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Glossary 
 

AATCC  American association of textile chemists and colorists 

APP  Ammonium polyphosphate 

ASTM  American standards for testing and materials 

ATH  Aluminum tri-hydroxide 

cN.tex-1  Centi-Newton per tex 

CO2  Carbon dioxide 

DSC  Differential scanning calorimetry 

dtex  Yarn linear density 

DTY  Drawn textured yarn 

EDS  Energy dispersive X-ray spectrometry 

E&E  Electrical and electronic 

EG  Expandable graphite 

EHC  Effective heat of combustion 

EXP  Halogen free flame-retardant 

FDY  Fully drawn yarn 

FR  Flame retardant 

FTT  Fire testing technology 

HCFR  Halogen containing flame-retardants 

HFFR  Halogen free flame-retardants 

HRR  Heat release rate 

IDY  Industrially drawn yarn 

IFR  Intumescent flame-retardant 

ISO  International organization for standardization 

KL  Kraft lignin 

kWm-2  Kilowatt per square meter 

LDPE  Low density polyethylene 

LOI  Limiting oxygen index 

MC  Melamine cyanurate 

MCC  Microscale combustion calorimeter 



 

MDR  Melt draw ratio 

MEL  Melamine  

MFI  Melt flow index 

Mg(OH)2  Magnesium di-hydroxide 

MJ  Mega-Joule 

MJ.m-2  Mega-Joule per square meter 

m2K/W  Square meter Kelvin per Watt 

mm.min-1  Millimeter per minute 

MPa  Mega-Pascal 

MWNT  Multi-walled nanotubes 

OS  Oxidized starch 

PA  Polyamide 

PC  Polycarbonate 

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

PER  Pentaerythritol 

PET  Polyethylene terephthalate 

PHHR  Peak heat release rate 

PLA  Polylactic acid 

PPLA  Pre-polylactic acid 

ppm  Parts per million 

PU  Polyurethane 

PVC  Polyvinyl chloride 

PVDF  Poly(vinylidene fluoride) 

RPM  Revolutions per minute 

SEM  Scanning electron microscope 

SPB  Sodium per borate 

SSDR  Solid-state draw ratio 

ST  Starch 

Tcc  Cold crystallization temperature 

TEM  Transmission electron microscope 

Tg  Glass transition temperature 

TGA  Thermogravimetric analysis 



 

THR  Total heat release  

Tm  Melting temperature 

TSP  Total smoke production 

TTI  Time to ignition 

UL-94  Standard method released by underwriter's laboratories of United States 

WAXD  Wide angle X-ray diffraction 

W/mK  Watt per meter Kelvin 

Xc  Crystallinity of fibers 

Zn-Al-LDH  Zinc aluminum layered double hydroxide 
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Summary 
 

Polymeric materials play an important role in our daily life due to their vast application range and 

several other benefits such as, ease of processing, thermal stability, low cost and adaptable 

mechanical properties. However, to improve the sustainability of polymers and to reduce carbon 

footprint, polymers from renewable resources are given much attention due to the developing 

concern over environmental protection. These renewable materials are progressively used 

nowadays in many technical applications instead of short-term use products. However, among 

other applications, flame retardancy of such polymers needs to be improved for technical 

applications due to potential fire risk they possess and their involvement in our daily life. To 

overcome this potential risk, various flame-retardant compounds based on conventional and non-

conventional approaches such as inorganic FR’s, nitrogen-based FR’s, halogenated FR’s and 

nanofillers were synthesized. However, most of the conventional FR’s are non-biodegradable and 

if disposed in the landfill, microorganisms in the soil or water cannot degrade them. Hence, they 

remain in the environment for long time and may find their way not only in the food chain but can 

also easily attach to any airborne particle and can travel distances and may end-up in freshwater, 

food products, ecosystems or even can be inhaled by breathing if they are present in the air. 

Therefore, the goal of this research work is to promote the use of biodegradable and biobased 

compounds for flame-retardants used in polymeric materials. The most effective method to 

enhance the flame-retardant behavior of polymers is to build a char layer at the surface of burning 

material because it reduces the polymer’s pyrolysis rate by condensed phase mechanism and bring 

it below to a level where self-sustained combustion is not possible. It reduces the free escape of 

volatile compounds that are formed after combustion by locking them in the charred structure and 

restricts the dripping of molten polymeric materials, which sometimes is a major reason of flame 

propagation. The system in which this phenomenon is obtained is known as intumescent flame-

retardant (IFR) system. However, in conventional IFR systems, the components used are mainly 

non-biodegradable and obtained from non-biobased resources such as pentaerythritol (PER). PER 

is a polyol obtained from petrochemicals and has higher water solubility, which makes it not 

feasible for polymer thermal processing, melt spinning to produce fibers for textile applications 

and several other engineering applications. Furthermore, it is not a good choice to use non-

biodegradable PER in biodegradable materials such as Polylactic acid (PLA). Thus, it is necessary 
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to test biodegradable and biobased flame-retardants to substitute PER in intumescent formulations 

for biodegradable polymer PLA. In this way, the whole IFR system can be made biodegradable if 

all of its components are biodegradable. Hence, it is necessary to propose more environmental 

friendly approach in IFR system. We therefore, in this dissertation, have developed a biobased and 

biodegradable intumescent flame-retardant for PLA based textiles and composites. The goal of 

this dissertation is not only to use biodegradable and biobased flame-retardants in polymeric 

materials but also to measure the effectiveness and efficiency of the developed products by 

comparing the FR properties with the standard benchmark properties, defined for the targeted 

products. Therefore, flame-retardancy of PLA composites and PLA textile products developed in 

this dissertation is tested with ISO standard testing methods. To achieve these goals, additives 

composition, temperature profiles and processing conditions of PLA/IFR compounds are 

optimized to obtain the desired functional and mechanical properties. The melt-spinnability of the 

developed PLA/IFR formulation is up-scaled from lab to pilot-scale by optimizing the spinning 

process parameters. IFR multifilaments, based on mono-component and bi-component fibers are 

developed to produce nonwoven FR carpet backing by thermal bonding and needle-punching 

techniques. A remarkable increase in flame-retardancy (higher limiting oxygen index values and 

V-0 ratings in UL-94 vertical burning tests) and a significant decrease in heat release rate, total 

smoke production and effective heat of combustion were observed. The ignitability test showed 

none of the fabric sample produced from IFR fibers was ignited after 15 (s) of flame exposure and 

therefore, achieved E and Efl classification, as per EN ISO 11925-2 standard testing method, which 

certifies that this product can be used commercially for FR floor coverings. Hence, the results in 

this dissertation confirmed that biodegradable and biobased additives can be used in IFR’s to 

produce PLA based textiles and composites with comparable FR properties to conventional FR’s.   
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Chapter 1 

General introduction, scope and objectives 
 

1.1. Introduction 

The fire hazard has become quite severe due to the invasion of polymers in our daily life [1]. 

Undeniably, majority of the frequently used polymers not only burn quite briskly and release large 

amounts of smoke and heat but also melts vigorously that promotes further fire propagation [2]. 

Numerous financial losses and personal deaths have been reported every year due to fire 

propagation and the smoke thus produced contains toxic substances causing severe health 

problems to the society [3]. According to International Association of Fire and Rescue Services 

(CTIF), approximately 2.0 – 2.5 million fire accidents were reported in Europe in 2018 resulting 

in 20,000 – 25,000 fire deaths, while 60% of the deaths were caused by smoke inhalation [4]. 

Therefore, in developed countries, fire regulations are becoming more stringent and generally 

operated ���������������������������������;�����������������������������������������������������

the use of smoke detectors and fire protective equipment and secondly by using those materials, 

which contribute to fire as little as possible [5].   

 

Generally, flame-retardant additives are used in polymers to improve their flame-retardancy 

against fire hazards [6]. The fire hazards from a particular polymer can be judged by certain 

predefined parameters, such as time to ignition, heat release rate, fire propagation rate, amount of 

smoke and CO2 release and the toxicity of the byproducts. Flame-retardants are of different types 

and they are generally classified based on their mode of action, chemical nature, working and 

protection mechanism [7]. Halogen containing flame retardants generally operate in the gaseous 

phase by terminating the free radicals involved in the combustion process. They are found to be 

very effective at very low additive concentration in the polymer but at the same time, release toxic 

substances during emission hence, are abandoned in most of the developed countries. Halogen 

containing flame-retardants have been gradually replaced with other type of flame-retardants in 

the last couple of decades [8].  

 

As a replacement of halogen containing flame-retardants, mineral hydrated fillers such as 

aluminum tri-hydroxide (ATH) and magnesium hydroxide (Mg(OH)2) were used as halogen free 
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flame-retardants [9]. However, their effectiveness is mainly dependent on higher loading 

concentration in the polymer, as quite often the loading concentration of such additives exceeds 

40-50 wt% in the polymer to achieve a certain level of flame retardancy. On the one hand, such a 

high loading concentration of these mineral hydrated fillers can increase the flame retardancy up 

to the required level, on the other hand their mechanical properties also gets affected due to which 

sometimes it becomes difficult to further process them [10]. Nanoparticles have been found very 

effective in flame retardant formulations but they are seldom used alone. They are always used in 

combination with other materials and act as an efficient synergist. If they are well dispersed in the 

matrix, even very low loading concentration (1–5 wt%) can be very effective [11]. They have been 

found very efficient in lowering the peak heat release rate measured by cone calorimetry. 

Nanoparticles are of various types but mostly carbon nanotubes and clays are the most studied 

ones in flame retardancy [12]. Phosphorous based flame-retardants mostly promote char formation 

but they are also known as flame inhibitors [13]. Charring on the polymer surface not only reduces 

the quantity of fuel required to sustain flame, but also acts as physical barrier, which restricts the 

polymer from further burning and from external heat flux. When the char layer swells, it becomes 

even more effective in restricting the passage of heat through the underlying material [14]. Such 

systems are known as intumescent and they are based on halogen free flame-retardants. The 

loading concentration of phosphorous based flame-retardants in intumescent system lies in the 

range of 15- 25 wt%, and they are not only effective but at the same time non-toxic to the 

environment [15].  

 

Textile is one of the world's largest market mainly based on synthetic fibres used in consumer 

products [16]. Many textiles are subjected to flame-retardant requirements, which need to be taken 

into account during product development. For example, blankets, carpets and seat covers in 

airplanes need to observe specific flame-retardant regulations [17]. Textiles cause overall 50% of 

all accidental fires in the world, 25% of fires from textiles are fatal and the other 75% can result 

in severe injury [18]. That is why regulations are put in place regarding the flame-retardant 

properties of certain textile in specific applications. However, in textiles mostly fire retardancy is 

achieved by coating the surface of the fabric with FR concentrated solution by pad-dry-cure 

method [19]. Flame-retardant textiles developed by this approach (coating on surface) can resist 

fire up to a certain limit, but once ignited cannot be protected from further burning as there is no 
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protection mechanism, which can stop fire propagation. Thus, intumescent flame-retardant system 

is an approach that can protect the ignited textile from further burning as it builds a charred layer 

on the burning material, which cuts the fuel supply and reduces the concentration of oxygen that 

helps in fire extinguishing. 

 

Most of the flame-retardants used in polymers are non-biodegradable and therefore, tend to 

accumulate in the environment and are persistent [20]. Due to this non-biodegradability of 

halogenated FRs, certain biotic or abiotic processes can occur in specific environmental 

conditions. Biotic processes are the processes where bioaccumulation of the toxic substances and 

entrance into the food chain may occur and consequently may affect the plants, humans and 

wildlife [21]. While abiotic is a chemical process where photo-degradation and decomposition of 

the material at elevated temperatures and reactions with other compounds may occur which can 

change the materials intrinsic properties [22]. Moreover, non-biodegradable halogenated FRs may 

find their way in the environment through wastewater streams of the industries that produce them 

or through adsorption onto the dust particles at the manufacturing facilities where they are 

incorporated directly to various products [23]. Once these FRs come into the environment, they 

can easily attach to any airborne particle and can travel distances far from emission or production 

sites. Hence, traces of such non-biodegradable FRs can be found in freshwater, food products, 

ecosystems or even can be inhaled by breathing if they are present in the air [24]. On the other 

hand, biodegradable FRs are the one that can be degraded by microorganisms in the soil or water 

and results in mineralization. Therefore, one solution of this problem is to use halogen free flame-

retardants in FR applications and the other is to use those flame-retardants, which are 

biodegradable. This chapter covers four main aspects. The first portion of this chapter is covering 

conventional approaches to improve the flame retardancy of polymers. In the second portion, 

different types of flame-retardants and their mechanism of actions are discussed. In the third 

portion, potential of biobased and biodegradable additives in flame retardant applications are 

highlighted. Finally the scope, objectives and outline of the thesis will be discussed. 

1.2. Polylactic acid (PLA)  

Polylactic acid (PLA) is a biobased polymer derived from renewable resources and can be 

degraded in the soil by microorganisms under certain conditions of temperature and humidity  [25]. 
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The feedstock for PLA is obtained from natural and sustainable resources such as corn-starch [26]. 

The main producers of PLA are NatureWorks LLC (Minnetonka, United States), WeforYou 

GmbH (Graz, Austria), Evonik Industries AG (Essen, Germany) and Total-Corbion NV 

(Gorinchem, The Netherlands) and the global PLA market is expected to become more than US$ 

5bn by 2020 [27]. The global production volume of bioplastics in 2019 was 2.11 million tonnes 

according to the latest market data collected by European Bioplastics e.V. (Berlin, Germany) and 

Nova Research Institute GmbH (Hurth, Germany), out of which biodegradable plastics such as 

PLA and starch blends accounts for over 1 million tonnes [28]. PLA is recognized to be the first 

melt process-able synthetic fiber that has been derived from 100% natural resources, hence can be 

degraded under suitable conditions [29]. In addition to eco-friendly benefits, PLA also offers 

decent performance in technical application owing to its comparable mechanical properties to that 

of petroleum based polyethylene terephthalate (PET) [30]. However, PLA is less flammable than 

other synthetic thermoplastics such as PET, with less visible smoke on burning and a lower peak 

heat release rate (PHHR) [31]. The physical and fire related properties of PLA polymer are 

compared with other commercial polymers such as PET, Polyamide 6 (PA6) and Polypropylene 

(PP) in Table 1.1. 

 

Table 1.1. Physical and fire related properties of some commercial polymers [32]  

Properties Unit PLA PET PA6 PP 

Density g/cm3 1.24 1.38 1.14 0.92 

Melting temperature  °C 170-180 255-260 210-220 155-165 

Glass transition temperature °C 55-60 70-80 57-65 -10 
Time to ignition s 58 46 48 42 
Smoke generation m2/kg 63 394 195 142 

Limiting oxygen index % 24 19 18 20 

Peak heat release rate kW/m2 425-450 625-640 575-590 495-510 

Effective heat of combustion kJ/g 18 24 19 21 
 

PLA is aliphatic polyester synthesized from lactic acid building blocks [34]. In 1932, low 

molecular weight PLA was developed by Carothers and coworkers [35]. Traditionally PLA is 

known for biomedical applications due to its biocompatibility, however in the recent past the 
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innovation of some novel polymerization techniques led to the manufacturing of high molecular 

weight PLA that broadened the scope of PLA applications ranging from packaging to high-tech 

applications [36]. Melt processing is considered to be the most economically viable option for 

filament production [37]. In this technique, polymer is heated above its melting point and filaments 

are formed followed by hot drawing to attain the desired mechanical properties [38]. For 

optimization and smooth running of the process, the understanding of rheological behavior, 

crystallization and thermal properties of the polymer is mandatory. 

 

Lactic acid is the basic building block for polylactic acid, which is manufactured by transforming 

starch or sugar through bacterial fermentation or by petrochemical route. By poly-condensation 

reaction, lactic acid can be transformed directly to polyesters due to the presence of carboxyl and 

hydroxyl groups. However, conventional poly-condensation reaction results in lower molecular 

weight of this polymer, unless organic solvents are involved in the process. Though by ring 

opening polymerization technique, high molecular weight of polylactic acid can be achieved [39]. 

The production route of polylactic acid by ring opening polymerization is shown in Figure 1.1.  

 

Figure 1.1. Ring opening polymerization route for the production of polylactic acid 

1.3. Flame retardants 

Carbon is the fundamental element in all types of organic polymers [33]. Carbon-Carbon bonds 

are the backbones of each polymer, whereas some polymers also contain Carbon-Oxygen and 

Carbon-Nitrogen bonds depending on the presence of heteroatoms in the main chains. Upon 

exposure to adequate amount of heat, all type of organic polymers can be thermally decomposed.  

The heat supplied is absorbed as long as the Carbon-Carbon, Carbon-Oxygen and Carbon-Nitrogen 

bonds stay in contact but, after the bonds are broken, volatile gases are emitted that acts as a fuel 

to the fire [40]. The thermal decomposition of a polymer is dependent on various factors such as, 

the composition of a polymer, conditions at which the polymer is degraded and presence of 
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additives in the polymer. Although the degradation and stability of each polymer is dependent on 

the factors discussed above but, approximately all polymers, tend to decompose within the 

temperature range of 250˚- 450˚C [41]. Therefore, flame retardant additives are incorporated in a 

polymer to improve its flame retardancy. 

The task of a flame-retardant is to interfere with polymer ignition and to make it less flammable 

by intervening in a process, by which burning phenomenon takes place [42]. Their role is to 

prolong the resistance to burning, rather than entirely eradicating the flammability of the polymers, 

as all polymers are prone to ignition at extreme temperature conditions. However, by right 

additives composition, a polymer can become flame-retardant and ignition of a polymer can be 

prolonged. There is no universal flame retardant available that can be used for all types of polymers 

due to their different chemical compositions and different requirements for each targeted 

application [43]. Definitely, the requirements for a foam application will be different to the 

requirements for molding sheets or for the textiles. In short, each flame-retardant is designed for a 

particular end use and their selection is dependent on the type of fire hazards. Flame-retardants are 

generally assessed by considering their performance against (a) heat release rate (b) flame spread 

rate (c) ignition of a polymer and (d) formation of smoke, toxic gases [44]. Therefore, to get the 

desired results a careful selection of a flame-retardant is necessary. Sometimes more thermally 

stable polymer together with a flame-retardant is preferred to control fire hazards however, this 

approach is not so convincing because, thermally stable polymers usually contain high fluorine 

content (which is toxic) and are somewhat difficult to process and more costly as well [45].  

Fire propagation can be inhibited/suppressed by any of the following four approaches, i.e. (a) by 

������ ����������� ������ ���������� ��������� ������ ������������ ���������;� ���� ��� �����������

�������������������������������;�����by a s�������������������������������; (d) by integrating fire-

retardants in the polymers by compounding. These approaches are discussed briefly. 

High performance or inherently flame retardant polymers such as PBO (Polyphenylene- 

Benzobisoxazole) also known as Zylon (commercial name) or PBZT (Polyphenylene- 

Benzobisthiazole) possess excellent flame retardant properties but they are not suitable for every 

application due to higher cost and aging problems [46]. The chemical structures of PBO and PBZT 

are shown in Figure 1.2. 



General introduction and objectives

1

|   29   

 

 

Figure 1.2. Chemical structures of inherently flame-retardant polymers (PBO and PBZT) 

 In the second approach, the monomer of a polymer is chemically modified to get flame-retardant 

polymer, such as Trevira CS [47]. It is a chemically modified PET fiber, which possess intrinsic 

flame-retardant properties and therefore do not require external treatment to impart flame-

retardancy. A typical example of Trevira CS fiber is shown in Figure 1.3. 

 

Figure 1.3. A typical example of Trevira CS fiber 

In the third approach, a polymer surface is coated to make it flame-retardant. This method is easy 

to implement and offers quite a few benefits. The biggest advantage of using this method is that, 

flame-retardancy can be imparted to a polymer without altering its intrinsic mechanical 

characteristics. This method can be implemented in various types of materials such as, polymers, 

metals, wood and textiles. There are various technologies that are used to modify the surface of a 

polymer and cold plasma is one of them. The surface of a material is treated to achieve desired 

functional properties without altering its intrinsic properties. Surface functionalization reactions 

are stimulated on the surface of a material by using cold plasma technology or tiny layers of 

organic or inorganic materials are deposited by combining the molecular fragments on materials 
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surface by reactive species of cold plasma technology [48]. A typical example of cold plasma 

coating is shown in Figure 1.4, where powder additives are streamlined by the force of the plasma 

gas, which is governed by an electric field towards the target. The streamlined additives are 

bombarded towards the target and are collected by the stream collector.  

 

Figure 1.4. A typical example of cold plasma coating 

In the fourth approach, flame-retardant additives are directly incorporated to the polymers, by 

melting and adding the required percentage of additives, to form FR composites. This approach is 

generally favored because it provides a balance between the required flame-retardant properties 

and the cost occurred in the process [49]. Moreover, this approach is quite flexible in order to 

design polymers with desired multifunctional properties and can be used at the industrial scale as 

well. A typical example of a compounder is shown in Figure 1.5. The polymer is fed in one of the 

hoppers and additives in the other. The polymer and the additives are heated by heating elements 

and homogeneous polymer melt comes out of the nozzle in the form of a strand. This compounded 

strand is passed through water tub to normalize its temperature before being passed through the 

cutter that cuts the compounded strand into small granules, which are ready to be used for 

subsequent processing.  
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Figure 1.5. A typical example of a compounder 

Flame-retardant additives depending on their type and composition, behave differently with the 

polymer as most of them interact chemically with the polymer while some interact physically as 

well to interfere the combustion process. There are different stages of a combustion process, 

starting from heating the polymer, its decomposition, ignition and flame spreading in the polymer. 

�������������������������������������������������������������������;������������������������������� 

before polymer decomposition and some are intended to suppress the combustion before ignition, 

while some are aimed to prevent the flame spreading in the polymer [50].  

1.4. Action mechanism of flame retardants  

Since flame-retardants interfere in more than one stage of combustion process therefore, their 

action mechanism is mainly dependent at which stage of combustion they interfere in [51]. The 

action mechanisms of different types of flame-retardants are discussed below. 

1.4.1.  Dilution of volatile products 

Alumina trihydrate (Al2O3.3H2O) is a compound used for dilution of volatile products since it 

starts breaking down to water molecules and aluminum oxide at 175-210˚C [52]. Moreover, this 

compound is environmentally safe and also not very expensive, hence overall decreases the 

production cost [53]. However, the drawback of this compound is very low decomposition 

temperature and requires relatively higher loading concentration (wt%) in the polymer to induce 

fire retardancy. To overcome these drawbacks, recently magnesium hydroxide Mg(OH)2 has been 
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used for the dilution of volatile products since it operates in a similar way to alumina trihydrate 

but with higher decomposition temperature (280-340°C). Hence, Mg(OH)2 can be used for 

polymers that are processed above 250˚C without the problem of early decomposition during melt 

processing [54]. However, still relatively higher loading concentration (40-50,wt%) of the 

compound is required to impart acceptable degree of flame retardancy in the polymer. 

1.4.2.  Inhibition of vapor phase combustion 

For vapor phase combustion to take place, volatile products are required that are produced by 

oxidative thermal decomposition of a polymer. Vapor phase combustion can be controlled by using 

flame-retardants designed for such purposes that decompose at similar temperature range at which 

the polymer starts to decompose and those radicals are formed, which are less reactive also known 

as free radicals. These radicals do not react anymore with the volatile products in the vapor phase 

hence, slows down the combustion process [55]. These free radicals have very low energy and do 

not have the capability to further prolong the oxidation process. Once the oxidation process is 

slowed down, the transfer of heat back to the polymer is reduced, which slows down the 

combustion process hence, eventually the flame is extinguished. Typical example of such cases is 

the application of organo-bromine and organo-chlorine based flame-retardants [56]. 

1.4.3.  Removing heat of combustion 

Due to the burning of volatile compounds in the polymer, heat is generated and if sufficient heat 

flows back to the polymer, its thermal decomposition is continued due to self-sustaining of burning 

cycle. The schematic diagram of burning cycle is shown in Figure 1.6.  
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Figure 1.6. Schematic diagram of a burning cycle 

This burning cycle can be broken and combustion of the polymer can be stopped if some portion 

of the heat is eliminated from the burning cycle. By removing heat from the burning cycle, the 

pyrolysis rate of the polymer is slowed down and eventually the combustion process will be 

stopped [57].  

1.4.4.  Smoke suppressants 

Due to the burning of some polymeric materials, smoke is generated which can be very harmful 

and sometimes can be a cause of death. Polyvinyl chloride (PVC) is one of the polymers, which 

burns with significant amount of smoke and to reduce its thermal decomposition and smoke 

emission, smoke suppressants are necessary. Compounds based on zinc, iron, tin and molybdenum 

can be used as smoke suppressants in PVC products such as ammonium octamolybdate and 

molybdenum trioxide can be used as smoke suppressants in PVC cabling [58]. 

1.4.5.  Char formation 

Volatile products are emitted from the polymer as it is ignited by thermal oxidative reaction, which 

actually is the main reason for the burning of a polymer. However, this mechanism can be changed 

to produce less volatile products and more char on the surface of a polymer [59]. The formation of 

char on polymer surface not only act as smoke suppressant but also removes heat of combustion 

therefore, this action mechanism is considered far superior than the mechanisms discussed earlier 
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[60]. The type of flame-retardants generally preferred for char formation are halogen free flame-

retardants and the system in which they are used is known as intumescent flame retardant system 

[61]. 

1.5. Intumescent flame retardants 

Intumescence is originated from a Latin word “intumescere” which means to swell up [62]. The 

intumescent material if heated above a certain temperature starts to expand and swell up resulting 

in the formation of a charred layer on the exterior of the material [63]. This charred layer restricts 

the diffusion of oxygen to the site of combustion and protects the underlying material from 

exposure to fire and heat flux [64]. IFR’s offer a highly effective strategy to enhance the fire 

retardancy of polymers as a charred layer is developed that acts as a shield between the polymer 

and heat source and protects the polymer material from further burning and dripping. Modern IFR 

systems are based on halogen-free flame-retardants (HFFR’s) which, unlike their halogen-

containing counterparts, are environmentally safe as they do not degrade into dioxins whereas 

halogenated compounds with aromatic rings can degrade into dioxins and dioxin-like compounds 

[65]. Chlorinated dioxins are among the highly toxic compounds listed by the Stockholm 

Convention on Persistent Organic Pollutants [66]. The action mechanism of IFR’s is shown in 

Figure 1.7. 

 

Figure 1.7. Action mechanism of intumescent flame-retardants 
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Formation of char takes place mostly in the condensed phase and other than creating a physical 

barrier, it also has several other benefits such as, it does not allow the passage of decomposed 

volatile products to the place of fire and provides insulation to the underlying material against 

thermal degradation [67][68]. Since the char forming systems tend to interrupt the burning cycle 

rather than working on flame poisoning mechanism therefore, regarded as more effective and less 

hazardous to the environment [69]. 

Chars normally have broad continuous crust on the outer surface and inner surface have a 

resemblance to closed foam cell like structure [70]. In an ideal case, the char should be thick and 

have large volume in order to provide better thermal insulation to the underlying material [71]. In 

case of intumescent flame-retardants better flame retardancy can be achieved at lower loading 

concentrations (wt%) compared to flame-retardants based on magnesium hydroxide and alumina 

trihydrate [72]. For example, a loading concentration of 15-20 wt% in case of intumescent flame 

retardants can generate the same level of flame retardancy, what can be achieved with 40-50 wt% 

of magnesium hydroxide and alumina trihydrate [73]. The intumescent system mainly consists of 

an acid source, which releases acidic species upon heating, a carbonization agent, which acts as a 

char former on the material’s surface [74]. Inorganic acids, phosphates and ammonium salts are 

used as an acidic source, whereas compounds containing hydroxyl groups such as polyols are used 

as char formers [75].  

1.6. Testing methods 

The fire hazards of a material can be assessed by various standard testing methods as each fire 

regulation defines a particular fire test for its assessment. The fire performance of a material is 

generally assessed by the following three methods, i.e. limiting oxygen index (LOI), UL-94 

vertical burning test and cone calorimetry [76]. LOI measures the minimum concentration of 

oxygen required to ensure a self-sustained flame. In this test, the specimen is placed vertically in 

a glass column and is ignited from the top with flame progressing downwards. A material with a 

very low LOI (i.e. around 20%), generally burns quite easily therefore, higher LOI values 

corresponds better flame retardancy of a material [77]. This test is performed under ISO 4589 

standard testing method. A schematic diagram for the LOI test is shown in Figure 1.8. 
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Figure 1.8. Schematic diagram of limiting oxygen index equipment 

The second commonly used test method in flame retardancy is UL-94 vertical burning test [78]. 

In this test, the specimen is positioned vertically and is ignited from the bottom end. The specimens 

are exposed to flame for 10 s twice, their flaming time is noted and are classified based on three 

different ratings according to ISO 9773 standard testing method. V-0 is considered the best rating, 

and it corresponds to a specimen that does not drip and flame out in less than 10 s. V-1 rating 

corresponds to the specimen, which takes more than 10 s and less than 30 s to flame out and does 

not drip. V-2 rating is given to those specimens, which drip after flaming and takes even more time 

to flame out. No ratings are given to those specimen which does not flame out [64]. The schematic 

diagram of UL-94 vertical burning test is shown in Figure 1.9. 
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Figure 1.9. Schematic diagram of UL-94 vertical burning test 

 

Cone calorimeter is an equipment that gives useful insights about the burning behavior of a 

material by reporting, time to ignition, peak heat release rate, total heat release and residual mass% 

of the sample [62]. A specimen in the form of 3-4 mm thick molded sheet is placed horizontally 

in a controlled heat flux, and is ignited with a spark igniter according to ISO 5660 standard testing 

method. Heat flux can be varied between 10 to 100 kWm-2 but mostly it is used in the range of 35 

to 50 kWm-2. During this test the ventilation of air flow is well maintained and the concentration 

of oxygen in the air flow is constantly monitored. The intensity of burning is then assessed by 

measuring the concentration of oxygen in the air flow, as combustion is directly linked to the 

oxygen consumption. Moreover, irrespective of the material, 1 kg consumption of oxygen is 

equivalent to heat release of 13.1 MJ according to empirical Huggett relation [79]. The main 

outcome of this test is the determination of peak heat release rate of a material, which is a very 

important parameter to estimate the fire hazards. The schematic diagram of cone calorimetry test 

is shown in Figure 1.10. 
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Figure 1.10. Schematic diagram of cone calorimetry equipment 

 

1.7. Potential biobased and biodegradable carbonization agents 

The researcher’s community in the recent past has shifted their focus towards the development of 

flame-retardants, which are based on biodegradable resources [80]. Carbon is the major element 

present in the biomass and according to a study, the entire biomass available on earth represents 

approximately 560 billion tons of carbon [81]. Therefore, carbon element present in natural 

compounds can be used as carbonization agent in intumescent flame-retardants [82]. In the 

following section, biodegradable compounds that have the potential to be used as biobased 

carbonization agents in intumescent formulations are discussed briefly. 

1.7.1.  Cellulose 

Cellulose is the most abundant natural source of organic compound on earth and is the core 

component of the cell walls in the plants. It is estimated that each year on this planet, different 

plants synthesize approximately 100 billion tons of cellulose, which is a linear homopolymer 

compound, consisting of D-glucose units connected by β 1-4 glycosidic bonds with polymerization 

degree ranging between 1000 to 30,000 [83]. During decomposition of cellulose, aliphatic groups 

start to disappear and benzene rings and furan compounds start to increase quite significantly in 

the condensed phase. At elevated temperatures such as at 800°C, a char layer is developed. It 
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should be noted that the decomposition route of cellulose can be modified, which is dependent on 

the presence of other components in cellulose and on the heating conditions [84].  

1.7.2.  Starch 

The chemical formula of starch is similar to cellulose as starch also contains D-glucose units. 

������������������������������������������������������������������������������;����������������������

small granules with a diameter ranging between 1–200 μm. Two different types of macromolecules 

are present in starch polymer: the one is amylose, which is a linear polymer that contains glucose 

units connected through α 1-���������������������������������������������������������������������

polymer connected through α 1-����������[85]. The chemical structures of starch and its derivatives 

are shown in Figure 1.11. 

 

Figure 1.11. Starch and its derivatives used as flame-retardants 

The production of starch worldwide is approximately 70 million tons per year.  By acid or enzyme 

treatments, native starch can be hydrolyzed into non-complex carbohydrates such as dextrins. 

Cyclodextrin is one such example, which is obtained by starch degradation by the bacillus 

amylobacter bacteria [86]. Starch can also be converted into its derivatives by a process called 

fermentation. For example, glucose or molasses can be converted into itaconic acid by using fungi 

such as aspergillus terreus. Similarly, tartaric acid can be produced by the fermentation of grape 

������ ��� ����� ������ ����� ��������� ����� ���� ��������� ����� ���� ����� ��� �� ���� ��������� ���� ����

development of flame-retardants [87].  
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1.7.3.  Chitosan 

Chitosan is a copolymer consisting of D-glucosamine and N-acetyl-D-glucosamine units 

connected through β 1-4 linkage. Chitosan is formed by the enzymatic deacetylation of chitin 

(Figure 1.12), which is found in shrimp shells [88].  

 

Figure 1.12. Enzymatic deacetylation of chitin to chitosan 

The acetylation degree of chitosan varies from 60 to 100% depending upon the commercial 

application. The production capacity of chitosan worldwide is approximately 20 × 10 3 tons 

annually and its market is growing especially in North America and Asia. The thermal 

decomposition of chitosan takes place in three steps. The first weight loss occurs in between 130-

140°C, which corresponds to dehydration of loosely bonded molecules. The second degradation 

step, which occurs between 260-360°C, corresponds to de-polymerization and deacetylation of 

chitosan. In the third step, due to residual decomposition reaction, a very low weight loss rate 

occurs above 400°C, and char residue up to 30 wt% is formed at 500°C [89].  

1.7.4.  Alginates 

Alginates are derived from alginic acid (Figure 1.13) and are found in the cell walls of brown algae 

as salts of alginic acid, which is a copolymer of guluronic acid and mannuronic acid with repeating 

units connected through β 1-4 linkages [90]. The chemical and physical properties of this polymer 

are dependent on the fraction and distribution of co-monomers present in it. Alginates are 

considered as anionic polysaccharides. The thermal decomposition of alginates occurs in two main 

steps under nitrogen atmosphere. In the first step, they undergo dehydration at very low 

temperatures (100-120°C) as they contain very high moisture content, i.e. sodium alginate contains 

about 15-wt% and that of alginic acid about 10-wt%. In the second step, the major decomposition 
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of the polymer starts between 150-300°C, which leads to char residues of up to 21-25 wt% at 

maximum temperature of 800°C [51]. 

 

Figure 1.13. Chemical structure of alginic acid 

1.7.5.  Lignin 

Lignin is an aromatic polymer (Figure 1.14) and after cellulose is the second most abundant natural 

polymer. Lignin is present in plants and in algae and their role is quite significant in strengthening 

the cell walls of plants by providing protection and rigidity. They also give waterproofness to the 

cell walls of plants [91]. The thermal decomposition of lignin occurs over a broad range of 

temperature (200-500°C) in two main steps. The decomposition mechanism of lignin is somewhat 

different compared to other components of biomass. Generally, the first weight loss of lignin 

occurs between 100-180°C, which corresponds to the dehydration of water molecules connected 

to the raw matter [92]. However, the main decomposition starts from 200°C, and low molecular 

weight molecules are released by the cleavage from the propanoid side chain.  From 275-450°C, 

further degradation of lignin takes place due to the cleavage in the main chain either by β-scission, 

C-C bond or aryl ether cleavage, which leads to release in large quantity of methane. The 

condensation of the aromatic structure takes place above 500°C, which results in the development 

of a substantial char yield and dihydrogen is released in the gas phase [93].  
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Figure 1.14. Lignin chemical structure 

To conclude above discussion, the following key-points are the main indicators for the application 

of biobased carbonization agents in intumescent flame-retardants [94]. 

  The thermal stability of biobased carbonization agents should be sufficiently high to enable 

polymer processing 

  Biobased carbonization agents should contain functional groups such as hydroxyl and 

carboxyl groups, which are responsible for char formation by reacting with acid sources in 

intumescent formulations. 

 

1.8. Approaches used to make PLA flame-retardant: state of the art 

Flame retardancy of PLA can be improved by various techniques such as, by blending with more 

thermally stable polymers, by compounding inorganic FR’s, nitrogen-based FR’s, halogenated 

FR’s and nanofillers in PLA matrix. Researchers have tried various techniques to improve flame 

retardancy of PLA, while some are reported in Table 1.2. 
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Table 1.2. Approaches used to make PLA flame-retardant 

Source Authors Short description Findings 

[95] Kimura and 
Horikoshi  

Tried to improve flame retardancy of 
PLA by blending with virgin 
polycarbonate (PC) but results showed 
not very significant improvement in 
flame retardancy of the blend. 

To achieve better results, silicon-
comprising PC was blended with PLA, 
but still only V-2 rating could be 
achieved in UL-94 vertical burning test.  

[96]  Nishida et al.  Studied flame retardant properties of PLA by compounding ATH in the polymer. 

However, they found that in order to get 
��������� �������;� �� ����������� �������
amount of ATH (about 40 to 50%) 
needs to be added in PLA matrix. 

[97] Yanagisawa 
et al.  

Incorporated ATH together with phenolic 
resins in PLA matrix to improve its flame 
retardancy for electronic applications. A 
significant char formation during 
combustion on the surface of the 
composite was observed. 

The addition of phenolic resin not only 
resulted in improved flame retardancy, 
reinforced by alumina from ATH on the 
surface of composite, but also reduced 
the loading content of ATH to 35% 
(w/w).   

[98]   Kubokawa et al.  

Determined flame retardancy of PLA 
based fabrics by using bromine 
containing additives, and tri-phenyl 
phosphates and tested LOI of the fabrics. 

LOI of untreated fabrics was 24%, 
however after treatment with FR 
additives, LOI of the fabrics increased 
to 28% with tri-phenyl phosphate and to 
26% with bromine- containing FR 
additives.  

[99] Wang et al.  

Prepared composites containing 
pentaerythritol (PER) and melamine 
cyanurate (MC) by controlling the weight 
ratio (2:2:1) and organo-modified zinc 
aluminum layered double hydroxide (Zn-
Al-LDH).  

Microscale combustion calorimeter 
(MCC) and cone calorimetry results 
revealed substantial progresses in flame 
retardancy of the nanocomposites. A 
significant reduction in heat release rate 
and total heat release was observed.  
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[100] Wei et al. 

Investigated the effect of aryl poly-phenyl 
phosphonate together with PLA. LOI, 
UL-94 vertical burning and cone 
calorimetry tests were carried out 
together with the investigation of thermal 
and mechanical behavior of the 
composites.  

PLA composites containing 7 and 10 
wt% of poly phenyl phosphonate 
achieved V-0 rating in UL-94 vertical 
burning test. However, not much 
improvement in HRR and THR of the 
FR composites were observed in 
comparison to neat PLA. 

[101]  Bourbigot et 
al.  

Studied flame-retardancy of different 
polymer nanocomposites such as 
polylactides, polyurethane and 
polyamides.  Different nano-fillers such 
as carbon nanotubes and organoclay were 
incorporated in these polymers and their 
flame retardancy was investigated.  

Found that nano-dispersion play a vital 
role in improving flame retardancy of 
nanocomposites and nano-fillers give 
better results when they are used in 
combination with inorganic flame-
retardants due to better synergistic 
effects.  

[102] Solarski et 
al. 

Developed PLA/clay nanocomposites 
and studied their thermal and fire 
properties. Four different formulations 
ranging from 1 to 4 wt% of the organo 
clay (C30B) were prepared. The 
nanocomposites were melt spun to 
produce multifilament yarns. 

Yarns with better mechanical properties 
were used to produce knitted structures. 
The fire properties of the knitted fabrics 
were tested by cone calorimetry. It was 
observed that PHHR of the fabrics 
containing only 2 wt% of the clay were 
reduced up to 38%. 

 [21] Suardana et 
al. 

Prepared bio-composites containing 
natural fibers together with di-ammonium 
phosphate and investigated their 
mechanical and fire related properties.  

By increasing wt% of di-ammonium 
phosphate fire properties, flexural 
modulus and weight loss rate of the 
composites were improved however, 
tensile and flexural strengths of the 
composites were reduced. 

[63] Qian et al.  

Prepared aluminated mesoporous silica, 
and used it as an FR additive in PLA 
resin. Different formulations of fumed 
silica and aluminated mesoporous silica 
were compounded in PLA resin.  

Achieved UL-94 V-0 rating and LOI 
value also increased quite significantly. 
PHHR of FR composites decreased to 
about 15% compared to neat PLA by 
the addition of only 0.5 wt% of 
aluminated mesoporous silica. 
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[103] Wang et al.  

Developed an inherently fire-resistant 
PLA polymer by using chain-extending 
procedure of pre-polylactic acid (PPLA). 
PPLA was produced by direct 
condensation reaction of L-lactic acid and 
its fire properties were tested. 

5-wt% of PPLA in PLA polymer would 
be sufficient to achieve remarkable FR 
properties as LOI value of 35% and UL-
94 V-0 rating was achieved with 
delayed ignition time compared to pure 
PLA. 

[104] Mngomezulu 
et al.  

Investigated FR properties of PLA and 
expandable graphite (PLA/EG) 
composites. EG was compounded in PLA 
with different wt% to produce PLA/EG 
composites and their surface morphology, 
filler dispersion, dynamic mechanical 
behavior and crystallization rate were 
studied.  

The presence of graphite layers with not 
so good filler dispersion resulted in 
poor bonding between PLA resin and 
EG. The crystallization rate of PLA was 
increased with an increase in the glass 
transition temperature. Furthermore, 
lower modulus of the composites with 
higher wt% of EG was observed. 

 [105] Shumao et al  

Used ramie fibers together with PLA to 
reinforce the polymer and to enhance the 
mechanical properties. Used different 
formulations together with ramie fibers.  

At 40 wt% loading the LOI value could 
only be reached at 30%. Resulted 
phosphoric acid contributed in 
intermolecular dehydration of ramie 
fibers followed by dehydrogenation. 

[67] Zhan et al.  

Investigated the combustion and thermal 
degradation behavior of PLA with a 
special flame-retardant consisting of 
spirocyclic-pentaerythritol 
bisphosphorate disphosphoryl melamine 
(SPDPM) and melt compounded with 
different wt% in PLA. 

Attained UL-94 V-0 rating at 25 wt% 
loading and LOI value was 38%. A 
significant reduction in weight loss rate 
of PLA was observed after addition of 
SPDPM in PLA as confirmed by 
thermogravimetric analysis. 

[106] Fox et al.  

POSS modified cellulose was melt 
blended with PLA to prepare PLA/POSS 
composites. Thermal and fire related 
properties of as prepared composites were 
tested by thermogravimetric analysis, 
dynamic mechanical analysis and cone 
calorimetry.  

PHHR of the composites was reduced 
to 45% by the introduction of 15 wt% 
of modified cellulose in comparison to 
PHHR of neat PLA. THR was also 
reduced to 20% and lesser smoke 
generation was observed in comparison 
to non-modified cellulose.  
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From state of the art we found that, most of the conventional flame-retardants, i.e. inorganic FR’s, 

nitrogen-containing FR’s, silicon based FR’s, nano-fillers and halogenated flame-retardants are 

non-biodegradable and if disposed in the landfill, microorganisms in the soil or water cannot 

degrade them. Hence, they remain in the environment for long time, and may find their way not 

only in the food chain but can also migrate from the products in which they are directly 

incorporated to the surroundings, and can cause serious health problem if inhaled in human body. 

Moreover, non-biodegradable halogenated FRs may find their way in the environment through 

wastewater streams of the industries that produce them or through adsorption onto the dust 

particles at the manufacturing facilities where they are incorporated directly to various products. 

Once these FR’s go to the environment, they can easily attach to any airborne particle and can 

travel distances far from emission or production sites. Hence, traces of such non-biodegradable 

FRs can be found in freshwater, food products, ecosystems or even can be inhaled by breathing if 

they are present in the air [24]. Therefore, it is very important that the flame-retardants used in 

technical applications not only need to be effective but at the same time should be biodegradable 

and safe to the environment and microorganisms in the soil or water can degrade them and result 

in mineralization.  

1.9. Scope, objectives and outline of thesis 

1.9.1.  Scope 

In conventional IFR’s, the components used are mainly non-biodegradable and obtained from non-

biobased resources such as pentaerythritol (PER). PER is a polyol obtained from petrochemicals 

and has higher water solubility, which makes it not feasible for polymer thermal processing, melt 

spinning to produce fibers for textile applications and several other engineering applications. 

Furthermore, it is not a good choice to use non-biodegradable PER in biodegradable materials such 

as PLA. Mostly in technical textiles, non-biodegradable halogenated flame-retardants are used 

with aromatic rings such as brominated and chlorinated compounds that convert into dioxins and 

dioxin-like compounds, which are of course among the highly toxic compounds listed by the 

Stockholm Convention on Persistent Organic Pollutants. Thus, it is necessary to test biodegradable 

and biobased flame-retardants to substitute PER in intumescent formulations for biodegradable 

polymer PLA. In this way, the whole IFR system can be made biodegradable if all of its 

components are biodegradable. We therefore, in this dissertation have used biodegradable acid 
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donors that breaks down into naturally occurring phosphates and biobased carbonization agents in 

intumescent formulations developed for PLA based textiles and composites. The carbonization 

agents used in this dissertation are carbohydrates (corn-starch) and natural aromatic phenolic 

compounds (kraft lignin) obtained from renewable resources. They contain the necessary carboxyl 

and hydroxyl functional groups that are responsible for charring effect in IFR’s and their thermal 

stability is sufficiently high to enable thermal processing and to produce melt-spinnable 

multifilament fibers. 

1.9.2.  Aims and objectives 

The goal of this dissertation is not only to use biodegradable and biobased flame-retardants in 

polymeric materials but also to achieve flame retardancy of PLA based composites and textiles as 

per the requirements defined by the standard fire testing methods for the targeted applications. The 

other goal is to produce FR products for technical applications whose flame-retardancy is 

comparable to the standard benchmark properties, defined for those targeted applications. In order 

to investigate the efficiency and effectiveness of the developed technical products the following 

objectives should be accomplished. 

  To attain limiting oxygen index (LOI) value of the FR products equal to or above 28% as 

per the ISO 4589 standard testing method. 

  To achieve V-0 or at least V-1 rating of the FR products in UL-94 vertical burning test as 

per the ISO 9773 standard testing method. 

  To accomplish peak heat release rate (PHHR) value of the FR products not more than 400 

kW/m2 as per the ISO 5660 standard testing method 

  To attain effective heat of combustion (EHC) value of the FR products not more than 15 

kJ/g as per the ISO 5660 standard testing method 

  To achieve total smoke production (TSP) value of the FR products not more than 300 

m2/m2 as per the ISO 5660 standard testing method 

  To accomplish E and Efl rating in ignitability test of the nonwoven carpet backing as per 

the ISO 11925 standard testing method. 

  To optimize the additives compositions in the FR compounds to improve the spinnability 

of IFR composites 
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  To upscale the melt-spinnability of the developed PLA-IFR formulation from lab to pilot-

scale by optimizing the spinning process parameters and to develop IFR multifilaments 

based on mono and bi-component flame-retardant fibers. 

1.9.3.  Outline of thesis 

The approaches used, to achieve above defined objectives are described in the following chapters. 

The work presented hereafter is intended to deliver a small library based on potential strategies to 

develop intumescent flame-retardants for PLA based textiles and composites, established on 

biodegradable and biobased resources.  The process parameters involved at different stages of the 

product development are optimized and  thermal, mechanical, functional and fire-related properties 

of the developed products are characterized in order to meet the defined benchmark properties. 

The schematic overview of different chapters in this dissertation is shown in Figure 1.15. 

 

Figure 1.15. Schematic overview of the thesis 
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In Chapter 2, the effect of cornstarch as a carbonization agent in intumescent formulations is 

investigated as a potential biobased substitute for PER together with biodegradable halogen free 

flame-retardant, and PLA/APP/ST composites are prepared. The mechanism of intumescence 

indicating catalytic phosphorylation to produce phosphate esters, which eventually dehydrated the 

starch and formed char structure containing residue up to 43% is discussed.  

Chapter 3 describes the efficiency of kraft lignin (KL) as a biobased carbonization agent in 

intumescent formulations and their FR properties are assessed and compared with conventional 

carbonization agent (PER) by preparing PLA/APP/KL and PLA/APP/PER composites. IFR 

composites comprising different formulations are produced with and without carbonization agents 

(KL and PER) by melt extrusion and their flammability is assessed by UL-94, LOI and cone 

calorimetry tests.  

Chapter 4 investigates, melt spinnability, thermal stability, mechanical and fire-related properties 

of PLA composites prepared by melt blending on twin-screw extruder comprising phosphorous–

nitrogen-based flame retardant (EXP), kraft lignin (KL) and plasticizer (PES). In this chapter, 

different process parameters such as, solid-state draw ratio, temperature of the godets and melt-

throughput are optimized to upscale the spinnability of PLA/IFR composites from lab to pilot 

scale. Mono-component multifilament fibers are prepared on pilot scale melt-spinning machine 

and single jersey knitted fabrics are produced from these fibers to test their fire properties.  

Chapter 5 describes the development of melt-spun bicomponent multifilament functional fibers 

from single polymer, with sheath/core configuration, by using highly-crystalline PLA with IFR’s 

in the core component, while amorphous PLA is in the sheath component. The changes in fiber 

mechanical properties and crystallinity were recorded in response to varying process parameters. 

Cone calorimetry showed a 46% decline in the heat release rate of nonwovens, produced from FR 

PLA bicomponent fibers, compared to pure PLA nonwovens. This indicated the development of 

an intumescent char by leaving a residual mass of 34% relative to the initial mass of the sample. 

Thermoplastic processing and melt spinning of native starch is very challenging due to (a) the 

linear and branched polymers (amylose and amylopectin) present in its structure and (b) the 

presence of inter-and-intramolecular hydrogen bond linkages in its macromolecules that restrict 

the molecular chain mobility. Therefore, in Chapter 6, oxidized starch (OS) (obtained after 

oxidation of native starch with sodium perborate) is melt-blended with PLA polymer to improve 
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thermal processing of the composites to produce multifilaments. These multifilament are cut into 

short fibers, carded to form fibrous web and needle-punched together to form nonwoven fabrics. 

The fire related properties of these nonwoven fabrics are tested.  

 

In this dissertation, other than flame-retardancy, textile apparel applications of PLA are also 

investigated, since this polymer has comparable mechanical and physical properties to 

polyethylene terephthalate (PET) - a fiber mostly used in textile applications. Therefore, a process 

development for PLA fiber production is optimized, and socks from pure PLA draw textured melt 

spun yarns are produced in Chapter 7. The effect of yarn linear density, fabric structure and fabric 

stitch density on thermo-physiological characteristics of PLA socks are investigated.  

 

Chapter 8 gives an overview of the opportunities and requirements for industrial scale up of 

biobased and biodegradable flame-retardants and their future perspectives. Some important factors 

such as fire performance criteria, environmental and health criteria and economic criteria for 

industrial scale up are discussed.  

 

Finally, Chapter 9 discuss the valorization potential of the research presented in this dissertation. 
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Investigation of the flammability and thermal stability of halogen-free 

intumescent system in biopolymer composites containing biobased 

carbonization agent and mechanism of their char formation 
 

Abstract  

Starch, being a polyhydric compound with its natural charring ability, is an ideal candidate to 

serve as a carbonization agent in an intumescent system. This charring ability of starch, if 

accompanied by an acidic source, can generate an effective intumescent flame retardant (IFR) 

system, but the performance of starch-based composites in an IFR system has not been tested in 

detail. Here, we describe a PLA-based IFR system consisting of ammonium polyphosphate (APP) 

as acidic source and cornstarch as carbon source. We prepared different formulations by melt 

compounding followed by molding into sheets by hot pressing. The thermal behavior and surface 

morphology of the composites was investigated by thermogravimetric analysis and scanning 

electron microscopy respectively. We also conducted limiting oxygen index (LOI), UL-94, and 

cone calorimetry tests to characterize the flame-retardant properties. Cone calorimetry revealed 

a 66% reduction in the peak heat release rate of the IFR composites compared to pure PLA and 

indicated the development of an intumescent structure by leaving a residual mass of 43% relative 

to the initial mass of the sample. A mechanism of char formation has also been discussed in detail. 
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2.1. Introduction 

Biobased polymers are derived from renewable resources, and their importance has grown over 

the last decade because they address current challenges such as the depletion of petroleum reserves 

(the feedstock for conventional plastics) and the environmental harm caused by the irresponsible 

disposal of non-degradable polymers [1]. One of the most widely used biobased polymers is 

polylactic acid (PLA), a thermoplastic polymer obtained from renewable resources such as corn 

starch [2]. PLA is less flammable than synthetic thermoplastics and produces less visible smoke 

when burning, resulting in a lower peak heat release rate than polyethylene terephthalate (PET) 

[3]. Even so, PLA is still combustible, which limits its applications in the automobile, electrical, 

and electronics sectors and in the production of flame-retardant materials [4]. 

 

Intumescent flame retardant (IFR) systems offer a highly effective strategy to enhance the fire 

retardancy of PLA because a char structure is developed that acts as a shield between the polymer 

and heat source, hence protecting the polymer material from further burning and dripping [5,6]. 

Modern IFR systems are based on halogen-free flame retardants (HFFRs) which, unlike their 

halogen-containing counterparts, are most of the time environmentally safe [6]. Furthermore, 

HFFRs are not only environmentally safe but also extremely efficient [7]. IFR system typically 

comprise three constituents: an acidic source, a blowing agent, and carbonic source to produce a 

char layer [8]. 

 

In previous studies various attempts have been made in order to improve the flame retardancy of 

PLA by using different formulations and additive types such as nitrogen-based compounds [9], 

phosphorous-based compounds [10], silicon-based compounds [11], expanded graphite or carbon-

based compounds [12], halogen-containing compounds [13,14], and halogen-free compounds as 

flame retardants [15,16]. However, intumescent flame retardants (IFRs) containing an acidic and 

carbonic source have proven to be the most effective [17,18]. Traditional IFR systems often 

contain ammonium polyphosphate (APP) as the acidic source, melamine (MEL) as the blowing 

agent, and pentaerythritol (PER) as the carbonic source [16]. The thermal degradation of 

phosphorous-comprising fire retardants such as APP results in the formation of pyrophosphate and 

the release water, which eventually dilutes the gas phase such that the dehydration reaction is 

catalysed by pyro-phosphoric acid [19, 20]. Various alternative formulations have also been tested 



Chapter 266   |

 

including PLA-based composites containing spirocyclic PER, bisphosphorate disphosphoryl 

melamine [17] and microcellular PLA composite foams with graphene as the carbonization agent 

[18]. 

The importance of IFRs containing biopolymers with biobased carbonic source and halogen free 

acidic source has grown interest throughout the last decade in order to promote the sustainable 

approach toward flame retardancy of polymers [4]. Therefore, in continuation to this approach 

various researchers tried different formulations in IFR systems with different halogen-free acidic 

sources such as phytic acid [19], fumaric acid [20], and biobased carbonic sources such as 

cyclodextrin [21], sorbitol [22] and chitosan [23]. Conventional carbonization agents are effective 

in some polyolefin-based IFR systems [24] but are not compatible with PLA [25]. For example, 

although PER combined with APP resulted in a substantial progress in flame retardancy, the 

composites achieved only a V-2 rating in the UL94 test despite of the addition of 30–40% w/w of 

the additive [26].  

We therefore investigated the effect of cornstarch (ST) as a carbonization agent in IFR systems as 

a potential biobased substitute for PER together with non-toxic and halogen-free flame retardant 

and studied the mechanism of char formation. The mechanism of intumescence indicating catalytic 

phosphorylation to produce phosphate esters, which eventually dehydrated the starch and formed 

char structure containing residue up to 43% has also been discussed in detail. We prepared PLA-

based IFR systems containing different amounts of APP or APP together with starch by melt 

compounding and then molding the composites into sheets by hot pressing. Thermogravimetric 

analysis (TGA) was done to test the thermal behavior whereas scanning electron microscopy was 

used to determine the surface morphology of the composites. The limiting oxygen index and UL-

94 vertical burning tests were conducted to determine the flame-retardant properties of the 

composites, whereas char residues were characterized by cone calorimetry test. 

2.2. Materials and methods 

The materials and methods used in this chapter are discussed in the following sections. 

2.2.1.  Materials 

PLA polymer in granule form was obtained from Total-Corbion NV (Gorinchem, The 

Netherlands). Non-halogenated flame retardant Exolit AP 422, a fine-particle ammonium 

polyphosphate (APP) containing 14% (w/w) nitrogen and 31% (w/w) phosphorous, was obtained 
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from Clariant AG (Muttenz, Switzerland). The decomposition temperature of Exolit AP 422 was 

higher than 275 °C. Corn-based starch (particle size 100 μm) was obtained from Royal Ingredients 

Group BV (Alkmaar, The Netherlands). PLA, APP, and starch were vacuum-dried at 80 °C for 6 

h before use. 

2.2.2.  Preparation of PLA/IFR composites 

PLA/APP and PLA/APP/ST composites were prepared using a KETSE 20/40 compounder 

(Brabender, Duisburg, Germany) at 190 °C. Initially, PLA/APP composites containing 10%, 15%, 

or 20% (w/w) APP (hereafter PLA/APP10, PLA/APP15, and PLA/APP20) were compounded at 

a screw rotation speed of 150 rpm. The temperatures of the three heating zones were kept at 180, 

185, and 190 °C, respectively. The extrudate was cut in to pellets. We also modified the 

PLA/APP20 pellets to incorporate 3%, 5%, or 7% (w/w) corn starch (hereafter PLA/APP20/ST3, 

PLA/APP20/ST5, and PLA/APP20/ST7) at a screw rotation speed of 200 rpm. PLA/APP20 pellets 

were incorporated in the first feeding zone whereas starch was added in the second feeding zone. 

This procedure was used to ensure proper mixing of all the components. Sheets of the prepared 

composites (100 × 100 × 3 mm3) were produced by compression molding at 190 °C. Sheets of 

pure PLA were also prepared with the same dimensions for comparison. Sheets were cut in to 

different specimens as per the requirement of each fire test. The formulations of the as-prepared 

composites are summarized in Table 2.1. 

Table 2.1. FR properties of PLA/APP and PLA/APP/ST composites 

No. Formulations PLA wt% APP % ST % LOI % UL-94 Dripping 

1 PLA 100 0 0 19.5 Failed Y/Y 

2 PLA/APP10 90 10 0 24.4 V-2 Y/Y 

3 PLA/APP15 85 15 0 28.5 V-1 N/Y 

4 PLA/APP20 80 20 0 31.9 V-0 N/Y 

5 PLA/APP20/ST3 77 20 3 34.5 V-0 N/N 

6 PLA/APP20/ST5 75 20 5 36.2 V-0 N/N 

7 PLA/APP20/ST7 73 20 7 37.3 V-0 N/N 
FR = Flame retardant, PLA = Polylactic acid, APP = Ammonium polyphosphate, ST = 

Starch, LOI = Limiting oxygen index, N/Y corresponds to NO/YES for dripping during 

the first/second flame application. 
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2.2.3. Mechanism of char formation

Long chain APP (Form II) was used as flame retardant in PLA polymer. Upon decomposition of 

APP, phosphoric acid and ammonia was formed. Phosphoric acid acted as acid catalyst in the 

dehydration process of hydroxyl groups in starch. Upon reaction of acid catalyst (phosphoric acid) 

with hydroxyl groups in starch, phosphate esters were formed that were decomposed later to 

release carbon dioxide, and dehydration of starch took place. In the gas phase, the emission of 

carbon dioxide helped in dilution of the oxygen present in air together with the by-products that 

were ignited during decomposition of the materials, whereas the resultant char layer in the 

condensed phase protected the underlying polymeric material from further burning by restricting 

the free passage of radiant heat and oxygen. This mechanism of intumescence is shown in Figure 

2.1.

Figure 2.1. Thermal decomposition of ammonium polyphosphate into ammonia and 

ortho-phosphoric acid (a), Catalytic phosphorylation to produce phosphate esters (b), 

Dehydration of starch andformation of starch-based char structure (c).
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2.2.4.  Limiting oxygen index and UL-94 vertical burning test 

The limiting oxygen index (LOI) is the fraction of oxygen that must be present to support burning, 

hence higher LOI values indicate lower flammability. The specimens (100 × 10 × 3 mm3, as 

required by ISO 4589) were vertically placed in a glass column supplied with a mixture of oxygen 

and nitrogen gas and were then ignited from above using a downward-pointing flame. The LOI 

test was conducted using a Stanton Redcroft instrument (Illinois Toolworks, Glenview, IL, USA). 

The UL-94 test classifies materials based on their ability to either promote or inhibit the spread of 

fire once it has been ignited. UL-94 tests were conducted using specimens with dimensions of 100 

× 10 × 3 mm3 as required by ISO 9773. A flame was applied to the bottom of a vertically supported 

specimen, and the response was assessed after removing the flame. Specimens that self-extinguish 

and do not drip after burning are ranked highest in the classification (V-0). 

2.2.5.  Cone calorimetry test 

Cone calorimetry works on the principle of oxygen consumption and states that the total heat of 

combustion of a specimen depends on the quantity of oxygen consumed. The cone calorimeter 

tests were conducted on specimens with dimensions of 100 × 100 × 3 mm3 as required by ISO 

5660 using a Stanton Redcroft instrument. The samples were exposed to a heat flux of 35 kW m−2. 

We then recorded the heat release rate (HRR), total heat release (THR), time to ignition (TTI), and 

percentage mass residue after burning. 

2.2.6.  Thermogravimetric analysis 

Thermogravimetric analysis (TGA) was conducted using a Q5000 device (TA Instruments, New 

Castle, DE, USA). The specimens (4–5 mg) were heated at a constant rate of 10 °C min−1 up to 

700 °C under nitrogen at a flow rate of 50 mL min−1. The thermal degradation temperature and the 

temperature at which maximum degradation took place were calculated along with the residual 

percentage mass of the sample and TGA curves were plotted for each specimen. 

2.2.7.  Scanning electron microscopy 

The surface morphology, dispersion of FR additives in the PLA matrix and char residues of 

PLA/APP and PLA/APP/ST composites were investigated by scanning electron microscopy 

(SEM) using a TM-1000 table-top microscope (Hitachi, Chiyoda, Tokyo, Japan). The samples 
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were immersed in liquid nitrogen followed by freeze fracturing and gold sputtering to produce a 

conductive surface. 

2.2.8.  Mechanical testing 

Mechanical properties such as tensile strength, elongation at break and Young’s modulus of PLA, 

PLA/APP and PLA/APP/ST composites were tested by Zwick Roell Z020TH allround-line table-

top machine (Zwick GmbH & Co.KG, Ulm, Germany) at a speed of 50 mm min−1. The test 

specimens of dog bone shape were prepared as per standard EN ISO 527-2 method using a molding 

press. Six specimens were prepared from each formulation, and their average results with standard 

deviations were recorded. Specimens dimensions used were 170 × 20 × 3 mm3. 

2.3. Results and discussion 

2.3.1.  Determining the burning behavior of PLA/IFR samples 

The LOI and UL-94 tests are widely accepted to assess the flame retardancy of FR composites and 

the corresponding results (including dripping behavior) for the PLA/APP and PLA/APP/ST 

composites are summarized in Table 2.1. Pure PLA did not pass UL-94 test because it was highly 

flammable with prolific dripping, and the LOI was 19.5%. The addition of 10 wt% APP 

(PLA/APP10) increased the LOI to 24.4% and the composite achieved a V-2 rating in UL-94 test. 

The presence of 15 and 20 wt% APP (PLA/APP15 and PLA/APP/20) increased the LOI to 28.5% 

and 31.9%, respectively, and both composites obtained a V-1 and V-0 rating in UL-94 test 

respectively. Even so, both of these composites showed some dripping behavior during second 

flame application. 

 

With the addition of 3 wt% ST (PLA/APP20/ST3), the LOI increased from 31.9% to 34.5%, and 

the composite retained its V-0 rating in the UL-94 test. There was also no evidence of dripping 

during first and subsequent test. Higher concentrations of ST (PLA/APP20/ST5 and 

PLA/APP20/ST7) increased the LOI to 36.2% and 37.3%, respectively, and both composites 

obtained V-0 classification in the UL-94 test. In this case, however, there was no dripping during 

either the first or the second test. 

 

The char structure sheltered the underlying material from the external heat source, pyrolysis gases 

as well as from thermal degradation therefore the ignition process was either delayed or prevented 
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hence enhancing the flame retardancy of starch-based composites. The formation of char is 

ascribed by the decarboxylation and dehydration reactions caused by the catalytic effect of starch 

in PLA/APP/ST composites. These results confirmed that the introduction of ST as a natural 

carbonization agent increased the LOI values of the FR composites significantly while 

simultaneously inhibiting the melt-dripping phenomenon. All composites containing ST managed 

to obtain a V-0 rating in the UL-94 test. Compared to a similar study done by Marosi et al. [25], 

where they achieved LOI value of 34% by adding up to 11 wt% of carbon source, we managed to 

achieve LOI value of 37.3% by adding only 7 wt% of starch. 

 

The addition of APP in the concentration range of 10% (w/w) to 20% (w/w) enhanced the LOI 

from 24.4% (PLA/APP10) to 31.9% (PLA/APP20) (Table 2.1). By increasing the amount of APP, 

a higher concentration of oxygen is needed to achieve the ignition of the sample due to the dilution 

of the fuel in the gas phase by the discharge of water vapor as a result of the dehydration of APP. 

The addition of ST to the formulations not only increased the LOI of the samples but also increased 

the mass residue, providing enhanced shielding against heat and a barrier against the emission of 

pyrolysis gases that act as fuel. Therefore, the emission of fuel in the gas phase is minimized by 

the addition of ST. 

 

The UL-94 test classifies materials based on their ability to either promote or inhibit the spread of 

fire once it has been ignited. Pure PLA ignited during the first flame application (10 s), and the 

sample continued to burn until it was fully consumed. Although PLA/APP10 and PLA/APP15 

performed better as flame-retardants (flame extinguished less than 30 s after each flame 

�����������;��-2 and V-1 ratings, respectively), the dripping of the burning sample ignited the 

cotton placed beneath. Similarly, PLA/APP20 achieved a V-0 rating because the flame was 

extinguished in less than 10 s, but these samples still showed dripping behavior during second 

flame application. In contrast, none of the composites containing starch was dripping even after 

the second application of flame and all achieved a V-0 rating due to the generation of char layer 

on the surface, which isolated the remaining sample and prevented the propagation of the flame. 

In previous studies [9,27], even the addition of 30–40% (w/w) PER as a carbonization agent was 

sufficient to achieve only a V-2 rating, whereas here we found that as little as 3% starch in the 

presence of 20% APP accomplished the target rating of V-0. Hence, these results are in good 
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relation with the main hypothesis of this study. The photographs of the test samples after UL-94 

test are shown in Figure 2.2, which confirms the formation of char layer after burning on samples 

surface containing starch as carbonization agent.

Figure 2.2.Photographs of pure PLA (a), PLA/APP10 (b), PLA/APP15 (c), PLA/APP20 

(d), PLA/APP20/ST3 (e), PLA/APP20/ST5 (f), and PLA/APP20/ST7 (g) composites 

after UL-94 test.

2.3.2. Measuring the heat release rate, total heat release and residual mass%

Cone calorimetry provides broad information about the combustion behavior of polymers by 

measuring parameters such as time to ignition (TTI), peak heat release rate (PHRR), and total heat 

release (THR), which can predict their behavior in real-life fires. The heat release rate (HRR) 

curves of pure PLA, PLA/APP10, PLA/APP15, PLA/APP20, PLA/APP20/ST3, 

PLA/APP20/ST5, and PLA/APP20/ST7 are presented in Figure 2.3 (a & b). Following ignition, 
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pure PLA burnt much faster than the other samples and produced a very sharp HRR curve with a 

PHRR of 570 kW m−2. For composite PLA/APP20, the PHRR declined to 337 kW m−2, and with 

the further addition of 3 wt% ST (PLA/APP20/ST3), the PHRR was even lower, at 212 kW m−2. 

At the maximum 7 wt% ST content we tested (PLA/APP20/ST7), the PHRR was only 192 kW 

m−2, which is 66.30% of the pure PLA value. These findings indicated that the combined effect of 

APP and ST allowed the formation of a much thicker char layer on the surface of the composites 

after ignition, which prevented the degradation of the composite by restricting the fire passage into 

the polymer matrix. 

 
 

 

 
Figure 2.3. (a) Heat release rate curves of pure PLA and PLA/APP composites. (b) Heat 

release rate curves of pure PLA and PLA/APP/ST composites. 
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In IFR systems, flame retardancy is achieved by the swelling of the substrate in the condensed 

phase, which generates a sponge-like multicellular structure called char that shelters the principal 

material from heat transfer. The char structure also acts as a physical barrier against fuel and mass 

transfer from the condensed phase to the site of burning. Figure 3 (a,b) demonstrates that the heat 

release rate of the composites containing APP alone (PLA/APP10, PLA/APP15, and PLA/APP20) 

or together with starch (PLA/APP20/ST3, PLA/APP20/ST5, and PLA/APP20/ST7) changed 

dramatically in comparison to pure PLA (570 kW m−2). In samples containing APP alone, the 

intumescent char layer was thinner and more porous than in samples containing APP and ST. This 

is because the absence of ST lowered the viscosity of the char layer, in turn allowing vapor and 

gas bubbles to escape and reducing the degree of swelling because little pressure was allowed to 

build up. The resulting porous structure allowed further fuel gases and water vapor to pass through 

the unclosed cells, increasing the PHRR. In contrast, the higher viscosity of the char layer 

containing ST made the char more compact and prevented the escape of gases and vapor, resulting 

in a pressure build up that increased the melt viscosity of the condensed phase and resulted in more 

swelling of the char. The combined effect of APP and ST therefore reduced the PHRR to 192 kW 

m−2, which is 66.30% less than pure PLA. The HRR in this study is much lower than reported in 

other studies of PLA composites containing different carbonization agents [28–30]. 

 

Table 2.2 shows that the TTI of pure PLA was 41 s, increasing to 58 s when APP was incorporated 

into the PLA matrix (PLA/APP20) and to 77 s when the maximum content of starch was included 

(PLA/APP20/ST7). The ignition of a material is normally dependent on the concentration of 

pyrolysis gases, which are released when a material is degraded. The concentration of the gases 

increases during material degradation and ignition starts when they reach a certain threshold. 

Longer ignition times reflect the slower decomposition of the material mainly due to the presence 

of starch together with APP. A uniform and compact char structure can hinder the diffusion of 

pyrolysis gases from the melting substrate to the site of burning. The lower TTI of the samples 

containing APP alone is mainly due to the emission of more pyrolysis gases, reflecting the weaker 

swelling of the substrate and the generation of a porous structure as discussed above. The TTI is 

therefore, increased by the more compact char structure in the PLA/APP/ST composites. 
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Table 2.2. Cone calorimetry data for pure PLA, PLA/APP, and PLA/APP/ST composites. 

No. Formulation TTI (s) PHRR (kW m−2) THR (MJ m−2) Residual Mass (%) 

1 PLA 41 ± 1.3 570 ± 4 58 ± 0.11 0 ± 0.00 

2 PLA/APP10 48 ± 1.7 461 ± 6 46 ± 0.18 14 ± 0.03 

3 PLA/APP15 53 ± 2.2 378 ± 7 44 ± 0.32 17 ± 0.06 

4 PLA/APP20 58 ± 1.5 337 ± 4 38 ± 0.23 22 ± 0.08 

5 PLA/APP20/ST3 63 ± 2.1 212 ± 6 28 ± 0.19 26 ± 0.05 

6 PLA/APP20/ST5 67 ± 1.4 200 ± 5 26 ± 0.13 37 ± 0.04 

7 PLA/APP20/ST7 77 ± 1.8 192 ± 3 24 ± 0.28 43 ± 0.06 
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effect. In previous studies involving PLA composites with other carbonization agents, the THR 

was much higher than the values reported here [11,31,32]. 

 

 

Figure 2.4. (a) Total heat release curves of pure PLA and PLA/APP composites. (b) 

Total heat release curves of pure PLA and PLA/APP/ST composites. 

Figure 2.5 (a & b) shows the residual mass% after burning for pure PLA, PLA/APP, and 

PLA/APP/ST composites. No residual mass was left following the burning of pure PLA, but both 

PLA/APP20 and PLA/APP20/ST7 left mass residues corresponding to 22.74% and 43.00% of the 

starting mass, respectively, as shown in Table 2.2. The relatively large proportion of residual mass 

(char residue) for PLA/APP20/ST7 probably reflects the development of a structure that hindered 
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the passage of fuel and heat during combustion. The higher residual mass correlated with the 

production of more char, which in turn reflects the lower THR values. The greater residual mass 

also reflects an increase in char formation due to the combined effect of the acid and carbonization 

agent. The percentage residual mass achieved in this study is also higher than that reported in 

previous studies of PLA composites containing alternative carbonization agents [17,33]. 

 

 

Figure 2.5. (a) Residual mass% of pure PLA and PLA/APP composites. (b) Residual 

mass% of pure PLA and PLA/APP/ST composites. 

Figure 2.6 shows images of the residual samples after cone calorimetry test. As stated above, there 

was almost no residue of pure PLA, but the samples containing APP and starch presented 

intumescence with char on the surface, which was thicker and more stable in the case of 
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PLA/APP20/ST7. The char residues of PLA/APP10, PLA/APP15 and PLA/APP20 were loosely 

bound due to the non-cohesion of the agglomerates, and the structure in each case was porous and 

discontinuous due to insufficient char formation as indicated by the SEM analysis of char residues 

in Figure 2.7. Heat and mass transfer therefore could not be inhibited effectively in these 

composites. In contrast, the samples containing ST (particularly PLA/APP20/ST7) produced a 

more compact char (Figure 2.7) with a dense and uniform structure, reducing the heat and mass 

transfer to inhibit combustion and prevent further burning of the underlying polymeric substrate. 

These char structures were stable, more uniform, and compact due to the cohesion of the 

agglomerates. ST particles were supposed to fill the empty spaces between the APP particles, with 

a resulting increase in density. The thickness of the samples containing ST also increased 

dramatically due to char formation after burning, from an initial thickness of 3 mm to 

approximately 1.5–2.0 cm. 

 
Figure 2.6. Photographs of the residues of PLA/APP10 (a), PLA/APP15 (b), PLA/APP20 

(c), PLA/APP20/ST3 (d), PLA/APP20/ST5 (e), and PLA/APP20/ST7 (f) after cone 

calorimetry test. 
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Figure 2.7. SEM analysis of the residues of PLA/APP10 (a), PLA/APP15 (b), 

PLA/APP20 (c), PLA/APP20/ST3 (d), PLA/APP20/ST5 (e), and PLA/APP20/ST7 (f) 

after cone calorimetry test. Scale bar in all panels = 10 μm, Magnification = 710× 

2.3.3.  Investigating the thermal stability of PLA/IFR samples 

The thermal decomposition and thermal stability of polymers is assessed by thermogravimetric 

analysis (TGA). The thermal degradation and mass residue of the samples were compared to 

determine the influence of flame-retardants and starch on PLA-based composites. TGA curves and 

data for all the composites heated in a nitrogen atmosphere are presented in Figure 2.8 (a & b) and 

in Table 2.3, respectively. 

Table 2.3. Thermogravimetric analysis of PLA/APP and PLA/APP/ST composites. 

No Formulations T5 (°C) T50 (°C) Tmax (°C) Residue at 700 °C (wt %) 

1 PLA 325 372 377 0.00 

2 PLA/APP10 320 374 379 5.90 

3 PLA/APP15 346 376 378 8.16 

4 PLA/APP20 358 376 378 9.21 

5 PLA/APP20/ST3 365 380 379 13.34 

6 PLA/APP20/ST5 371 381 380 15.32 

7 PLA/APP20/ST7 373 383 380 19.30 

T5 = 5% weight loss, T50 = 50% weight loss, Tmax = Maximum rate of weight loss 
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In Table 2.3, the temperatures corresponding to 5% and 50% weight loss for each composite are 

represented by the T5 and T50 values, respectively, whereas the temperature corresponding to the 

maximum rate of weight losses is represented by T max. The degradation of pure PLA started at 

325 °C and 50% loss occurred at 372 °C, with no residue left at 700 °C. A similar trend was 

observed for PLA/APP10 for the T5 and T50 temperatures, but the residue left at 700 °C was 

5.90% of the initial mass. For PLA/APP15 and PLA/APP20, the initial decomposition 

temperatures and thermal stabilities were greater than the corresponding values for PLA/APP10, 

with 8.16% and 9.21% residual mass left at 700 °C. The introduction of starch further improved 

the thermal stability of the composites. The initial decomposition temperatures and thermal 

stabilities of all composites containing starch are higher compared to composites without starch. 

For example, composite PLA/APP20/ST3 increased the residual mass at 700 °C from 9.21% to 

13.34%, but this increased even further to 19.30% in the case of composite PLA/APP20/ST7. 
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Figure 2.8. (a) Thermogravimetric analysis curves of pure PLA and PLA/APP 

composites. (b) Thermogravimetric analysis curves of pure PLA and PLA/APP/ST 

composites 

Figure 2.8 (a) represents the TGA curves for PLA/APP composites in comparison to pure PLA 

whereas Figure 2.8 (b) shows TGA curves for PLA/APP/ST composites. These composites differ 

in terms of their initial decomposition temperatures and thermal stabilities. The initial 

decomposition temperature of PLA/APP20/ST7 was 373 °C, compared to 365 °C for 

PLA/APP20/ST3, and the residues left at 700 °C were 19.30% and 13.34% of the initial mass, 

respectively. PLA/APP20/ST7 is therefore more thermally stable, reflecting the denser and more 

compact char layer as discussed above. These TGA data are in strong agreement with the LOI, 

UL-94 and cone calorimetry experiments, indicating that composites containing starch are superior 

in performance to composites containing APP alone. 

2.3.4.  Dispersion of the additives in PLA matrix 

Better FR properties are achieved by the uniform dispersion of additives in the PLA matrix. We 

therefore investigated the appearance of various percentages of FR additives (APP) and starch 

(ST) dispersed into the PLA matrix by scanning electron microscopy (SEM). Figure 2.9 shows the 

SEM images of the PLA/APP10 (a), PLA/APP15 (b), PLA/APP20 (c), PLA/APP20/ST3 (d), 

PLA/APP20/ST5 (e), and PLA/APP20/ST7 (f) composites. We observed APP and ST particles of 
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different sizes and shapes, and with different levels of interfacial adhesion with the PLA matrix. 

In all formulations of PLA/APP, the FR additive was uniformly distributed. The appearance of the 

dispersions was similar regardless of the FR content, indicating that the additives and substrate 

mixed uniformly during sample preparation. However, we observed very weak interfacial bonding 

between the FR additive and PLA substrate as shown by the appearance of small holes during 

fracturing. In the PLA/APP/ST composites, the dispersion of APP and ST was less uniform 

compared to the PLA/APP composites because the additives were less compatible with each other 

in PLA matrix, therefore forming isolated or aggregated particles on the composites surfaces. 

These clustered and agglomerated particles were clearly seen in the SEM images. However, all 

images indicated that APP and ST were successfully incorporated into the PLA matrix. 

 
Figure 2.9. SEM analysis of PLA/APP10 (a), PLA/APP15 (b), PLA/APP20 (c), 

PLA/APP20/ST3 (d), PLA/APP20/ST5 (e), and PLA/APP20/ST7 (f) composites. Scale 

bar in all panels = 180 μm, Magnification = 710× 

2.3.5.  Determining the tensile strength, Young’s modulus and elongation at break% 

The mechanical properties of composites are dependent on the actual stress sharing between matrix 

and the additives incorporated. Therefore, in order to get better mechanical properties of a 
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composite a uniform interfacial bonding between additives and matrix is needed. Moreover, the 

size of particles, wt% (w/w) of additives incorporated as well as the adhesion between additives 

and matrix influence the mechanical properties of polymer composites. As indicated in SEM 

images in the previous section a weak interfacial bonding between additives and polymer matrix 

was observed, due to which clustered and agglomerated particles were formed which affected the 

mechanical strength of the composites. 

 

It can be seen in Table 2.4 that the tensile strength and elongation at break of pure PLA was 69.19 

(MPa) and 2.49% respectively. However, with the addition of APP alone the tensile strength and 

elongation at break started to decrease and reached to 45.62 (MPa) and 1.98%, respectively, when 

20 wt% of APP (PLA/APP20) was incorporated in PLA matrix. When starch was incorporated 

together with APP in polymer matrix (PLA/APP/ST), tensile strength and elongation at break was 

further reduced. The reduction in mechanical properties of PLA/APP and PLA/APP/ST 

composites is mainly due to weak interfacial bonding initiated by the difference in polarity among 

PLA matrix, APP, and starch additives. 

Table 2.4. Mechanical properties of PLA, PLA/APP, and PLA/APP/ST composites. 

Formulations Tensile Strength ± 
(MPa) 

Elongation at Break ± 
(%) 

Young’s Modulus ± 
(MPa) 

PLA 69.19 ± 3 2.49 ± 0.2 4695.43 ± 21 

PLA/APP10 47.86 ± 1 2.35 ± 0.4 4146.65 ± 18 

PLA/APP15 46.12 ± 2 2.03 ± 0.3 4087.90 ± 17 

PLA/APP20 45.62 ± 2 1.98 ± 0.1 3822.11 ± 15 

PLA/APP20/ST3 43.93 ± 2 1.94 ± 0.1 3750.73 ± 13 

PLA/APP20/ST5 39.30 ± 1 1.87 ± 0.1 2870.04 ± 14 

PLA/APP20/ST7 38.41 ± 1 1.66 ± 0.1 2522.32 ± 11 

Another reason of weaker mechanical properties could be due to the degradation of PLA as well 

as of starch during preparation of PLA composites due to higher extrusion temperature, which 

might have reduced the adsorbed chains mobility on the surface of the particles. Therefore, in order 

to improve the mechanical properties of PLA composites a uniform dispersion of additives in 

polymer matrix may be required which sometimes can be obtained by the use of a compatibilizer. 
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Although the addition of starch in polymer matrix decreased the mechanical properties of the 

composites, however extraordinary improvements in the flame-retardant properties of these 

composites were seen. 

2.4. Conclusions 

We have produced intumescent flame-retardant composites by combining PLA and APP with 

starch as a carbonization agent. PLA/APP and PLA/APP/ST composites were prepared, and their 

flammability was assessed by LOI, UL-94 and cone calorimetry tests. The addition of 10–20 wt% 

APP improved the LOI of PLA from 19.5 to 24.4–31.9%, but the further inclusion of 7 wt% starch 

(PLA/APP20/ST7) improved the LOI from 31.9% to 37.3% and the composite achieved a V-0 

rating in the UL-94 test with no dripping. The PHRR and THR of the composites containing starch 

were significantly lower than the corresponding values for pure PLA and composites containing 

APP alone. A remarkably low PHRR was observed for PLA/APP20/ST7 (192 kW m−2) which is 

66% less than the PHRR of pure PLA. The presence of 20 wt% APP in PLA matrix (PLA/APP20) 

increased the TTI to 58 s, but the addition of 7 wt% starch in addition to APP (PLA/APP20/ST7) 

extended this to 77 s. The THR of pure PLA was 58 MJ/m2, falling to 38 MJ/m2 for PLA/APP20 

and 24 MJ/m2 for PLA/APP20/ST7. The composites therefore limited the total quantity of fuel 

accessible for burning. The introduction of APP together with starch enhanced the thermal stability 

of the composites, with PLA/APP20/ST7 leaving 19.30% residual mass at 700 °C comparted to 

only 9.21% for PLA/APP20 and no residue for pure PLA. The fire-retardant mechanism was 

determined by cone calorimetry, revealing that char formation inhibited the initial decomposition 

of the composite and improved its thermal stability by creating a char layer, which prevented the 

transfer of sufficient fuel and oxygen to the site of burning. Our tests therefore, confirmed that 

intumescent system containing starch as a renewable carbonization agent can be used to produce 

superior PLA composites. 
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The efficiency of biobased carbonization agent and intumescent flame 

retardant on flame retardancy of biopolymer composites and investigation of 

their melt-spinnability 

Abstract 

 The objective of this study is to assess the efficiency of biobased carbonization agent in 

intumescent formulations (IFRs) to examine the flame retardant properties of polylactic acid 

(PLA) composites and to investigate their melt-spinnability. We used phosphorous-based halogen 

free flame retardant (FR) and kraft lignin (KL) as bio-based carbonization agent. After melt 

compounding and molding into sheets by hot pressing various fire related characteristics of IFR 

composites were inspected and were characterized by different characterization methods. It was 

fascinating to discover that the introduction of 5−20 wt% FR increased the limiting oxygen index 

(LOI) of PLA composites from 20.1% to 23.2−33.5%. The addition of KL with content of 3−5 

wt% further increased the LOI up to 36.6−37.8% and also endowed PLA/FR/KL composites with 

improved anti-dripping properties. Cone calorimetry revealed a 50% reduction in the peak heat 

release rate of the IFR composites in comparison to 100% PLA and confirmed the development 

of an intumescent char structure, containing residue up to 40%. For comparative study, IFR 

composites containing pentaerythritol (PER) as a carbonization agent were also prepared and 

their FR properties were compared. IFR composites were melt spun and mechanical properties 

of multifilament yarns were tested. The analysis of char residues by energy dispersive X-ray 

spectrometry (EDS) and SEM images confirmed that PLA/FR/KL composites developed a 

thicker and more homogeneous char layer with better flame retardant properties confirming that 

the fire properties of PLA can be enhanced by using KL as a carbonization agent.  

Keywords 

Bio-���������;�������������;�����-spinning;��one calorimetry 
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3.1. Introduction 

Biodegradable polymers from renewable resources have attracted interest due to environmental 

pollution caused by the disposal of non-degradable polymers derived from finite petroleum 

reserves [1–4]. Polylactic acid (PLA) is a biobased thermoplastic polymer obtained from bio-

resources and it is progressively replacing oil-based polymers and can be used to develop fire 

resistant products [5,6]. PLA is less flammable than synthetic thermoplastics such as polyethylene 

terephthalate (PET), with less visible smoke on burning and a lower peak heat release rate [7,8]. 

However, PLA is nevertheless combustible which restricts its applications in industry sectors 

where flame-retardant materials are required [9,10].  

 

The fire retardancy of PLA can be enhanced by mixing with inorganic additives containing silicon 

or phosphorous [11–14]. Intumescent flame retardant (IFR) systems offer a highly effective 

strategy to enhance the fire retardancy of PLA because a char structure is developed which acts as 

a shield between the polymer and heat source hence protecting the polymer material from further 

burning and dripping [15]. These systems use halogen-free flame retardants (HFFRs) which are 

not only better for the environment but also more effective [16,17]. IFR systems generally 

comprise a carbonization agent, an acid source and a blowing agent that produces the char 

structure. In most of the studies [18–21] pentaerythritol (PER) a petroleum-based carbonization 

agent has been used in PLA based IFR systems. Flame retardancy in phosphorous based flame 

retardants is achieved by the thermal degradation of phosphorous compounds into pyrophosphate 

and the release of water which eventually dilutes the gas phase, hence the dehydration reaction is 

catalysed by pyro phosphoric acid [22,23]. 

 

Conventional carbonization agents such as PER achieve very low flame retardancy in PLA-based 

IFR systems [15,19] and different formulations have been therefore developed to overcome this 

challenge [22–24]. For example, PLA-based IFR composites containing PER achieved only a V-2 

value in UL-94 vertical burning tests despite the addition of about 30–40% by weight of the flame-

retardant additives, although a combination of PER and APP reduced the dripping behavior of 

PLA during combustion [25]. To replace PER in PLA-based IFR systems, other researchers have 

used additives such as spirocyclic pentaerythritol bisphosphorate disphosphoryl melamine [22], 

and graphene [13]. Another potential carbon source is lignin, which is an important component of 



Chapter 394   |

 

plant cells and the second most abundant natural material after cellulose [26]. Therefore lignin can 

be a potential candidate for carbonization agent in IFR systems because it contains phenyl-propane 

repeat units together with aromatic and aliphatic hydroxyl groups [27-28]. Moreover, the melt 

spinning of PLA/IFR composites is also unknown [29-30]. In this study, we have tried to optimize 

the wt% of the additives to improve the FR properties of the composites and to spin multifilaments 

from FR compounds.  

 

We therefore investigated the effect of kraft lignin (KL) from wood waste as a carbonization agent 

in IFR systems as a potential biodegradable substitute for PER together with non-toxic and halogen 

free flame retardant. The mechanism of intumescence indicating catalytic phosphorylation to 

produce phosphate esters, which eventually dehydrated the lignin and formed char structure 

containing residue up to 52% has also been discussed in detail. We also tested flammability of 

different formulations of PLA/APP/KL prepared by melt compounding and then molding into 

sheets by hot pressing. We characterized the materials by different characterization techniques and 

measured their fire-retardant properties by conducting UL-94 vertical burning tests, cone 

calorimetry analysis and by determining the limiting oxygen index. The melt-spinnability of as 

prepared composites was investigated by producing multifilament yarns on pilot scale melt 

spinning machine and their mechanical properties were tested. 

 

3.2. Materials and methods  

The materials and methods used in this chapter are discussed in the following sections. 

3.2.1.  Materials 

Granular PLA resin (Luminy L130) was attained from Total-Corbion NV (Gorinchem, 

Netherlands). Non-halogenated flame retardant Exolit APP 422, a fine-particle APP containing 

14% w/w nitrogen and 31% w/w phosphorous (decomposition temperature > 275 °C), was 

obtained from Clariant Plastics & Coatings SA (Louvain-la-Neuve, Belgium). Exolit APP 422 is 

insoluble in water and thermally stable at higher temperatures due to long chains (n > 1000) and 

has been used as acid donor in this study. The kraft lignin powder “UPM BioPiva 100” was 

purchased from UPM Biochemicals OYJ (Helsinki, Finland). Pentaerythritol (PER) was obtained 
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from Acros (Molinons, France). PLA, APP, PER and KL were vacuum dried at 100 °C for 6 h 

before compounding.  

3.2.2.  Preparation of PLA/IFR composites 

Coperion twin-screw compounder was used to prepare PLA/APP, PLA/APP/PER and 

PLA/APP/KL composites at 190 °C. In the first phase, PLA/APP composites with an APP content 

of 5%, 10%, 15% and 20% (w/w) were compounded at screw rotation speed of 150 rpm and were 

entitled PLA/APP5, PLA/APP10, PLA/APP15 and PLA/APP20, respectively. The temperatures 

of the three heating zones were kept at 175 °C, 180 °C and 185 °C, respectively. The extrudate 

was cut into pellets. In the second phase, PLA/APP20 pellets (APP content = 20% w/w) with a KL 

content of 3%, and 5% (w/w) were compounded at screw rotation speed of 200 rpm and were 

named PLA/APP20/KL3 and PLA/APP20/KL5, respectively. PLA/APP20 pellets were dosed in 

the first feeding zone whereas KL was fed in the second feeding zone to ensure proper mixing. 

The same procedure was adopted for PLA/APP20/PER3 and PLA/APP20/PER5 composites. 

Sheets of the as prepared composites were produced by compression molding at 190˚C for the 

subsequent testing along with sheets of pure PLA for comparison.  

3.2.3.  Thermogravimetric analysis 

Thermogravimetric behavior of the composites as well as of 100% PLA was assessed using a TGA 

Q5000 from TA Instruments. The specimens (10–15 mg) were heated at a constant rate of 10˚C 

min-1 up to 700 °C under nitrogen at a flow rate of 50 mL.min-1. The thermal decomposition 

temperature and the temperature at which maximum degradation took place were calculated along 

with the residual percentage of the sample compared to the initial mass. The thermogravimetric 

curves of specimens were plotted after analysis. 

3.2.4.  Scanning electron microscopy 

The surface morphology of IFR composites, inspection of additives dispersion in the PLA matrix 

and energy dispersive X-ray spectrometry (EDS) was done by scanning electron microscopy using 

a Hitachi TM-1000 device (Chiyoda, Tokyo, Japan). Strands of IFR composites were fractured 

after dipping in liquid nitrogen and later on gold sputtering was done to produce a conductive 

surface prior to analysis.  
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3.2.5.  Limiting oxygen index and UL-94 vertical burning tests 

The limiting oxygen index (LOI) is known as the fraction of oxygen necessary to facilitate the 

burning of a test sample, so high LOI values indicate low flammability. The LOI test was 

conducted using a Stanton Redcroft instrument (Thermal Sciences, Mansfield, MA, USA) by 

placing samples (100 mm × 10 mm × 3 mm) vertically in a glass column and supplying a 

combination of oxygen and nitrogen gas. The specimens were burned with the flame pointing 

downwards to the non-burnt part according to standard test method ISO 4589. The UL-94 test 

classifies materials according to their ability to promote or inhibit the spread of fire. UL-94 vertical 

burning tests were conducted by suspending specimens (100 mm × 10 mm × 3 mm) vertically and 

applying a flame to the lower surface according to ISO 9773. Samples that demonstrate self-

extinguishing behavior and that do not drip after burning are ranked highest in the classification 

(V-0). 

3.2.6.  Cone calorimetry test 

Cone calorimetry tests were conducted by placing samples (100 mm × 100 mm × 3 mm) in a 

Stanton Redcroft instrument (Thermal Sciences) and exposing them to a heat flux of 35 kW m-2 

according to a standard test method ISO 5660. We recorded important flammability parameters 

and mass residue as a proportion of initial sample weight. 

3.2.7.  Mechanical testing of multifilament yarns 

The tenacity and elongation at break of multifilaments were tested on Zwick Roell testing machine 

by using EN ISO 5079 standard method. The specimen lengths (50 mm) and rate of deformation 

(50 mm min-1) were kept constant for all samples. Ten specimens were prepared from each sample 

and their average results with standard deviations were recorded. 

3.2.8.  Melt spinning of IFR composites 

IFR composites were melt spun using Fourne Maschinenbau GmbH (Impekoven, Germany) pilot 

scale melt spinning machine. Pellets were first fed into a hopper and then transported to a single 

screw extruder where they were melted at a temperature range of 195 °C to 220 °C. The melted 

material was then injected in a spinneret die of 1.2 mm diameter each with the help of spinning 

pump rotating at constant revolutions per minute ensuring a homogeneous flow of the material. 
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These single filaments coming out of the spinneret were then cooled at 18 °C by maintaining the 

��������������������������∙�-1and then combined together to multifilaments by applying a spin 

finish. The multifilaments were collected bya take up roller rotating at 450 m/minspeed. The 

filaments were then hot drawn between two set of rollers rotating at varying speeds. The speeds of 

the first and second set of heated rollers were maintained at 550 m/min and 650 m/min respectively 

ensuring a draw ratio of 1.4 (maximum possible draw ratio). The multi-filaments were then winded 

on the winder at 650 m/min. A schematic diagram of pilot scale melt spinning machine is shown 

in Figure 3.1. 

Figure 3.1. Schematic diagram of pilot scale melt spinning machine.

Composites were melt spun and it was observed that as the loading content of APP and KL was 

increased, the multifilament yarns were not able to withstand the same draw ratio,which was 

applied for pure PLA. For other compositions of composites, draw ratio was reduced gradually 

from 2 to 1.4 in order to spin the composites without breakage. This reduction in draw ratio resulted 

in lower mechanical properties of multifilament yarns produced from these composites 

predominantly due to amorphous nature with little or no crystallinity induced in the filament 

structure.
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The tenacity and elongation at break of multifilament yarns are mainly influenced by the wt% 

(w/w) of the additives incorporated in the PLA matrix therefore the mechanical properties of the 

multifilament yarns containing higher amount of APP, PER and KL were on the lower side (Table 

3.1) than that of multifilament yarns produced from pure PLA.  

Table 3.1. Mechanical properties of pure PLA, PLA/APP and PLA/APP/KL 
multifilament yarns. 

Formulations Tenacity ± 
(cN/tex) 

Elongation at Break 
± (%) 

PLA 17.88 ± 6 123.11 ± 23 

PLA/APP5 14.44 ± 4 94.73 ± 21 

PLA/APP10 13.19 ± 7 80.66 ± 14 

PLA/APP15 10.37 ± 8 64.97 ± 13 

PLA/APP20 9.81 ± 6 58.16 ± 24 

PLA/APP20/PER3 9.33 ± 7 55.43 ± 12 

PLA/APP20/PER5 8.10 ± 5 49.56 ± 17 

PLA/APP20/KL3 8.76 ± 3 50.12 ± 11 

PLA/APP20/KL5 7.43 ± 4  45.25 ± 19 
 

3.3. Results 

3.3.1.  Mechanism of intumescence 

The detailed description of intumescence mechanism was given in previous chapter however, in 

this study chemical reactions showing the mechanism has been discussed. Long chain APP (Form 

II) was used as flame retardant in PLA polymer. Upon decomposition of APP, phosphoric acid 

and ammonia was formed. Phosphoric acid acted as acid catalyst in the dehydration process of 

carbon-based poly-alcohols in lignin. Upon reaction of acid catalyst (phosphoric acid) with alcohol 

groups in lignin, phosphate esters were formed which were decomposed later to release carbon 

dioxide and dehydration of lignin was taken place. In the gas phase, the emission of non-flammable 

carbon dioxide assisted in diluting the oxygen of the air and flammable decomposed products of 

the material that were burning whereas the resultant char layer in the condensed phase protected 

the underlying polymeric material from further burning by restricting the free passage of radiant 

heat and oxygen. This mechanism of intumescence is shown in Figure 3.2.  
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
Figure 3.2. Lignin structure (a), Thermal decomposition of ammonium polyphosphate 

into ammonia and ortho-phosphoric acid (b), Catalytic phosphorylation to produce 

phosphorylated lignin (c), Dehydration of lignin and formation of lignin based 

polyvinylic intermediate (d), Diels alder reaction to produce lignin-based char (e). 
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3.3.2.  Measuring the flammability and dripping behavior of composites 

The LOI and UL-94 tests were conducted to assess the flammability of the composites. These 

flame retardant properties together with the dripping behavior of PLA/APP and PLA/APP/KL IFR 

composites are mentioned in Table 3.2.  

Table 3.2. Fire retardant properties of 100% PLA, the PLA/APP and PLA/APP/KL, IFR 
composites 

No Formulations PLA % 
(w/w) 

APP % 
(w/w)  

KL % 
(w/w)  LOI% UL-94 Dripping 

1 PLA 100 0 0 20.1 Failed Y/Y 

2 PLA/APP5 95 5 0 23.2 V-2 Y/Y 

3 PLA/APP10 90 10 0 25.7 V-1 Y/Y 

4 PLA/APP15 85 15 0 29.4 V-1 N/Y 

5 PLA/APP20 80 20 0 33.5 V-1 N/Y 

6 PLA/APP20/PER3 77 20 3 33.9 V-1 N/Y 

7 PLA/APP20/PER5 75 20 5 34.4 V-1 N/Y 

8 PLA/APP20/KL3 77 20 3 36.6 V-0 N/N 

9 PLA/APP20/KL5 75 20 5 37.8 V-0 N/N 

PLA = Polylactic acid, APP = Ammonium polyphosphate, KL = Kraft lignin, LOI = 
Limiting Oxygen Index, N/Y corresponds to NO/YES for dripping in first/second flame 
application. 
 

100% PLA could not pass UL-94 vertical burning test because it was highly flammable with severe 

dripping. The LOI of pure PLA was 20.1%. The presence of 5% (w/w) APP enhanced the LOI of 

the composite (PLA/APP5) to 23.2% and could only manage to obtain a V-2 rating in UL-94V 

test. The presence of 10% (w/w) APP improved the LOI of the composite (PLA/APP10) to 25.7% 

and managed to obtain a V-1 rating in UL-94V test. When the proportion of APP increased to 15% 

and 20% (w/w), the LOI increased to 29.4% (PLA/APP15) and 33.5% (PLA/APP/20) however, 

both composites managed to achieve only V-1 rating. All of the PLA/APP composites showed 

evidence of the dripping phenomenon when burning. Although the samples containing PER as 

carbonization agent improved the LOI to 33.9% and 34.4% by the addition of 3 and 5% (w/w) of 

PER but not a significant difference was seen in their UL-94 tests. None of the sample containing 

PER managed to achieve V-0 rating. 
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The addition of 3% (w/w) KL to PLA/APP20 increased the LOI of the new composite 

(PLA/APP20/KL3) from 33.5% to 36.6% while maintaining the V-0 rating in the UL-94V test. 

PLA/APP20/KL3 also showed no evidence of dripping when burning. Similar results were 

observed with higher proportions of KL. The LOI of the composites PLA/APP20/KL5 was 37.8%, 

and managed to obtain V-0 ratings with no evidence of dripping. These results confirmed that the 

introduction of KL as a natural carbonization agent increased the LOI of the composites 

significantly and abolished the melt dripping phenomenon observed in composites lacking KL. All 

composites containing KL managed to obtain a V-0 rating.  

 

The UL-94 vertical burning test determines material’s ability to either support or extinguish the 

flame once it catches fire. The results presented in Table 3.2 shows no rating of pure PLA to V-1 

rating of PLA/APP and V-0 rating of PLA/APP/KL composites. It was observed that the ignition 

of pure PLA started during the first flame application of 10 s and the burning was continued till 

the sample was completely burnt up to the sample holding clamp. Although the burning behavior 

of the sample containing 5% (w/w) of APP (PLA/APP5) was slightly better to that of pure PLA as 

the flame extinguished in less than 30 s in each flame application and it achieved V-2 rating but 

the sample was dripping and ignited the cotton sample placed underneath. Same was the case with 

10% (w/w) of APP (PLA/APP10), although it achieved V-1 rating with slower burning rate 

compared to PLA/APP5 but it also ignited the cotton sample placed underneath due to dripping. 

However, with the addition of 15 and 20% (w/w) of APP (PLA/APP15 and PLA/APP20) the 

samples achieved better LOI values however, V-1 rating still showed dripping during second 

application of flame. Furthermore, the flammability of the composites was completely changed by 

the incorporation of KL in the formulations. The composites containing 3 and 5% (w/w) of KL 

were not ignited even after the second application of flame and achieved V-0 rating without 

dripping in both flame applications. This behavior is attributed to the generation of char layer on 

specimen’s surface which did not allow the flame to pass through the layer hence the underlying 

material remained unburnt and restricted the propagation of flame. It can be seen in Table 3.2 that 

in comparison to samples containing PER, samples having KL as carbonization agent not only 

achieved higher LOI% values but also managed to obtain V-0 ratings without dripping 

phenomenon in UL-94 tests despite of having the same wt% of the additives.  
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3.3.3.  Time to ignition, heat release rate, total heat release and residual mass% 

The cone calorimeter is equipment used to assess the fire retardancy of a polymeric material and 

gives useful insight about the flammability of the material. This instrument gives broad 

information about the combustion behavior of the polymer by measuring parameters such as peak 

heat release rate (PHRR), time to ignition (TTI), total heat release (THR) and residual mass as a 

proportion of original mass. Cone calorimetry data for 100% PLA and IFR composites we prepared 

are summarized in Table 3.3. 

 

Table 3.3. Cone calorimetry data for 100% PLA, and PLA/APP and PLA/APP/KL IFR 
composites. 

Formulation TTI (s) 
PHRR 

(kWm-2) 
THR 

���∙�-2) 
Residual 
Mass (%) 

TSP 
(m2∙�-2) 

EHC 
���∙�-1) 

PLA 63 ± 1.1 428 ± 7  55.7 ± 0.27 0 ± 0.00 43 ± 2  17.33 ± 1.60 

PLA/APP5 66 ± 1.4 382 ± 6 52.1 ± 0.16 9 ± 0.03 274 ± 13 16.10 ± 0.90 

PLA/APP10 69 ± 2.3 361 ± 3 49.7 ± 0.22 14 ± 0.01 230 ± 17 16.05 ± 1.22 

PLA/APP15 72 ± 1.8 336 ± 2 49.1 ± 0.17 17 ± 0.09 190 ± 19 15.93 ± 1.13 

PLA/APP20 76 ± 2.8 316 ± 8 47.9 ± 0.31 22 ± 0.04 164 ± 9 15.46 ± 0.86 

PLA/APP20/PER3 78 ± 3.4 310 ± 9 47.5 ± 0.41 23 ± 0.05 221 ± 23 15.13 ± 1.56 

PLA/APP20/PER5 80 ± 2.9 300 ± 7 46.4 ± 0.29 25 ± 0.07 209 ± 17 14.62 ± 1.34 

PLA/APP20/KL3 79 ± 1.1 250 ± 4 45.0 ± 0.29 25 ± 0.05 155 ± 21 12.68 ± 1.43 

PLA/APP20/KL5 81 ± 1.4 210 ± 6 44.6 ± 0.12 40 ± 0.03 103 ± 14 11.72 ± 1.18 

����������������������;������������������������������;�������������������������;�������
����������������������;������������������������������������ 

Heat release curves for pure PLA, PLA/APP10, PLA/APP20 and PLA/APP20/KL5 are presented 

in Figure 3.3 (a) whereas that of PLA/APP20/PER5 is shown in Figure 3.3 (b) respectively. After 

ignition, pure PLA kept on burning for longer period of time than other samples and therefore, 

produced a steep curve with a high PHRR (428 kW m-2). In contrast, the PHRR of PLA/APP10 

and PLA/APP20 were 361 and 316 kW m-2 respectively. The addition of PER as carbonization 

agent in PLA/APP20 composites further reduced the PHRR, as samples containing 5% (w/w) of 

PER achieved 300 kW m-2. A significant reduction in PHRR was observed when KL was added 

in PLA/APP20 composites as samples containing 3 and 5% (w/w) reduced PHRR to 250 and 210 

kW m-2 respectively. These findings indicated that the combined effect of APP and KL yielded a 
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much thicker char structure after burning, preventing the degradation of the composite by 

restricting the fire passage to the polymer matrix. It can be seen in Table 3.3 and simultaneously 

in Figure 3.3 (a and b) that samples containing KL as carbonization agent have much lower PHRR 

than samples containing PER as carbonization agent despite of having same wt% in PLA/APP20 

composites. 

 

 

Figure 3.3. (a) Heat release curves for pure PLA, PLA/APP10, PLA/APP20 and 

������������������������;�(b) Heat release rate curves for pure PLA, PLA/APP10, 

PLA/APP20 and PLA/APP20/PER5 composites. 
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Figure 3.3 (a) demonstrates that the heat release rate of the composites containing APP alone 

(PLA/APP10, PLA/APP20) and together with KL (PLA/APP20/KL5) changed quite dramatically 

in comparison to pure PLA (428 kW m-2). The production of intumescent char in case of samples 

containing APP alone was delayed due to the emission of volatile compounds and the degree of 

swelling in the char was also reduced, hence a porous charstructure was formed as shown in Figure 

3.4 and Figure 3.5.

Figure 3.4 demonstrates images of the residual samples after conducting cone calorimetry test. The 

char residues of PLA/APP5, PLA/APP10, PLA/APP15 and PLA/APP20 were loosely bound, and 

the structure in each case was porous and discontinuous due to insufficient char formation as 

shown by the SEM images of char residues in Figure 3.5. Heat and mass transfer therefore, could 

not be inhibited effectively in these composites. In contrast, the samples containing KL 

(particularly PLA/APP20/KL5) produced a more compact char with a dense and uniform structure, 

reducing fuel and heat transfer to inhibit combustion and prevent further burning of the underlying 

polymeric substrate. 

Figure 3.4. Char residues after cone calorimetry: PLA/APP5 (a), PLA/APP10 (b), 

PLA/APP15 (c), PLA/APP20 (d), PLA/APP20/KL3 (e), and PLA/APP20/KL5 (g).
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Figure 3.5. SEM images of the char residues of PLA/APP5 (a), PLA/APP10 (b), 

PLA/APP15 (c), PLA/APP20 (d), PLA/APP20/KL3 (e), and PLA/APP20/KL5 (f) after 

cone calorimetry test.Scale bar in all panels = 10 μm, Magnification = 710×

The barrier effectiveness and shielding efficiency of a residue is identified by the compactness of 

a char structure. The char structures of the residues improved with increasing APP content 

however,the char formed was loosely bound and porous due to non-cohesion of the agglomerates. 

Furthermore, the char structures of residues of the composites containing APP and KL were stable, 

more uniform and compact due to cohesion of the agglomerates. KL particles were supposed to 

fill the empty spaces between the APP particles,which densified the agglomerates of the residues 

hence more stable, uniform and compact char structures were produced for the samples containing 

KL. The thickness of the samples containing lignin also increased dramatically due to char 

formation after burning, from an initial thickness of 3 mm to approximately 1–1.5 cm.

Table 3.3 shows that the TTI of 100% PLA was 63 s, but when mixed with 20% (w/w) APP in the 

composite PLA/APP20, the TTI increased to 76 s. The samples containing PER as carbonization 

agent also had similar TTI values to what we get with samples containing KL as carbonization 

agent. The ignition of a material is typically dependent on the concentration of pyrolysis gases, 

which are released when a material is degraded until the concentration reaches a value that ignition 

is supported. A long TTI therefore, reflects slower decomposition mainly due to the presence of 

APP and KL. 
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Figure 3.6 (a) demonstrates the THR curves of 100% PLA and the PLA/APP and PLA/APP/KL 

composites. The THR of 100% PLA was 55.7 MJ m-2 whereas the values for PLA/APP20 and 

PLA/APP20/KL5 were 47.9 and 44.6 MJ m-2, respectively. This indicates that both PLA/APP20 

and PLA/APP20/KL5 reduced the total quantity of fuel accessible for burning, which confirms the 

superior fire retardant performance of these composites. Figure 3.6 (b) shows the THR curves of 

PLA/APP20/PER composites as a comparison to THR curves of PLA/APP20/KL composites in 

Figure 3.6 (a). THR value for PLA/APP20/PER5 composite was 46.4 MJ m-2 in comparison to 

44.6 MJ m-2 for PLA/APP20/KL5 composite. The combination of KL and APP makes the 

composites more flame resistant, and the production of intumescent char on the matrix surface 

introduced a layer of thermal insulation between the flame and the surface of the material, which 

extinguished the flame by preventing contact with combustible gases as well as oxygen. The high 

concentrations of APP and KL diluted the polymer matrix very strongly and there was not much 

material available to continue the burning process. The thermal decomposition process led to the 

dehydration of APP and water vapors released in due course cooled down the gas phase and 

accessible fuel for combustion was diluted therefore, the total heat release (THR) was decreased 

with increasing APP content. Due to the endothermic decomposition reaction of APP the heating 

of the condensed phase was also reduced. THR was further reduced by the addition of KL as the 

emission of pyrolysis gases were decelerated by the formation of char layer, which not only 

provided the physical barrier to the emission of pyrolysis gases but also enhanced heat shielding 

effect. The hypothesis of this study is also in good relation with the THR as the previous studies 

[21,33,34] done with PLA in relation with other carbonization agents had much higher THR than 

what we achieved in this study. 
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Figure 3.6. (a) Total heat release curves of 100% PLA, PLA/APP and PLA/APP/KL 

����������; (b) Total heat release curves of 100% PLA, PLA/APP and PLA/APP/PER 

composites. 
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Figure 3.7. (a). Residual mass (percentage of original mass) of 100% PLA, PLA/APP 

�������������������������; (b). Residual mass (percentage of original mass) of 100% 

PLA, PLA/APP and PLA/APP/PER composites 

Figure 3.7 (a) shows the residual mass curves for 100% PLA and the PLA/APP and PLA/APP/KL 

composites as a percentage of the original mass. The residual mass of PLA/APP20/KL5 was 40%, 

much higher than that of PLA/APP20 (22%), and the residual mass of pure PLA was close to 0%. 

Figure 3.7 (b) shows the residual mass curves of PLA/APP20/PER composites as a comparison to 

residual mass curves of PLA/APP20/KL composites in Figure 3.7 (a). The residual mass% for 

PLA/APP20/PER5 was 25% in comparison to 40% for PLA/APP20/KL5 composites. The higher 
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residual mass correlated with the production of more char, which in turn reflects the lower THR 

values. The greater residual mass also reflects in greater char formation due to the combined effect 

of acid and carbonization agent. The residual mass% achieved in this study is also higher than the 

residual mass% of other studies done with PLA in relation to other carbonization agents [35,36,37]. 

3.3.4.  Energy dispersive X-ray spectrometry 

EDS spectrometry was used to inspect the composition of elements present in the char residues. 

The wt% of the elements present in char residues are compared in Table 3.4.  

Table 3.4 Elemental analysis of char residues 

No. Samples C (wt %) O (wt %) P (wt %) Al (wt %) 

1 PLA/APP20 21.2 40.9 34.6 3.3 

2 PLA/APP20/KL3 34.9 38.0 26.6 0.5 

3 PLA/APP20/KL5 37.7 34.2 26.4 1.7 

 
It can be seen in Table 3.4 that PLA/APP20 contained highest wt% of Oxygen (40.9%) and least 

wt% of Carbon (21.2%) in char residues. KL favored charring as proved by the increase of C 

content and the decrease of O content. It is likely that the main part of P remains in the residue 

(high value of P content). Since the char content increases with increasing KL content, the P 

content in the char residue necessarily decreases. However, P content is over estimated and 

quantitative EDS must be performed on flat sample. Moreover, the phosphate compounds 

developed by the reaction of APP-KL enhanced the char production rate because they stayed in 

the condensed phase. The increment in the Carbon content (wt%) of PLA/APP/KL residues is due 

to an increased char formation by the addition of KL. 

3.3.5.  Investigating the dispersion of additives in PLA matrix 

The dispersion of different proportions of APP and KL in the PLA matrix was investigated by 

scanning electron microscopy to characterize the distribution of the additives, given that a uniform 

distribution achieves better fire retardant properties. Figure 3.8 shows images of the composites 

PLA/APP5, PLA/APP10, PLA/APP15, PLA/APP20, PLA/APP20/KL3 and PLA/APP20/KL5. 

APP and KL particles of different sizes and shapes, and showing different levels of interfacial 

adhesion with the PLA matrix, were incorporated successfully. In the PLA/APP formulations 
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lacking KL, the additive was dispersed uniformly regardless of its proportion in the mixture (5–

20% w/w), indicating the uniform mixing of APP with the substrate during sample preparation. 

However, weak interfacial bonding between PLA and APP was apparent based on the appearance 

of small holes during fracturing. Nevertheless, all images confirmed that APP and KL has been 

incorporated successfully into the PLA matrix. 

 

 

Figure 3.8. SEM images of composites PLA/APP5 (a), PLA/APP10 (b), PLA/APP15 

(c), PLA/APP20 (d), PLA/APP20/KL3 (e), and PLA/APP20/KL5 (f). Scale bar in all 

panels = 180 μm, Magnification = 710× 

3.3.6.  Assessment of thermal stability of composites 

The thermal decomposition and thermal stability of the polymers was assessed by 

thermogravimetric analysis and the residual mass of the samples was determined at 700 °C. The 

thermogravimetric behavior of pure PLA and of the IFR composites was expressed as the 

temperature corresponding to 5% and 50% weight loss in a nitrogen atmosphere (T5 and T50, 

respectively) as shown in Table 3.5, and the corresponding thermogravimetric curves (Figure 3.9 

a, and 3.9 b). The decomposition of PLA/APP5 started at 310 °C and 50% loss was recorded at 

343 °C. The residue at 700 °C represented 3.54% of the weight of the original sample. PLA/APP10 

showed a similar performance but with slightly higher T5 and T50 values and a residual weight of 

5.63%. The trend continued for PLA/APP15 and PLA/APP20, with marginal further increases in 

the T5 and T50 values and residual weights of 8.16% and 8.78%, respectively. The introduction 

of KL enhanced the thermal stability of the composites even further. The T5 and T50 values of 
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PLA/APP20/KL3 were higher than those of any composite without KL, and the residual weight 

increased to 13.34%. As more KL was incorporated, the T5 and T50 values increased further and 

the residual weight was 15.32% for PLA/APP20/KL5.  

Table 3.5. Thermogravimetric analysis of pure PLA and the PLA/APP and PLA/APP/KL 
composites 

No Formulations T5 (°C) T50 
(°C) 

Residue at 700 °C 
(%, w/w) 

1 PLA 298 333 0 

2 PLA/APP5 310 343 3.54 

3 PLA/APP10 318 351 5.63 

4 PLA/APP15 320 355 8.16 

5 PLA/APP20 328 358 8.78 

6 PLA/APP20/PER3 329 360 10.63 

7 PLA/APP20/PER5 328 365 13.20 

8 PLA/APP20/KL3 330 362 13.34 

9 PLA/APP20/KL5 330 365 15.32 

T5 = 5% weight loss, T50 = 50% weight loss 
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Figure 3.9. (a) Thermogravimetric curves of 100% PLA, PLA/APP and PLA/APP/KL 

����������;�(b) Thermogravimetric curves of 100% PLA, PLA/APP and PLA/APP/KL 

composites 

Thermogravimetric curves of 100% PLA, PLA/APP10, PLA/APP20 and PLA/APP20/KL5 show 

the residual weight as a function of temperature, up to 700 °C (Figure 3.9 a). Figure 3.9 (b) shows 

the residual weight% for TG curves of PLA/APP20/PER composites as a comparison to residual 

weight% for TG curves of PLA/APP20/KL composites in Figure 3.9 (a). The residual weight% 

for PLA/APP20/PER5 composite was 13.20 in comparison to 15.32 for PLA/APP20/KL5. The 

curves indicate that most of the thermal decomposition occurs between 300 °C and 400 °C and 

that pure PLA decomposes at a lower temperature than all the composites. Whereas the composites 

all degrade within a narrow temperature window, increasing the concentration of APP causes more 

residual weight to remain at temperatures between 375 °C and 700 °C, and adding KL at increasing 
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concentrations has a further, additive effect. The thermal stabilities of the composites containing 

KL are therefore better than those of composites containing APP alone or composites containing 

PER.  

 

3.4. Discussion 

The addition of APP in the concentration range of 5% (w/w) to 20% (w/w) enhanced the LOI from 

20% (pure PLA) to 33.5% (PLA/APP20) (Table 3.2). With an increasing amount of APP, a higher 

percentage of oxygen is required in order to sustain ignition of the sample. This is due to the fuel 

dilution in the gas phase by the discharge of water vapor and NH3, as a result of dehydration of 

APP. The addition of KL in the formulations (3%, and 5%) not only increased the LOI% of the 

samples but also increased the mass residue. Moreover, the increased amount of residue 

establishment is suggested to enhance the shielding of the samples against heat and to slow down 

the pyrolysis process by acting as a barrier against the emission of pyrolysis gases. Therefore, the 

emission of fuel in the gas phase is minimized by the addition of APP.  Hence, these results are in 

good relation with the main hypothesis of this study. In previous studies [25,30] the use of PER as 

carbonization agent could only achieve V-2 rating despite the addition of 30 to 40% (w/w) in the 

polymer matrix, whereas in this study V-0 rating was achieved at much lower loading% (w/w) due 

to the combined effect of APP and KL.  

 

In intumescent system flame-retardancy is achieved by the swelling of the substrate in the 

condensed phase (as explained in mechanism of intumescence) which generates a sponge like 

multicellular structure called char which shields the fundamental material from heat transfer to the 

sample. Moreover, the char structure also provides shielding against fuel and heat transfer from 

the condensed phase to the sight of burning. The weaker intumescence or a porous char structure 

in the samples containing APP alone is caused by decreased viscosity in the condensed phase. The 

production of a uniform and compact char structure is mainly dependent on the viscosity of the 

sample in condensed phase. The lower viscosity in the condensed phase released the water vapors 

via bubbling, which were produced by the dehydration of APP and hence no longer available for 

the swelling of the char structure. If the viscosity in the condensed phase is too low then APP alone 

cannot generate enough pressure for the swelling of the substrate. Due to this, porous char structure 

both fuel gases (volatile compounds) and water vapors could easily pass through the unclosed 
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cells, therefore the HRR of the samples containing APP alone is higher in comparison to HRR of 

the samples containing APP and KL. The reason is that the combined effect of acid (APP) and 

carbon source (KL) produced more compact char structure, which hindered the discharge of fuel 

gases and water vapors which ultimately increased the viscosity of the condensed phase and a 

result more swelling of the char was observed. Therefore, the combined effect of APP and KL 

further decreased the PHRR down to 210 kW m-2, which is 50% less than pure PLA. The 

hypothesis of this study also had a positive influence on the heat emitted during combustion 

process as HRR in this study is much lower to that we witnessed in other studies done with PLA 

using other carbonization agents [9,11–14]. 

 

The higher TTI of the samples is predominantly attributed to the lower emission of pyrolysis gases 

which serve as a fuel material for the flame. Therefore, a uniform and compact char structure will 

be required which can hinder the diffusion of pyrolysis gases from the melt substrate to the sight 

of burning. But the lower TTI of the samples containing APP alone is mainly due to higher 

emission of pyrolysis gases which are caused by weaker swelling of the substrate which generates 

porous char structure with unclosed cells provides empty spaces for the pyrolysis gases to escape 

and serve as a fuel source to the flame. However, with the combined effect of APP and KL the 

melt viscosity of the substrate increased which improved the swelling of the substrate which 

generates more compact char structure thereby hindering the free escape of pyrolysis gases hence 

the ignition time is prolonged. 

 

The lower mechanical properties of multifilament yarns containing KL and APP are mainly due 

to lower interfacial adhesion between the components and large parts of additives with relative 

low aspect ratio. It is more likely, that the large particles acted as starting point of failure during 

loading. The other reason could be due to higher lignin content, hydroxyl groups present in lignin 

formed hydrogen bonds with PLA substrate, as a result molecular chain gets more entangled. This 

created free void spaces in the multifilament yarns by restricting molecular chain mobility, hence 

their elongation at break reduced and they broke at much lower force compared to pure PLA as 

explained by Cayla et al. [32].  
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3.5. Conclusions 

In this study, the efficiency of KL as a biobased carbonization agent in intumescent formulations 

was assessed and compared with conventional carbonization agent (PER) to examine the flame 

retardant properties of PLA/APP/KL composites. The mechanism of intumescence and melt-

spinnability of IFR composites was also investigated. IFR composites comprising different 

formulations were produced with and without carbonization agents (KL and PER) by melt 

extrusion and their flammability was assessed by UL-94, LOI and cone calorimetry tests. The 

introduction of 5–20% (w/w) APP improved the LOI from 20.1 (pure PLA) to 23.2–33.5% for the 

composites, but the further addition of 5% (w/w) KL (PLA/APP20/KL5) increased the LOI to 

37.8% and the composite achieved a V-0 value in UL-94 test with no dripping. In comparison, 

sample containing 5wt% of PER achieved LOI only up to 34.4% with V-1 rating moreover 

dripping phenomenon was observed in second flame application. The PHRR and THR of the 

composites containing KL were significantly lower than the equivalent values for composites 

containing PER. A remarkably low PHRR was observed for PLA/APP20/KL5 (210 kW m-2) which 

is 50% less than the PHRR of 100% PLA. The occurrence of 20% APP increased the TTI to 76 s 

and the further addition of 5% KL increased the TTI to 81 s however, the TTI for PER composites 

were almost in the same range to that of KL composites. The presence of APP and KL also made 

IFR composites more thermally stable. Thermogravimetric curves showed that whereas PLA left 

almost no residual weight after heating to 700 °C, the PLA/APP20 composite produced 8.78% 

residual mass and this increased to 15.32% for composite PLA/APP20/KL5. In comparison a 

composite containing 5wt% of PER (PLA/APP20/PER5) could only achieve a residual mass up to 

13.20%, confirming that PLA/APP/KL composites are more thermally stable. The analysis of char 

residues by energy dispersive X-ray spectrometry (EDS) and SEM images confirmed that 

PLA/FR/KL composites developed a thicker and more homogeneous char layer with better flame 

retardant properties confirming that the fire properties of PLA can be enhanced by using KL as a 

carbonization agent.  
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Chapter 4 

 

Investigation of melt-spinnability of plasticized polylactic acid biocomposites 

containing intumescent flame retardant 

Abstract 

Biodegradable polymers from renewable resources have attracted interest due to environmental 

pollution caused by the disposal of non-degradable polymers and engineering them to produce 

fibres of textile grade can improve the environmental sustainability of textile sector. Flame 

retardancy of Polylactic acid (PLA) can be improved if used in intumescent system containing 

acidic and carbonic source, however spinning them to produce fibres of textile grade is a big 

challenge. We therefore have prepared PLA composites containing phosphorous-nitrogen based 

flame retardant as acidic source together with kraft lignin as carbonic source. Different quantities 

of flame retardant and kraft lignin were added into PLA-matrix by melt blending and then hot 

pressed to form moulding sheets. A modified polyester based plasticizer was also incorporated to 

facilitate the spinnability of the composites. Limiting oxygen index (LOI) values and UL-94 

ratings of the composites were reported. The melt-spinnability of composites was then assessed 

and flame retardancy of knitted structures produced from multifilament yarns were tested by cone 

calorimetry. Composites containing up to 7% (m/m) of lignin were spinnable together with 10% 

(m/m) of plasticizer. A substantial decrease of 59% in heat release rate was observed compared to 

pure PLA. The mechanism of intumescence was also reported.  

Keywords 
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4.1. Introduction 

Polylactide (PLA) is a thermoplastic synthetic biopolymer which is obtained from renewable 

resources such as corn, potato and cane biomass [1]. Due to its biodegradability and 

compostability, PLA can replace oil based synthetic polymers in many applications in general and 

textile sector in particular where disposal of non-degradable products is a big threat to 

environmental sustainability [2, 3]. The importance of PLA has grown over the last decade because 

it addresses current challenges, i.e. the depletion of petroleum reserves (the feedstock for 

conventional plastics) and the environmental harm caused by the irresponsible disposal of non-

degradable polymers [4, 5]. Nowadays PLA is more progressively used in fibers and fabrics 

applications [6, 7] because it can be spun by using techniques such as solution spinning, 

electrospinning and melt spinning [8, 9].  

 

Initially the applications of PLA were limited to fiber-reinforced composites mainly in medical 

sector in the form of biodegradable sutures, vascular grafts and implants due to its biocompatibility 

[10, 11]. Later, PLA was more commonly used in the textile sector (clothing, home textiles and 

carpets) to replace the petroleum based polyethylene terephthalate (PET) polymer because some 

of the physical and mechanical properties of PLA are comparable to that of PET [12, 13]. However, 

flame retardancy of PLA is considered better to that of PET since the limiting oxygen index (LOI) 

of neat PLA is 24-26% and that of neat PET is 18-20% [14, 15]. Moreover, the smoke generation 

after ignition and self-extinguishing character of PLA is better to that of PET which makes this 

polymer even an interesting choice to be used in textile sector [16, 17]. Even so, PLA is still 

combustible and in order to be used in some technical-textile applications the flame retardant 

properties of PLA needs to be improved further [18]. In previous studies various attempts have 

been made in order to improve the flame retardancy of PLA by using different formulations and 

additive types such as nitrogen based compounds [19], phosphorous based compounds [14], silicon 

based compounds [20], expanded graphite or carbon based compounds [21], halogen containing 

compounds [22] and halogen free compounds as flame retardants [23, 24]. However intumescent 

flame retardant’s (IFR’s) containing an acidic and carbonic source have proven to be the most 

effective one [25]. The importance of IFR’s containing biopolymers with biobased carbonic source 

and halogen free acidic source has grown interest throughout the last decade in order to promote 

the sustainable approach towards flame retardancy of polymers [26]. Therefore in continuation to 
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this approach various researchers tried different formulations in IFR systems with different 

halogen free acidic sources such as phytic acid [27], fumaric acid [28] and biobased carbonic 

sources such as cyclodextrin [29], sorbitol [30], chitosan [31, 32].  

 

Majority of the studies reported in literature related to spinnability of flame retardant composites 

[33, 34] have used predominantly petroleum based carbonization agents or in case of biobased 

carbonization agents either the trials were unsuccessful [28, 29] or the loading content of the 

carbonic sources were not sufficient enough to achieve the desirable flame retardancy [35]. 

Therefore, the aim of the present study is to investigate the melt-spinnability of PLA based IFR 

composites comprising biobased (lignin) carbonic source and to engineer the polymer composition 

to spin multifilaments that can achieve acceptable range of flame retardancy in fabric form. A 

modified polyester based plasticizer was also incorporated into composites to facilitate the 

spinnability of composites. Composites were melt spun to multifilament yarns on pilot scale melt 

spinning machine and later used to form knitted structures.  

4.2. Materials and methods 

The materials and methods used in this chapter are discussed in the following sections. 

4.2.1.  Materials 

Granular PLA Luminy® L130 (≥99% L-isomer) was attained from Total-Corbion NV 

(Gorinchem, Netherlands). A phosphorous-nitrogen based non-halogenated flame retardant with 

commercial name (EXP PP/37) which is a fine-particle off-white powder containing ammonium 

polyphosphate with 19% (m/m) nitrogen and 20% (m/m) phosphorous (thermally stable upto 

250˚C), was obtained from Italmatch Chemicals S.p.A (Genova, Italy). The kraft lignin (KL) 

powder “UPM BioPiva 100” was purchased from UPM Biochemicals OYJ (Helsinki, Finland). A 

modified polyester based plasticizing agent (PES) in white granular form (thermally stable up to 

280˚C) was obtained from Preluna GmbH (Ludwigshafen, Germany), to improve spinnability of 

composites.   PLA, EXP, PES and KL were vacuum dried at 100˚C for 4 h before compounding. 

4.2.2.  Preparation of composites 

PLA/PES, PLA/EXP/PES and PLA/EXP/PES/KL composites were prepared using Coperion ZSK 

Mc18 twin screw extruder (Coperion GmbH, Stuttgart, Germany) at 190˚C. In the first phase, 
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PLA/EXP/PES composites with EXP content of 5%, 10%, 15% (m/m) and PES content of 10% 

(m/m) were compounded at screw rotation speed of 150 rpm. The temperatures of the three heating 

zones were kept at 180˚C, 185˚C and 190˚C, respectively. In the second phase, PLA/EXP/PES/KL 

composites with a KL content of 3%, 5%, 7% and 10% (m/m) were compounded at screw rotation 

speed of 200 rpm. PLA/EXP/PES pellets were dosed in the first feeding zone whereas KL was fed 

in the second feeding zone to ensure proper mixing. Sheets of the as prepared composites were 

produced by compression moulding at 190˚C for the subsequent testing along with sheets of pure 

PLA for comparison. The formulations with additives composition are presented in Table 4.1. 

Table 4.1. Additives composition in composites 

No. Formulations 
PLA 
mass 
(%) 

EXP 
mass 
(%) 

PES 
mass 
(%) 

KL 
mass 
(%) 

1 PLA 100 0 0 0 

2 PLA/PES10 90 0 10 0 

3 PLA/EXP5/PES10 85 5 10 0 

4 PLA/EXP10/PES10 80 10 10 0 

5 PLA/EXP15/PES10 75 15 10 0 

6 PLA/EXP15/PES10/KL3 72 15 10 3 

7 PLA/EXP15/PES10/KL5 70 15 10 5 

8 PLA/EXP15/PES10/KL7 68 15 10 7 

9 PLA/EXP15/PES10/KL10 65 15 10 10 
 

4.2.3.  Yarn manufacturing 

Pure PLA, PLA/PES, PLA/EXP/PES and PLA/EXP/PES/KL composites were melt spun using 

Fourne Maschinenbau GmbH (Impekoven, Germany) pilot scale melt spinning machine. Pellets 

were first fed into a hopper and then transported to a single screw extruder where they were melted 

at a temperature range of 195̊C to 220̊C. The melted material was then injected in a spinneret die 

of 1.2 mm diameter each, with the help of spinning pump rotating at constant revolutions per 

minute ensuring a homogeneous flow of the material. These single filaments coming out of the 

spinneret were cooled at 18˚C by maintaining the cool air velocity of 0.5 m.s-1. The monofilaments 

were combined together to multifilaments by applying a spin finish. The multifilaments were 
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collected by a take up roller rotating at 250 m min-1. The multifilaments were hot drawn between 

two set of rollers rotating at varying speeds.  The speeds of the first and second set of heated rollers 

were maintained at 300 m min-1  and 350 m min-1  respectively ensuring a draw ratio of 1.4 

(maximum possible draw ratio). The multi-filaments were then winded on the winder at 350 m 

min-1. A schematic diagram of pilot scale melt spinning machine is shown in Figure 4.1.  

 
Figure 4.1. Schematic diagram of pilot scale melt spinning machine and multifilament yarn 
produced 

To further investigate the spinnability of as prepared composites containing KL, a design of 

experiment was prepared using half factorial design in MINITAB 18 statistical software. Four 

factors/variables with two levels each, were considered in this study and are shown in Table 4.2. 

The design of experiment to investigate the spinnability of the composites is shown in Table 4.3. 

Table 4.2. Factors and their levels  

No Factors Levels 

1 No. of filaments 24 48 

2 Draw ratio 1.2 1.4 

3 Temperature of draw rollers (°C) 60 80 

4 Yarn linear denisty (dtex) 350 500 
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Table 4.3. Design of experiment for spinning the composites containing KL 

Sample No. of 
filaments Draw ratio 

Temperature of 
draw rollers 

(°C) 

Yarn linear 
denisty 
(dtex) 

PLA/EXP15/PES10/KL3 

24 1.2 60 350 

48 1.2 60 500 

24 1.4 60 500 

48 1.4 60 350 

24 1.2 80 500 

48 1.2 80 350 

24 1.4 80 350 

48 1.4 80 500 

PLA/EXP15/PES10/KL5 

24 1.2 60 350 

48 1.2 60 500 

24 1.4 60 500 

48 1.4 60 350 

24 1.2 80 500 

48 1.2 80 350 

24 1.4 80 350 

48 1.4 80 500 

PLA/EXP15/PES10/KL7 

24 1.2 60 350 

48 1.2 60 500 

24 1.4 60 500 

48 1.4 60 350 

24 1.2 80 500 

48 1.2 80 350 

24 1.4 80 350 

48 1.4 80 500 
 

Two different spinneret types containing 24 and 48 number of filaments, two maximum possible 

draw ratios of 1.2 and 1.4, two different drawing roller temperatures (60°C and 80°C) and two 

different yarn linear densities (350 and 500 dtex) of composites containing KL were investigated. 
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It was observed that all 24 possible combinations were spinnable however, their mechanical 

properties were almost in the same range since there was not much difference in the draw ratio of 

the filaments considering it as the main factor responsible for variation in the yarn mechanical 

properties. An average of their tenacity (cN tex-1) and elongation at break (%) were recorded and 

discussed in the results and discussion section. 

4.2.4.  Fabric manufacturing 

Multifilament yarns of linear denisty 500 dtex were knitted to form a fabric structure. Knitted 

fabrics were preferred over woven or nonwovens because of their easier processibility and 

drapeability. Single jersey structure was selected for fabric manufacturing in order to characterize 

their flammability by cone calorimetry. The areal densities of all the knitted fabrics were 

approximately 800 g m-2 with a fabric thickness of around about 3 mm.  

4.2.5.  Thermogravimetric analysis  

Thermogravimetric behavior of composites was assessed using a TGA Q5000 device (TA 

Instruments, New Castle, Delaware, USA). The specimens (10–15 mg) were heated at a constant 

rate of 10˚C min-1 up to 700˚C under nitrogen at a flow rate of 50 mL min-1. The thermal 

decomposition temperature and the temperature at which maximum degradation took place were 

calculated along with the residual percentage of the sample compared to the initial mass. The 

thermogravimetric curves of specimens were plotted after analysis. 

4.2.6.  Scanning electron microscopy 

The surface morphology and dispersion of additives in the PLA matrix were investigated by 

scanning electron microscopy (SEM) using a TM-1000 table-top microscope (Hitachi, Chiyoda, 

Tokyo, Japan). The samples were immersed in liquid nitrogen followed by freeze fracturing and 

gold sputtering to produce a conductive surface. In case of multifilament yarns, morphology and 

additives deposition on yarns surface were also studied by SEM. 

4.2.7.  Mechanical testing 

Mechanical properties such as tensile strength, elongation at break and Young’s modulus of PLA 

composites were tested by Zwick Roell Z020TH allround-line table-top machine (Zwick GmbH 

& Co.KG, Ulm, Germany) at a speed of 50 mm min-1. The test specimens of dog bone shape were 
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prepared as per standard EN ISO 527-2 method using moulding press. Specimens dimensions used 

were 170×20×3 mm3. The tenacity and elongation at break of multifilaments were also tested on 

Zwick Roell testing machine by using EN ISO 5079 standard method. The specimen lengths (50 

mm) and rate of deformation (50 mm min-1) were kept constant for all samples. Ten specimens 

were prepared from each sample and their average results with standard deviations were recorded. 

4.2.8.  Limiting oxygen index and UL-94 vertical burning test 

The limiting oxygen index (LOI) is the fraction of oxygen that must be present to support burning, 

hence higher LOI values indicate lower flammability. The specimens (100×10×3 mm3, as required 

by ISO 4589) were vertically placed in a glass column supplied with a mixture of oxygen and 

nitrogen gas, and were then ignited from above using a downward-pointing flame. The LOI tests 

for pure PLA and PLA composites were conducted using a Stanton Redcroft instrument (Illinois 

Toolworks, Glenview, Illinois, USA). 

The UL-94 test classifies materials based on their ability to either promote or inhibit the spread of 

fire once it has been ignited. UL-94 tests for pure PLA and PLA composites were conducted using 

specimens with dimensions of 100×10×3 mm3 as required by ISO 9773. A flame was applied to 

the bottom of a vertically supported specimen, and the response was assessed after removing the 

flame. Specimens that self-extinguish and do not drip after burning are ranked highest in the 

classification (V-0). 

4.2.9.  Cone calorimetry 

Cone calorimetry works on the principle of oxygen consumption and states that the total heat of 

combustion of a specimen depends on the quantity of oxygen consumed [36, 37]. The cone 

calorimetery tests of knitted fabrics were conducted on specimens with dimensions of 100×100×3 

mm3 as required by ISO 5660 using a Stanton Redcroft instrument. The samples were exposed to 

a heat flux of 35 kW m-2. We then recorded the heat release rate (HRR), total heat release (THR), 

time to ignition (TTI) and percentage mass residue after burning of specimens. Three specimens 

from each sample were tested and their average results were recorded.  

 

 



Chapter 4130   |

 

4.3. Results and discussion 

4.3.1.  Mechanism of intumescence 

EXP containing long chain ammonium polyphosphate (Form II) was used as flame retardant in 

PLA polymer. Upon decomposition of ammonium polyphosphate, phosphoric acid and ammonia 

was formed. Phosphoric acid acted as acid catalyst in the dehydration process of carbon-based 

poly-alcohols in lignin. Upon reaction of acid catalyst (phosphoric acid) with hydroxyl groups in 

lignin, phosphate esters were formed which were decomposed later to release carbon dioxide and 

dehydration of lignin was taken place. In the gas phase, the emission of carbon dioxide helped in 

dilution of the oxygen present in air together with the by-products that were ignited during 

decomposition of the materials whereas the resultant char layer in the condensed phase protected 

the underlying polymeric material from further burning by restricting the free passage of radiant 

heat and oxygen. This mechanism of intumescence is shown in Scheme 4.1. 
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Scheme 4.1. Lignin structure (a), Thermal decomposition of ammonium polyphosphate into 

ammonia and ortho-phosphoric acid (b), Catalytic phosphorylation to produce phosphate esters 

(c), Dehydration of lignin and formation of lignin based char structure (d) 

4.3.2.  Dispersion of additives in composites and multifilament yarns 

The dispersion of different proportions of EXP/PES and EXP/PES/KL in the PLA matrix was 

investigated by scanning electron microscopy to characterise the distribution of the additives, 

given that a uniform distribution achieves better fire retardant properties. Figure 4.2 (a) shows 

SEM-images of the composites and Figure 4.2 (b) represents SEM-images of multifilament yarns 

containing different % (m/m) of additives. We observed EXP, PES and KL particles of different 
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sizes and shapes, and with different levels of interfacial adhesion with the PLA matrix. In all 

formulations of PLA/EXP/PES and PLA/EXP/PES/KL, the additives were randomly distributed 

and non-uniform dispersion of the additives in PLA matrix was observed. However, we observed 

very weak interfacial bonding between the additives and PLA substrate as shown by the 

appearance of small holes during fracturing. In case of multifilament yarns, the physical and 

mechanical properties are highly dependent on the loading content of the additives incorporated in 

the polymer matrix. As depicted by the SEM images of multifilament yarns in Figure 4.2 (b), a 

non-uniform dispersion of additives was noticed and the addition of KL led to the development of 

irregularities in the yarn mainly due to higher loading content of viscous blends coupled with lower 

draw ratio (1.4) used during spinning process.  

 
Figure 4.2 (a). SEM images of composites containing PLA/EXP15/PES10 (a), PLA/EXP15/PES10/KL3 

(b), PLA/EXP15/PES10/KL5 (c), and PLA/EXP15/PES10/KL7 (d) Scale bar in all panels = 180 μm, 

Magnification = 710× 
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Figure 4.2 (b). SEM images of multifilament yarns containing PLA/EXP15/PES10 (a), 

PLA/EXP15/PES10/KL3 (b), PLA/EXP15/PES10/KL5 (c), and PLA/EXP15/PES10/KL7 (d) Scale bar in 

all panels = 180 μm, Magnification = 710× 

 

4.3.3.  Measuring the fire retardancy and dripping behavior of composites 

 
LOI and UL-94 tests were carried out to determine the flame-retardant properties of the 

composites, and we also monitored their dripping behaviour when burning (Table 4.4).  
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Table 4.4. Flame retardant properties of pure PLA and PLA composites 

No Formulations LOI /% UL-94 Dripping 

1 PLA 21.5 Failed Y/Y 

2 PLA/PES10 20.3 Failed Y/Y 

3 PLA/EXP5/PES10 24.6 V-2 Y/Y 

4 PLA/EXP10/PES10 26.4 V-1 Y/Y 

5 PLA/EXP15/PES10 30.4 V-1 N/Y 

6 PLA/EXP15/PES10/KL3 32.8 V-0 N/N 

7 PLA/EXP15/PES10/KL5 34.1 V-0 N/N 

8 PLA/EXP15/PES10/KL7 36.7 V-0 N/N 

9 PLA/EXP15/PES10/KL10 38.1 V-0 N/N 
 
PLA = Polylactic acid, EXP = Flame retardant, KL = Kraft lignin, PES = Plasticizer, LOI = 

Limiting oxygen index, N/Y corresponds to NO/YES for dripping during the first/second flame 

application 

 

Pure PLA did not pass the UL-94 vertical burning test because it was highly flammable with severe 

dripping. The LOI of pure PLA was 21.5% and that of PLA/PES10 was 20.3%. The presence of 

5% (m/m) EXP increased the LOI of the composite (PLA/EXP5/PES10) to 24.6% and achieved a 

V-2 rating in the UL-94 test. The presence of 10% (m/m) EXP increased the LOI of the composite 

(PLA/EXP10/PES10) to 26.4% and achieved a V-1 rating in the UL-94 test. When the proportion 

of EXP increased to 15% (m/m), the LOI of the composite increased to 30.4% 

(PLA/EXP15/PES10) and composite achieved a V-1 rating in the UL-94 test, despite the 

composite did not show dripping behaviour during first flame application. However all of the 

PLA/EXP/PES composites showed evidence of the dripping phenomenon when burning.  

The addition of 3% (m/m) KL increased the LOI of the new composite (PLA/EXP15/PES10/KL3) 

from 30.4% to 32.8% and achieved V-0 rating in the UL-94 test and also showed no evidence of 

dripping when burning. Similar results were observed with higher proportions of KL. The LOI of 

the composites PLA/EXP15/PES10/KL5 and PLA/EXP15/PES10/KL7 were 34.1% and 36.7%, 

respectively, and both achieved V-0 ratings in the UL-94 test with no evidence of dripping. The 
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highest LOI value of 38.1% was achieved with the composite containing 10% (m/m) of lignin 

(PLA/EXP15/PES10/KL10) however, this composite was not spinnable due to higher % (m/m) of 

KL. These results confirmed that the introduction of KL as a natural carbonization agent increased 

the LOI of the composites significantly and abolished the dripping phenomenon observed in 

composites lacking KL. All composites containing KL achieved a V-0 rating in the UL-94 vertical 

burning test.  By increasing the amount of EXP and KL, a higher concentration of oxygen is needed 

to achieve the ignition of the sample due to the dilution of the fuel in the gas phase by the discharge 

of water vapour as a result of the dehydration of EXP and KL. The addition of KL to the 

formulations not only increased the LOI of the samples but also increased the mass residue, 

providing enhanced shielding against heat transfer, and a barrier against the emission of pyrolysis 

gases which act as fuel.  

The UL-94 vertical burning test determines a material’s tendency to either extinguish or spread 

the flame once the specimen has been ignited. Pure PLA ignited during the first flame application 

(10 s) and the sample continued to burn until it was fully consumed as was the case with sample 

containing PLA/PES10. Although PLA/EXP5/PES10 and PLA/EXP10/PES10 composites 

performed better as flame-retardants (flame extinguished less than 30s after each flame 

�����������;��-2 and V-1 ratings, respectively), the dripping of the burning sample ignited the 

cotton placed beneath. Similarly, PLA/EXP15/PES10 achieved a V-1 rating, although the flame 

was extinguished in less than 10 s, but this sample still showed dripping behavior during second 

flame application. In contrast, none of the composites containing KL were ignited even after the 

second application of flame and all achieved a V-0 rating without dripping due to the generation 

of char layer on the surface which isolated the remaining sample and prevented the propagation of 

the flame. In previous studies [12, 19], the addition of 30–40% (m/m) PER as a carbonization 

agent was sufficient to achieve only a V-2 rating, whereas here we found that as little as 3% KL 

in the presence of 15% EXP and 10% PES accomplished the target rating of V-0.  

4.3.4.  Thermal stability measurement by thermogravimetric analysis 

The thermal decomposition and thermal stability of the composites was assessed by 

thermogravimetric analysis and the residual mass of the samples was determined at 700̊C. The 

thermal degradation and mass residue of the samples were compared to determine the influence of 

flame retardant (EXP) and carbonization agent (KL) on PLA-based composites. TG curves and 
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data for the samples heated in a nitrogen atmosphere are presented in Figure 4.3 and in Table 4.5 

respectively. 

Table 4.5. Data of thermogravimetric analysis 

No Formulations T5 (˚C) T50 (˚C) T max (˚C) Residual mass 
(%) 

1 PLA 318 369 371 0.0 

2 PLA/PES10 317 362 370 0.0 

3 PLA/EXP5/PES10 320 370 375 3.8 

4 PLA/EXP10/PES10 323 371 377 5.9 

5 PLA/EXP15/PES10 342 372 376 8.4 

6 PLA/EXP15/PES10/KL3 359 374 382 13.8 

7 PLA/EXP15/PES10/KL5 362 376 383 15.5 

8 PLA/EXP15/PES10/KL7 369 378 385 17.3 

9 PLA/EXP15/PES10/KL10 376 381 390 20.1 
 

In Table 4.5, the temperatures corresponding to 5% and 50% mass loss for pure PLA and for each 

composite are represented by the T5 and T50 values, respectively, whereas the temperature 

corresponding to the maximum rate of mass losses is represented by T max. The degradation of pure 

PLA started at 318˚C and 50% loss occurred at 369˚C, with no residue left at 700˚C as almost the 

same case was observed with PLA/PES10 composite. A similar trend was observed for 

PLA/EXP5/PES10 composite for the T5 and T50 temperatures but the residue left at 700˚C was 

3.85% of the initial mass. For PLA/EXP10/PES10 and PLA/EXP15/PES10, the initial 

decomposition temperatures and thermal stabilities were greater than the corresponding values for 

PLA/EXP5/PES10, with 5.93% and 8.42% residual mass left at 700˚C. The introduction of lignin 

further improved the thermal stability of the composites. The initial decomposition temperatures 

and thermal stabilities of all composites containing lignin are higher compared to composites 

without lignin. For example, composite PLA/EXP15/PES10/KL3 increased the residual mass at 

700˚C from 8.42% to 13.83% with higher initial decomposition temperature (359 ̊ C). The addition 

of 5 and 7% (m/m) of lignin (PLA/EXP15/PES10/KL5 and PLA/EXP15/PES10/KL7) further 

improved the initial decomposition temperatures (362̊C and 369˚C respectively) with 15.54% and 

17.31% residual mass left at 700˚C. The highest thermal stability with maximum residual mass% 



Melt spinnability of PLA-IFR biocomposites

4

|   137   

 

(20.12%) at 700˚C was observed in case of composite containing 10% (m/m) of lignin 

(PLA/EXP15/PES10/KL10). 

 
Figure 4.3. TG curves of pure PLA, PLA/EXP/PES and PLA/EXP/PES/KL composites 

Figure 4.3 represents the TG curves for PLA/EXP/PES and PLA/EXP/PES/KL composites in 

comparison to pure PLA. These composites differ in terms of their initial decomposition 

temperatures and thermal stabilities. PLA/EXP15/PES10/KL10 containing 10% (m/m) of lignin 

was found to be more thermally stable and presented denser and more compact char layer with 

higher residual mass% (20.12%). All the composites containing lignin presented higher residual 

mass% at 700̊C due to charring ability of KL as a result of polycyclic aromatic hydrocarbons 

formation as indicated by Sharma et al. [38], hence composites containing lignin are superior in 

performance to composites without lignin. Thermogravimetric curves presented in Figure 4.3 of 

pure PLA, PLA/EXP15/PES10 and PLA/EXP15/PES10/KL10 composites show the residual mass 

as a function of temperature, up to 700̊C. The curves indicate that most of the thermal 

decomposition occurs between 300˚C and 400˚C and that pure PLA decomposes at a lower 

temperature than all the composites. Whereas all the composites degrade within a narrow 

temperature window, increasing the concentration of EXP causes more residual mass to remain at 

temperatures between 375˚C and 700˚C, and adding KL at increasing concentrations has a further, 

additive effect. The thermal stabilities of the composites containing KL are therefore, better than 
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those of composites containing EXP alone. This behaviour is due to the combined effect of char 

forming ability of the polyhydric component (KL) and dehydration mechanism established by acid 

source (EXP) due to the formation of phosphate compounds, which further enhances the 

dehydration of lignin resulting in higher char formation with compact structures. 

4.3.5.  Measuring the tensile strength, elongation at break and Young’s modulus 

The mechanical properties of multi-component based composites are dependent on the effective 

stress sharing between matrix and the additives incorporated. Therefore, in order to get acceptable 

mechanical strength of composites a uniform interfacial bonding between additives and matrix is 

needed. Moreover, the size of particles, % (m/m) of additives incorporated as well as the adhesion 

between additives and matrix influence the mechanical properties of polymer composites. As 

indicated in SEM images in the previous section a weak interfacial bonding between additives and 

polymer matrix was observed due to which clustered and agglomerated particles were formed 

which affected the mechanical strength.  

Table 4.6. Mechanical properties of pure PLA, PLA/PES, PLA/EXP/PES and PLA/EXP/PES/KL 
composites 

Formulations 
Tensile 
strength 
(MPa) 

Elongation 
at break 

(%) 

Young's 
modulus           
(MPa) 

PLA 76.2 ± 5 15.3 ± 0.4 4742.4 ± 14 

PLA/PES10 65.3 ± 7 19.5 ± 0.3 4666.2 ± 19 

PLA/EXP5/PES10 52.9 ± 6 13.4 ± 0.6 4376.4 ± 18 

PLA/EXP10/PES10 49.8 ± 7 13.0 ± 0.5 4237.7 ± 21 

PLA/EXP15/PES10 46.4 ± 8 10.3 ± 0.7 3978.2 ± 17 

PLA/EXP15/PES10/KL3 41.3 ± 9 9.6 ± 0.4 3854.2 ± 14 

PLA/EXP15/PES10/KL5 40.4 ± 6 8.8 ± 0.6 3664.1 ± 16 

PLA/EXP15/PES10/KL7 38.9 ± 7 7.6 ± 0.5 3343.1 ± 13 

PLA/EXP15/PES10/KL10 37.2 ± 5  6.6 ± 0.4 3237.5 ± 16 
 

It can be seen in Table 4.6 that the tensile strength and elongation at break of pure PLA was 76.21 

(MPa) and 15.33% respectively. The addition of PES in PLA polymer (PLA/PES10) not only 

improved the ductility of the composite but elongation at break (19.54%) also increased. However, 

with the addition of EXP 15% (m/m) in PLA matrix, the tensile strength and elongation at break 
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started to decrease and reached to 46.49 (MPa) and 10.33% respectively. When 3% (m/m) of KL 

was incorporated together with 15% (m/m) of EXP in polymer matrix, tensile strength (41.31 MPa) 

and elongation at break (9.66%) was further reduced. The reduction in mechanical properties of 

PLA/EXP/PES and PLA/EXP/PES/KL composites is mainly due to weak interfacial bonding 

initiated by the difference in secondary valence forces among PLA matrix and additives 

incorporated [35, 39]. Another reason of weaker mechanical properties could be due to the 

degradation of PLA as well as of KL during preparation of PLA composites due to higher extrusion 

temperature, which might have reduced the adsorbed chains mobility on the surface of the 

particles. Therefore, in order to improve the mechanical properties of PLA composites a uniform 

dispersion of additives in polymer matrix may be required, which sometimes can be obtained by 

the use of a compatibilizer. The Young’s modulus of pure PLA was 4742.43 MPa and it reduced 

gradually by the addition of EXP and at 15% (m/m) loading of EXP it decreased to 3978.21 MPa. 

However, addition of KL in the composites led to further reduction in Young’s Modulus of the 

composites as it was 3237.54 MPa at 10% (m/m) loading of KL. 

4.3.6.  Mechanical properties of multifilament yarns 

To increase the loading content of flame retardant (EXP) and carbonization agent (KL) in PLA-

matrix, a plasticizer (PES) was incorporated as the third additive. The role of the plasticizer was 

to improve the spinnability of composites by reducing the rigidity of materials and to increase the 

elongation at break of multifilament yarns, although tenacity of multifilaments is mainly affected 

by its addition.  

Composites containing PLA/EXP/PES and PLA/EXP/PES/KL were melt spun and it was observed 

that as the loading content of EXP and KL was increased, the multifilament yarns were not able to 

withstand the same draw ratio, which was applied for pure PLA and only PLA/EXP5/PES10 could 

be spun at the same processing conditions. For other compositions of composites, draw ratio was 

reduced gradually from 2 to 1.4 in order to spin the composites without breakage. This reduction 

in draw ratio resulted in lower mechanical properties of multifilament yarns produced from these 

composites predominantly due to amorphous nature with little or no crystallinity induced in the 

filament structure. The tenacity and elongation at break of multifilament yarns are mainly 

influenced by the % (m/m) of the additives incorporated in the PLA matrix therefore, the 
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mechanical properties of the multifilament yarns containing higher amount of EXP and KL were 

on the lower side (Table 4.7) than that of multifilament yarns produced from pure PLA.  

Table 4.7. Mechanical properties of pure PLA, PLA/PES, PLA/EXP/PES and PLA/EXP/PES/KL 
multifilament yarns 

Formulations Tenacity 
(cN tex-1) 

Elongation 
at break    

(%) 
PLA 19.8 ± 3 110.1 ± 23 

PLA/PES10 17.9 ± 4 123.4 ± 22 

PLA/EXP5/PES10 12.4 ± 1 74.3 ± 33 

PLA/EXP10/PES10 10.9 ± 2 61.7 ± 19 

PLA/EXP15/PES10 9.5 ± 2 54.2 ± 24 

PLA/EXP15/PES10/KL3 7.3 ± 2 45.6 ± 37 

PLA/EXP15/PES10/KL5 7.1 ± 1 43.3 ± 28 

PLA/EXP15/PES10/KL7 6.7 ± 1 39.9 ± 17 

PLA/EXP15/PES10/KL10 Not spun Not spun 
 

The lower mechanical properties of multifilament yarns containing KL and EXP are mainly due 

to non-uniform dispersion of the additives in PLA matrix due to which clustered and agglomerated 

particles were formed which produced cracks on the yarn’s surface. At the SEM investigations, it 

turned out that the interfacial adhesion between the components was on a low level and large parts 

of additives with relative low aspect ratio were present. It is more likely, that the large particles 

acted as starting point of failure during loading. The other reason could be higher lignin content 

due to which, hydroxyl groups present in lignin formed hydrogen bonds with PLA substrate, as a 

result molecular chain gets more entangled that created free void spaces in the multifilament yarns 

by restricting molecular chain mobility. Hence, their elongation at break reduced and they broke 

at much lower force compared to pure PLA as explained by Cayla et al. and Wang et al. [25, 35]. 

Due to this reason, it was not possible to spin composite containing 10% (m/m) of KL 

(PLA/EXP15/PES10/KL10). Although mechanical properties of multifilament yarns seem to be 

on the lower side but they were sufficient enough to produce knitted structures. 

4.3.7.  Heat release rate, total heat release, time to ignition and residual mass% 

Cone calorimetry data for pure PLA and PLA composite fabrics are presented in Table 4.8. 
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Table 4.8. Cone calorimetry data for pure PLA and PLA composites 

No. Formulation TTI 
(s) 

PHRR 
(kW m-2) 

THR 
(MJ m-2) 

Residual 
mass (%) 

1 PLA 79 461 58.5 0 
2 PLA/PES10 77 477 60.2 0 
3 PLA/EXP5/PES10 66 415 55.7 9 
4 PLA/EXP10/PES10 61 388 46.4 14 
5 PLA/EXP15/PES10 55 352 44.6 17 
6 PLA/EXP15/PES10/KL3 53 230 38.4 22 
7 PLA/EXP15/PES10/KL5 48 205 26.1 25 
8 PLA/EXP15/PES10/KL7 43 191 22.9 32 
����������������������;������������������������������;������������������������� 

Five types of samples (pure PLA, PLA/EXP10/PES10, PLA/EXP15/PES10, 

PLA/EXP15/PES10/KL5 and PLA/EXP15/PES10/KL7) ����� �������� ��� ������ ��� ������� ����

influence of flame retardant’s and lignin’s content on their reaction to fire. The time to ignition 

(TTI) of fabrics produced from pure PLA and from PLA composites are presented in Table 4.8. 

���������������������������� ��������������������������, ��������������������������������������

(PLA/EXP15/PES10), ���������������������������������, �����������������������������������������

�������������������������������������������������������������������������������������������

ign������ ��������������������������� ������������������������� ��� ������������������� ��������������

compounding and melt spinning since the degradation temperature of lignin is lower (230˚C) to 

that of EXP (270 ̊ C) and PLA (280 ̊ C). The decrease in ignition time �������������������������������

�������������������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������������

ignition time.  

����� ��lease curves for pure PLA, PLA/EXP10/PES10, PLA/EXP15/PES10, 

PLA/EXP15/PES10/KL5 and ����������������������������������� are presented in Figure 4.4. 

������������������������������������������������������������������������������������������������

��������������-2). In contrast, ��������PLA/EXP10/PES10 fabric was lower (388 ��m-2) 

���������������������������������������������PLA/EXP15/PES10 fabric ��������������������

352 ��m-2�� ���� ������������� ��� ��� ������ ��� ��� ���PLA/EXP15/PES10/KL5 fabric led to 
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significant reduction of PHRR to 205 kW m-2. Remarkably, increasing the KL content to 7% (m/m) 

in PLA/EXP15/PES10/KL7 fabric resulted in substantial additional fall in PHRR (191 kW m-2), 

which is 58.50% lower than the PHRR of pure PLA. These findings indicated that the combined 

effect of EXP and KL yielded a much thicker char layer on the surface of the knitted fabric after 

ignition, preventing further degradation of fabric and presenting higher residual mass% than the 

fabrics containing EXP alone.   

 
Figure 4.4. Heat release rate of pure PLA, PLA/EXP/PES and PLA/EXP/PES/KL fabrics 

Figure 4.5 shows the THR curves of pure PLA and the PLA/EXP/PES and PLA/EXP/PES/KL 

composites fabrics. The THR of pure PLA was 58.52 MJ m-2 whereas the values for 

PLA/EXP15/PES10 and PLA/EXP15/PES10/KL7 knitted fabrics were 44.67 and 22.91 MJ m-2, 

respectively.  
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Figure 4.5. Total heat release curves of pure PLA, PLA/EXP/PES and PLA/EXP/PES/KL fabrics 

Figure 4.6 demonstrates SEM images of char residues after conducting cone calorimetry test. The 

char residues of PLA/EXP10/PES10 and PLA/EXP15/PES10 were loosely bound, and the 

structure in each case was porous and discontinuous due to insufficient char formation as shown 

by the SEM images of char residues. Heat and mass transfer therefore, could not be inhibited 

effectively in these composites. In contrast, the samples containing KL, i.e. 

PLA/EXP15/PES10/KL5 and PLA/EXP15/PES10/KL7 produced a more compact char with a 

dense and uniform structure, reducing fuel and heat transfer to inhibit combustion and prevent 

further burning of the underlying polymeric substrate.  
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Figure 4.6. ���� ��������� ��� ����� ��������;� ���������������� ����� ���������������� �����

��������������������������������������������������� 

 

The weaker ��������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������

���������� ��� ������� ���������� ��� ���� ���������� ��� ���� ������� ��� ���������� ������� ���� ������

������������������������������������������������������������������������ �����������������������

����������������������������������������������������������������������������������������������������

�����������������������������������������������������������������������������������������������

��������������������������������������the �����������������������������������������������������������

������������������������������������������������������������������������ the HRR of the samples 

containing �������������������������������������������������������������������������������

�������������� ����� �������������������������������������������������������������������������

more compact char structure� ��������������������������������������������������������ors� which 
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ultimately increased the viscosity of the condensed phase and a result more swelling of the char 

was observed.  

 

In samples containing EXP alone, residual mass% was lower (Table 4.8) compared to samples 

containing KL. This is because the absence of KL lowered the viscosity of the char layer, in turn 

allowing vapour and gas bubbles to escape and reducing the degree of swelling because little 

pressure was allowed to build up as confirmed by SEM images of char residues in Figure 4.6. The 

resulting porous structure allowed further fuel gases and water vapour to pass through the unclosed 

cells, increasing the PHRR. In contrast, the higher viscosity of the char layer containing KL made 

the char on fabric surface more compact and prevented the escape of gases and vapour, resulting 

in a pressure build up that increased the melt viscosity of the condensed phase and resulted in more 

swelling of char. The combined effect of EXP and KL therefore, reduced PHRR to 191 kW m-2, 

which is 58.50% less than pure PLA. 

This indicates that the combined effect of KL and EXP reduced the total quantity of fuel accessible 

for burning, which confirms the superior flame-retardant performance of these fabrics. The high 

concentrations of EXP and KL diluted the substrate, providing less material for continued burning. 

Thermal decomposition therefore led to the dehydration of EXP, and the resulting water vapours 

cooled the gas phase and diluted the fuel, thus reducing the total heat release (THR) in proportion 

with the increasing EXP and KL content. The presence of KL exacerbated this effect because the 

emission of pyrolysis gases was inhibited by the formation of the char layer, which not only 

provided a physical barrier but also enhanced the heat shielding effect. 

4.4. Conclusions 

In this study, melt spinnability, thermal stability, mechanical properties and fire related properties 

of PLA composites prepared by melt blending on twin screw extruder comprising phosphorous-

nitrogen based flame retardant (EXP), kraft lignin (KL) and plasticizer (PES) were investigated. 

Composites containing up to 3% (m/m) of KL were comparatively easier to spin than composites 

containing 5% or 7% (m/m) of KL due to lesser molecular chain mobility with higher loading 

content of KL. However, composites containing up to 7% (m/m) of KL together with 15% (m/m) 

of EXP and 10% (m/m) of PES (plasticizer) were spinnable but breakage of individual filaments 

were seen during melt spinning. With higher loading content of KL and EXP elongation at break 
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of multifilaments were decreased and multifilaments with lower mechanical properties were 

obtained. Thermal stabilities of PLA composites containing KL were improved with higher 

residual mass% (20.12%) at 700˚C due to greater charring ability of the compound. Flame 

retardant properties of knitted fabrics produced from these composites were investigated by cone 

calorimetry. The HRR and THR of the knitted fabrics containing KL were significantly lower than 

the corresponding values for pure PLA and composites containing EXP alone. A remarkably low 

HRR was observed for PLA/EXP15/PES10/KL7 knitted fabric (191 kW m-2) which is 58.50% less 

than the HRR of pure PLA. Higher loading content of KL could not delay the ignition time, as TTI 

of knitted fabrics containing KL were lower than without KL but a substantial decline in HRR and 

THR were observed.  
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Novel bicomponent functional fibers with sheath/core configuration 

containing intumescent flame-retardants for textile applications 
 

Abstract 

The objective of this study is to examine the effect of intumescent flame-retardants (IFR’s) on 

the spinnability of sheath/core bicomponent melt-spun fibers produced from Polylactic acid 

(PLA) single polymer composites, as IFR’s have not been tested in bicomponent fibers so far. 

Highly crystalline PLA containing IFR’s was used in the core component while amorphous PLA 

was tested in the sheath component of melt-spun bicomponent fibers. Ammonium polyphosphate 

and lignin powder were used as acid and carbon source respectively together with PES as a 

plasticizing agent in the core component of bicomponent fibers. Multifilament fibers with 

sheath/core configurations were produced on pilot-scale melt spinning machine and the changes 

in fibers mechanical properties and crystallinity were recorded in response to varying process 

parameters. The crystallinity of bicomponent fibers was studied by differential scanning 

calorimetry and thermal stabilities were analyzed by thermogravimetric analysis. Thermally 

bonded nonwoven fabric samples from as prepared bicomponent fibers were produced and their 

fire properties such as limiting oxygen index and cone calorimetry values were measured, while 

the ignitability of fabric samples was tested by single-flame source test. Cone calorimetry showed 

a 46% decline in the heat release rate of nonwovens produced from FR PLA bicomponent fibers 

compared to pure PLA nonwovens and indicated the development of an intumescent char by 

leaving a residual mass of 34% relative to the initial mass of the sample. It was found that IFR’s 

can be melt spun into bicomponent fibers by sheath/core configuration and enhanced 

functionality in the fibers can be achieved with suitable mechanical properties. 

Keywords 

B�����������������;������������������-����������;���������;��one calorimetry 
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5.1. Introduction 

The development in process technologies for the value addition of commercially available 

polymers has been steered in synthetic fiber industry in the recent past [1, 2]. Among these 

technologies, bicomponent melt spinning has established substantial interest in synthetic fiber 

industry due to its prospective applications in the development of numerous innovative fibers such 

as ultra-fine fibers, crimped fibers, conductive fibers and fibers with various cross-sectional shapes 

[3, 4]. Bicomponent fibers with sheath/core (or shell/core) structures are widely used in the 

industry for the thermal bonding of nonwoven fabrics [5, 6]. Such applications of bicomponent 

fibers are based on the difference in melting temperatures of the polymers used in the sheath/core 

structure, e.g. the polymers with lower melting temperatures are employed in the sheath whereas 

high melting temperature polymers are used in the core [7, 8]. The objective of bicomponent fibers 

is to enhance the material’s performance for specific end application however, the performance of 

melt-spun bicomponent fibers are dependent on various factors but mainly on the type of interfaces 

between both components and behavior of each component in the composition [9, 10]. For superior 

performance of bicomponent fibers, a stable and uniform interface with better adhesion of the 

components is required [11, 12]. Due to mutual interaction of both the components involved in 

bicomponent spinning, the thermal behavior and stress witnessed by each component in spin-line 

during extrusion is considerably different to what they experience in single component melt 

spinning [13, 14]. This difference in their behavior may affect in the development of the intended 

fiber structure. Therefore, the selection of appropriate polymer for each component is necessary 

for a stable and uniform interface for better adhesion of the components [15, 16]. Nowadays, single 

polymer composites containing reinforcement and matrix from the same polymer are being used 

in bicomponent melt spinning to have uniform interface and better interfacial bonding between the 

components [17, 18]. Polylactic acid (PLA) is a synthetic biopolymer, which can be processed into 

different forms of crystallinity. The amorphous PLA can be used as a matrix whereas highly- 

crystalline form can be used as reinforcement in bicomponent melt spinning process [19, 20].  

 

Bicomponent spinning is used to impart diverse functionalities in the fibers such as electrical 

conductivity, chemical resistance, tactile comfort and fire resistance [21-23]. Hu et al. developed 

bicomponent fibers with sheath-core and segment-pie configurations for antistatic fabric 

applications in textiles [24]. Yeom et al. produced spun bonded nonwoven webs from PA6/PE 
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islands-in-the-sea bicomponent fibers for aerosol filtration applications [8]. Yu et al. discussed 

radar wave absorbing characterizations of bicomponent fibers with infrared camouflage [22]. The 

application of bicomponent fibers in fire resistant textiles is a fascinating approach to enhance the 

performance properties [25]. Fire resistant textiles have diverse applications, such as firefighter or 

military apparel, professional racer equipment, beddings and carpets [26, 27]. Therefore, it is 

critical to develop fire resistant or flame retardant textiles. Currently halogen-containing flame-

retardants (HCFR) are forbidden in the industry however, exclusions are there for some special 

applications [28]. The main downside of HCFR is their release of toxic by-products during 

combustion and their harmfulness to the environment and human health. One such solution could 

be provided by halogen free flame-retardants (HFFR) which are non-toxic alternatives to HCFR 

as they do not release toxic by-products during combustion [29]. Intumescent flame retardant (IFR) 

systems are HFFRs that rely on char formation mechanisms and are safe to environment [30, 31]. 

IFR’s usually contain an acid source, a carbon source and a blowing agent. The degradation of the 

acid source will be catalyzed by heat, resulting in a release of acid which in turn dilutes the gas 

phase and catalyze the dehydration of the carbon source [32]. The resulting char layer creates a 

barrier between the gas phase and the polymer, reducing heat and mass transfer, thus protecting 

the material from combustion [33]. Some studies investigated the melt-spinnability of IFR 

compounds only in single component fibers but their mechanical properties were too low to be 

considered for industrial applications [34, 35]. In one of our previous research paper [36], we 

investigated the spinnability of PLA/IFR’s composites in mono-component configuration and 

found that although the multifilament fibers achieved excellent flame retardancy but we only 

managed to get fibers with tenacity of up to 7.3 cN.tex-1. We therefore, in this study, developed 

bicomponent multifilament fibers with sheath/core configuration to investigate their effect not only 

on fiber’s mechanical properties but also to test the fire behavior of these novel multifilament 

fibers.  

 

Although various aspects of bicomponent spinning process has been studied in different 

applications [37-42] however, to the best of our knowledge no published study exists addressing 

the effect of IFR’s in bicomponent fibers for textile applications. We therefore, developed melt 

spun bicomponent multifilament functional fibers from single polymer with sheath/core 

configuration by using highly crystalline PLA with IFR’s in the core component while amorphous 
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PLA in the sheath component. IFR bicomponent fibers were produced on pilot scale melt spinning 

machine and the changes in fiber mechanical properties and crystallinity were recorded in response 

to varying process parameters. Thermally bonded nonwoven fabric samples from as prepared 

bicomponent fibers were produced and their fire properties such as limiting oxygen index and cone 

calorimetry data such as, heat release rate, time to ignition and residual mass% were measured, 

while the ignitability of fabric samples were tested by single-flame source test. 

5.2. Materials and methods  

The materials and methods used in this chapter are discussed in the following sections. 

5.2.1.  Materials 

Two different types of PLA pellets, i.e. highly crystalline PLA (Luminy L130) and amorphous 

PLA (Luminy LX930) were purchased from Total-Corbion NV (Gorinchem, Netherlands). The 

physical properties of both types of PLA are presented in Table 5.1. Halogen free flame retardant 

(Exolit AP 422) having decomposition temperature higher than 275°C was attained from Clariant 

AG (Muttenz, Switzerland). Exolit AP 422 is a fine-particle ammonium polyphosphate (APP) 

containing 31% (w/w) phosphorous and 14% (w/w) nitrogen, having density of 1.9 g.cm-3 and 

������������������������������������������������������������������������������� The kraft lignin 

(KL) powder “UPM BioPiva 100” was purchased from UPM Biochemicals OYJ (Helsinki, 

Finland). A modified polyester based plasticizing agent (PES) in white granular form (thermally 

stable up to 280˚C) was obtained from Preluna (Ludwigshafen, Germany), to improve spinnability 

of IFR composites. PLA (Luminy L130), APP, PES and KL were vacuum dried at 100˚C for 4 h 

before compounding. 

Table 5.1. Physical properties of PLA pellets 

Physical properties Unit PLA Luminy L130 PLA Luminy LX930 

Density g/cm3 1.24 1.24 

Melt flow index g/10 min 24 17 

Stereochemical purity % ≥ 99 (L-isomer) 90 (L-isomer) 

Appearance Visual Crystalline white pellets Amorphous white pellets 

Melting temperature °C 175-180 125-135 

Glass transition temperature °C 55-60 55-60 
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5.2.2.  Preparation of IFR composites 

Coperion ZSK Mc18 twin-screw extruder (Coperion GmbH, Stuttgart, Germany) was used to 

prepare PLA/APP/PES/KL composites for the core component of bicomponent fibers. In the first 

feeding zone, highly crystalline PLA pellets (Luminy L130) were mixed together with plasticizing 

agent (PES) whereas in the second feeding zone, flame retardant (APP) was mixed with kraft lignin 

powder (KL). PLA/APP/PES/KL composites were prepared at screw rotation speed of 500 rpm to 

use as core component for bicomponent fibers. The melt flow index (MFI) of the blends were in 

the range of 26-30 g/10 min. The formulations with content of each component (w/w) of as 

prepared composites are presented in Table 5.2. The temperatures of the three heating zones were 

kept at 170˚C, 175˚C and 180˚C, respectively.  

Table 5.2. Additives composition in PLA composites 

No. Formulations 
PLA 

(wt%) 

APP 

(wt%) 

PES 

(wt%) 

KL 

(wt%) 

1 PLA/APP5/PES10/KL1 84 5 10 1 

2 PLA/APP5/PES10/KL3 82 5 10 3 

3 PLA/APP5/PES10/KL5 80 5 10 5 

 

5.2.3.  Bicomponent spinning 

PLA/APP/PES/KL pellets to be used as the core component were vacuum dried at 100˚C for 4h 

whereas PLA Luminy LX930 pellets to be used as sheath component were vacuum dried at 40˚C 

for 24h before spinning as per the instructions of the suppliers. Vacuum drying of the polymers is 

necessary to avoid possible filament breakage during melt spinning due to lowered viscosity of the 

melt because of the hydrolysis caused by excessive moisture in the polymers. The moisture 

contents of the pellets were lower than 75 ppm as determined by Karl Fischer Titrations method 

according to ASTM D6869. Bicomponent fibers were melt spun using Fourne Maschinenbau 

GmbH (Impekoven, Germany) pilot scale melt spinning machine, which have the capacity to 

produce bicomponent fibers consisting of two different polymers with a throughput of up to few 

kilograms per hour. A schematic diagram of the bicomponent plant is shown in Figure 5.1. 

PLA/APP/PES/KL pellets (core component) were fed into one hopper and PLA Luminy LX930 

pellets (sheath component) were dosed in the second hopper of bicomponent melt spinning 
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machine. Pellets were melted at a temperature range of 195˚C to 220˚C by using separate extruder 

for each type of pellets. The coaxially combined melted material was then injected in a spinneret 

plate with each hole for bicomponent monofilaments of sheath/core configuration. Spin pumps 

rotating at constant revolutions per minute (rpm) ensured a homogeneous supply of the material 

to the spinneret plate. The spin pump for each component delivered a fixed quantity of the melt to 

the specially designed spinneret for the bicomponent fibers. Through the different rpm of the spin 

pumps for sheath and core, the fixed quantity of the melt for each component was delivered, and 

hence in this way, thethickness of each component was adjusted.

The monofilaments were passed through quenching section (quenching length = 1.4 m) where they 

were cooled down by maintaining the cool air velocity of 0.5 m.s-1and then combined together to 

multifilaments by applying a spin finish before they were collected by the suction gun. The 

multifilaments were passed through a take up roller followed by hot drawing at two set of heated 

rollers rotating at varying speeds. The multifilaments with sheath/core configuration were then 

wound on bobbins rotating on a winder for further analysis. The extruding sheath/core ratio for all 

bicomponent fibers was set to 1:2 (thin sheath and thick core) under constant melt flow.

Figure 5.1. Schematic diagram of pilot scale bicomponentmelt spinning machine
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To further investigate the spinnability of bicomponent functional fibers in response to varying 

process parameters, a design of experiment was prepared using half factorial design in MINITAB 

18 statistical software. Four factors/variables with two levels each were considered in this study 

and are shown in Table 5.3. Spinning parameters such as solid state draw ratio (SSDR), 

temperature (°C) of the heating rollers, linear density (dtex) of multifilaments and spinneret type 

with different no. of filaments were varied to analyze the effect of these parameters on the 

mechanical, structural and thermal properties of the bicomponent fibers. It is important to mention 

here that SSDR is a term used for solid-state draw ratio that means fibers are drawn when they are 

solidified. It is different from the term, melt draw ratio (MDR). In MDR, filaments are drawn from 

the spinneret plate until the take up roller by varying its speed, whereas in SSDR, filaments are 

drawn from the take up roller until the last pair of drawing rollers on melt spinning machine. The 

design of experiment showing different spinning parameters used to produce bicomponent fibers 

is presented in Table 5.4. Two spinneret types consisting of 24 and 34 number of filaments, two 

SSDR of 1.2 and 1.4, two temperature conditions 50°C and 70°C of the heating rollers and two 

different linear densities 400 dtex and 600 dtex of multifilaments were selected to investigate the 

effect of these parameters on fibers properties.  

Table 5.3. Factors and their levels 

No. Factors Levels 

1 No of filaments 24 34 

2 Solid state draw ratio (SSDR) 1.2 1.4 

3 Temperature of draw rollers (°C) 50 70 

4 Linear density (dtex) 400 600 
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Table 5.4. Design of experiment 

Sample No. of 
filaments 

Solid state 
draw ratio 

(SSDR) 

Temperature of 
draw rollers (°C) 

Yarn linear 
density 
(dtex) 

PLA/APP5/PES10/KL1 

24 1.2 50 400 
34 1.2 50 600 
24 1.4 50 600 
34 1.4 50 400 
24 1.2 70 600 
34 1.2 70 400 
24 1.4 70 400 
34 1.4 70 600 

PLA/APP5/PES10/KL3 

24 1.2 50 400 
34 1.2 50 600 
24 1.4 50 600 
34 1.4 50 400 
24 1.2 70 600 
34 1.2 70 400 
24 1.4 70 400 
34 1.4 70 600 

PLA/APP5/PES10/KL5 

24 1.2 50 400 
34 1.2 50 600 
24 1.4 50 600 
34 1.4 50 400 
24 1.2 70 600 
34 1.2 70 400 
24 1.4 70 400 
34 1.4 70 600 

 

5.2.4.  Mechanical testing 

Mechanical properties of bicomponent fibers such as tenacity (cN.tex-1) and elongation at break 

(%) were tested on Zwick Roell testing machine by using EN ISO 5079 standard method. The 

specimen lengths (50 mm) and rate of deformation (50 mm min-1) were kept constant for all 

samples. Ten specimens were prepared from each sample and their average results with standard 

deviations were recorded. 

5.2.5.  Thermogravimetric analysis  

Thermogravimetric analysis of bicomponent fibers was done using a TGA Q5000 device (TA 

Instruments, New Castle, Delaware, USA). The specimens (15–20 mg) were heated at a constant 
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rate of 10˚C min-1 up to 700˚C under nitrogen at a flow rate of 50 mL min-1. The thermal 

decomposition temperature and the temperature at which maximum degradation took place were 

calculated along with the residual mass percentage of the sample compared to the initial mass. The 

thermogravimetric curves of specimens were plotted after analysis. 

5.2.6.  Scanning electron microscopy 

The surface morphology, cross sectional images and additives dispersion in bicomponent fibers 

were evaluated by using a Hitachi S-3200 scanning electron microscope (Chiyoda, Tokyo, Japan). 

For better cross-sectional images, bicomponent fibers were first immersed in liquid nitrogen to be 

freezed and then were cut with razor blade. Standard specimen stubs with silver coating were used 

to attach the samples, which were, then sputter coated with gold. Selective samples were inspected 

at a magnification of 1000 × and at an accelerating voltage of 20 kV.  

5.2.7.  Differential scanning calorimetry 

Differential scanning calorimetry (DSC) analysis of bicomponent fibers was done using a DSC 

Q2000 (TA instruments). Nitrogen gas was used at a stream rate of 50 mL min-1. The samples 

were heated at a constant rate of 10˚C min-1 starting from 0˚C to 230˚C and were then cooled at 

the same rate. The degree of crystallinity (Xc) of bicomponent fibers was calculated by equation 

(1), 

𝑋𝑋𝑋𝑋 % = ∆𝐻𝐻𝐻𝐻 − ∆𝐻𝐻𝑋𝑋𝑋𝑋 
∆𝐻𝐻𝐻𝐻 × 𝑊𝑊𝐻𝐻𝑊𝑊  × 100 (1) 

Where, Xc corresponds to degree of crystallinity of the sample; ΔHm implies to heat of fusion of 

the sample; ΔHcc corresponds to cold crystallization enthalpy; ΔHf relates to the heat of fusion of 

100% crystalline material, and Wfr is the net weight fraction of the polymer. The heat of fusion of 

100% crystalline PLA (ΔHf) is approximately 93.6 J.g -1. 

5.2.8.  Thermally bonded nonwoven as carpet backing 

Thermally bonded nonwoven fabrics were produced from flame retardant bicomponent fibers to 

be used as carpet backing. The process comprised the steps of laying down the continuous 

bicomponent filaments and entangling them together at filament crossover points by air pressure, 

which then were laid on the conveyer belt to form a nonwoven web. The as such produced 
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nonwoven web was thermally bonded by calendaring at a temperature of 135 ˚C, which actually 

is the melting temperature of the sheath material (low melting PLA) in the bicomponent yarn. After 

�������������������������������������������������������������������������������;��������������������

through a cooling section to consolidate the fixation and then wound up on fabric rolls. The 

resultant nonwoven flame retardant fabric was dimensionally stable and had a width of around 50 

cm as shown in Figure 5.2. The nonwoven fabric produced had an areal density of 120 g m-2.  

 

 
Figure 5.2. Bicomponent filaments and thermal bonded nonwoven fabric 

5.2.9.  Fire testing 

The limiting oxygen index (LOI) of samples was tested. LOI is the fraction of oxygen that must 

be present to support burning, hence higher LOI values indicate lower flammability. The 

nonwoven samples (100×10×3 mm3, as required by ISO 4589) were vertically placed in a glass 

column supplied with a mixture of oxygen and nitrogen gas, and were then ignited from above 

using a downward-pointing flame. The LOI tests for nonwoven samples were conducted using the 

Fire Testing Technology (FTT) Oxygen Index Apparatus (Stanton Redcroft, Sussex, UK). 

 

Thermally bonded nonwoven fabric samples with dimensions of 100 × 100 × 3 mm3 were prepared 

to perform cone calorimetry test according to ISO 5660 with heat flux of 35 kW m−2 by using 

Stanton Redcroft instrument. Cone calorimeter equipment operates on oxygen consumption 

principle and measures total heat of combustion based on the amount of oxygen consumed. Peak 

heat release rate (PHRR), time to ignition (TTI) and residual mass (%) of thermally bonded 

nonwoven fabric samples produced from FR bicomponent fibers were recorded after the test. Cone 

calorimetry test was also performed on pure PLA nonwoven fabric sample for the comparison 

purpose.  
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The single-flame source test (ignitability test) as required by EN ISO 11925-2 was conducted by 

using FTT Ignitability Apparatus (FTT Sussex, UK). In this fire test, nonwoven fabric samples of 

size 250 mm × 90 mm were exposed to a direct gas flame of a height of 20 mm after placing them 

vertically on a U-shaped sample holder. The flame application point was 40 mm above the bottom 

surface of the fabric sample. To observe the falling flame droplets, a filter paper was also 

positioned underneath the sample holder. The flame application time was set for 15 seconds for 

each test and after 20 seconds of removal of flame the test was terminated. After terminating the 

test, flame spread distance (mm) and burning time was measured. The fabric classification was 

based on whether the flame spread reached 150 mm distance in a given time period or not or 

whether the filter paper positioned below the sample holder was ignited by the flame droplets or 

not.  

5.3. Results and discussion 

5.3.1.  Melt spinning and mechanical properties of bicomponent fibers 

The spinning of bicomponent multifilament fibers was not only challenging but also it took a while 

to find the right parameters to make the spinning process stable for continuous collection of fibers. 

The melt spinning process was stable without filament breakage for as spun fibers or for the fibers 

drawn at lower solid-state draw ratio (SSDR) however, an occasional filament breakage were 

observed when drawn at higher SSDR. This suggests that bicomponent fibers containing IFR’s in 

the core component can be melt spun in to multifilaments if not drawn at too high SSDR. In our 

case, SSDR up to 1.4 was sufficient to produce bicomponent fibers without filament breakage 

�������;��������������������������������������������������������������������������������������

was not possible. IFR’s were used in the core component and not in the sheath component of the 

bicomponent fibers because previous studies [38, 43] suggests that the components with higher 

viscosities should be placed in the core and not in the sheath. The reason is that, in coaxial flow, 

the sheath component is driven through higher stress areas than core component and therefore, if 

additives are used in the sheath component its melt viscosity will be increased further therefore, 

will not be able to withstand the tensions and stresses during processing hence, stable process will 

not be built up. The summary of the test results are presented in Table 5.5 while mechanical 

properties of the melt-spun bicomponent fibers are shown in Figure 5.3. The tenacity of the as 

spun fibers containing 1 wt% of KL were on the lower side (6.9 cN.tex-1) as expected, since no 
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crystallinity was induced in the fibers however, it was significantly improved by increasing SSDR 

as a maximum tenacity of 12.6 cN.tex-1 containing 1 wt% KL was achieved at SSDR of 1.4. The 

tenacity was gradually reduced by increasing the wt% of KL in the core component at the same 

SSDR of 1.4. It can be seen in Table 5.5 that the addition of 3 and 5 wt% of KL in the core of 

bicomponent fibers could only achieve a tenacity of 11.4 and 10.7 cN.tex-1 respectively at the same 

SSDR of 1.4. Compared to as spun fibers, the fibers drawn at SSDR of 1.2, showed lower 

elongation at break (%) however, with increasing SSDR of 1.4, the elongation at break further 

reduced as shown in Table 5.5 and Figure 5.3. These results indicated that the mechanical 

properties of melt spun bicomponent fibers were not only dependent of SSDR but, loading 

concentration (%) of KL also played a significant role in defining the mechanical properties of 

bicomponent fibers. It is noteworthy to mention here that amongst all factors only SSDR was found 

to be the most significant factor that affected the mechanical properties of fibers. Other factors 

such as, number of filaments, drawing roller temperatures and yarn linear density hardly affected 

mechanical or thermal properties of fibers therefore, their effect on fiber properties has not been 

mentioned here.   

Table 5.5. Summary of mechanical properties of bicomponent melt-spun fibers 

Formulation SSDR 
Tenacity 

(cN.tex-1) 

Elongation at 

break (%) 

PLA/APP5/PES10/KL1 

As spun 6.9 ± 1.3 95.3 ± 6.4 

SSDR 1.2 8.1 ± 1.6 86.1 ± 9.7 

SSDR 1.4 12.6 ± 1.1  69.5 ± 11.3 

PLA/APP5/PES10/KL3 

As spun 6.1 ± 1.5  88.1 ± 10.5 

SSDR 1.2 7.4 ± 1.9  81.2 ± 11.1 

SSDR 1.4 11.4 ± 1.6  64.6 ± 13.5 

PLA/APP5/PES10/KL5 

As spun 5.9 ± 1.2  85.8 ± 10.9 

SSDR 1.2 6.5 ± 1.7  76.3 ± 16.6 

SSDR 1.4 10.7 ± 1.9  59.9 ± 12.8 
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Figure 5.3. Tenacity (a) and elongation at break (b) of PLA/APP/PES/KL bicomponent 

fibers 

Similar findings were reported by Hu et al. [24] and observed that a dramatic down fall in 

mechanical properties of core/sheath bicomponent fibers containing antistatic agents occurred by 

increasing filler content and suggested that a strong interaction between matrix and filler content 

is required in order to improve mechanical properties of composite fibers. Lund et al. [44] used 

carbon black as conductive core in poly (vinylidene fluoride) (PVDF) matrix and found that 

mechanical properties of fibers decreased quite significantly at any loading concentration of 
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carbon black compared to neat PVDF fibers, even though the fillers were uniformly distributed 

within the matrix. 

5.3.2.  Thermal stability of bicomponent fibers  

The effect of IFR additives on thermal stability and thermal decomposition of bicomponent fibers 

was investigated by thermogravimetric analysis and the residual mass% of samples was 

determined at 700˚C. The thermal decomposition temperatures and mass residue% of the samples 

after TG analysis were compared to determine the influence of carbonization agent (KL) on 

thermal stabilities of bicomponent composite fibers. TG curves of bicomponent fibers and their 

respective data for the samples heated in a nitrogen atmosphere are presented in Figure 5.4 and 

Table 5.6 respectively. 

Table 5.6. Data of thermogravimetric analysis 

No. Formulations T5 (˚C) T50 (˚C) 
T max 

(˚C) 

Residual mass 

(%) 

1 Pure PLA 300.3 ± 1.7  334.6 ± 1.3 340.1 ± 1.8 0.0 ± 0.0 

2 PLA/APP5/PES10/KL1 315.2 ± 2.3 343.3 ± 1.9 356.4 ± 2.9 5.3 ± 1.6 

3 PLA/APP5/PES10/KL3 317.8 ± 3.1 347.9 ± 2.6 359.2 ± 2.1 9.0 ± 1.8 

4 PLA/APP5/PES10/KL5 321.4 ± 2.9 351.6 ± 3.6 363.7 ± 1.9 11.3 ± 1.1 

 
The temperatures corresponding to 5% and 50% mass loss for the bicomponent fibers are 

represented by T5 and T50 values in Table 5.6, whereas the temperature corresponding to the 

maximum rate of mass losses is represented by T max. The degradation of the bicomponent fiber 

containing 1 wt% of KL (PLA/APP5/PES10/KL1) started at 315.2˚C and 50% loss occurred at 

343.3˚C, with residual mass left at 700˚C of 5.3%. The thermal stabilities of the bicomponent fiber 

containing 3 wt% of KL (PLA/APP5/PES10/KL3) were slightly higher to that of composite fiber 

containing 1 wt% of KL however, the residue left at 700˚C was 9.0% of the initial mass of the 

sample. For the bicomponent fiber containing 5 wt% of KL (PLA/APP5/PES10/KL5), the initial 

decomposition temperatures and thermal stabilities were greater than the corresponding values for 

the bicomponent fibers containing 1 and 3 wt% of KL, with 11.3% residual mass left at 700˚C. No 

residual mass was left for pure PLA fibers and their T5 and T50 values were also lower compared 

to fibers containing KL. The addition of higher wt% of lignin (3 and 5%) not only improved the 
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thermal stability of the composite fibers but also increased the residual mass% at 700˚C. For 

example, the bicomponent fiber containing 3 wt% of KL (PLA/APP5/PES10/KL3) increased the 

residual mass to 9.0% compared to 5.3% of composite fiber containing 1 wt% of KL. The addition 

of 5 wt% of KL (PLA/APP5/PES10/KL5) further increased the residual mass to 11.3% at 700˚C.  

The thermogravimetric curves of bicomponent fibers containing 1, 3 and 5 wt% of KL are 

presented in Figure 5.4. The bicomponent fiber containing 5 wt% of KL was found to be more 

thermally stable and presented denser and more compact char structure with higher residual mass 

(11.3%) due to charring ability of KL as a result of polycyclic aromatic hydrocarbons formation 

as indicated by Sharma et al. [45]. Thermogravimetric curves presented in Figure 5.4 of 

bicomponent fibers show the residual mass% as a function of temperature, up to 700˚C. The reason 

for the selection of only as spun fibers for TGA analysis is that, SSDR did not had any effect on 

the thermal stability or on residual mass (%) of fibers. The parameter that affects most the thermal 

stability of fibers was the loading concentration of the additives incorporated in the polymer 

blends. Therefore, we only selected the as spun fibers with different loading concentration of KL 

for TGA analysis. 

 
Figure 5.4. Thermogravimetric curves of bicomponent fibers 

The curves indicate that most of the thermal decomposition occurs between 300˚C and 400˚C. 

Whereas all the bicomponent fibers decompose within a narrow temperature window and 

increasing the concentration of KL causes more residual mass to remain at temperatures between 

375˚C and 700˚C. The thermal stabilities of bicomponent fibers containing 5 wt% of KL are 
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therefore better than those bicomponent fibers containing 1 and 3 wt% of KL. This behavior is 

mainly due to higher decomposition temperatures of these fibers for 5 and 50% mass loss (T5 and 

T50 values) than other fibers. The other reason could also be due to greater char forming ability of 

the polyhydric component (KL) and dehydration mechanism established by acid source (APP) due 

to the formation of phosphate compounds that further enhances the dehydration of KL resulting in 

higher char formation with compact structures. 

5.3.3.  Surface morphology and cross sectional images of bicomponent fibers 

The dispersion characteristics of IFR additives and microstructures of bicomponent fibers were 

examined by scanning electron microscopy. The cross-sectional images and surface morphology 

of bicomponent fibers are shown in Figure 5.5 and 5.6 respectively. It can be seen by SEM images 

that the dispersion state of IFR additives is uniform in the bicomponent fibers. SEM images 

showed some exfoliated and tactoid regions which were developed due to the large aggregates of 

the additives accumulated at the fiber surface however, due to a strong shear rate and consistent 

elongational stress applied at higher draw ratios during melt spinning, a significant intercalation 

was seen, hence a more uniform dispersion of IFR additives were observed. In the longitudinal 

direction of bicomponent fibers, a stripe was observed as shown in Figure 5.6 (b and c) which was 

developed due to thermal shrinkage of the core component of the fibers. It happened due to the 

crystallization (solidification) of the sheath component at much lower temperature to that of the 

core component, as similar effect was observed by Houis et al [46] and Kazemi et al [47]. As a 

result the crystallized sheath component had a much lower coefficient of thermal expansion than 

the polymer melt in the core component. Therefore, a significant volume reduction happened with 

cooling of the polymer melt in the core component of the fibers which led to the stripe development 

in the longitudinal direction of the fibers, as similar behavior of the core/sheath components was 

reported by Ayad et al [10]. Since the core-sheath configuration we used had a higher volume flow 

rate for the core therefore, a faster cooling rate had to be applied in the quenching section to 

maintain the balance. Due to faster cooling rate in the quenching section, the filaments from the 

outside (sheath) solidified much earlier than from the inner side (core) therefore, as a consequence 

shrinkage of the core material took place during congealing. 
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Figure 5.5. Cross-sectional SEM images of PLA/APP5/PES10/KL1 (a), 

PLA/APP5/PES10/KL3 (b), PLA/APP5/PES10/KL5 (c), bicomponent composite fibers 

[1000 ×�����������
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Figure 5.6. Surface SEM images of PLA/APP5/PES10/KL1 (a), PLA/APP5/PES10/KL3 

(b), PLA/APP5/PES10/KL5 (c), bicomponent composite fibers [1000 ×�����������

5.3.4. Differential scanning calorimetry

Differential scanning calorimetry was used to investigate the crystallinity of the bicomponent 

��������������������������������������������������������������������������
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Figure 5.7. DSC thermograms of bicomponent fibers

The peaks for the glass transition temperatures, cold crystallization temperatures and melting 

temperatures can be clearly seen of all the three-bicomponent fibers in the DSC thermograms. 

However, all the three bicomponent fibers have different cold crystallization exotherms which is 

attributed to the differently oriented and semi-crystallized core and sheath components. The 

thermal properties and crystallinity (%) of the bicomponent fibers calculated by equation (1) are 

presented in Table 5.7 whereas the crystallinity (%) of the bicomponent fibers as a function of 

draw ratio is shown in Figure 5.8. It was observed that crystallinity of the bicomponent fibers 

increased by increasing the SSDR, which is due to the better alignment of the molecular chain 

withinthe polymers.
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Figure 5.8. Crystallinity of bicomponent fibers as a function of draw ratio 

In melt spinning, the crystallinity of fibers changes by hot drawing the fibers (stretching between 

two heated rollers) which attenuates and align the molecular chain within the fibers and therefore, 

by doing so their crystallinity is increased. The bicomponent fibers containing 1, 3 and 5 wt% of 

KL in the core component (PLA/APP5/PES10/KL1, PLA/APP5/PES10/KL3 and 

PLA/APP5/PES10/KL5) showed glass transition temperatures at 58.8˚C, 57.6 ˚C and 58.5 ˚C 

respectively whereas, melting peaks at 172.7 ˚C, 172.6 ˚C and 172.8 ˚C respectively. However, a 

major difference in their cold crystallization peaks was seen.  

Table 5.7. Thermal properties of bicomponent fibers by DSC analysis 

Samples Tg (°C) Tcc (°C) Tm (°C) Xc (%) 

PLA/APP5/PES10/KL1 58.8 ± 0.6  90.5 ± 0.8 172.7 ± 0.9 6.1 ± 0.7 

PLA/APP5/PES10/KL3 57.6 ± 0.4 97.9 ± 0.6 172.6 ± 1.1 4.6 ± 0.3 

PLA/APP5/PES10/KL5 58.5 ± 0.5 103.8 ± 0.7 172.8 ± 1.3 3.6 ± 0.8 

Tg = glass transition temperature, Tcc = cold crystallization temperature, Tm = melting 

temperature, Xc = crystallinity of fibers. 

It can be seen in Table 5.7 that the bicomponent fibers containing 5 wt% of KL 

(PLA/APP5/PES10/KL5) presented cold crystallization peak at higher temperature (103.8˚C) 

whereas the bicomponent fibers containing 1 wt% of KL (PLA/APP5/PES10/KL1) showed cold 

crystallization peak at much lower temperature (90.5˚C). This is because the higher concentration 
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of KL (5 wt%) increased the viscosity of the melt hence more agglomerates were formed and less 

uniform dispersion of additives was taken place and therefore, cold crystallization temperature 

increased due to the restriction in polymer chain mobility. In DSC thermograms of all three 

bicomponent fibers, another exothermic peak before the melting peak was observed at around 

158˚C.  

It can be seen in Table 5.7 that the bicomponent fiber containing 1 wt% of KL have the highest 

crystallinity (6.1%) than rest of the bicomponent fibers. The reason for that is bicomponent fiber 

having least wt% of the additives got enough time in the processing apparatus for cooling which 

enables it to form all possible crystallites. Contrary to that, the bicomponent fibers with higher 

wt% of additives in the core took longer to crystallize because fast cooling in the processing 

apparatus did not enable them to form all possible crystallites, hence their crystallinity was 

reduced. Therefore, it presented less time for the orientation of the macromolecules in the cooling 

section, which led to partial crystallinity of the core component hence, overall crystallinity of the 

fiber was reduced. Another factor which influence the crystallization behavior of the polymers is 

the heat transfer from core to the sheath component and then to the air. Greater the heat transfer 

from the core to the sheath component, higher will be the crystallinity of the fibers [48].   

5.3.5.  Cone calorimetry measurements and ignitability by single flame source test 

Cone calorimetry gives useful insights about the burning behavior of materials by calculating 

parameters such as peak heat release rate (PHRR), time to ignition (TTI) and residual mass (%) 

after burning of the material. Cone calorimetry data of pure PLA nonwoven fabric sample and 

nonwoven fabric samples produced from FR PLA bicomponent fibers are presented in Table 5.8. 

The influence of three different wt% of KL (i.e. 1, 3 and 5 wt%) in nonwoven fabric samples were 

assessed against their reactions to fire. TTI of pure PLA nonwoven fabric sample was 73.2 s. TTI 

of the fabric sample containing 1 wt% of KL (PLA/APP5/PES10/KL1) was 62.4 s, which was 

decreased to 59.3 s in case of 3 wt% of KL (PLA/APP5/PES10/KL3) and to 57.1 s when 5 wt% 

of KL was incorporated in the fabric sample.  
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Table 5.8. Cone calorimetry data for pure PLA and FR PLA nonwoven fabric samples 

Formulation 
TTI      

(s) 

PHRR     

(kW m−2) 

THR   

(MJ m-2) 

Residual 

Mass (%) 

LOI    

(%) 

Pure PLA 73.2 ± 1.4  573.6 ± 12.1  58.1± 0.4  0.0 ± 0.0 19.3 ± 1.9 

PLA/APP5/PES10/KL1 62.4 ± 1.3 368.2 ± 7.4 38.4 ± 0.2 21.3 ± 0.4 25.2 ± 1.2 

PLA/APP5/PES10/KL3 59.3 ± 1.7 337.1 ± 4.8 35.8 ± 0.9 26.7 ± 0.6  27.1 ± 0.9 

PLA/APP5/PES10/KL5 57.1 ± 1.3 309.3 ± 6.9 33.1 ± 0.4 34.5 ± 0.5  30.4 ± 1.6 
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nonwoven samples and produced a very steep PHRR curve with a PHRR of 573.6 kWm-2. The 

fabric sample containing 1 wt% of KL after ignition presented PHRR of 368.2 kW m−2. For the 

fabric sample containing 3 wt% of KL, PHRR declined to 337.1 kW m−2, which was further 

reduced to 309.3 kW m−2 by the addition of 5 wt% of KL. These findings suggested that higher 

loading (%) of KL formed thicker and compact char layer on fabric surface which restricted further 

burning of the sample and helped in extinguishing the fire. The residual mass (%) of nonwoven 

fabric samples after cone calorimetry are also presented in Table 5.8. There was no residual mass 

left for pure PLA nonwoven sample after cone calorimetry test. The residual mass left for fabric 

sample containing 1 wt% of KL was 21.3% which was increased to 26.7% and 34.5% by the 

addition of 3 and 5 wt% of KL respectively. The higher residual mass (%) in case of fabric sample 

containing 5 wt% of KL reflected an increased char production due to lower PHRR values.  

The intumescent system operates in the condensed phase where burning of the material generates 

sponge-like multicellular structure (char) which protects the underlying material from further heat 

and mass transfer by acting as a physical barrier between the material and source of fire. Figure 

5.10 showed the char residues of the fabric samples after cone calorimetry test.  

 
Figure 5.10. Char residues of fabric samples (a) 1% KL (b) 3% KL (c) 5 % KL after cone 

calorimetry 

The fabric samples containing 1 wt% of KL presented a thinner and porous char layer because due 

to decreased viscosity of the substrate a very little pressure was built up which allowed gas bubbles 

and vapors to escape from the unclosed cells resulting in reduced swelling of the char layer and 

increased heat release rate. On the other hand, more compact and uniform char presented by the 

sample containing 5 wt% of KL prevented the free escape of gas bubbles and vapor particles which 
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resulted in more pressure build up due to closed cells which further increased the melt viscosity of 

the condensed substrate hence, greater swelling of char can be seen.  

 

The limiting oxygen index (LOI) test is widely accepted to assess the flame retardancy of materials. 

We also tested the LOI values of nonwoven fabric samples, which are presented in Table 5.8. The 

LOI value of fabric sample containing 1 wt% of KL was 25.2%. The addition of 3 wt% of KL 

increased the LOI value to 27.1% and the presence of 5 wt% of KL further enhanced the LOI value 

to 30.4%. Higher LOI values for the samples containing greater content% of KL is mainly due to 

the formation of char layer which not only protected the fabric sample from external heat source 

but also protected it from further degradation.  

 

The ignitability test under EN ISO 11925-2 method was used to determine the ignitability of 

nonwoven fabric samples in the vertical direction by direct flame impingement. Six specimens 

from each fabric sample were subjected to surface exposure to flame and their results are presented 

in Table 5.9. Six specimens from each fabric sample were exposed to flame for 15 (s) and their 

flame spread time (s) and flame spread distance (mm) were measured. It can be seen in Table 5.9 

that none of the fabric sample containing KL was ignited after 15 (s) of flame exposure and 

therefore, flame spread distance (mm) and time (s) could not be recorded. Neither the burning 

droplets from the specimen could be seen nor was the ignition of the filter paper placed underneath 

of the specimen. 

Table 5.9. Ignitability test results of nonwoven fabric samples. 

Formulation Ignition 
(Yes/No) 

Time for 
flame tip to 
reach 150 

mm (s) 

Extent of 
flame 

spread 
(mm) 

Burning 
droplets 

Ignition 
of filter 
paper 

PLA/APP5/PES10/KL1 No Did not 
reach None No No 

PLA/APP5/PES10/KL3 No Did not 
reach None No No 

PLA/APP5/PES10/KL5 No Did not 
reach None No No 

 
The reason for no ignition of the specimen was an increase in the gap between flame and the 

specimen due to the fleeing of heat flux therefore, the temperature at the specimen surface 
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decreased and heat flow was reduced hence, fuel availability was no more to continue ignition. 

Based on this test our fabric samples got the classification of E and Efl. To get E and Efl (for 

floorings) classification the flame should not reach the top marking (150 mm) within 20 s after 15 

s of flame exposure and there should be no burning droplets and no ignition of the filter paper 

placed underneath. It can be seen in Figure 5.11 that flame could not reach the distance of 150 mm 

after 15 s of flame exposure.  

 

 
 

Figure 5.11. Images of PLA/APP5/PES10/KL1 (a), PLA/APP5/PES10/KL3 (b), 

PLA/APP5/PES10/KL5 (c) FR nonwoven fabric samples after ignitability test 

5.4. Conclusions 

In this study, novel bicomponent functional fibers based on single polymer consisting of highly-

crystalline PLA with intumescent flame retardants in the core and low melting PLA in the sheath 

were produced. Thermogravimetric analysis confirmed that the thermal stabilities of bicomponent 

fibers increased quite significantly and fibers containing 5 wt% of KL presented the highest 

residual mass%. Thermally bonded nonwoven fabric samples produced from bicomponent fibers 

showed remarkable flame retardancy. A significantly low PHRR (309.3 kW m−2) of sample 
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containing 5 wt% of KL was observed which is 46% less than the PHRR of nonwoven sample 

made from pure PLA. TTI of KL samples decreased quite significantly since fabric sample 

containing 5 wt% of KL presented TTI of 57.1 (s) compared to 73.2 (s) for pure PLA which fits 

best with common intumescent systems as degradation of the intumescent samples has to begin 

prior charred layer is developed.. The nonwoven fabric sample containing 5 wt% of KL showed 

residual mass up to 34.5% relative to the initial mass of the sample indicating the development of 

an intumescent char which protected fabric sample from further burning. Limiting oxygen index 

of the fabric samples was also tested and the highest LOI (30.4%) was observed for the sample 

containing 5 wt% of KL. The ignitability test showed none of the fabric sample produced from 

bicomponent fibers was ignited after 15 (s) of flame exposure and therefore, achieved 

classification of E and Efl as per the standards set for EN ISO 11925-2 method which certifies that 

this product can be used commercially for floor coverings. Compared to our previously published 

PLA/IFR mono-component multifilament fibers with tenacity of up to 7.3 cN.tex-1, in this study, 

the tenacity of the bicomponent fibers was improved up to 12.6 cN.tex-1. Hence, it was confirmed 

that IFR’s can be melt spun into bicomponent fibers by sheath/core configuration and flame 

retardant nonwoven fabrics can be produced for FR applications. 
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Improved thermal processing of polylactic acid/oxidized starch composites 

and flame-retardant behavior of intumescent nonwovens 

 

Abstract 

Thermoplastic processing and spinning of native starch is very challenging due to (a) the linear 

and branched polymers (amylose and amylopectin) present in its structure and (b) the presence of 

inter-and-intramolecular hydrogen bond linkages in its macromolecules that restrict the molecular 

chain mobility. Therefore, in this study, oxidized starch (OS) (obtained after oxidation of native 

starch with sodium perborate) was melt-blended with Polylactic acid (PLA) polymer to prepare 

PLA/OS blends which were then mixed together with ammonium polyphosphate (APP), a halogen 

free flame retardant used as acid donor in intumescent formulations on twin-screw extruder to 

prepare PLA/OS/APP composites. OS with different concentrations also served as biobased 

carbonic source in intumescent formulations. PLA/OS/APP composites were melt spun to 

multifilament fibers on pilot scale melt-spinning machine and their crystallinity and mechanical 

properties were optimized by varying spinning parameters. The crystallinity of the fibers was 

studied by differential scanning calorimetry and thermal stabilities were analyzed by 

thermogravimetric analysis. Scanning electron microscopy was used to investigate the surface 

morphology and dispersion of the additives in the fibers. Needle-punched nonwoven fabrics from 

as prepared melt-spun PLA/OS/APP fibers were developed and their fire properties such as heat 

release rate, total heat release, time to ignition, residual mass % etc. by cone calorimetry test were 

measured. It was found that PLA/OS/APP composites can be melt spun to multifilament fibers and 

nonwoven flame-retardant fabrics produced thereof can be used in industrial FR applications. 

 

Keywords 

Oxidized ������;�����-��������;�����������������;�������-��������;������������� 
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6.1. Introduction 

Bioplastics issued from renewable resources represent an interesting alternative to reduce carbon 

footprint instead of using polymers made of fossil carbon [1]. Therefore, a significant progress in 

the development of biobased polymers with renewable feedstock has generated great interest in 

polymer industry [2]. Starch is one of the abundant biopolymer with diverse applications in many 

fields such as food processing, sizing material in textiles as binding agent to reduce friction and in 

vat dyes for the printing of 100% cotton fabrics by virtue of its cost effectiveness, biodegradability 

and renewability [3]. It consists of amylose and amylopectin. Amylose being a linear polymer 

consisting of α-(1–4) glucose units, while amylopectin is a branched polymer consisting of α-(1–

4) glucose units with intermittent divisions of α-(1–6) connections [4]. Therefore, thermoplastic 

processing of starch is difficult due to the presence of intermolecular and intramolecular hydrogen 

bond linkages in its macromolecules that restrict the molecular chain movement due to the 

presence of resilient interactive forces [5]. Such interactive forces are repelled by the use of 

plasticizers such as glycol, glycerol, sorbitol or urea that weaken the hydrogen bonds present 

within the macromolecules and thermoplastic processing of starch is improved [6]. These 

plasticizers disrupt the crystalline structure of starch macromolecules and allows free molecular 

chain movement by nullifying the resilient interactive forces by a process called gelatinization [7]. 

However, the foremost disadvantage of using plasticizers in starch is the emergence of hydrophilic 

characteristic that induces poor water resistance in the polymer hence negatively impacts the 

mechanical properties of polymer [8]. The other drawbacks associated with native starch are lack 

of fluidity and higher viscosity that limits its uses in many technical applications [9]. 

 

Such shortcomings can be remedied by the oxidation of starch by using oxidizing agents [10]. 

Starch oxidation results in de-polymerization by the hydrolysis of glucose units hence oxidized 

starches present low viscosities at higher concentrations: a property desired for thermoplastic 

processing of starch [11]. Many oxidizing agents for starch oxidation has been used in the past 

such as, sodium hypochlorite, hydrogen peroxide and ammonium persulfate. However, sodium 

hypochlorite has been found to be the most efficient one and widely used in industrial production, 

but in the recent past, this oxidizing agent has been abandoned due to the formation of hazardous 

chlorinated byproducts that are harmful for the environment [12]. We therefore, used maize starch 

that was oxidized by sodium perborate (SPB) which is an efficient and environment friendly 
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oxidizing agent for the oxidation of native starch. In practice, SPB is not only cost effective but 

also presents distinctive benefits such as being available as a solid form of hydrogen peroxide [13]. 

However, SPB has proven to be a better alternative to hydrogen peroxide since the former has not 

only provided superior stability at higher temperatures but also proven to be an efficient source of 

per hydroxyl anions, superoxide and active oxygen [14].  

 

Blending two different polymers not only can offer valuable properties but also a new composite 

material can be developed that can present desired functionality for a certain application [15]. 

Polylactic acid (PLA) is a linear aliphatic polyester that is derived from renewable resources and 

one of the most important biobased polymer with attractive physical and performance properties 

can serve as an alternative to petroleum based polymers in many applications [16]. The blending 

of starch and PLA will not only make the composite material cost effective but also certain 

functional properties can be enhanced such as flame retardancy [17]. Although PLA is less 

flammable than other synthetic thermoplastics in its pure form by virtue of having higher limiting 

oxygen index (24-26) than other polyesters (20-22) and lower peak heat release rate, even so, PLA 

is still combustible, which limits its uses in many flame-retardant applications [18]. To improve 

the flame retardancy of PLA, intumescent flame-retardants (IFR’s) present an extremely efficient 

approach through which a char layer is formed on the polymer surface that not only can protect it 

from further burning but also restricts the passage of heat, oxygen and volatile compounds to the 

sight of burning [19]. Although, IFR’s generally contain a petroleum based carbonic source 

together with a halogen free acidic source, but in the recent past, a more sustainable approach 

towards flame retardancy has been promoted by using biopolymers that contains a biobased 

carbonic source [20]. Starch could be a suitable contender as a biobased carbonic source in 

intumescent formulations by virtue of its natural charring capability and presence of excessive 

polyhydric compounds however, the spinning of starch containing intumescent formulations is still 

unknown. 

 

Therefore, in this study we have investigated the melt spinnability of PLA/OS composites 

containing halogen free intumescent flame-retardants with OS being a biobased carbonic source 

presenting sustainable approach towards flame retardancy. We used maize starch that was oxidized 

by sodium perborate (SPB) which is an efficient and environment friendly oxidizing agent for the 
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oxidation of native starch to improve its thermoplastic processing and spinnability. Composites 

were melt-spun to multifilament fibers on pilot-scale melt spinning machine and fibers were then 

needle-punched to form nonwoven structures. The changes in fiber crystallinity and mechanical 

properties were measured in response to the variations in spinning process parameters. We also 

tested the thermal stability of fibers by thermogravimetric analysis while, surface morphology and 

dispersion of the additives was recorded by scanning electron microscopy. The fire characteristics 

such as time to ignition, heat release rate, and total heat release were tested by cone calorimetry as 

per standard testing methods. 

 

6.2.Materials and methods 

The materials and methods used in this chapter are discussed in the following sections. 

6.2.1.  Materials 

Oxidized starch (OS) 400L-NF, a white fine powder, containing 20 mg.kg-1 of SPB as an oxidizing 

agent was kindly provided by Roquette Freres SA (Lestrem, France). PLA Luminy L130 which is 

a highly-crystalline polymer (L-isomer ≥ 99) with a density of 1.24 g.cm-3 and melting temperature 

of 175-180°C was purchased from Total-Corbion NV (Gorinchem, Netherlands). Halogen free 

flame retardant (Exolit AP 422) having decomposition temperature higher than 275°C was attained 

from Clariant AG (Muttenz, Switzerland). Exolit AP 422 is a fine-particle ammonium 

polyphosphate (APP) containing 31% (w/w) phosphorous and 14% (w/w) nitrogen, having density 

of 1.9 g.cm-3 �����������������������������������������������������r in intumescent formulations. 

PLA, APP and OS were vacuum dried at 100˚C for 4 h before compounding. 

6.2.2.  Preparation of composites  

PLA/OS/APP composites were prepared on twin-screw extruder (ZSK Mc18) from Coperion 

GmbH (Stuttgart, Germany). OS was mixed together with PLA pellets in four different 

concentrations, i.e. 1, 3, 5 and 7 wt% in the first feeding zone which were then compounded 

together with APP present in the second feeding zone. PLA/OS1/APP10, PLA/OS3/APP10, 

PLA/OS5/APP10 and PLA/OS7/APP10 composites were prepared at screw rotation speed of 500 

rpm. The formulations with content of each component (w/w) of as prepared composites are 
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presented in Table 6.1. The temperatures of the three heating zones were kept at 160˚C, 170˚C and 

180˚C, respectively.  

Table 6.1. Additives composition in PLA/OS/APP composites 

No. Formulations PLA 
(wt%) 

OS 
(wt%) 

APP 
(wt%) 

1 PLA/OS1/APP10 89 1 10 

2 PLA/OS3/APP10 87 3 10 

3 PLA/OS5/APP10 85 5 10 

4 PLA/OS7/APP10 83 7 10 
�������������������;�������������������;�APP=ammonium polyphosphate 

6.2.3.  Melt spinning of composites 

PLA/OS/APP composite pellets were vacuum dried at 100̊C for 4h prior to melt spinning. Drying 

the pellets before melt spinning is necessary to control moisture (%) in the polymer to avoid 

hydrolysis that can lower the viscosity of the melt and ultimately fiber breakage during spinning 

can occur. Karl Fischer Titrations analysed by ASTM D6869 method confirmed that the moisture 

content in the pellets were lower than 80 ppm. Pilot scale melt spinning machine (Figure 6.1) with 

a throughput of few kilograms an hour was used to spin PLA/OS/APP composite pellets to 

multifilament fibers. The composite pellets were dosed into the hopper of the melt-spinning 

���������������������������������������������������here they were melted at a temperature range 

of 190˚C to 215˚C. Constant rpm of spin pump ensured a homogeneous supply of the melt to the 

spinneret die containing 24 monofilament holes.  After ejecting from spinneret die, monofilaments 

were delivered through the quenching section where chilled air running at a velocity of 0.5 m.s-1 

helped in lowering the temperature of the monofilaments. They were joined together to 

multifilaments by passing through spin finish before collected by take up roller. The bobbins 

carrying multifilaments were placed in standard atmospheric conditions before further analysis.   
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Figure 6.1. Schematic diagram of pilot scale melt spinning machine 

6.2.4.  Scanning electron microscopy 

Hitachi S-3200 scanning electron microscope (Chiyoda, Tokyo, Japan) was used to determine 

surface morphology and dispersion of the additives in melt spun fibers. Multifilament fibers were 

first freezed in liquid nitrogen and then were delicately cut with razor blade to get clear SEM 

images. The cut samples were attached to the silver coated standard specimen stubs which were 

then sputter coated with gold. The thickness of the gold sputter coating was 150 A°. Fiber samples 

were examined at a magnification of 1000 × and at an accelerating voltage of 20 kV.  

6.2.5.  Apparent viscosity measurement 

A Brookfield digital rheometer (Model, DV-III, Middleboro, USA) was used to measure the 

apparent viscosity of the composite samples. The samples were first dried and then around 5-10 

grams from each sample were dispersed in 100 mL of distilled water to prepare the solutions. The 

as prepared solutions were stirred continuously for an hour and kept for 15 min at a temperature 

of 80°C. The volume to be used from each sample was adjusted to 100 mL and the pH used was 

9.0. The solutions were then left for cooling at 25°C and then apparent viscosity of each sample 

was measured at a shear rate of up to 150 s-1.  
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6.2.6.  Mechanical testing 

Mechanical properties of multifilament fibers such as tenacity (cN/tex) and elongation at break 

(%) were tested on Zwick Roell testing machine by using EN ISO 5079 standard method. The 

specimen lengths (50 mm) and rate of deformation (50 mm min-1) were kept constant for all 

samples. Ten specimens were prepared from each sample and their average results with standard 

deviations were recorded. 

6.2.7.  Thermogravimetric analysis  

Thermal stabilities and residual mass (%) of the fiber samples up to 500°C were analysed by 

thermogravimetric analysis using TGA Q5000 equipment (TA Instruments, New Castle, 

Delaware, USA). Fiber samples of 10-15 mg were heated at a constant rate of 10˚C min-1 up to 

500˚C under nitrogen atmosphere at a flow rate of 50 mL min-1. The temperatures at which 

maximum decomposition of fibers occurred were noted and the residual mass (%) of the samples 

were compared with the initial mass of the samples. TG curves of the samples were plotted and 

were analysed in detail. 

6.2.8.  Differential scanning calorimetry 

Thermal properties (Tg, Tcc, Tm) and crystallinity (%) of the multifilament fibers were 

investigated by Differential scanning calorimetry (DSC) under nitrogen atmosphere at a stream 

rate of 50 mL min-1. The samples were heated at a constant rate of 10˚C min-1 starting from 0˚C to 

230˚C and were then cooled at the same rate followed by heating again as above. The degree of 

crystallinity (Xc) of multifilament fibers was calculated by equation (1), 

𝑋𝑋𝑋𝑋 % = ∆𝐻𝐻𝐻𝐻−∆𝐻𝐻𝐻𝐻𝐻𝐻
∆𝐻𝐻𝐻𝐻 ×𝑊𝑊𝐻𝐻𝑊𝑊  × 100     (1) 

Where Xc ����������������������������������������������������;�ΔHm implies to heat of fusion of 

����������; ΔHcc corresponds to cold crystallization enthalpy;�ΔHf relates to the heat of fusion of 

100% crystalline material, and Wfr is the net weight fraction of the polymer. The heat of fusion of 

100% crystalline PLA (ΔHf) is approximately 93.6 J g -1. 
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6.2.9. Needlepunched nonwovens

Needlepunching is a process by which fibers are mechanically bonded by entangling them together 

with the barbed needles penetrating through the fibrous web to form nonwoven fabrics. 

Multifilament fibers produced by melt spinning were cut to short fibers and passed through carding 

machine: a process by which fibers were opened and homogeneously blended to form fibrous web 

of uniform areal density. The unbonded and voluminous fibrous web was fed to the 

needlepunching machine by a pair of feed rollers,and then passed between a pair of perforated 

plates as shown in Figure 6.2. The barbed needles responsible for entangling the fibrous web were 

arranged on the needle board that was placed on a reciprocating beam operated through an 

eccentric crank mechanism. In the downward motion, barbed needles ran down through the 

perforations of the top and bottom bed plates and during the upward motion were withdrawn 

upwards therefore, by doing so fibrous webs were mechanically bonded and mechanical strength 

of the nonwoven fabric was improved. The delivery rollers delivered the mechanically bonded 

nonwoven fabric, which was then thermally molded to impart uniform thickness and areal density.

Figure 6.2. Needlepunching process to form nonwoven fabric from fibrous web

6.2.10. Fire testing

The cone calorimeter is one of the most important fire testing equipment that is used to measure 

the heat release rate (HRR) of the sample. The basic principle of this equipment is based on the 

consumption of oxygen and is considered equivalent to the amount of heat released during 

combustion. This equipment can also measure the amount of smoke produced during combustion. 

This test was conducted as per the standard operating procedure mentioned in ISO 5660 method 
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with heat flux of 35 kW m−2 by using Stanton Redcroft instrument. The other important fire testing 

results that can be obtained through this equipment are time to ignition (TTI), total heat release 

(THR), total smoke production (TSP) and residual mass % of the sample.  

6.3. Results and discussion 

6.3.1.  Measuring the apparent viscosity of composites as a function of shear rate 

The apparent viscosity as a function of shear rate of the PLA composite pellets containing OS and 

APP is depicted in Figure 6.3. The curves indicated that a significant decrease in apparent viscosity 

was observed by increasing the shear rate. As the shear rate increased up to 50 s-1 a very intense 

decrement in apparent viscosity was visible however, after 50 s-1 and up to 150 s-1 shear rate a 

minimal decrement in the apparent viscosity was observed. At the same time increasing OS 

concentration from 1 to 7 wt% initially showed a higher apparent viscosity but as the shear rate 

increased a significant reduction in the apparent viscosity can be seen. Especially the composite 

pellets containing only 1 wt% of OS had a very low apparent viscosity after shear rate of 50 s-1 

which even levelled off at shear rate of 100 s-1.  

 

Figure 6.3. Apparent viscosity of the composite pellets 

As a comparison, the viscosity of the composite pellets containing native starch with similar 

compositions (PLA/NS7/APP10) was also measured by the same method. It can be seen in Figure 

6.3 that the apparent viscosity of the composite pellets containing oxidized starch was significantly 
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lower than the apparent viscosity of native starch (both containing equivalent wt% of additives) 

measured at the same parameters. This is attributed to the scission of the glucosidic linkages due 

to the oxidation caused by the presence of oxidizing agent in the formulations of composite pellets 

[21]. Scission in the glucosidic linkages also attributed to the reduction in the molecular weight of 

the oxidized starch hence its apparent viscosity decreased significantly. The oxidation of starch 

and an ease in the cleavage of glucosidic linkages shortened the starch chain molecules, which 

caused breakage in the structure and hence the apparent viscosity was decreased significantly [22]. 

Hence, it was found that the starch’s fluidity and higher viscosity could be controlled by using 

oxidizing agent. 

6.3.2.  Multifilament fibers and their mechanical properties  

The spinning of multifilament fibers from as prepared composites was not only challenging but 

also it took a while to find the right parameters to make the spinning process stable for continuous 

winding. The summary of the test results are presented in Table 6.2 while mechanical properties 

of the melt-spun fibers are shown in Figure 6.4. The tenacity and elongation at break (%) of the as 

spun fibers were on the lower side as expected since low crystallinity was induced in the fibers 

however, the tenacity was gradually improved by increasing the solid state draw ratio (SSDR) of 

fibers. Similarly, the initial modulus of the as spun fibers decreased with increasing OS content 

though, the difference was not significant. The tensile strength of melt-spun fibers was 

significantly improved by increasing the SSDR as a maximum tenacity of 13.4 cN/tex for fibers 

containing 3 wt% OS was achieved at SSDR of 1.6. In comparison to other fibers, the tenacity was 

gradually reduced by increasing the wt% of OS at the same SSDR, as 5 and 7 wt% of OS in PLA 

fibers could only achieve a tenacity of 11.7 and 10.1 cN/tex respectively at the same SSDR of 1.6. 

The same trend was observed in case of initial modulus of fibers as increasing loading content% 

of OS gradually reduced the initial modulus of the fibers. Compared to as spun fibers, the fibers 

drawn at SSDR=1.2, showed higher elongation at break (%) however, with increasing SSDR (1.4 

and 1.6), the elongation at break gradually reduced. These results indicated that the mechanical 

properties of melt spun fibers were not only dependent of SSDR but, loading concentration (%) of 

OS also played a significant role in defining the mechanical properties of fibers. Similar findings 

were reported by Mittal et al. [23] and observed that a significant decrease in mechanical properties 

of fibers occurred by increasing filler content and suggested that a strong interaction between 
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matrix and filler content is required in order to improve mechanical properties of composite fibers. 

Chapple et al. [24] used hydroxyapatite as nano-filler reinforcement in PLA matrix and found that 

mechanical properties of fibers decreased quite significantly at any loading concentration of 

hydroxyapatite compared to neat PLA fibers, even though the nano-fillers were uniformly 

distributed within the matrix.  

Table 6.2. Summary of mechanical properties of melt-spun fibers 

Formulation Draw ratio Tenacity 
(cN/tex) 

Elongation at break 
(%) 

Neat PLA 

As spun 8.4 ± 1.5 25.9 ± 5.7 

SSDR 1.2 12.7 ± 1.2 120.1 ± 11.8 

SSDR 1.4 14.8 ± 1.9   95.8 ± 16.3 

SSDR 1.6 17.3 ± 1.6   87.4 ± 15.6 

PLA/OS1/APP10 

As spun 5.7 ± 1.7 23.4 ± 8.2 

SSDR 1.2 8.7 ± 1.8   88.4 ± 10.9 

SSDR 1.4 9.4 ± 1.3   83.7 ± 17.9 

SSDR 1.6 12.9 ± 1.5   78.5 ± 12.6 

PLA/OS3/APP10 

As spun 5.1 ± 0.9   20.6 ± 10.5 

SSDR 1.2 7.4 ± 1.6   79.2 ± 18.1 

SSDR 1.4 10.9 ± 1.5   72.8 ± 19.5 

SSDR 1.6 13.4 ± 1.7   68.4 ± 17.2 

PLA/OS5/APP10 

As spun 4.7 ± 1.4   21.9 ± 12.9 

SSDR 1.2 6.9 ± 1.3   65.7 ± 19.6 

SSDR 1.4 8.2 ± 1.5   60.3 ± 13.8 

SSDR 1.6 10.6 ± 1.1   58.8 ± 16.4 

PLA/OS7/APP10 

As spun 3.8 ± 1.7   18.5 ± 10.1 

SSDR 1.2 6.1 ± 1.2   59.2 ± 11.3 

SSDR 1.4 6.4 ± 1.4   55.9 ± 10.5 

SSDR 1.6 7.8 ± 1.8   51.7 ± 19.2 
�������������������;��������������������;���������������������������� 
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Figure 6.4. Tenacity (a) and elongation at break (b) of PLA/OS/APP composite fibers 

6.3.3.  Thermal stability of multifilament fibers 

Figure 6.5 shows the residual mass (%) of fibers as a function of temperature (°C) of neat PLA and 

composite fibers. It can be seen in TG plots that the thermal decomposition of fibers started at 

around 310°C and completed around 390°C. Two distinct zones in TG curves can be seen such as 

(a) decomposition of PLA/OS/APP samples due to weight loss in the region of 315°C to 390°C 

and (b) residual mass remained as a solid left over in the region of 400°C to 500°C. Table 6.3 

discloses the relationship between the types of samples and the temperature at which 5% and 50% 
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mass loss occurred are denoted with T5 and T50 respectively, whereas the temperature 

corresponding to the maximum rate of mass loss is represented by T max. 

Table 6.3. Thermogravimetric analysis data  

Formulations T5 (˚C) T50 (˚C) T max (˚C) Residual 
mass (%) 

Neat PLA 312.4 ± 1.9 335.3 ± 1.2 350.4 ± 1.5 0.0 ± 0.0 

PLA/OS1/APP10 330.1 ± 2.4 345.2 ± 1.9 352.8 ± 2.1 6.5 ± 0.9 

PLA/OS3/APP10 341.7 ± 2.1 356.8 ± 3.5 362.1 ± 1.3 8.6 ± 1.4 

PLA/OS5/APP10 347.9 ± 2.7 363.9 ± 2.1 369.5 ± 3.3 12.7 ± 1.8 

PLA/OS7/APP10 349.2 ± 1.3 373.5 ± 1.7 379.9 ± 1.9 14.1 ± 1.2 
�������������������;��������������������;����������������������������;�������������������
������������;���������������������������������;�������������������������������������� 

 

The decomposition of neat PLA fiber started at 312˚C and 50% loss occurred at 335˚C, with no 

residual mass left at 500˚C. A slightly higher thermal stability was observed for PLA fibers 

containing 1 wt% of OS, as thermal decomposition started at around 330.1°C and 50% mass loss 

occurred at 345.2°C with 6.5% residual mass left at 500°C.  

 

Figure 6.5. Thermogravimetric curves of fibers 
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For PLA fibers containing 3 and 5 wt% of OS, the initial decomposition temperatures and the 

temperatures at which 5 and 50% weight loss occurred were significantly higher than their 

corresponding values for PLA fibers containing 1 wt% of OS as shown in Table 6.3, and their 

residual masses were 8.6 and 12.7% respectively. A remarkable increase in thermal stability 

compared to neat PLA fibers was observed in case of PLA fibers containing 7 wt% of OS since 

the residual mass remained at 500°C was 14.1%. Higher thermal stabilities and greater residual 

mass % of composite fibers are due to the oxidation of starch by oxidizing agent (SPB) which led 

to substantial modifications in its molecular structure due to the development and abundance of 

carbonyl and carboxyl groups which enhanced the thermal stabilities of fibers even at elevated 

temperatures [7].  

6.3.4.  Thermal properties and crystallinity of multifilament fibers 

DSC curves of SSD fibers drawn at maximum draw ratio (SSDR=1.6) are presented in Figure 6.6 

and their respective data is shown in Table 6.4. The cold crystallization temperature (Tcc) of SSD 

fibers was in the range of 90.3 – 107.2 °C. It was observed that with increasing wt% of OS from 1 

to 7 wt%, Tcc also increased. This changing behaviour of Tcc has been well explained by Solarski 

et al. [25] and concluded that Tcc is vastly dependent on the surface area of the loading particles 

and the number of particles present in a given area. Moreover, higher concentration of loading 

particles upsurge the interfacial area of the fibers, which decreases the polymer chain mobility. 

 

Figure 6.6. Differential scanning calorimetry thermograms of fibers 
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The as such increase in the Tcc of fibers due to higher loading concentration of OS can be attributed 

to comparatively high agglomeration of the additives which decreases the molecular chain 

mobility therefore, as a result higher energy is required to activate the polymer chains. At 3 wt% 

loading concentration of OS the cold crystallization peak was observed at 95.6 °C which further 

increased to 107.2 °C at 7 wt% concentration of OS. As explained in previous studies [26, 27] the 

reason for an increase in the cold crystallization temperature with higher loading percentage of 

particles is due to crystallization of PLA at higher heating temperatures.  

Table 6.4. Thermal properties of fibers by DSC analysis 

Formulations Tg (˚C) Tcc (˚C) Tm (˚C)   Xc (%) 

PLA/OS1/APP10 58.1 ± 0.4 90.3 ± 0.9 173.8 ± 1.1 3.4 ± 0.4 
PLA/OS3/APP10 58.9 ± 0.7 95.6 ± 0.5 174.1 ± 0.9 7.4 ± 0.2 
PLA/OS5/APP10 59.6 ± 0.3 98.1 ± 0.8 175.5 ± 1.5 8.6 ± 0.5 
PLA/OS7/APP10 61.2 ± 0.6 107.2 ± 0.7 176.3 ± 1.2 10.8 ± 0.4 

�������������������;��������������������;����������������������������;����������
����������������������;�������������������������������������;�����������������������;�

Xc=crystallinity% 

 

At higher loading concentration of OS, an increase in degree of crystallinity was observed. As 

�������������������������������������������������������������������������������������������;�

however, the degree of crystallinity was increased to 10.8% of SSD fibers containing 7 wt% of 

OS. These findings indicated that higher loading concentration of OS improved the crystallinity of 

SSD fibers and acted as nucleation sites that enhanced the crystallization rate of the fibers [28]. 

These findings indicated that drawing process enables the macromolecules to be straightened along 

the axis of the fibers that helps in faster crystallization of the filaments [29]. A slight increase in 

the melting temperatures (Tm) of the fibers was observed with increasing loading concentration 

of OS, which indicates that there is a direct correlation between the crystallinity and Tm of the 

fibers.  

6.3.5.  Surface morphology and diameter of multifilament fibers 

The diameters of as spun fibers and SSD fibers are shown in Table 6.5 that were calculated by 

equation 2.  
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𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝑜𝑜𝑜𝑜 𝑜𝑜𝐷𝐷𝑓𝑓𝐷𝐷𝐷𝐷 (𝜇𝜇𝐷𝐷) = 20√ 𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿𝐿 𝑑𝑑𝐿𝐿𝐿𝐿𝑑𝑑𝐿𝐿𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑜𝑜𝐿𝐿𝑓𝑓𝐿𝐿𝐿𝐿 (𝑑𝑑𝑑𝑑𝐿𝐿𝑑𝑑)
𝐷𝐷𝐿𝐿𝐿𝐿𝑑𝑑𝐿𝐿𝑑𝑑𝑑𝑑 𝑜𝑜𝑜𝑜 𝑝𝑝𝑜𝑜𝑝𝑝𝑑𝑑𝑝𝑝𝐿𝐿𝐿𝐿(𝑔𝑔.𝑐𝑐𝑝𝑝−3) × 𝜋𝜋                  (2) 

������������������������������������������������������������������������������������������������

�������������������������������������������������������������������������������������������������

���������������������������������������������������������-�����������������������������������������

���������������������������������������������������������������������������������������������������

��������������������������������������������������������������� 

Table 6.5. ����������������������������������������������fibers  

Samples As-spun SSDR 1.2 SSDR 1.4 SSDR 1.6 

������������� ����� ± 2�� ����� ± ��� ����� ± ���  ����� ± 2�� 

������������� ����� ± ��� ����� ± ��� ������± ���  ����� ± ��� 

������������� ������± ��� 155���± ��� ����� ± ��� ����� ± ��� 

������������� ������± ��� ������± ��� ������± ��� ����� ± ��� 
�������������������;��������������������;����������������������������;������������������

draw ratio 

�������������������������������������������������������������������-�������������������������

�������������������������������������������������������������������������������������������

(Figure ���������������������������������������������������������������� ������������������������

���������������������������������������������������������������������������������������������

��������������������������������������������������������������������������������������������������

������������������������������������������������������������������������������������������������

incorporated. The drawback of the agglomerate formation is that fiber’s surface tends to become 

����������������������������������������������������������������-����������������������������������

������������������������������������������������������������������������������������������������

��������������������������������������-������������������������������������������������������������

toughness of ��������������������������������� 
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Figure 6.7. SEM images of (a) PLA/OS1/APP10, (b) PLA/OS3/APP10, (c) PLA/OS5/APP10 and 

(d) PLA/OS7/APP10 multifilaments fibers 

6.3.6.  Burning behavior of nonwovens by cone calorimetry 

Cone calorimetry gives useful insights about the burning behavior of materials in similar situations 

to real fire scenario and simulate the possible fire hazards [32]. This test was conducted at a heat 

flux of 35 kWm-2 and to evaluate the combustion behavior of samples exposed to this heat flux, 

peak heat release rate, total heat release and residual mass% of the samples were determined. HRR 

and THR curves are presented in Figure 6.8 and 6.9 respectively and related data is shown in Table 

6.6. The samples containing PLA/OS/APP presented lower TTI in comparison to unfilled PLA 
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samples. TTI value decreased with increasing loading content of OS from 1 to 7 wt% which is 

ascribed by the increased mass loss rate of OS compared to slower degradation of unfilled PLA. 

TTI of the samples investigated are presented in Table 6.6. Sample containing 1 wt% of OS 

presented TTI of 65.5 s while, sample containing 7 wt% of OS showed the lowest TTI (50.4 s). 

 

Table 6.6. Cone calorimetry data 

Formulation TTI (s) PHRR 
(kWm-2) 

THR 
���∙�-2) 

Residual 
mass (%) 

TSP      
(m2∙�-2) 

EHC           
���∙�-1) 

PLA 80.2 ± 0.9 449.3 ± 6.2  51.1 ± 0.5 0.0 ± 0.0 343.2 ± 2.5  21.3 ± 1.60 
PLA/OS1/APP10 65.5 ± 2.6 273.9 ± 7.5 45.1 ± 0.9 15.1 ± 0.5 283.4 ± 20.4 17.1 ± 1.56 
PLA/OS3/APP10 59.6 ± 3.8 261.2 ± 8.8 43.4 ± 0.4 22.5 ± 0.7 256.9 ± 11.5 12.6 ± 1.34 
PLA/OS5/APP10 55.9 ± 2.5 235.4 ± 6.3 40.2 ± 0.8 29.1 ± 0.4 231.4 ± 24.1 10.6 ± 1.43 
PLA/OS7/APP10 50.4 ± 3.4 216.1 ± 9.5 36.0 ± 0.4 33.5 ± 0.9 209.7 ± 19.9   8.7 ± 1.18 

�������������������;��������������������;����������������������������;�TTI=time to 
��������;����������������������������;�����������������������;���������������������������;�

�������������������������������� 
 

Figure 6.8 shows the effect of increasing OS content �������of the samples investigated. A 

����������������� ��� ����������� ����������������������������������������������;���� �������

�������������������������������������������������-2 ����������������������-2 for sample 

containing unfilled PLA. �������������������������������������������������������261.2 ����−2, 

which was further reduced to 216.1 ����−2 ��� ���� ��������� ��� ������������� ������������

significantly reduced due to char layer produced in the condensed phase on the surface of the 

�������� ����� ���������� ���� �������� ����������� ���� ������������ �������� ���� ���� �������

combustion [29]. The superior fire performance is due to the formation of proficient phosphate 

layer in the condensed phase that enhanced the stability of the char residues [33]. 

 

Figure 6.9 shows ���� ���� ������� ��� ����� ���� ���� ���� ����������� ��������� ��������� ���

���������� ����� ���� ���� ��� ����� ���� ���� ����� ����−2 whereas the PLA/OS5/APP10 and 

�������������� �������� �������� ����� ����� ���� ����� ����−2, respectively. These samples 

therefore limited the t���������������������������������������������������������������������������

����������� ��� ������ ������������� ������������ ������ �������������� ���� ������������� ������

���������������������������������������������������������������������������������������������n 
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between the flame and material’s surface. This extinguishes the flame by preventing access to 

combustible gases and oxygen at the site of the fire [19]. 

 

 
Figure 6.8. Heat release rate of samples 

 
Figure 6.9. Total heat release of samples 

 

Table 6.6 shows the residual mass% after burning for pure PLA and PLA/OS/APP samples. No 

residual mass was left following the burning of pure PLA, but PLA/OS5/APP10 and 

PLA/OS7/APP10 left mass residues corresponding to 29.1% and 33.5% of the starting mass, 

respectively, as shown in Table 6.6. The relatively large proportion of residual mass (char residue) 
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for PLA/OS7/APP10 probably reflects the development of char layer that hindered the passage of 

fuel and heat during combustion. 

 

Compared to pure PLA sample, a significant decrease in effective heat of combustion (EHC) can 

be observed in case of gas phase flame retardant action (Table 6.6). EHC data of unfilled PLA and 

specimens containing OS/APP are presented in Table 6.6. The samples containing 1, 3, 5 and 7 

wt% of OS showed lower EHC values compared to pure PLA because in case of these samples 

inhibition of flame occurred with partial combustion therefore, lower mass loss of the samples 

were observed [34]. The combustion of a material not only gives information about the release of 

volatile compounds and smoke but also provides an indication about the burning mechanism [35]. 

For example, a higher smoke production is initiated, by an unfinished oxidation of gaseous 

products, that means a flame is inhibited by radical ensnaring reactions in the gaseous phase [36]. 

On the other hand, a reduction in the smoke discharge shows a well-ventilated burning process, in 

which flame inhibition is achieved by either thermal barrier or dilution of the fuel [37].  For this 

reason, total smoke production were evaluated and the resultant values are reported in Table 6.6. 

It can be seen in Table 6.6 that samples containing 1 and 3 wt% of OS showed a comparatively 

higher total smoke production (TSP) than samples containing 5 and 7 wt% of OS. The release of 

higher TSP in case of samples containing 1 and 3 wt% of OS is mainly due to partial oxidation of 

the gaseous products. On the other hand higher wt% of OS (5 and 7 wt%) showed a significant 

reduction in TSP due to well ventilated combustion process by a complete oxidation of the 

developed gaseous products. Remarkably, the blends containing 7 wt% of OS showed the lowest 

TSP without conceding the other FR properties. This can be attributed to the reactions taken place 

between the APP and higher concentration of OS that enhanced the oxidation of the produced 

gaseous products and also by the formation of char layer in the condensed phase [38]. 

 

The images of the sample residues after cone calorimetry test are shown in Figure 6.10. There was 

no residue left from pure PLA sample as it was completely burnt. The residues of the sample 

containing 1 wt% of OS was relatively thin and virtually negligible, although this sample showed 

some charring characteristic. However, the sample with 3 wt% of OS slightly increased the char 

residues, even though the existence of open spaces in char residues (porous and loose surface) led 

to the development of a weak protective layer. Moreover, fabric samples with 5 and 7 wt% of OS 
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displayed relatively higher char residues: particularly, in PLA/OS7/APP10 sample, a very compact 

and coherent char layer was formed that protected the sample from further burning and against 

external heat flux therefore, reduced the discharge of flammable gases from the sample [39]. 

Importantly, the blend of higher wt% of OS with APP not only enhanced the char residues but also 

led to the development of established char layer having barrier properties against the discharge of 

flammable gases and external heat flux [40]. 

Figure 6.10. Char residues of (a) PLA/OS1/APP10, (b) PLA/OS3/APP10, (c) PLA/OS5/APP10 

and (d) PLA/OS7/APP10samples after cone calorimetry

The surface morphology of char residues was further investigated by SEM analysis to study the 

structure of charred layer as shown in Figure 6.11. It was noticed that the surface morphology of 
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charred layer produced by PLA/OS7/APP10 fabric sample was more compact and denser due to 

enhanced char production by the interaction of OS and APP that resulted in a firm and steady 

protective char layer, which added to enhanced fire protection [41].

Figure 6.11.Surface morphology of char residues (a)PLA/OS1/APP10, (b)PLA/OS3/APP10, (c)

PLA/OS5/APP10 and (d) PLA/OS7/APP10 
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The char residues of fabric samples containing 1 and 3 wt% of OS were relatively less compact 

and dense as some holes on the surface can be seen in Figure 6.11, compared to samples containing 

5 and 7 wt% of OS. Conversely, the samples containing 1 wt% of OS did not produce an intact 

charred layer after combustion due to which a porous and loose char structure was produced. 

6.4. Conclusions 

In this study, modified starch oxidized by SPB was used as carbonization agent in intumescent 

flame retardant blends. PLA/OS/APP blends containing different wt% of OS were melt-blended 

using twin screw extruder and then melt spun on pilot scale melt spinning machine to develop 

flame retardant multifilament fibers. The impact of oxidized starch together with ammonium 

polyphosphate was thoroughly investigated by optimizing melt-spinnability, mechanical and 

thermal behavior of PLA multifilament fibers. These multifilament fibers were cut into short 

fibers, carded to form fibrous web and later needle-punched together to form nonwoven fabrics. 

The fire related properties of these nonwoven fabrics were tested by cone calorimetry test. SEM 

analysis of multifilament fibers revealed reasonably uniform dispersion of the additives 

incorporated in the blends however, some small agglomerates were also observed. The 

multifilament fibers containing 7 wt% of OS showed the highest thermal stability as confirmed by 

TG analysis alongside the residual mass% up to 14.1 %. Cone calorimetry revealed that the 

interaction between OS and APP stimulated a remarkable decrease in PHRR and THR of the 

nonwoven fabric samples. For instance, the lowest PHRR (216.1 kW.m-2) was observed in case of 

fabric sample containing 7 wt% of OS which, is 51.8% lower than the PHRR of pure PLA sample. 

Similarly, THR of the same sample (7 wt% OS) was 36.0 MJ.m-2 which, is 29.5% lower than the 

THR of pure PLA sample. On the other hand, effective heat of combustion and total smoke 

production was significantly reduced in case of samples containing higher wt% of OS. The 

morphology of char left overs confirmed that compact char structure is mainly responsible for 

enhanced flame retardant properties of the samples. To conclude this concisely, oxidized starch 

(OS) not only improved the spinnability of PLA/OS/APP blends compared to native starch (NS) 

but also the flame retardant properties of nonwovens were very promising to be used for industrial 

applications. 
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Development of biobased socks from sustainable polymer and statistical 

modeling of their thermo-physiological properties 

Abstract 

Polylactic acid (PLA) is a biodegradable and compostable polymer obtained from renewable and 

sustainable resources with substantial commercial prospective as a textile fiber however, this 

polymer has not been investigated much in apparel applications. Therefore, in this study it was 

aimed to develop compostable socks from PLA draw textured melt spun yarns and to examine the 

effect of yarn linear density, fabric structure and stitch density on thermo-physiological 

characteristics of these socks. Multifilament yarns from PLA of two different linear densities were 

melt spun and later draw textured on false twist texturing machine to be used for socks knitting. 

Single jersey and rib structures were produced with two different stitch densities to investigate 

their effect on thermal resistance, relative water vapour permeability, thermal conductivity, 

vertical wicking and air permeability of the socks. Minitab statistical software was used to analyze 

the results of test samples. The coefficients of determinations (R2 values) presented good 

estimation capability of the established regression models. The outcomes of this research may be 

useful in determining suitable manufacturing requirements of PLA based socks to accomplish 

precise thermo-physiological properties. 
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Poly �������������;�������������������������������������tatistical modeling 
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7.1. Introduction 

The physical properties and structure of Polylactic acid (PLA) has been the subject of multiple 

studies, indicating this polymer is equipped with substantial commercial prospective as a textile 

fiber. Contrary to oil based polymers, PLA is eco-friendly and sustainable, because it is derived 

from annually renewable resources ������������;�������������� is considered to be an environment 

friendly polymer as compared to conventional polyesters such as polyethylene terephthalate (PET) 

[1]. The monomer of PLA is sustainable therefore, eliminates the use of a finite supply of oil as a 

raw material [2].  Since the quantity of corn consumed in the manufacturing of PLA is not more 

than 0.02% of the entire corn production in the world therefore, PLA production from corn will 

not result in a food disaster [3]. PLA needs 25-55% less fossil resources in its production as 

compared to the production of oil-based polymers [4]. Moisture management and wicking 

properties of PLA fibers are considered better to that of PET therefore, PLA could be an interesting 

choice to be used in apparel applications [5, 6]. PLA fibers have the ability to wick moisture faster 

without holding huge quantity of water due to its lower contact angle compared to PET which aids 

in sports applications [7]. Despite of all these advantages of PLA over petroleum based polymers 

it has not been used much in apparel applications. 

 

Gun et al. investigated the physical and dimensional characteristics of socks developed from 

reclaimed fibers and observed that reclaimed fibre socks exhibit higher pilling propensity than 

virgin fibers [8]. Amber et al studied the relative effects of wool and acrylic fibers, yarn type (high 

and low twist) and fabric type on moisture transfer properties of socks and found that the packing 

density within the fabrics affect the most on comfort characteristics of fabrics [9]. Cimilli et al. 

examined comfort characteristics of knitted fabrics produced from various kinds of fibers and 

concluded that fabric’s comfort characteristics are mainly dependent on type of fiber along with 

properties of fabrics such as thickness, areal density and packing density [10]. Oglakcioglu and 

Marmarali examined thermo-physiological characteristics of different knitted structures and 

observed that rib and interlock knit structures presented greater thermal resistance than single 

jersey structures whereas single-jersey knit structures showed higher water vapor permeability 

[11]. Demeryurik studied the effect different fiber types and their structure on thermo-

physiological characteristics of different fabrics and found that distinctive fibers enhanced the 

thermo-physiological characteristics of fabrics [12].  
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Majority of the studies [13-16] reported in literature has concentrated on the examination of 

thermal and comfort properties of socks knitted from petroleum based polymers, such as 

poly(ethylene terephthalate) (PET), PET/elastane and PET/polyamide. However, there isn’t any 

literature available on the examination of thermo-physiological comfort properties of socks knitted 

from biobased polymers such as polylactides. The thermo-physiological characteristics of knitted 

socks containing PLA are yet to be investigated thoroughly therefore, the objective of the current 

research is to investigate the effect of yarn linear density, fabric structure and stitch density on 

thermal resistance, relative water vapour permeability, thermal conductivity, vertical wicking and 

air permeability of socks produced from PLA draw textured melt spun yarns. Minitab statistical 

software was used to analyze the results of test samples. The coefficients of determinations (R2 

values) presented good estimation capability of the established regression models. The outcomes 

of this research may be useful in determining suitable manufacturing requirements of PLA based 

socks to accomplish precise thermo-physiological properties. 

 

7.2. Materials and methods 

Polylactic acid with ≥99% L-isomer stereo-chemical purity was purchased from Total-Corbion 

NV (Gorinchem, Netherlands). DSC analysis revealed that the melting point of the polymer was 

175 ˚C and the crystallinity content was about 75%. Before extrusion the polymer was dried at 

100˚C in a vacuum oven for 6 hours. Melt spinning experiments were performed on Fournè high 

temperature single component melt spinning machine. The machine consists of single screw 

extruder to feed the material. Polymer is fed into extruder through a hopper and then melted at 

230˚C in the extruder. The melt from the single screw extruder is transported to spinning head in 

a metered quantity with the help of spinning pumps. Spinnerets are constructed in such a way that 

uniform output of the material is maintained. Quenching zone was present below the spinneret 

area, where filaments were cooled at 18˚C by maintaining the cool air velocity of 0.5 m/s. The 

winding zone consists of take up roller, drawing rollers (godets) and the winder. Multifilament 

partially oriented yarns (POY) of PLA were produced on melt spinning machine of two different 

linear densities (dtex) and their properties are shown in Table 7.1.  

 

 

 



Biobased socks and their thermo-physiological properties

7

|   219

Table 7.1. Yarn characteristics before and after texturing

Properties Unit Yarn type 1 Yarn type 2

Linear density before texturing dtex 300 270

Tenacity before texturing cN/tex 20.22 18.04

Elongation before texturing % 63.29 78.88

Draw ratio at texturing N/A 1.80 1.80

Linear density after texturing dtex 167 150

Tenacity after texturing cN/tex 17.14 15.39

Elongation after texturing % 57.60 67.08

Yarn linear density (dtex) was measured by DIN EN ISO 1973 standard testing method whereas 

yarntenacity (cN/tex) and elongation (%) were tested by standard testing method DIN EN ISO 

2062.A view of different sections of melt spinning machine is shown in Figure 7.1.

Figure 7.1. Different zones of melt spinning machine
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After spinning, PLA-POY multifilament yarns were draw textured on Barmag AFK2 false twist 

texturing machine as shown in Figure 7.2.  

 
Figure 7.2. Schematic diagram of false twist texturing machine 

 

Texturing of multifilament yarns is done in order to obtain similar properties to that of staple fiber 

yarn for apparel applications. False twist texturing machine consisted of a yarn holding stand, 

where the yarn bobbins were placed. The yarns were initially drawn with a vacuum pistol and 

passed through the first heating zone. First heating zone consisted of long heater and a short heater. 

The temperatures of long and short heaters were 190˚C and 75˚C respectively. The heated yarn 

was passed through the twisting zone, which consisted of a number of ceramic discs. The twisted 

yarn was passed through the tangling zone and then through the second heating zone. The 

temperature of second heating zone was kept at 50˚C. The draw textured yarn (DTY) was then 

wound at a winding speed of 400 m/min on a yarn bobbin at the winding zone. The process 

parameters used on false twist texturing machine is shown in Table 7.2. 
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Table7.2. Process parameters for false twist texturing machine 

Linear 
density 
before 

texturing 
(dtex) 

First heating 
temperature 

(°C) 

No. of 
ceramic 
discs in 
twisting 

zone 

Draw 
ratio 

Second 
heating  

temperature 
(°C) 

Speed 
(m/min) 

Linear 
density after 

texturing 
(dtex) Long 

heater 
Short 
heater 

300 190 75 9 1.8 50 400 167 

270 190 75 9 1.8 50 400 150 

 

The details regarding the knitting parameters of the socks are given in Table 7.3. Two different 

yarn linear densities (i.e. 150 dtex and 167 dtex), stitch densities (i.e. 56 and 64) and knit structures 

(i.e. single jersey and rib) were used to produce eight different socks structures as shown in Table 

7.3. 

 

Table 7.3. Socks knitting parameters 

Yarn 
fineness 
(dtex) 

Fabric structure 
Stitch 

density 
(stitch/cm2) 

Loop 
length 
(cm) 

Courses 
per cm 

Wales 
per cm 

Thickness 
(mm) 

150 Single jersey 56 0.4 8 7 1.29 

150 Single jersey 64 0.4 8 8 1.31 

150 Rib 56 0.4 8 7 1.41 

150 Rib 64 0.4 8 8 1.44 

167 Single jersey 56 0.4 8 7 1.30 

167 Single jersey 64 0.4 8 8 1.32 

167 Rib 56 0.4 8 7 1.47 

167 Rib 64 0.4 8 8 1.49 

 

Socks from PLA draw textured yarns were knitted on E9 gauge, FDS Model Future 5C single 

cylinder socks knitting machine having 120 needles with 4 inches diameter of the cylinder. Sock 

developed from PLA draw textured yarns are shown in Figure 7.3. The socks were knitted at the 
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same knitting parameters (i.e. the loop length, number of needles and cylinder diameter). Sock 

samples were conditioned under standard atmospheric conditions. 

 

 
Figure 7.3. Sock developed from PLA draw textured yarn 

 

The factors and their levels used in this research are shown in Table 7.4. Yarn linear density (X1), 

fabric structure (X2) and stitch densities (X3) has been nominated as factors. The levels of factor 

X2 i.e. fabric structure is presented as 1 and 2 for single jersey and rib structure respectively. 

Factors and responses with L8 orthogonal array are given in Table 7.5. 

 

Table 7.4. Factors and levels investigated 

Factor Code Unit Levels 

Yarn linear density X1 dtex 150 167 

Fabric structure X2 N/A 1 2 

Stitch densities X3 stitches/cm2 56 64 
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Table 7.5. Factors and test results of responses 

X1 X2 X3 
Thermal 

conductivity 
(W/mK) 

Thermal 
resistance 
(m2K/W) 

Relative 
water 

vapour 
permeability 

(%) 

Air 
permeability 

(mm/s) 

Vertical 
wicking 

(cm) 

150 1 56 0.0479 0.0229 63 188 17 

150 1 64 0.0472 0.0235 60 184 16 

150 2 56 0.0399 0.0308 57 180 14 

150 2 64 0.0391 0.0320 56 176 13 

167 1 56 0.0458 0.0279 62 185 17 

167 1 64 0.0446 0.0288 61 182 17 

167 2 56 0.0388 0.0327 56 179 15 

167 2 64 0.0381 0.0336 55 177 13 

 

Thermal conductivity of the socks was tested by using Alambeta instrument whereas SDL 

sweating guard hotplate was utilized to investigate the thermal resistance of the knitted structures 

as per the standard testing method BS EN ISO 11092:2014. Water vapor permeability of the knitted 

structures were tested by using Permetest instrument according to ISO 11092 standard method. 

SDL Atlas air permeability tester was utilized to determine the air permeability of the samples as 

per the standard testing method EN ISO 9237:1997. ASTM D-1777:2002 standard test method 

was used to measure the fabric thickness. Vertical wicking of socks was measured by AATCC 

197:2011 standard method. Five repetitions were conducted for the tests applied and the averages 

of the values were calculated. 

7.3. Cost analysis 

Biobased economy is considered to be a growing sector with viable economic opportunities 

presenting lucrative alternative to existing firms in comparison to conventional petroleum based 

economy because it can enhance the productivity through the development of state of the art 

technological innovations. The cost of manufacturing biobased socks is mainly dependent on the 

price of raw material (resin) which approximately accounts for 30-35% of the cost of the end 

product. Therefore, instabilities in the price of resins predominantly disturb the market price of the 
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end product produced out of it. However the cost involved in the process (melt spinning, yarn 

texturing) and product development (knitting) of PLA based socks is the same as compared to 

socks produced from conventional synthetic polymers. Since the cost per meter of standard 150 

dtex PLA yarn is 7.5 cents/meter and that of PET yarn with same fineness is 6.5 cents/meter, 

therefore the cost of socks produced from PLA yarn will be slightly on the higher side. Calculating 

the exact cost of the socks in apparel form will be difficult due to several factors involved such as 

areal density (weight of the sock per square meter), loop length (yarn consumption in each loop) 

and number of wales and courses per cm of the fabric. Since PLA is a biodegradable material but 

sometimes it is misunderstood that under domestic conditions it will degrade automatically, but 

the fact of the matter is that in order to degrade PLA specific temperature and humidity conditions 

are required. The degradation of PLA is a two-������������;�����������������������������������������

of PLA is reduced in the presence of required temperature and humidity and then in second step 

microorganisms attack on smaller fragments to make them biodegradable. Therefore, PLA based 

socks will not degrade under domestic conditions unless they are treated under specific 

temperature and humidity at industrial scale. 

 

7.4. Methodology 

The methodological approach used for the product development is shown in Figure 7.4. The 

�������������������;����������������������������������������������������������������������������������

been described in detail in this section.  
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Figure 7.4. Methodological approach for the product development 

 

In first step, yarn benchmark properties for the socks were identified and the polymer analysis was 

done for further experimental purpose. The melt spinning trails were done and target properties 

were set by keeping in mind the yarn benchmark properties. Yarn spinning parameters such as 

temperature, draw ratio and winding speeds were varied accordingly to achieve the target 

properties. The yarns produced were tested immediately to test the required mechanical properties 

such as tenacity (cN/tex), elongation (%) and fineness (dtex). In case of deviation from the required 

mechanical properties, spinning process parameters were modified to achieve the target properties. 

The trials that confirmed the required yarn mechanical properties were followed by the yarn 

production stage where yarn was produced in bulk for the subsequent processes. Yarn production 

stage was followed by the yarn texturing stage where yarn produced on melt spinning machine 

were textured to produce draw textured yarns and to obtain similar properties to that staple fiber 

yarn for apparel applications. Yarn texturing process has been explained in detail in the previous 

section. The draw textured yarn was then used in socks knitting to produce PLA based socks. The 

socks produced were tested as per the standard testing methods described in the previous section.  
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7.5. Results and discussion 

The test results of the fabrics investigated are presented in Tables 7.5. Minitab®18 statistical 

software was used to statistically analyze the test results. Table 7.6 represents the regression 

coefficients of the terms with their p-values.  

 

Table 7.6. Regression coefficients for response variables 

Terms 

Thermal 
conductivity 

(W/mK) 

Thermal 
resistance 
(m2K/W) 

Relative water 
vapour 

permeability 
(%) 

Coeff.         p-value Coeff.       p-value Coeff.      p-value 

Constant 0.042675 0.000* 0.029025 0.000* 58750 0.000* 

X1 -0.000850 0.001* 0.001725 0.000* N/A N/A 

X2 -0.003700 0.000* 0.003250 0.000* -2750 0.000* 

X3 -0.000425 0.006* 0.000450 0.005* -0.750 0.030* 

X1X2 0.000325 0.012* -0.000850 0.001* N/A N/A 

 

Terms 

Air permeability  
(mm/s) 

Vertical wicking  
(cm) 

Coeff.     p-value Coeff.      p-value 

Constant 181375 0.000* 15250 0.000* 
X1 N/A N/A N/A N/A 
X2 -3375 0.001* -1500 0.001* 
X3 -1625 0.014* -0.500 0.049* 
X1X2 N/A N/A N/A N/A 

 

(*) statistically significant terms with 95% confidence level 
(N/A) Terms were not estimated by Minitab 
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The terms are considered significant with 95% confidence if their p-values are less than 0.05. The 

regression coefficient with higher number demonstrates greater effect of representative term and 

vice versa. A negative (-) number demonstrates inverse relation of the response/output variable 

with the factor/input variable. It is clear from Table 7.6 that the factor, fabric structure (X2) have 

significant effect on all the response variables, whereas the effect of factor, yarn linear density (X1) 

is not significant on water vapor permeability, air permeability and vertical wicking of the fabric 

samples investigated. Similarly, the effect of factor, fabric stitch density (X3) is significant on all 

response variables. The interaction of factors X1 and X2 (X1X2) is also significant on thermal 

conductivity and thermal resistance of the fabrics as demonstrated in Table 7.6. The regression 

models containing the significant factors are presented in Table 7.7 for every output variable. The 

effect of factors on each response variable is separately discussed in the following sections. 

 

Table 7.7. Regression models for different fabric characteristics 

Fabric Characteristics Regression Models R2 (%) 

Thermal conductivity 
(W/mK) 

0.09418 - 0.000215 X1 - 0.01952 X2 
- 0.000106 X3+ 0.000076 X1 × X2 

99.93 

Thermal resistance 
(m2K/W) 

- 0.06719 + 0.000503 X1 + 0.03820 X2 
+ 0.000112 X3 - 0.000200 X1 × X2 

99.92 

Relative water vapour 
permeability (%) 78.25 - 5.500 X2 - 0.1875 X3 96.30 

Air permeability (mm/s) 215.87 - 6.750 X2 - 0.406 X3 93.64 

Vertical wicking (cm) 27.25 - 3.000 X2 - 0.1250 X3 93.02 

 

7.5.1.  Thermal conductivity 

Thermal conductivity is the transmittance of heat across a given area at a defined temperature rise 

per unit length. The effect of all three factors (X1, X2 and X3) on thermal conductivity is found to 

be significant, because their p-value is lower than 0.05 as presented in Table 7.6.  
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Thermal conductivity results in Table 7.5 showed all the socks knitted with single jersey structure 

have substantially greater thermal conductivity values than the socks knitted with rib structure, 

which may be attributed to the fact that the air percentage in the structure rises with higher 

thickness of the fabric. As rib structure is thicker than single jersey structure, therefore allowing 

more air to be trapped inside the structure, hence presenting less thermal conductivity values than 

single jersey structure. It is distinguished fact that the thermal conductivity of structure is mainly 

dependent on fibre type and air entrapped in the structure, as air is the least thermal conductive 

medium in comparison to all fibers (λair = 0.025 W/mK). 

 

The other two factors, i.e. yarn linear density (X1) and stitch density (X3) have inverse relation 

with thermal conductivity of the fabric. Lower yarn linear density (i.e. 150 dtex) and lower stitch 

density (i.e. 56 stitch/cm2) resulted in higher thermal conductivity of the knitted fabrics. This could 

also be explained in a way that lower yarn linear density and lower stitch density resulted in less 

thickness of the fabric, therefore allowing less air to be trapped inside the fabric structure hence 

resulting in higher thermal conductivity of the fabrics.  

 

Surface plot of thermal conductivity versus yarn linear density and fabric structure has been 

presented in Figure 7.5 (a). In the surface plots, single jersey and rib structures has been replaced 

with numeric numbers 1 and 2 respectively. It can be noticed in Figure 7.5 (a) that fabric thermal 

conductivity is maximum when yarn linear density is minimum and single jersey structure showed 

higher thermal conductivity than rib structure due to the reasons mentioned earlier. Similarly 

surface plot of thermal conductivity versus yarn linear density and stitch density is presented in 

Figure 7.5 (b) which demonstrates that lower stitch density of the fabrics resulted in higher thermal 

conductivity due to less air trapped inside the fabric structure and vice versa. Regression model 

for thermal conductivity is presented in Table 7.7. The coefficient of determination of the 

regression model for thermal conductivity is 99.93%. 
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Figure 7.5. (a) Surface plot of thermal conductivity versus yarn linear density and fabric structure 

(b) Surface plot of thermal conductivity versus yarn linear density and stitch density 

7.5.2.  Thermal resistance 

Thermal resistance determines the ability of a fabric to resist the heat flow and is measured by the 

ratio of fabric thickness to fabric thermal conductivity. The effect of all three factors (X1, X2 and 

X3) on thermal resistance is found to be significant because their p-value is lower than 0.05 as 

shown in Table 7.6. Socks knitted by rib structure were found to be more thermal resistant than 

single jersey structure as indicated by results presented in Table 7.5. This may be due to more 

compact and dense structure of rib fabrics in comparison to single jersey fabrics whose structure 

is less compact and more open. 

 

The single jersey structure is less thermal resistant than rib structure, which may be due to the 

reason that the density of the constituent yarns in single jersey structure is less hence, the structure 

is more open, and perhaps trapping lesser percentage of air than rib structure. Whereas rib structure 

appeared to be more thermal resistant maybe due to greater packing arrangement of yarns as 

packing density is recognized to have significant impact on thermal resistance. Therefore, for 

getting higher thermal resistance of socks, a densely knitted structure will be preferred. These 

results are in good relation with existing findings from other researchers [8, 9, 17] in which most 

of them have related thermal resistance to fabric compactness. The other two factors, i.e. yarn 

linear density (X1) and stitch density (X3) also have direct relation with thermal resistance of the 
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fabric. Higher yarn linear density (i.e. 167 dtex) and higher stitch density (i.e. 64 stitch/cm2) 

resulted in higher packing density of the fabric hence increasing the thermal resistance of the 

structures.  

 

Surface plot of thermal resistance versus yarn linear density and fabric structure has been presented 

in Figure 7.6 (a) and it was noticed that fabric thermal resistance became higher once yarn linear 

density increased. The rib structure showed higher thermal resistance than single jersey structure 

due to higher packing density of fibers, which ultimately increased the thickness of the rib 

structure, hence presenting higher thermal resistance than single jersey structure. Similarly, surface 

plot of yarn linear density and stitch density versus thermal resistance is shown in Figure 7.6 (b) 

which demonstrates that higher stitch density resulted in higher compactness of the fabric, which 

ultimately increased thermal resistance due to more air trapped inside the fabric structure. 

Regression model for thermal resistance is shown in Table 7.7. The coefficient of determination 

of the regression model for thermal resistance is 99.92%. 

 

 
Figure 7.6. (a) Surface plot of thermal resistance versus yarn linear density and fabric structure 

(b) Surface plot of thermal resistance versus yarn linear density and stitch density 

7.5.3.  Relative water vapour permeability 

The capability of a fabric to transfer water vapour through the fabric is known as water vapour 

permeability [13]. Socks offering high water vapour permeability are considered to be more 
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comfortable. From Table 7.5, it can be seen that socks knitted with single jersey structure presented 

higher water vapour permeability values than socks knitted with rib structure. The considerably 

dense and thick construction of the socks with rib structure might have inhibited the vapour 

diffusion through the structure. As far as fabric structure in relation to vapour diffusion through 

the fabrics is concerned, it is seen that socks knitted with rib structure presented lower water vapour 

permeability values than socks knitted with single jersey structure. This is due to the fact that 

considerably thick and dense constructions of the socks knitted with rib structure seemed to 

prevent the water vapour transfer more than single jersey structure. Similar trends were seen by 

other researchers [12, 14]. This trend perceived may be described by the socks thickness and the 

density of constituent fibres in the sock structure.  

 

Table 7.6 signifies that, the effect of fabric structure (X2) and stitch density (X3) on vapour 

permeability is statistically significant because their p-value is less than 0.05 however, the effect 

of yarn linear density on vapour permeability is not significant. Stitch density also had inverse 

relation with water vapour permeability. Higher stitch density of the fabrics resulted in lower water 

vapour permeability as shown by the surface plot of water vapour permeability versus stitch 

density and fabric structure in Figure 7.7. This may be attributed to the reason that due to higher 

stitch density, fabric structures became bulky and it is known fact that vapor diffusion is considered 

lower in bulky structures, and higher for fabrics with open structures [15]. Regression model for 

relative water vapour permeability is presented in Table 7.7. The coefficient of determination of 

the regression model for relative water vapour permeability is 96.30%. 
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Figure 7.7. Surface plot of relative water vapour permeability versus stitch density and fabric 

structure 

7.5.4.  Air permeability 

Air permeability is the air flow passing through a fabric under a given air pressure. As shown in 

Table 7.6, the effect of factors X2 and X3 on air permeability of the knitted structures is significant 

however, the effect of factor X1 is not significant. The air permeability of rib structures was 

considerably lower to that of single-jersey structures. It might be due to higher packing density 

and greater fabric thickness of rib structures in comparison to single-jersey structures. It was also 

noticed that with an escalation in areal density (weight) of knitted structures, air permeability of 

��������������������������������������;�����������������������������������������������tween areal 

density and air permeability of knitted structures. However, fabric structure was found to be more 

significant than yarn linear density in terms of air permeability of the knits investigated. Similar 

trends were also observed by other researchers [11-13]. Stitch density was found to have inverse 

relation with the air permeability of the structures investigated. Higher the stitch density, lower 

will be the air permeability of the structures. Surface plot of air permeability versus stitch density 

and fabric structure in Figure 7.8 demonstrates that single jersey structure and lower stitch density 

resulted in higher air permeability of the structures irrespective of the yarn linear density. 
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Regression model for air permeability is shown in Table 7.7. The coefficient of determination of 

the regression model for air permeability is 93.64%. 

 
Figure 7.8. Surface plot of air permeability versus stitch density and fabric structure 

7.5.5.   Vertical wicking 

Wicking is the ability of fibrous structures to transport liquid moisture. AATCC 197:2011 standard 

method was used to test the vertical wicking behavior of socks. It can be observed from results in 

Table 7.5 that the vertical wicking length of fabrics is highest for single jersey structures and lowest 

for fabrics with rib structures. This may be due to the reason that fabrics knitted with rib structure 

were less permeable to liquid moisture in comparison to fabrics knitted with single jersey structure 

due to smaller pore sizes found in rib structure. Similar trend was also seen in the research carried 

out by Kumar and Das on vertical wicking behavior of knitted fabrics [18]. For vertical wicking 

of fabrics, fabric structure (X2) and stitch density (X3) were found to be significant as shown in 

Table 7.6, however yarn linear density (X1) was not statistically significant. Surface plot of vertical 

wicking versus fabric stitch density and fabric structure has been plotted in Figure 7.9 where it can 

be seen that higher stitch density resulted in lower vertical wicking of fabrics. This may be due to 

the reason that bulkier fabrics with higher packing density and areal density are produced with 

higher stitch density due to which fabric became less porous and hence offer smaller capillaries to 

rise the liquid in vertical wicking test. Regression model for vertical wicking of fabrics is presented 
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in Table 7.7. The coefficient of determination of the regression model for vertical wicking is 

93.02%. 

 
Figure 7.9. Surface plot of vertical wicking versus stitch density and fabric structure 

 

7.6. Conclusion 

In this study socks from biobased polymer were produced with different yarn linear densities, 

fabric structures and stitch densities. Yarn linear density (X1), fabric structure (X2) and stitch 

density (X3) were taken as factors/input variables and their effect on different response variables 

such as thermal resistance, relative water vapour permeability, thermal conductivity, vertical 

wicking and air permeability of fabrics were investigated by using Minitab 18® statistical software. 

From the findings of this research, the following conclusions can be made. 

  Socks knitted with single jersey structure have substantially greater thermal conductivity 

values than the socks knitted with rib structure.  

  Single jersey structure found to be less thermal resistant than rib structure which may be 

due to the reason that the density of the constituent yarns in single jersey structure is less 

hence the structure is more open, and perhaps trapping lesser percentage of air than rib 

structure.  
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  Rib structure appeared to be more thermal resistant maybe due to greater packing 

arrangement of yarns as packing density is known to have significant impact on thermal 

resistance.   

  As far as fabric structure in relation to vapour diffusion through the fabrics is concerned, it 

is seen that socks knitted with rib structure presented lower water vapour permeability 

values than socks knitted with single jersey structure. 

  The air permeability of rib structures was considerably lesser to that of single-jersey 

structures. Higher stitch density resulted in lower air permeability of the fabrics.  

  It was observed that the vertical wicking length of fabrics is highest for single jersey 

structures and lowest for rib structures due to smaller pore sizes found in rib structure. 

  Statistical models were developed for thermal conductivity, thermal resistance, relative 

water vapour permeability, air permeability and vertical wicking of socks knitted from PLA 

draw textured yarns.  

  The coefficients of determinations (R2 values) presented good estimation capability of the 

established regression models. The outcomes of this research may be useful in determining 

suitable manufacturing requirements of PLA based socks to accomplish precise thermo-

physiological properties. 
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Chapter 8 

General discussion and opportunities for industrial scale up 
 

Halogen containing flame-retardants extinguish fire by flame poisoning mechanism, which 

definitely has some environmental consequences [1]. Halogen free flame-retardants on the other 

hand interrupt the burning cycle either by dilution mechanism or by removing the fuel supply to 

the flame and gradual reduction of the heat flow, which is required to keep the flame burning [2]. 

The commercially available flame-retardants are mostly non-�����������������������;���������

halogenated and organo-nitrogen based compounds therefore, their environmental impact and 

issues related to global warming is a major concern [3]. Traditionally halogenated, mainly 

brominated flame-retardants and their synergistic systems were in practice before the introduction 

of intumescent flame-retardants (IFR’s) [4]. Although halogenated FR’s were highly effective and 

cost competitive but proven not to be human and environment friendly [5]. In conventional IFR’s, 

PER and melamine were traditionally used, together with an acid source however, these additives 

had some shortcomings towards the flame-retardancy of thermoplastics, such as higher water 

absorbency, lower thermal stability and difficult thermal processing compared to brominated 

flame-retardants [6]. For instance, thermal stability of IFR’s is a major issue in thermoplastic 

polymers due to a number of additives involved in its thermal processing [7]. Therefore, in this 

dissertation not only those biobased carbonization agents in IFR’s were tested, which are not 

sensitive to hydrolysis but also their thermal processing was optimized to get better flame-

retardancy of thermoplastic polymer PLA in composites, fiber and fabric form.  

 

8.1. Prospects of biobased flame-retardants for the industrial scale-up  

The previous chapters have highlighted the importance of biodegradable and biobased flame-

retardants and the approaches used to optimize the formulations to get appropriate FR-properties 

in the composites, fibers and nonwoven fabrics. There is a growing interest in the scientific 

community to develop new biobased flame-retardants due to a variety of biomolecules and green 

processes available so that new fire-retardant solutions can be proposed [8]. However, not all the 

solution strategies proposed at the lab scale, by different researchers might be scaled up to 
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industrial level. It is hard to forecast the success percentage of different solution strategies due to 

various factors however, to monitor the industrial scale up the three most important factors could 

be considered: health and environmental impact, fire performance and economic efficiency, which 

are discussed below. 

 

8.1.1.  Health and environmental impact 

 

In last couple of decades, the most widely used flame-retardants such as brominated FR’s have 

been ruled out due to environmental and health concerns. Most of them were halogenated flame-

retardants, which have proven to be carcinogenic, neurotoxic and endocrine disruptors [9]. 

Therefore, for the development of new flame-retardants these issues should be addressed and those 

approaches should be adopted which do not create health and environmental issues. This is the 

prime responsibility of  European Chemical Agency (ECHA) and REACH regulation to make sure 

no hazardous chemicals are used in industrial applications and consequently human health and 

environmental regulations are protected [10].  

 

8.1.2.  Fire performance 

 

Fire performance is another criterion to look for industrial scale up of biobased flame-retardants. 

The conditions of fire regulations must be fulfilled by new biobased flame-retardants for the 

applications they are developed for. Generally, three different types of flammability tests are 

carried out to characterize the fire performance of flame-retardants, such as limiting oxygen index 

(LOI), UL-94 vertical burning test and cone calorimetry [11]. The parameters like, burning rate, 

time to ignition, heat release rate, char yield, residual mass%, self-extinguishing, smoke emission 

and effective heat of combustion are extracted from these tests.  

 

8.1.3.  Economic efficiency 

 

The progress in the field of biobased flame-retardants is dependent on the economic efficiency of 

the developed biobased compounds. The cost of the raw material and the cost of the processes 

involved would be crucial as higher cost of the final product could hamper the growth of this 
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sector. The most favorable raw materials could be the one, which are obtained from well- 

established sectors such as the biomolecules obtained from the wood industry in the form of lignin, 

cellulose, ligno-sulfonate, vanillin and carbohydrates that are obtained from renewable resources 

such as starch and cellulose, as these biomolecules has great potential towards flame retardancy 

[12]. Lignin can also be obtained as by-product of other plants.  The worldwide production 

capacity of lignin is approximately 50 million tons [13]. Lignin as biobased carbonization agent is 

not only effective but also cheaper than other petroleum based carbonization agents such as PER. 

Starch is another biomolecule, which is not very expensive. However, chitosan, which is a 

promising biobased molecule, equally effective in flame-retardant applications, has much higher 

production cost.   

 

8.2. Future work and opportunities for industrial scale up  

Few years ago, probably no one could have imagined that bio-macromolecules such as 

carbohydrates (cellulose, starch, chitosan, alginates etc.), phenolic compounds (lignin, tannins) 

and others can be used in flame-retardant applications. The results accomplished in this research 

work and the related studies has shown that it is possible, at least at the lab and pilot scale, to 

consider the chemical features of these biomass compounds for the development of biodegradable, 

non-toxic, environment friendly and at the same time effective flame-retardants for different 

technical applications. Some of these bio-macromolecules can be obtained as a waste material or 

a by-product from wood industry or from agro or food industry therefore, can present another 

added value to these industries. Hence, their repossessions and succeeding applications as flame-

retardants may fulfill the current requirements of valorization of wood, food and agro-industries 

thus, avoiding their landfill detention. Due to the flame-retardant properties of such bio-

macromolecules, their potentiality as an alternative to petroleum-based flame-retardants in 

technical applications is very high, although the approaches discussed in this research work still 

needs to be optimized for industrial scale-up. The industrial scale-up of such bio-macromolecules 

is still under evaluation due to certain limitations, for example, the development of biobased FR 

additives at such a large scale is still not practically feasible, and their thermal processing at 

industrial set-up has not been tested yet. Although their feasibility and thermal processing at pilot 

scale is well structured and documented in this thesis, which gave excellent results as discussed in 

previous chapters. The other factor that limits their industrial scale-up is the cost of these materials. 
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Undeniably, some of these bio-macromolecules are very expensive, for example, the cost of 

chitosan (deacetylation degree > 95%) is 190 € per kg, although their cost reduction might be 

foreseen in next few years due to higher production capacity at industrial level [14]. In addition to 

that, the possibility of exploiting the industrial apparatus for different technical applications used 

for conventional flame-retardants still needs to be tested and validated for such bio-

macromolecules as flame-retardants.  

 

Moreover, in textiles, the washing fastness or the laundering durability of bio-macromolecules 

based flame-��������������������������������������������;������������������������������ntil now [13]. 

The reason is such kind of additives or coatings come off after washing and cannot meet specific 

washing standards even when treated at very low temperature, i.e. 40°C [14]. Therefore, durability 

of biobased FR treated fabrics is certainly a big limitation towards their industrial scale up since 

washing durability of flame-retardants is obligatory for most of the textile applications. Hence, it 

is necessary to find promising solutions to this limitation without compromising the green features 

of biobased flame-retardants. One potential solution could be to apply the conventional textile 

finishing treatments to impart washing durability but that might affect the green features of 

biobased flame-retardants. To avoid this issue, biologically derived chemical treatments could be 

one option but to exploit their potential as a substitute to conventional finishing treatment needs 

an extensive and comprehensive research.  
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“Technology transfer” or “knowledge valorization” are the terms used for creating social and 

economic impact through transfer of scientific knowledge from laboratory to the pilot and 

industrial scale. In this Chapter, we will elaborate, what kind of benefits this dissertation will 

deliver to the society, and in which way, the results and important findings of this dissertation 

could be implemented in real life applications. The research in this dissertation is based on the 

exploitation of biodegradable and biobased intumescent flame-retardants for composites and 

textile applications. The conventional flame-retardants that seek to protect human lives sometimes 

bring more hazard than the benefit they possess therefore, a right balance needs to find between 

the benefits one can get and the risk potential one might face when selecting a flame-retardant. For 

example in conventional flame-retardants there is no protection mechanism to control smoke 

emission that goes to the environment and statistics show that, in case of a fire accident, the major 

cause of death is actually the smoke inhalation, as around 37-42% of fatalities each year in Europe 

are attributed to smoke inhalation alone [1].   

In our dissertation, we have proposed a technique through which smoke emission to the 

environment in case of a fire accident can be controlled by forming a char layer on the burning 

material ���������; fatalities due to smoke inhalation can be significantly reduced by this technique, 

which is a small contribution within our capacity to serve the society. Moreover, the other benefit 

with flame-retardants used in this dissertation is, if volatile compounds emitted from these flame-

retardants anyhow manage to escape to the environment, they will not be toxic to the environment 

since they are based on halogen free flame-retardants and the degradability of PLA will help faster 

biodegradation of the compounds. Some of the findings reported in the dissertation presents very 

promising prospective for the industrial scale up and valorization, especially, Chapter 5 and 6 

represents the novel approaches used to develop flame-retardant fibers and fabrics from 

intumescent technique. Particularly, in Chapter 5, flame-retardant carpet backing with novel 

bicomponent fibers from single polymer were produced with intumescent technique. In the 

following paragraphs, we will elaborate the potential valorization options for the new techniques 

we developed in this dissertation. 
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Now we will describe in what way the interesting results of this dissertation could be implemented 

to the industrial FR applications. One of the targeted application could be FR floor coverings, as 

Europe is the world’s second largest market for floor coverings. Belgium, the Netherlands, and the 

United Kingdom are the EU’s leading manufacturers, and EU manufacturing fulfils ~65% of the 

EU’s demand for floor coverings [2]. Since, EU floor covering companies are shifting their focus 

towards the sustainable, renewable and biodegradable flame-retardants; therefore, findings of this 

dissertation would be very interesting for such companies. We are delighted that Dutch and 

Belgian textile companies such as Low & Bonar B.V. (Arnhem, the Netherlands) and TWE 

Meulebeke BVBA (Meulebeke, Belgium) are already interested to scale-up this technology for 

their textile products, as their pilot scale infrastructure was used during the sampling of this 

dissertation. Moreover, both these companies are producing nonwoven carpet backings for their 

national and international customers therefore, FR carpet backing made from biobased and 

renewable resources will be a value addition for these companies. The results obtained in this 

dissertation may open doors also to the other textile applications such as FR home textiles, i.e. 

curtains, bedding, mattresses, seat covers in automobiles etc. For such textile applications, the 

minimum requirement for a textile fiber is to carry LOI value up to 28%, whereas in our 

dissertation, we have achieved LOI value up to 32% as tested by ISO 4589 standard testing method, 

therefore the FR fibers we developed in this dissertation may find their application in home textiles 

also. A Dutch textile company HAVEP B.V. (Goirle, the Netherlands) is producing FR work wear 

and FR fleece vest for the firefighter clothing and the results obtained in this dissertation could be 

quite interesting for them as well.  

Other than textiles, these flame-retardants can also be used in electrical and electronic (E&E) 

composite applications such as the composites made for computer and LED housing, laptop and 

mobile phone casings and the wire connectors in automotive. For example the company, “DSM 

N.V. Engineering Plastics” (Geleen, the Netherlands), found this idea very interesting for their 

wire connectors in automotive application. For this application, injection molded composites are 

produced which should possess at least V-1 rating in UL-94 vertical burning test, whereas in our 

dissertation we have developed composites that can achieve V-0 rating (even better) for such 

application as tested by ISO 9773 standard testing method. This idea was developed and tested 

during sample testing of some of the composite samples of this dissertation in fire testing lab of 

DSM N.V. Engineering Plastics in Geleen.  
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So far to the best of our knowledge, IFR’s have not been tested in bicomponent fibers therefore, 

in this dissertation we described a novel technique to develop bicomponent intumescent flame-

retardant fibers from single polymer composites containing reinforcement and a matrix from the 

same polymer but with two different grades to get uniform interface and better interfacial bonding 

between the components. These bicomponent flame-retardant fibers were then melted where low 

melting sheath material sticks with the high melting core component and form a fibrous nonwoven 

web, which then thermally bonded together to form a carpet backing. The ignitability test showed 

none of the fabric sample, produced from bicomponent fibers, was ignited after 15 (s) of flame 

exposure, and therefore, achieved classification of E and Efl as per the standards set for EN ISO 

11925-2 method. This classification certifies that the product can be used commercially for flame-

retardant floor coverings. 

Finally, these biodegradable flame-retardants are very cost effective and much cheaper compared 

to already used intumescent flame-retardants. For example, the carbon source used in conventional 

intumescent flame-retardants is pentaerythritol 99% (PER 99%), which is quite expensive, as its 

exact price is 52.20 € per 50 grams (supplier, Sigma-Aldrich Corporation, St. Louis-Missouri, 

USA). Whereas the price of kraft lignin (KL) used in intumescent formulations in this dissertation 

is 3.00 € per 50 grams (60 € per kg) (supplier, UPM Bio-chemicals OYJ Helsinki, Finland). The 

cost comparison of all components that are generally used in conventional IFR’s and IFR’s used 

in this dissertation is presented in Table 9.1. 

Table 9.1. Cost comparison of conventional IFR and of IFR used in the dissertation [3, 4] 

Materials Conventional 
IFR's 

Price (€) per 
kg 

IFR's used in 
this thesis 

Price (€) per 
kg 

Polymer PP 1.20 PLA 2.60 

Carbon source PER 99% 1040.00 KL 60.00 

Acid source Mg (OH)2 2.50 APP-II 2.20 

Price of all 
components   

1043.70 
  

64.80 

PLA= Polylactic acid 99% L-content, PP= Polypropylene melt grade, PER= 
Pentaerythritol 99%, KL= Kraft lignin, Mg (OH)2= Magnesium hydroxide, APP-II= 

Ammonium polyphosphate form II 
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Moreover, lignin is aromatic polymer and after cellulose is the most abundant natural polymer 

obtained from renewable and biobased resources whereas PER is a petrochemical obtained from 

finite resources. Not only the cost, but also performance wise the efficiency of KL was even better 

than PER in some of the properties. For example, in Chapter 3, flammability of IFR composites 

containing equal wt% of KL and PER were compared. Total smoke production (TSP) value of KL 

composites was almost half (103 m2/m2) to PER composites (209 m2/m2) containing equal wt% 

that shows even better efficiency of the composites containing KL than composites containing 

PER. These results strengthens our claim about reduction in smoke emission to the environment 

of the flame-retardants used in our dissertation.   

Regardless of some of the questions that still needs to be answered, for example, the washing 

fastness and washing durability of these intumescent flame-retardants still has to be investigated 

in detail. However, overall this dissertation resulted in the development of a technology, which is 

very useful for industrial flame-retardant applications, and has the potential to substitute 

conventional flame-retardants. 
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