ŭǋ form and the recrystallisation of the Ŭ 

crystal form; the larger peak refers to the melting of the Ŭ form. The 3052D type PLA 

 a 

 b 

 d 
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contains the highest amount of D-lactide (4.0%), which decreases the regularity of the 

macromolecules so that Ŭǋ crystalline formation can occur. It can be seen that after 120 min, 

these less ordered crystalline structures also transform into a thermally more stable Ŭ 

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 

heat treatment, Ŭǋ is formed, and this exothermic peak indicates solid phase transformation 

into the more stable Ŭ form occurring in the DSC apparatus [263]. The crystalline melting 

peak temperature increases with a decreasing D-lactide content (3052D: 167ÁC, 3001D: 

172ÁC, 3100HP: 175ÁC), this effect is also due to the higher macromolecular regularity of the 

optically pure PLA types. 

5.3.3.3 Mechanical Properties of the Microfibrous Mats 

The results of the tensile tests are shown in Figure 5.23. The mechanical 

characteristics of the melt-blown microfibrous mats are comparable with the modulus and 

strength of electrospun PLA nonwoven mats, as found in the literature [264]. It can be noticed 

that the Youngôs moduli of the annealed mats are much smaller than that of the non-annealed 

mats obtained from the same material. This phenomenon can be 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 reduced [265]. 

Regarding the tensile strengthðexcept for the 3100HP typeðthe non-annealed 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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Figure 5.23 Youngôs modulus (a) and tensile strength (b) of annealed (ann) and non-annealed PLA 

mats. 

5.3.3.4 Mechanical Properties of SR Composites 

Based on the DSC measurements, crystallinity data and mechanical properties of the 

melt-blown PLA nonwoven mats, the 3100HP type PLA was selected for SR composite 

preparation. The typical stressïstrain curves of the obtained composites can be seen in Figure 

5.24, while the modulus and tensile strength values are shown in Figure 5.25. 

 a 

 b 



 

 

98 

 

 

Figure 5.24 Stressïstrain curves of PLA SRCs. 

 

 

Figure 5.25 Youngôs modulus (a) and tensile strength (b) of SR composites made of annealed (ann) 

and non-annealed PLA mats, indicating the hot compaction time (10ï60 s) 

 a 

 a 
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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 compared to SRC 

specimens composed of non-treated mats (20 s). The significant effect of thermal treatment of 

the fibrous mats was also evidenced by the obtained 47% increase in tensile strength, reaching 

43 Ñ 9 MPa in the case of the 30s_ann composite. These favourable mechanical properties are 

connected to the high crystallinity achievable in the case of the low (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 

(Figure 5.24) and tensile strength (Figure 5.25 a) values of the PLA SRC, likely due to the 

partial melting and fusion of the microfibres and also to the physical ageing that occurs during 

longer processing times. 

5.3.3.5 Morphology of the PLA SRCs 

The fracture surfaces of the PLA SRC specimens were analysed by SEM. Based on 

the SEM micrographs presented in Figure 5.26, conclusions regarding the consistency, fibre 

orientation and failure mechanism of the composites were drawn. Despite the 5ÁC lower 

processing temperature but identical hot compaction time (20 s), a significantly lower amount 

of reinforcing fibre was observed in the fracture surface of the composite made from non-

treated PLA mats (Figure 5.26 a), while fibres that underwent thermal annealing mostly 

remained intact during processing (Figure 5.26 b). The more than two-fold increase in 

crystallinity resulted in higher thermal resistance of the microfibres, and thus, lower 

sensitivity to the high compression temperature. 

     
Figure 5.26 SEM images of self-reinforced (SR) PLA composites made from non-annealed (a) and 

annealed (b) fibres with 0.5% D-lactide content (3100HP). Magnification: Ĭ500 
 

 a  b 
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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 fibres. Composites made from highly 

amorphous fibres broke with plastic deformation, but specimens with 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, and thus well-consolidated composites could be 

obtained. In this case, self-reinforcement 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 melt-blowing technology. Fibres with 

diameters ranging between 2ï14 Õm were obtained with a productivity rate of 36 g/h from 

three types of PLA grades differing in D-lactide content. The crystalline fractions of the 

obtained fibres were significantly increased by thermal annealing at 85ÁC for 2 h with the aim 

of improving their thermal resistance. The heat treatment induced, however, relaxation of the 

molecular orientation in the fibres, and thus decreased modulus values were measured for the 

annealed fibres. Nevertheless, self-reinforced composites with adequate morphology and 

mechanical performance could only be obtained from thermally pre-treated 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 compaction. As a conclusion for the sake of future 

advancements in the field, PLA grades of low D-lactide content should be considered as 

reinforcement. Annealing conditions must be selected carefully, ensuring minimal fibre 

relaxation and maximal crystallinity. In an effort to prevent thermal degradation of the PLA 

during processing, and consequently the severe deterioration of molecular weight and 

mechanical properties, milder fibre production techniques such as solvent spinning methods 

might be considered. For further optimalisation of SRC manufacturing, a more profound 

analysis of the thermomechanical properties and crystalline forms of the PLA fibres is 

recommended. 

Related publications: III , VIII , XXII, XVIII , XIX , XX 
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5.4 Effects of thermal annealing and solvent-induced crystallisation on the 

structure and properties of PLA microfibres produced by high-speed 

electrospinning 

5.4.1 Rationale and aims 

A wide variety of value-added 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 utilised modifications that usually takes 

place during or after manufacturing. By this method, the crystallinity of a polymer material 

can be enhanced through the increased macromolecular mobility above Tg. In particular, 

design of PLA products require special attention to its crystalline phase mainly due to the 

inherently slow crystallisation kinetics of the polymer [33, 266, 267, 268, 269]. Inter alia, 

thermal history has direct influence on the crystallinity of PLA, and consequently, on its 

properties altogether. Numerous studies showed that by exploiting the advantages of thermal 

annealing, Youngôs modulus and heat distortion temperature (HDT) can be effectively 

improved, moreover, even increased tensile strength and acceptable impact resistance are 

achievable without altering the molecular mass [52, 229, 263, 270, 271, 272]. Stereochemistry 

also greatly affects the crystallisation capability of PLA. A PLA macromolecule can form 

stereoisomers depending on its monomers: L, D and D-L (meso) lactide. For commercial 

purposes, PLA blends with a higher amount of L-lactide and a lower D-lactide content are 

used [229]. The properties of these semi-crystalline 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 lower D-lactide content has higher maximum crystalline fraction. 

Crystallisation of PLA can result in three possible crystalline forms, i.e. Ŭ, ɓ and ɔ. 

When PLA is crystallised from melt or solution, even during cold crystallisation, Ŭ polymorph 

is developed. This is the most stable form, which turned out to be a left-handed 103 helix, that 

packs into an orthorhombic unit cell [273, 274]. The ɓ form can be obtained under more 

extreme conditions e.g. by applying high drawing along with elevated temperature, and can be 

described with a trigonal unit cell [275, 276, 277, 278, 279]. The orthorhombic ɔ form is 

produced through epitaxial crystallisation [280]. During conventional PLA processing routes 

Ŭ form is more likely to develop; therefore, from practical and scientific points of view, this 

crystal type is of great relevance. Even more research has been concentrating on the subject 

since Zhang et al. reported that PLA could crystallise into a less ordered polymorph called Ŭô 
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[281]. Subsequent studies revealed that at temperatures lower than about 100ÁC, formation of 

Ŭô crystals is observed, the stable Ŭ form crystallises only above 140ÁC [263, 282, 283, 284, 

285]. In the temperature range of 100ï140ÁC, both types of crystals grow [282, 283, 284]. 

Nonwoven technologies and products represent a notable portion of the packaging 

industry, the largest single market of polymers [286, 287]. In addition, these materials with 

disordered fibre arrangement represent the main component of a wide range of applications, 

including filtration [209, 288], absorbents [289, 290], drug delivery [291, 292, 293], and 

tissue-engineering [294, 295]. With respect to annealing of PLA nonwovens heat resistance, 

tensile strength and modulus usually increases, while ductility reduces [296, 297]. In our 

previous study, melt-blown PLA nonwoven mats were used as precursors for self-reinforced 

composite preparation [III ]. Without the annealing step, 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 (ES) [286, 287, 288-297, 298]. Recently, 

high-speed electrospinning (HSES) technique has been developed to increase the productivity 

of this process [292, 293, 299, 300, 301]. To the best of our knowledge, the HSES concept has 

not yet been utilised 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, and even stereo-

complexation of PLA chains is on the table [187, 294, 302, 303, 304, 305]. On the other hand, 

postprocessing of the fibres can increase the crystallite size and can result in more organised 

crystals [187]. However, conventional annealing (using heat treatment without fixation) 

generally leads to dramatic relaxation of PLA fibres and the shrinkage of the product [297, 

306]. When annealing at 140ÁC, Riberio et al. encountered severe deterioration of electrospun 

PLA fibres [307]. Accordingly, it seems to be challenging to develop a stable Ŭ crystalline 

phase in nano- 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 morphology [308]. Besides heat treatment, Bye et al. 

recommend the technique of vapour annealing by suspending the electrospun mat above a 

pool of dichloromethane [294]. Naga et al. proposed solvent-induced crystallisation of 

amorphous PLA [309]. Regarding nano- and microfibrous structures the large surface area to 
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volume ratio further increases the efficiency of solvent-induced crystallisation. Gualandi et al. 

investigated the effect of ethanol disinfection on electrospun PLA scaffolds and demonstrated 

that the fibresô crystallinity exceeded 30% due to immersion in 37ÁC absolute ethanol for 

more than 30 minutes [264]. Consequently, modulus and tensile strength of the electrospun 

mat increased by 69% and 36%, respectively. Somord et al. also used ethanol to remove 

residual water from electrospun PLA mats, but for some reason, they did not mention the 

solvent-induced crystallisation effect just noted that without the ethanol rinsing step 

discoloration or degradation of PLA would occur in subsequent hot-pressing steps [189]. The 

crystallinity of the produced self-reinforced nanocomposites increased to 35ï40%, 

accompanied with enhanced toughness. 

The aforementioned modifications of nonwoven mats certainly need some sort of 

characterisation. Thermoanalytical and morphological investigation are evident and essential 

routes to determine basic properties of the product; the overall crystallinity, fibre diameters 

and alignment can be assessed by differential scanning calorimetry (DSC) and scanning 

electron microscopy (SEM), respectively [306, 307]. Nonetheless, in order to differentiate the 

two main crystal form (Ŭ and Ŭô), the exact atomic coordinates in the crystal lattice and the 

intra- and intermolecular interactions have to be determined using more sophisticated 

methods. Temperature-modulated DSC (MDSC) permits the simultaneous measurement and 

separation of thermal events that are reversible and non-reversible at the modulation period 

timescale [310, 311]. With the special concept of stochastic modulation, also known as 

TOPEMÈ technique, even the complex heat capacity is definable [312, 313, 314]. Structural 

analysis by X-ray diffraction method is a powerful way to obtain the atomic positions and to 

probe long-range order in the crystalline phase [271, 283, 285, 315]. On the contrary, 

vibrational spectroscopy detects localised structures at the molecular scale. Among other 

methods, Raman micro-spectroscopy is a versatile technique capable of defining 

conformation distribution, in both amorphous and crystalline regions [316, 317, 318]. 

Measuring the HDT is a key topic when determining the effects of annealing, since 

recrystallised PLA products have higher HDT compared to amorphous ones [229]. 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, therefore it is 

unsuitable for examining the heat resistance of nonwoven materials [319]. In the field of 

scanning probe microscopy, localised thermomechanical analysis (LTMA) offers the ñmicroñ 

equivalent of thermomechanical investigation on micrometer-scale areas within a 10ï20 
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seconds period [320, 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 heat and ethanol treatment of nonwoven PLA mats. Parallel annealing experiments 

were implemented on duplicate samples derived from the same high-speed electrospun PLA 

nonwoven. The specimens were comprehensively characterised by means of morphological, 

spectroscopic, thermal and mechanical testing methods. In addition to the new way of high 

throughput ES manufacturing of PLA nano- and microfibres, the distinction between Ŭ and 

Ŭô-related thermal effects in the same DSC curve represents the novelty of our research, 

which was realised using modulated differential scanning calorimetry. 

5.4.2 Experimental section 

5.4.2.1 Production of PLA nonwoven mats 

PLA nonwoven fibre mats were prepared by a high-speed electrospinning (HSES) 

setup consisting of a stainless steel spinneret equipped with orifices (d = 330 Õm) connected 

to a high-speed motor (Quick2000 Ltd, Tiszavasv§ri, Hungary) [299]. 10% w/v 

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 of which is beyond 

the scope of this paper). The solution was fed with a flow rate of 400 ml/h using 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 on a round 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 weighing ~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 ambient temperature (25ÁC) and at a relative 

humidity of 50 Ñ 10%. The productivity of the HSES technique reached 40 g/h, which is 2-3 

orders of magnitude higher than that of the single needle ES technique used for PLA nano- 

and microfibre production until now [286, 287, 288ï296, 187]. 
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5.4.2.2 Annealing methods 

Thermally-induced crystallisation 

The obtained PLA nonwoven mats were cut into 20-mm-wide and 80 mm long strips 

and placed in a conventional oven for annealing at 85ÁC. The sample temperature was 

precisely measured using a thermocouple and a digital multimeter. Samples for analyses were 

taken after 5, 10, 15, 20, 30, 45, 60 and 90 minutes and named H-5, H-10, é H-90, respectively. 

Solvent-induced crystallisation 

20 mm wide nonwoven PLA strips were placed in a covered Petri dish containing 

99.5% ethanol. The solvent was previously heated and held at 40ÁC on a magnetic stirrer. 

Samples were taken out after 3 seconds, 5, 10, 15, 20, 30 and 45 minutes (named E-5, E-10, 

é E-45, respectively) and then dried under air ventilation at ambient temperature (25ÁC). 

5.4.3 Results and discussion 

5.4.3.1 Morphology of the PLA nonwoven mats 

SEM images were taken to investigate the effect of the two annealing methods on the 

morphology of the PLA nonwoven mats. As it can be seen in Figure 5.27 c, heat treatment 

caused significant shrinkage of the mat, largely curled fibres were observed already after 5 

minutes of annealing. Increasing treatment time resulted in even stronger deformation (Figure 

5.27 e-f). This phenomenon is due to the relaxation of oriented amorphous PLA chains at 

temperatures above Tg [306]. However, after immersing in 40ÁC ethanol the microfibres 

mostly preserved their straight shape (Figure 5.27 b, d). Overwhelming majority of the PLA 

microfibres in Figure 5.27 a-f are of 1ï3 Õm thickness (some of them ranging from 0.25 Õm 

to 8.5 Õm). Thus, despite of the high throughput production method, a reasonably narrow 

diameter distribution was obtained. 
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Figure 5.27 SEM micrographs of the PLA mats, NT (a), E-5 (b), H-5 (c), E-45 (d), H-45 (e), H-90 

(f) 
 

The potential effect of thermally and solvent induced crystallisation on the fibre 

diameters was investigated by image analysis of SEM micrographs. The distribution of fibre 

diameters before and after treatments is depicted in Figure 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 mean diameter 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, practically 

after the beginning of the segment movement allows the contraction of the oriented chains 

along the longitudinal axis of the fibre. One-way ANOVA was implemented to evaluate the 

statistical significance of the difference between the mean values, and we could reject the null 

hypothesis (p = 0.00017) that the mean values of the fibre diameters are equal (H0: dNT = 

dE5 = dH5). It was found that the increase of fibre diameters of the thermally annealed mat is 

greater than that of the ethanol-treated samples which is in accordance with the greater 

shrinkage and more curly character of the H-5 mat as observed during SEM inspection 

(Figure 5.27). After 45 minutes of treatments (E-45 and H-45), however, a slight decrease in 
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the fibre diameters was revealed compared to the short-time treated fibres (E-5 and H-5), 

which is attributed with the increasing crystalline contents. 

  
Figure 5.28 Diameter distribution of fibres before (NT) and after (a) ethanol immersion and (b) 

thermal annealing 

5.4.3.2 Thermal characterisation using DSC and MDSC 

5.4.3.2.1 DSC measurements 

As the conventional DSC analysis revealed, the crystallisation during the solvent-

assisted treatment (ethanol, 40ÁC) fundamentally differs from that of conventional annealing 

at 85ÁC (Figure 5.29 a, b). 

  
Figure 5.29 DSC curves of (a) ethanol-treated (40ÁC) and (b) heat-treated (85ÁC) PLA nonwoven 

mats 

Regarding the curve of non-treated reference PLA mat, a significant cold 

crystallisation exotherm (Tcc ~ 70 to 90ÁC) can be observed right after the thermal effect of 
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Tg. A single melting endothermic peak is visible at 174.2ÁC along with a recrystallisation 

exotherm around 159ÁC corresponding to the crystal rearrangement and perfection of the less 

ordered Ŭô to the thermodynamically more stable Ŭ crystals, according to the related literature 

[230, 283]. The main difference between the annealing methods is the presence of this 

recrystallisation effect anticipating two distinct crystalline forms. On the one hand, each heat-

treated sample (H-5ïH-90, Figure 5.29 b) shows this relatively small exotherm before the 

crystalline melting peak; on the other hand, it utterly disappears after 5-min immersion in 

40ÁC ethanol (Figure 5.29 a). Based on these results, it can be presumed that the ethanol 

solvent favours the formation of Ŭ crystals; however, conventional annealing at 85ÁC only 

results in less ordered Ŭô crystals. The cold crystallisation exotherm around 70ï90ÁC is still 

noticeable in the case of H-5 and H-10 samples indicating a rather moderate pace of 

crystallisation in the conventional oven compared to the ethanol-aided treatment. 

5.4.3.2.2 New formula to estimate the crystalline fraction 

The degree of crystallinity (ɢc) of the samples was calculated according to Equation 

(4), a further developed version of the equation commonly used for the estimation of 

crystalline fraction of PLA samples (vid. Equation (3) in Chapter 4.3.3).  

… Ϸ
Ў Ў

Ў Ͻ 
Ͻρππ  (3) 

where ȹHm is the melting enthalpy, ȹHcc is the cold crystallisation enthalpy, ȹHm
0 is 

the melting enthalpy of a perfect PLA crystal and ű is the weight fraction of fillers. 

The necessity of the newly developed formula stems from the fact that the generally 

applied equation assumes a uniform crystalline phase, thus uses the reference melting 

enthalpy (ȹHm0) of the 100% crystalline PLLA extrapolated to infinite crystal thickness (93 

J/g) [33, 216, 283] without taking into account the presence of different polymorphs, the Ŭô to 

Ŭ recrystallisation enthalpy or the influence of D-lactic acid units in the PLA sample. In 

addition, Equation (3) is widely used for the simple estimation of crystalline fraction of 

various PLA grades with different Tcc and Tm values. Neglecting the temperature dependence 

of crystallization and melting enthalpies could lead to indefinite ɢc values as most recently 

shown by Righetti et al. [285]. It was also proven that due to the presence of conformational 

defects in the disordered Ŭô polymorph, the enthalpies of melting of Ŭô and Ŭ crystals of 100% 

crystalline PLLA are different. 
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The initial use of Equation (3) eventuated an unrealistically large ɢc value (36.6%) for 

the as-recieved electrospun 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 proportion of the as-spun fibres was confirmed 

by XRD and LTMA measurements shown in chapters 5.4.3.3.1 and 5.4.3.4.1. For all the 

reasons mentioned above, a more sophisticated formula was needed to include the four 

possible thermal events in the calculation. Based on qualitative data of MDSC discussed in 

the following chapter, the presence of two polymorphs (Ŭ and Ŭô) were evinced. The melting 

endothermic peak around 174ÁC in Figure 5.29 corresponds to the melting of Ŭ crystals, 

whether formed in ethanol-assisted treatment or via crystal perfection during the DSC 

measurement. If any exothermic peak is present in the DSC curve, it must be subtracted from 

this melting endothermic peak in order not to be included in the initial crystalline fraction 

value. Each measured enthalpy has to be divided by the crystallisation or melting enthalpy of 

100% crystalline PLLA to yield the result of the given crystalline fraction. MDSC results also 

showed that the recrystallisation exothermic peak consists of the melting of Ŭô crystals and the 

simultaneous formation Ŭ crystals, thus the measured recrystallisation enthalpy must be 

divided by the difference of these two values. To express the crystalline fraction as a 

percentage, the final result is multiplied by 100 (Equation (4)). 

In Equation (4), ȹHm indicates the melting enthalpy, ȹHcc is the cold crystallisation 

enthalpy, ȹHrec is the recrystallisation enthalpy, ȹH0m (Ŭ or Ŭô) is the enthalpy of melting of 

the 100% crystalline PLLA in Ŭ (143 J/g) or Ŭô (107 J/g) form, ȹH0c (Ŭ or Ŭô) is the enthalpy 

of crystallisation of 100% crystalline PLLA in Ŭ (130 J/g) or Ŭô (76 J/g) form [285]. The 

negative and positive notation of exothermic and endothermic enthalpies was taken into 

account within the formula. 

…
ǋ ǋ

ρzππ    Ϸ   (4) 

The Tcc of Ŭô (85ÁC) and Ŭ crystals (145ÁC) as well as the Tm of the Ŭô (150ÁC) and Ŭ 

crystals (180ÁC) at which the enthalpies were investigated by Righetti et al. are similar to the 

respective temperatures of the present study, as it can be determined in Figure 5.29. Thus, 

with respect to the temperature dependence of crystallization and melting enthalpies, the use 

of these values and Equation (4) provides a better estimation for low D-lactide-containing 

PLA grades. However, one presupposition was made, namely that the solvent-assisted post-

crystallization treatment is comparable to crystallization at 145ÁC. 
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Figure 5.30 Effect of ethanol-induced and thermal annealing on the crystallinity of PLA 

microfibres 
 

The ɢc of the PLA nonwoven mats, calculated according to Equation (4) from the DSC 

curves, is presented in Figure 5.30. Using Equation (4) an initial ɢc of 2.2% is calculated, 

which seems to be more in accordance with the subsequent XRD and LTMA results (Chapters 

5.4.3.3.1 and 5.4.3.4.1) than the higher value (36.6%) estimated by the generally used 

Equation (3). As it can be seen, all along the ethanol-induced annealing the samples have 

significantly higher crystallinity then their heat-treated counterparts. It is assumed that due to 

the plasticising effect of ethanol and the increased mobility of polymer chains facilitated the 

formation of the thermodynamically more stable Ŭ crystals [264, 309]. After 45 min, 

conventional heat treatment resulted in samples revealing ɢc as 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 treatment is also attributed to the fast 

diffusion of the solvent in 0.25ï8.50-Õm-thick fibres allowing the immediate solvent-induced 

crystallisation of PLA. 

5.4.3.2.3 MDSC analysis 

The main goal of the MDSC measurements was the investigation of overlapping 

thermal effects by means of separating the heat capacity-dependent and kinetic changes 

within the fibres. The special approach of TOPEMÈ technique, a stochastic function is used 

for temperature modulation. During evaluation, a correlation analysis of the measured heat 

flow and the heating rate is carried out. The non-reversing 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 heat flow [312]. 
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Figure 5.31 MDSC curve of the NT sample with the resulting reversible, non-reversible and total 

heat flow curves 
 

A temperature-modulated DSC curve of the non-treated sample is displayed in Figure 

5.31 with the obtained non-reversing heat flow as well as the calculated reversing and total 

heat flow curves. The cold crystallisation exotherm (70ï85ÁC) is clearly visible in the non-

reversible heat flow, right after the relaxation of PLA fibres (58ï62ÁC). Figure 5.32 allows us 

to observe these phenomena at higher resolution. Relaxation is only possible if the 

macromolecule segments have enough mobility to settle back to a more stable conformation, 

just after the temperature exceeds the Tg. The step of Tg takes place in the reversing curve, 

thus it can be separated from the relaxation exotherm. Based on the data of Figure 5.32 a it 

can be concluded that 5 min of heat treatment reduces the Tg and the relaxation temperature 

by about 5ÁC. This is presumably caused by increasing D-lactide content within the 

amorphous phase since the lamella thickening and crystalline reorganisation process uses up 

free L-lactide units as building blocks [216]. 

In the case of the reference PLA nonwoven (NT) and the heat-treated (H-5ïH-90) 

samples, the recrystallisation of the less ordered Ŭô to the thermodynamically more stable Ŭ 

crystals can be separated into two processes (Figure 5.32 b). In the non-reversing curve, the 

melting of Ŭô crystals can be observed; meanwhile, in the reversing heat flow curve, the 

crystallisation of Ŭ crystals is noticeable. The small exothermic peak around 160ÁC is their 

sum, as it can also be seen in Equation (4). The lack of the recrystallisation exotherm 

confirms the ordered Ŭ structure of the ethanol-immersed samples, even after 5 min of 

treatment. 



 

 

112 

 

 

Figure 5.32 MDSC curves in the temperature ranges of (a) 50ï90ÁC and (b) 150ï185ÁC 
 

5.4.3.3 Structural characterisation of the PLA microfibres 

5.4.3.3.1 X-ray diffraction (XRD) measurements 

X-ray diffraction measurement is one of the few characterisation techniques that are 

able to differentiate the Ŭ and Ŭô crystalline phases; accordingly, this technique evinced clear 

structural differences between the PLA nonwoven mat samples treated by the two annealing 

methods. Figure 5.33 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 2ɗ = 16.8Áï17.0Á and 2ɗ = 19.0Áï19.2Á are observed for all the recrystallised samples. The 

reflection intensities are in accordance with the trend of the crystallinity values in Figure 5.30. 

While crystallisation during conventional annealing at 85ÁC progresses quite slowly, solvent-

treated samples reach their maximum crystalline content within 5ï10 minutes. Even 3 s of 

immersion in 40ÁC ethanol actively promoted the formation of crystallites. With regard to 

ethanol-treated samples, a slight shift in these two main reflections is in evidence. In Figure 

5.33 a, the differences between the two approaches of annealing can be examined in detail. 

Indexing of the observed reflections, based on the crystal structures reported for the Ŭ and Ŭô 

polymorphs, are shown as well [283, 285, 323]. For comparison, the diffraction patterns of E 

45 and H 45 samples are normalised using the strongest 110/200 reflection intensity. In Figure 

5.33 b, the changes in the peak positions of the 110/200 and 203 reflections are more visible, 

indicating the two distinct crystalline structures of Ŭ and Ŭô phases. 
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Moreover, ethanol-treated samples exhibit the 210 peak at 2ɗ = 22.8Á, which is also 

strong evidence of the more ordered polymorph. Hence, it was evinced that the ethanol 

solvent actively induces the formation of Ŭ crystals, while conventional heat treatment at 

85ÁC only results in less ordered Ŭô crystal structure with a rather moderate pace. 

  
Figure 5.33 XRD patterns of the PLA nonwoven mats (a) effect of treatment time (0ï45 min), (b) 

effect of treatment type (i.e. ethanol, heat treatment) 
 

5.4.3.3.2 Raman micro-spectroscopic characterisation 

Raman micro-spectroscopy was used for structural analysis of the single fibres of the 

non-treated, heat-treated and solvent-treated electrospun PLA mats, respectively. In Figure 

5.34, higher crystallinity of both types of treated fibres compared to the non-treated PLA 

fibres is revealed by the increased intensity of the crystallinity-sensitive peak at 923 cm-1 and 

by the changes of the relative intensity of the bands in the 360ï460 cm-1 region [318]. 

Although the two crystalline forms Ŭ and Ŭô have similar Raman features, some differences 

can be seen in the 200 cm-1 region as shown in Figure 5.35 a. In the spectrum collected from 

the thermally annealed PLA fibre (H-90) the greater degree of disorder of the Ŭô phase results 

in lowering in the frequency of the 200 cm-1 band [316]. On the other hand, the presence of 

triplet in the carbonyl stretching region (Figure 5.35 b) indicates the predominance of Ŭ 

crystals in the ethanol-treated fibre (E-45). 






























