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Abstract  
Most widely used textile fibres cotton and polyester are flammable. Flame retardants 
are used to protect the flammable material from fire by delaying or preventing the 
ignition process. The problem with flame retardants is unreliable durability when 
applied physically, or bonded chemically on the surface of the fibre or fabric. Using 
pure inherently flame retardant fibres for producing flame retardant fabric is 
expensive, and may affect other textile properties. So, this thesis project investigated 
the implementation of inherently flame retardant fibres as a shield from the flame for 
flammable fibres. 

The most widely used flammable textile fibres (cotton and polyester) were in this 
experiment mixed with inherently flame retardant fibres (modacrylic and Lenzing 
FR) pairwise at different levels. In non-woven fabrics, flammable fibres and 
inherently flame retardant fibres were mixed at fibre level in three different 
percentages. Whereas in knitted fabrics, flammable fibres and inherently flame 
retardant fibres were mixed in 50/50 ratio at both fibre and yarn level. The vertical 
flame test was used to test the fabrics, and the results were analysed. 

This study shows that fabric structure influences the shielding properties of the flame 
retardant fibres. The change in the fabric structure affects the way fibres are arranged 
in the fabric which in turn affect the air permeability and fabric density. These two 
fabric properties are having a significant effect on the burning time after the removal 
of the flame. Also, flame shielding ability of inherently flame retardant fibres towards 
flammable fibres improves with an increasing proportion of inherently flame 
retardant fibres. Lenzing FR fibres have shown better flame shielding properties 
towards cotton fibres compared to other fibres combinations such as polyester / 
Lenzing FR, cotton/modacrylic and polyester/modacrylic for the vertical flame test. 
In case of cotton and Lenzing FR mixing at fibre and yarn level for knitted fabric, 
yarn level mixing was found to be better because it had lower weight loss percentage 
after burning. 

This thesis work presents an approach toward less toxic flame retardant fabric by 
using inherently flame retardant fibres as a shield for flammable fibres. Overall this 
thesis work points out the issue with flame retardant chemical and presents an 
alternative approach for conventional flame retardant.  

Keywords: Inherently flame retardant fibres, flammable fibres, Flame, Non-woven 
fabric, knitted fabric.  
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Popular abstract 
Flame retardant chemicals were used to make flammable fibres or fabrics flame 
retardant. Flame retardants protect the flammable material from fire by delaying or 
preventing the ignition process. The problem with flame retardants is unreliable 
durability when applied physically or bonded chemically on the surface of the fibre or 
fabric. This thesis project investigated the implementation of inherently flame 
retardant fibres as a shield form flame for flammable fibres. 

The most widely used flammable textiles fibres (cotton and polyester) were mixed 
with inherently flame retardant fibres (modacrylic and Lenzing FR) pairwise at fibre 
level for non-woven fabric and both fibre & yarn level for knitted fabric. The vertical 
flame test, where the fabric hung vertically and burned from the bottom, was used to 
characterise their burning behaviour. With the vertical flame test, it was found that 
flame shielding ability of inherently flame retardant fibres towards flammable fibres 
improves with an increasing proportion of inherently flame retardant fibres in the 
fabric. Also, fabric structure influences the shielding properties of the flame retardant 
fibres. A comparison between fibre and yarn level mixing for knitted fabric yarn level 
mixing was found to have better flame shielding properties. 

Thesis work points out the issue with flame retardant chemical and presents an 
alternative approach for conventional flame retardant.  
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Abbreviations with Explanations 
 Flammable fibre - The fibres that burn or ignite easily. 
 Flame retardant - It either delays or blocks the flame. 
 Inherently flame retardant fibres - Fibres with flame retardant in their polymer or fibre. 
 Pyrolysis temperature - Chemical changes take place with the release of flammable 

gasses. 
 Temperature of combustion - It starts with an oxidation chain reaction. 
 LOI - Limiting oxygen index (LOI) the minimum amount of oxygen, in a mixture of 

oxygen and nitrogen needed for combustion of a solid material. 
 Air permeability - The rate of airflow through an area perpendicularly, under prescribed 

air pressure. 
 Wale - It is the column of the loop that runs lengthwise in a knitted fabric, resembling the 

warp of the woven fabric. 
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1. Introduction  
An obstacle with widely used textile fibres like cotton and polyester is that they serve 
as fuel to a potential fire. The textile industry, however, found a solution to that and 
started adding the flame-retardant to its fabrics. Flame retardants protect the material 
from fire by delaying the burning process or stop the flame completely. Due to health 
hazards, EU countries had banned many flame retardants. (Chivas, Guillaume, 
Sainrat, & Barbosa, 2009; Steukers, Kroon, & Drohmann, 2004) Hence, a nontoxic 
flame retardant is needed to reduce fire and hazards caused by them.  

Increasing the use of flammable synthetic polymers has made the fire hazard situation 
even worse. Increasing usage of flammable synthetic polymers spreads fire in a short 
time and to overcome that situation flame-retardants used. (Hull, Law, & Bergman, 
2014) Inherently flame retardant fibres synthesized by incorporating flame-retardant 
into their polymer or fibre (Burrow T. , 2013; Iliescu & Ilia, 2010; Anon, 2004) or 
aromatic ring in the backbone, high molecular weight and crosslinking make also 
make the textile fibre less flammable (Price & Horrocks, 2013). This thesis work can 
also help in reducing the amount of inherently flame retardant fibres used by mixing 
them with flammable fibres and all in all, help in reducing the amount of chemicals 
used as a flame retardant. 

Heat, fuel and oxygen are the three main things required to sustain burning (Horrocks 
A. R., 2001). Flammable fibres work as a fuel source upon heating at pyrolysis 
temperature. They decompose by breaking covalent bonds and release some volatile 
substances. Moreover, those volatile substances further react with oxygen present in 
the air to release more volatile substances and therefore, self-sustaining the 
flame. (Price & Horrocks, 2013) 

Flame retardant acts by hindering any of these following elements heat, fuel, and 
oxygen. There are five different ways in which flame retardants hinders fire are 
abolishing heat, increasing decomposition temperature, enhancing char formation, 
which reduces the formation of volatile gases, oxygen-blocking and raises fibre 
ignition temperature. (Horrocks A. R., 2001) The flame retardants which can be 
considered as the most suitable for textiles should be highly resistive to ignition and 
spreading of flame, have no or low generation of smoke, low rate of burning, low or 
no generation of toxic gases, should not affect the fibre properties and should be 
durable and economical (Pearce, 1986). 

1.1. Problem description 
The problem with flame retardant is non-durability when applied physically or 
bonded chemically on the surface of the fibre or fabric. Furthermore, the majority of 
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flame retardants are hazardous to health and the environment. Using pure inherently 
flame retardant fibre for producing flame retardant fabric is expensive. 

Halogen based flame retardants release toxic gases like HX on burning (Iliescu & 
Ilia, 2010). Halogen flame retardants release toxic gases under flame due to 
incomplete combustion such as carbon monoxide, hydrogen cyanide, organoirritants, 
polycyclic aromatic hydrocarbons, and soot, which could lead to death due to 
inhalation (Hull, Law, & Bergman, 2014). Fire retardants are used in furniture to 
reduce deaths caused by fire. However, many halogen-containing flame retardants 
come with a side effect to human health and the environment as well (Steukers, 
Kroon, & Drohmann, 2004). Polybrominated diphenyl ethers (PBDE) was widely 
used flame retardant in textile from 1970 to the beginning of the 21st century. PBDE 
persists in the body and can sometimes be bio-accumulative and toxic. Humans are 
exposed to PBDE through air and food. (Sjödin, Patterson, & Bergman, 2003) It has 
links to the neurodevelopmental delay, but the mechanism of its effects is unknown 
(Byun, et al., 2015). 

In this study, the most widely used flammable textile fibres (cotton and polyester) 
were mixed with inherently flame retardant fibres (modacrylic and Lenzing FR) 
pairwise at different levels. In non-woven fabrics, flammable fibres and inherently 
flame retardant fibres were mixed at fibre level whereas in knitted fabrics flammable 
fibres and inherently flame retardant fibres were mixed at both fibre and yarn level. It 
is an attempt to impart fire retardancy in flammable textiles fibres by mixing 
inherently flame retardant fibres to avoid the use of conventional environmentally 
and malignant flame retardant treatments. The fabrics were tested by burning in a 
vertical flame test. The vertical flame test does not provide in-depth detail about the 
burning test like the time to ignition (TTI), time of combustion (TOF), mass loss 
during combustion, quantities of CO and CO2, and total smoke released (TSR) 
(Iliescu & Ilia, 2010).  

Knitted and woven fabrics had better structural integrity compared to nonwoven 
fabrics. However, the loop structure of the knitted fabric makes the fabric more 
porous then woven. Pores in the knitted fabric structure make the fabric more air-
permeable that of other fabrics of the same weight. Higher air permeability makes the 
fabric more flammable. (Nazaré, William, Szabolcs, & Rick, 2014) Fibre to woven 
fabric requires more processing step than fibre to knitted fabric; more steps means 
more time and energy is required, which in turn makes the woven fabric more 
expensive. 

This thesis project investigates the implementation of inherently flame retardant 
fibres as a flame retardant for textile fabrics. If successful, this thesis work can 
promote in reducing the amount of inherently flame retardant fibres used and all in all 
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help in reducing the number of chemicals used as a flame retardant. Besides that, this 
thesis project also generates new knowledge related to the shielding properties of 
inherently flame retardant fibres (modacrylic and Lenzing FR) towards flammable 
fibres (cotton and polyester). 

1.2. Aim  
The purpose is to provide a comfortable barrier material for loose furnishings such as 
sofas and mattresses, using inherently flame retardant fibres with flammable fibres. 
The barrier material should be made flame retardent using inherently flame retardant 
fibres instead of flame retardant chemicals.	

1.3. Research questions  
 How fabric structures affect the shielding properties of inherently flame retardant 

fibres? 

 Can fibre level or yarn level mixing effect the shielding properties of the fabric? If 
yes which one shields better, fibre level or yarn level mixing? 

 What is the minimum proportion of inherently flame retardant fibres required to be 
mix with flammable fibres to oppose flame spread? 

1.4. Hypothesis  
Lenzing FR and Modacrylic fibres have the potential to shield flammable fibres like 
cotton and polyester.  

1.5. Limitations 
The woven fabric could not be studied due to the limited time available for this thesis 
project. Because of the extra steps required to produce a woven fabric, it required 
more time to produce, and therefore knitted and nonwoven fabrics were produced 
instead of woven. Hence, knitted and non-woven fabrics were tested for burning 
instead of woven fabric. 

The vertical burning test is chosen instead of Cone Calorimeter because of the 
availability. Cone calorimeter fundamental is based on the measurement of reducing 
the oxygen concentration in combustion gases upon given heat flux. This test helps in 
the measurement of the time to ignition (TTI), time of combustion (TOF), mass loss 
during combustion, quantities of CO and CO2, and total smoke released (TSR). The 
vertical burning test is the most common test where the fabric hung vertically, and 
then the flame is applied from the bottom. Vertical burning is an easy test to perform, 
but it does not provide in-depth detail about the burning characteristics. (Iliescu & 
Ilia, 2010) 
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2. Literature review 
In this part, flame retardant, burning test methods, burning behaviour of cotton and 
inherently flame retardant with their blends described further.	

2.1. What is fire 
When organic material is placed under heat first of all weak bonds break at pyrolysis 
temperature Tp (figure 1) and releases volatile substances in liquid and gaseous form. 
Pyrolysis temperature is a temperature at which chemical changes take place, in turn, 
releases flammable gasses as shown in figure 1, which take the combustion process 
further by maintaining or increasing the temperature in the presence of oxygen which 
further releases more volatile substance and continue the fire and also release carbon 
dioxide and water as byproducts. (Bajaj, 2000) Fibres with lower combustion 
temperature Tc or pyrolysis temperature Tp can burn quickly under low temperature 
(Price & Horrocks, 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Burning Mechanism (Bajaj, 2000) 
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2.2. Means for flame retardancy 
Flame retardants are used to prevent or stop the burning process. They act by 
interfering in the burning process by cooling, forming a protective layer, diluting fuel, 
interrupting in the chemical reaction of burning. Physical actions by which flame 
retardants work are heat sinks, volatile gases are diluted using inert gases, or form a 
barrier between the gaseous phase and solid phase. Other flame retardants work by 
chemical action by releasing free radicals which react with the highly reactive gasses 
and make them less reactive. There are two categories in which flame retardant 
applied to the polymer one is additive, and another is reactive. Additive flame 
retardant is incorporated into the polymer by physical means, but it reacts with the 
polymer at high temperature. Reactive flame retardants react with the polymer and 
integrate into the polymer chain, which results in the formation of new polymer or the 
modification of the existing polymer. (Iliescu & Ilia, 2010) 

Moisture regain has an effect on the flame-retardancy it improves with increasing 
moisture regain. On the early stage of heating of the organic material, water vapours 
are released, which lower the temperature and increase the ignition time. (Cardamone 
J. , 2013) 

Some elements like Fe, Sb, Bi, Al etc. are added to the polymer matrix to enhance 
their flame-retardant properties and in some cases also reduce smoke emission 
(Iliescu & Ilia, 2010). 

2.2.1. Halogenated flame retardants 
Antimony/halogen-based FR is vapour-phase-active, which works by interfering in 
the flame chemistry (Bajaj, 1992). DecaBDE a halogen-based flame retardant, which 
releases Br- radicals upon heating which form HBr as a non-combustible by product. 
They interfere with the flame chemistry, by reducing the free radicals, which produce 
a less combustible product and slowly reduce the further decomposition of the 
polymer. (Anon, 2005) 

2.2.2. Phosphorus flame retardants 
Phosphorus-based FR is solid-phase active, which work by interfering in the thermal 
behaviour of the fibre or fabric (Bajaj, 1992). This kind of flame retardant releases 
phosphoric acid upon heating, which leads to the formation of char and retards the 
flame because char creates a barrier between the flame and fuel. (Anon, 2005) 

2.2.3. Nitrogen-based flame retardants  
Nitrogen is mainly used with other flame retardant and enhances its flame retardant 
properties. When mixed with solid-phase active like phosphorous or melamine, they 
form a cross-linked char and form a block between fire and fuel. When mixed with 
vapour-phase-active flame retardant, it dilutes the flame by releasing nitrogen and 
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ammonia by-product, and the amount of combustible by-products reduced. (Bajaj, 
2000) 

2.3. Burning tests 
Burning tests are done to check the flammability or burning behaviour of the 
material. Below three mainly used burning tests are discussed.	

2.3.1. LOI 
Limiting oxygen index (LOI) the minimum amount of oxygen, in a mixture of 
oxygen and nitrogen is needed for combustion of a solid material. This technique 
measures the flammability of the fabric in numeric. The higher LOI value better 
flame retardancy but cannot explain the burning behaviour. It can be used to compare 
the flame retardant treatments and finishes. (John J. Willard, 1970)  

Air contains 21% of oxygen in it, so materials having LOI below 21 are considered 
combustible, whereas LOI above 21% is considered self-extinguishing (Iliescu & Ilia, 
2010). Some materials tend to shrink upon heating, and this increases their LOI 
because of this issue minimum 26 value of LOI is considered for a material to be self-
extinguishing (Shui-Yu Lu, 2002). 

This test gives semi-qualitative result for small size of the sample because oxygen in 
the surrounding is controlled, and fire applied is also low. It is very commonly used 
because it is not complicated. (Iliescu & Ilia, 2010) 

According to ISO 4589, LOI observed by placing a specimen (80 x 10 x 4 mm3) 
vertically at the centre of a glass chimney, then a mixture of gases is passed through 
the chimney through a different layer of glass beads to homogenize the mixture of 
gasses. After 30 seconds, the top part of the specimen is ignited to test the LOI of the 
specimen. (Iliescu & Ilia, 2010) 

Pros 
It is a relatively simple and reproducible test. (Iliescu & Ilia, 2010) 

Cons 
Melting and dripping of the polymer during burning lead to the incorrectly high value 
of LOI because dripping removes the fire from the surface of the specimen, causing it 
to extinguish (Iliescu & Ilia, 2010). 

This test uses low heat input and the stimulated oxygen concentration, so it is difficult 
to rely on LOI solely (Iliescu & Ilia, 2010). 

2.3.2. Cone Calorimeter 
Cone calorimeter test (ASTM E 1354) considered as an effective way to see the 
burning behaviour of the textiles. It is fundamental is based on measurement of 
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reducing the oxygen concentration in combustion gases upon given heat flux. This 
test helps in the measurement of the time to ignition (TTI), time of combustion 
(TOF), mass loss during combustion, quantities of CO and CO2, and total smoke 
released (TSR). (Iliescu & Ilia, 2010) 

Iliescu and Ilia (2010) concluded from the work of Hugget that gas flow and oxygen 
concentration are measured to calculate heat release rate; it expresse in kW/m2. The 
heat release rate of the burning material measured by the quantity of heat release 
proportional to the oxygen consumed while burning. The constant is equal to the 13.1 
KJ/g consumed oxygen. The total heat release rate estimates by the heat release rate 
vs time curve, which again expressed in kW/m2. 

Pros  
This test provides more details about the burning behaviour and most effectively used 
for the medium-sized specimen tests. (Iliescu & Ilia, 2010) 

Cons 
Minimal details obtained for small size specimen test. (Montoyaa, Stoliarova, 
Levchik, & Edenc, 2018) 

2.3.3. UL 94 V 
“Underwriters Laboratories” officially agree to accept UL 94 as a flammability test 
for plastic materials. Vertical test with a small and large flame, bulk and foamed 
materials tested vertically, and radiant panel flame-spread test are the different kinds 
of tests lying under UL 94. (Iliescu & Ilia, 2010) 

UL 94V is the most common test where fabric hung vertically and then the flame is 
applied from the bottom; its international standard is IEC 60695 11-10. Flame with 
50 W powers is applied, and results classified as V-0, V-1, and V-2. The burner is 
placed at 10 mm away from the edge of the specimen, and flame height is 20 mm. 
The flame applied to the fabric is two times for 10 sec each then t1, t2 and t3 is noted 
after flame where t1 and t2 is the time required for the flame to extinguish and t3 is 
the time in which afterglow will disappear. (Iliescu & Ilia, 2010) 

Pros 
This is an easy test to perform. 

Cons 
This test does not provide in-depth detail about the burning test. (Iliescu & Ilia, 2010) 
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2.4. Burning behavior of cotton and polyester 
 

  Stage Ⅰ  Char Ⅰ (aliphatic)  
      

Cellulose  Cell*    
 300 – 400 oC    
    Volatiles  

 

  Stage Ⅱ    
  Oxidized char + CO, CO2   
     

Char Ⅰ 
(aliphatic) 

     

400 – 600 oC      
  Char Ⅱ + CO, CO2, CH4, H2O   
  (aromatic)   
     

400 – 600 oC     
 Volatiles CO, CO2, CH4, H2O    
 Char Ⅱ                        C2H2   

 

  Stage Ⅲ    
    O2    

CH4, C2H2, 
Char 

  CO + CO2   

800 – 900 oC 800 oC      O2 / 900 oC   
   CO2   

Figure 2. Burning behavior of cotton (Price & Horrocks, 2013)  

Figure 2 shows the burning behaviour of cotton at different temperature and show the 
propagation of flame to a higher temperature. Cotton fibre contests of cellulose and 
when its initially heated at a temperature between 300-400 oC the covalent bonds start 
to break releasing (exothermic reaction) volatiles for further combustion and aliphatic 
char. Aliphatic char on higher temperature about 400-600 oC further from oxidized 
char, carbon monoxide, carbon dioxide, water, methane and aromatic char. At 
temperature about 600-800 oC volatiles further react to form carbon monoxide, 
carbon dioxide, water, ethylene and aromatic char form C2H2. Moreover, at a 
temperature 800-900 ethyne and methane further reacts with oxygen to form carbon 
monoxide and carbon dioxide. (Price & Horrocks, 2013) 

LOI of cotton is 18% (Horrocks, Price, & Tunc, 1987) and its pyrolysis and ignition 
temperature is 350oC temp. (Bajaj & Sengupta, 1992). Parmar & Chakraborty (2001) 
Found that J-34 white cotton completely degrades at around 370 oC, whereas 
coloured cotton like brown and green cotton degrade at around 390 oC. 
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Fabric made of pure PET fibres burns completely with heavy dripping after ignition 
(Chen, et al., 2005). It starts its pyrolysis at around 420-447 oC and starts combustion 
around 480 oC, and it has an LOI in the range of 20-21% (Horrocks A. R., 2001). 
Jopesh & McNally (2013) concluded from the work of Levchik and Weil that PET 
fibre produces volatile and combustible products upon heating and it was concluded 
that vapour phase active flame retardant could do a better job than a condensed phase 
active because vapour phase flame retardant can retard the flame at the pyrolysis 
stage itself. 

2.5. Inherently flame retardant fibres 
Inherently flame retardant fibres are the one having either aromatic ring in their 
polymer chain or flame-retardant elements like phosphorus, halogen, etc. in the 
polymer (Iliescu & Ilia, 2010). Inorganic fibres such as glass fibres, asbestos fibres, 
ceramic fibres, etc. are highly resistive to the flame with very high combustion 
temperature. Due to the high combustion temperature, they lack shielding potential. 
They are even rigid and hazardous to health. (Bajaj, 2000)  

Wool is a natural fibre which has good flame retardant properties with high LOI of 
about 25-28 vol%, heat combustion at 20.5 kJ/g, pyrolysis at 245 °C, ignites at 228–
230 °C and has the low flame temperature of 680 °C. Because of the following 
reasons high moisture regain (8–16%), high nitrogen content (15–16%), sulfur (3–
4%), low hydrogen (6–7%), and the presence of cystine S-containing amino-acid 
(10.4–11.8%) w/w of the fibre it has better flame retardant properties, which leaves 
dehydrated char followed by burning (Cardamone J. , 2013). The cysteine disulphide 
link in the wool polymer oxidize with the oxygen to produce cysteic acid (CH2. 
SO3H) during pyrolysis (Price & Horrocks, 2013) and this cysteic acid hinders the 
further combustion. But Visil/wool blended fabric couldn’t pass the BS 5438 strip 
test in spite of the fact that both Visil and wool are flame retardant fibres, the reason 
was thought that wool has the ability to hold air in its structure and this quality of 
wool increase the oxygen content in the fabric structure, hence flammability of the 
fabric increases (Bajaj, 2000). Hence, the fabric made of wool and flammable fibre 
(cotton or polyester) is not expected to have a high potential to shield the flammable 
fibre. 

Fukatsu (2002) concluded that when cotton fibres mixed with an aromatic polymer, 
the thermal degradation of the mixture is faster than the aromatic polymer; for the 
mixture to be self-extinguishable, the amount of aromatic polymers like Nomex and 
Kevlar should be higher than 70%. The temperature of pyrolysis and combustion of 
cotton is 360°C, whereas the temperature of pyrolysis and combustion of Nomex is 
310°C and 500°C, respectively (Bajaj, 2000). In the mixture of wool and PBO knitted 
fabric, no enhancement in the fire retardancy is observed because when wool was 
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completely degraded then PBO fibre starts to degrade (Bourbigot, Flambard, Ferreira, 
& Poutch, 2001). A highly flame retardant fibre (PBO) cannot shield the less flame 
retardant fibre (wool) because of the significant difference in their degradation 
temperature. Henceforward for inherently flame retardant fibre to shield flammable 
fibre is essential to have combustion temperature close or lower than the flammable 
fibre — inherently flame retardant fibres with potential to shield flammable fibres 
like cotton and polyester signified below. 

2.5.1. Lenzing FR  
In a viscose based inherent flame retardant fibre organophosphate is added into the 
spinning solution just before the extrusion of the fibre (Bajaj, 2000); (Burrow, 2013). 
It has LOI in the range of 27.5% (Bajaj, 2000). When placed under heat or fire the 
organophosphate decompose before cellulose does by producing phosphoric acid and 
this acid cause removal of the water from the cellulose and formation of char. This 
process prevents the formation of the combustible product but enhances the formation 
of the non-combustible product like CO2 and H2O, which lower the temperature and 
make it unable to self-sustain fire (Burrow, 2013). Burning process stopped at 
pyrolysis because of the production of char and other non-combustible when placed 
under fire. Yao et.al (2016) found out that the char yield from Lenzing FR fibre after 
burning is 21.7%.	

2.5.2. Visil  
An environmentally friendly fibre developed Sateri International group, Finland, 
Visil(R). It contains cellulose and polysilicic acid, where polysilicic acid (SiO2) 
content is 35% used as a flame retardant (Bajaj, 2000); (Gaan, V.Salimova, Rupper, 
Ritter, & H, 2001). This fibre holds moisture regain about 9-11%, and it can absorb 
water about 50-60 % and LOI in the range of 26-33% which can vary with the grade 
and textile structure (Bajaj, 2000). Being non-thermoplastic it does not melt or drip 
under flame but forms a solid char by making a barrier for the flame to proceed 
further. Emission of smoke while burning is low with no toxic gases. It has other 
properties like breathable, easy to dye and biodegradability (Anon, 2004). Burrow 
(2013) concluded from the work of Othmer that when Visil fibre is heated polyacid is 
formed which take the structure of the fibre as cellulose burnt. 

Polysilicic acid in the Visil fibre holds the water in its structure. When Visil fibre 
placed under heat, the release of this water lowers the temperature and contributes to 
flame retardancy. And at the temperature of pyrolysis the inorganic substance in the 
fibre bond with the free radical and retard the flame at pyrolysis stage and release a 
very small amount of smoke with CO and CO2 (Heschmeyer, 2002). 
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2.5.3. Basofil fibre  
Basofil is a melamine-based fibre with LOI 32% and low flammability and 
conductivity (Wakelyn, 2008). It forms swelled char upon burning instead of melting 
and does not even shrink under flame (Handermann, 2004). So this char formation on 
heating above 370°C protects the fibres from further burning (Bajaj, 2000). The 
presences of melamine in the fibre cause the char to swell (Horrocks R., 1996).	

2.5.4. Modacrylic fibre 
Modacrylic fibres are made by copolymerization of vinyl chloride or vinylidene 
chloride into the acrylic and sold under many brand names like Velicren FR 
(Montefibre, Italy), SEF (Solutia Inc.) and Kanecaron (Bajaj, 2000). The vinyl 
chloride or vinylidene chloride in the modacrylic fibre retards the flame by interfering 
with the flame chemistry by releasing Cl- radicals which readily react and form non-
combustible by-product like HCl. By-product HCl further reacts to form char by 
dehydrating the material, and this formation of char creates a barrier between fuels 
and fire which interrupt in the further combustion. (Chapple & Anandjiwala, 2010) 
Svensson (2018) concluded from the work of that Lutrell and Sheaman that chlorine-
based flame retardants questionable from a health and environmental point of view, 
for example, irritation of the mucous membranes occurs upon exposure of hydrogen 
chloride. 

2.6. Fibre blends  
Modacrylic fibre from Kanecaron blended with cotton to form a fabric, and it passes 
the BS 6249 Index B test. Unfortunately, access to the literature about these fibres is 
limited. Modacrylic fibre show shielding effect towards cotton. It might show a 
shielding effect towards polyester as well because Modacrylic fibre has pyrolysis 
temperature lower than polyester and cotton both. (Bajaj, 2000). 

Bajaj (2000) concluded from the work of Anand and Garvey that flame retardant 
property of a blend not only varies according to the blend ration, but the structure also 
has an effect on the FR properties. Visil/wool blended fabric couldn’t pass the 
BS5438 strip test in spite of the fact that both Visil and wool are flame retardant 
fibres, the reason was thought that wool has the ability to hold air in its structure and 
this quality of wool increase the oxygen content in the fabric structure, hence 
flammability of the fabric increases (Bajaj, 2000). 

Fabric is made using cellulosic (cotton & viscose) as warp yarn and Kanecaron PW 
with a minimum of 40% total weight of the fabric as weft yarn. Kanecaron PW is a 
very special modacrylic (modified acrylic) fibre that is inherently flame retardant. 
This fabric passed the flame test like BS 5852 part1 & 2, BS EN 1021 parts 1 & 2, 
and Res A652(16). Upon heating, this fabric creates char which protect the cellulosic 
fibre from burning (Waxman, n.d).  
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2.7. The textile structure 
Yarn structure, fabric density and structure can affect the fire retardancy of the fabric. 
The fabric should be constructed in such a way that it provides its fibres with least 
oxygen access, which in turn enhances the flame retardant performance (Cardamone 
M. J., 2013). The time to extinguish under specified conditions decreased with 
increasing area density for a given fibre (Horrocks, Price, & Tunc, 1987). The 
burning behaviour of yarn structure is not studied in-depth, but from previous studies, 
it assumed that coarser yarns have better resistance to ignition compare to fine yarns, 
constant fibre type and area density (Horrocks A. R., 2001). 

Bajaj (2000) concluded from the work of bajaj and Sengupta that for a char forming 
fibre thicker fabric with lower density can work as a barrier, whereas for a fibre 
which melts on burning cannot work as a barrier and can transfer more heat. Apart 
from the char promoting flame retardant fibres, the fabrics which show good fire 
retardant property are the one with a flat surface, massive and denser fabric structure 
(Cardamone J. , 2013).  

3. Materials  
In this Thesis project, four textile fibres were used. Out of these four two are 
flammable fibres (cotton and polyester), and two are inherently flame retardant fibres 
(Lenzing FR and Modacrylic).	

3.1.  Cotton 
Organic cotton fibre with a length of 25 mm was used.	

3.2. Polyester 
Polyester fibres (PES) from Trevira with Fineness of 1.7 dtex and length of 38 mm 
were used.	

3.3. Lenzing FR 
Lenzing FR is an inherently flame retardant cellulose fibre, it is produced using beach 
wood and natural raw material (Anon, 2015). It use less than 25% of flame retardant 
pigment named 2,2'-oxybis[5,5-dimethyl-1,3,2-dioxaphosphorinane] 2,2'-disulphide 
to impart inherent flame retardant properties to the fibre. It decomposes at a 
temperature above 175°C, and the ignition temperature is 460°C. On combustion, it 
produces by-product like Carbon dioxide (CO2), Carbon Monoxide (CO) and organic 
decomposition products according to temperature and air supply (Anon, 2018). 
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Physical properties (Anon, 2018) 

Fineness: 1.7 dtex 

Cut length: 40/51 mm 

Tenacity condition: 25 cN/tex 

Elongation condition: 13 %  

Tenacity wet: 14 cN/tex 

Elongation wet: 13 % 

Moisture: 10 % 

Density: 1.5 g/cm3 (20°C)	

3.4. Modacrylic 
Protex E is the trade name of Modacrylic fibre with inherently flame retardant 
properties. It has a decomposing temperature of approx. 250°C and upon burning it 
emits gases like carbon dioxide (CO2); carbon monoxide (CO); hydrogen chloride 
(HCl); ammonia (NH3); hydrogen cyanide (HCN) and nitrogen oxides (NOx). 
AN/VDC co-polymer equal or more than 90%, Antimony pentoxide less than 4%, 
titanium dioxide 0.1 to 1 %, less than 1% of triethanolamine and rest 5% Confidential 
ingredients are is used to enhance the fire-retardant properties of the fibre (Anon, 
2018). 

Physical properties (Anon, 2018) 

Fineness: 1.7 ± 0.17 dtex 

Cut Length: 38 ± 4 mm 

Tenacity: More than 2.0 cN/dtex 

Elongation: 20.0 ~ 40.0 % 

LOI: More than 32 

Density: 1.48 g/cm3 

Moisture: 1.1 % 
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4. Methods 
This thesis work is divided into two parts, as shown in figure 3 below in the first part 
non-woven fabrics were studied, and in the second part knitted fabrics were studied. 
Non-woven fabrics were prepared to find out which fibre combination and ratio has 
the potential to shield the flammable fibre. The second part, knitted fabrics were 
again divided into two parts. Firstly, flammable and inherently flame retardant fibres 
were mixed at fibre level and secondly they were mixed at yarn level. 

 

 

 

 

 

 

 

 

Figure 3. This shows the work flow of the project.  

4.1. Non-woven fabrics 
In the non-woven fabrics, flammable and non-flammable fibres are mixed at the fibre 
level to produce non-woven fabric, as shown in figure 4 for the burning test. This 
non-woven fabric study helped in the selection of the pair of fibres and their ratio for 
further study of knitted fabrics. 

  

  

 

 

 

 

 

Figure 4. This shows the work flow of the non-woven fabrics. 
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The non-woven fabric parameters are shown in table 1. All the non-woven fabric 
parameters were measured before burning test except air permeability because of the 
availability of the equipment. It was not possible to measure air permeability of all 
the fabric because some of them were burned and not enough un-burned fabric was 
left for measurement. 

Table 1. Show the dimensions, weight (g), density (g/cm3), and air permeability (mm/s) of 
different non-woven fabric for both longitudinal and horizontal fibres directions. 

Fibre 
Mixture 

Fibre 
direction 

Fibre 
ratio 

Sample 
Dimension 
(cm*cm) 

Thickness 
(cm) 

Weight 
(g) 

Density 
(g/cm3) 

C
ot

to
n 

/ m
od

ac
ry

li
c L
on

gi
tu

di
na

l 

75/25 
1 (Ⅰ) 20 * 17 0.65 18.6 0.0842 
1(Ⅱ) 20 * 17 0.65 19.4 0.0878 
1(Ⅲ) 20 * 17 0.65 19 0.0860 

50/50 
2(Ⅰ) 20 * 17 0.65 18 0.0814 
2(Ⅱ) 20 * 17 0.65 17.9 0.0810 
2(Ⅲ) 20 * 17 0.7 20 0.0840 

25/75 
3(Ⅰ) 20 * 17 0.6 19.5 0.0956 
3(Ⅱ) 20 * 17 0.6 19.8 0.0971 
3(Ⅲ) 20 * 17 0.65 19 0.0860 

H
or

iz
on

ta
l 

75/25 
1(Ⅰ) 20 * 17 0.65 18.1 0.0819 
1(Ⅱ) 20 * 17 0.65 17.9 0.0810 
1(Ⅲ) 20 * 17 0.65 18.1 0.0819 

50/50 
2(Ⅰ) 20 * 17 0.7 18.8 0.0790 
2(Ⅱ) 20 * 17 0.7 19.1 0.0802 
2(Ⅲ) 20 * 17 0.65 19.5 0.0882 

25/75 
3(Ⅰ) 20 * 17 0.65 19.1 0.0864 
3(Ⅱ) 20 * 17 0.6 19 0.0931 
3(Ⅲ) 20 * 17 0.65 20.4 0.0923 

P
ol

ye
st

er
 / 

m
od

ac
ry

li
c 

L
on

gi
tu

di
na

l 

75/25 
4(Ⅰ) 20 * 17 0.7 20.5 0.0861 
4(Ⅱ) 20 * 17 0.7 20.3 0.0852 
4(Ⅲ) 20 * 17 0.7 20.3 0.0853 

50/50 
5(Ⅰ) 20 * 17 0.6 18.3 0.0897 
5(Ⅱ) 20 * 17 0.7 19 0.0798 
5(Ⅲ) 20 * 17 0.7 19.1 0.0803 

25/75 
6(Ⅰ) 20 * 17 0.6 19.1 0.0936 
6(Ⅱ) 20 * 17 0.6 20.2 0.0990 
6(Ⅲ) 20 * 17 0.6 19 0.0931 

H
or

iz
on

ta
l 75/25 

4(Ⅰ) 20 * 17 0.7 19.5 0.0819 
4(Ⅱ) 20 * 17 0.65 19.4 0.0878 
4(Ⅲ) 20 * 17 0.7 20 0.0840 

50/50 5(Ⅰ) 20 * 17 0.65 19.5 0.0882 
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5(Ⅱ) 20 * 17 0.7 18.4 0.0773 
5(Ⅲ) 20 * 17 0.65 18.5 0.0837 

25/75 
6(Ⅰ) 20 * 17 0.6 20.1 0.0985 
6(Ⅱ) 20 * 17 0.6 20 0.0980 
6(Ⅲ) 20 * 17 0.6 19 0.0931 

C
ot

to
n 

/ L
en

zi
ng

 F
R

 

L
on

gi
tu

di
na

l 

75/25 
7(Ⅰ) 20 * 17 0.6 19.7 0.0966 
7(Ⅱ) 20 * 17 0.6 18.6 0.0912 
7(Ⅲ) 20 * 17 0.6 18.1 0.0887 

50/50 
8(Ⅰ) 20 * 17 0.55 19.8 0.1059 
8(Ⅱ) 20 * 17 0.65 21.9 0.0991 
8(Ⅲ) 20 * 17 0.65 23.1 0.1045 

25/75 
9(Ⅰ) 20 * 17 0.5 19.9 0.1171 
9(Ⅱ) 20 * 17 0.5 20.3 0.1194 
9(Ⅲ) 20 * 17 0.5 19.7 0.1159 

H
or

iz
on

ta
l 

75/25 
7(Ⅰ) 20 * 17 0.6 18.4 0.0902 
7(Ⅱ) 20 * 17 0.6 19 0.0931 
7(Ⅲ) 20 * 17 0.6 17.9 0.0877 

50/50 
8(Ⅰ) 20 * 17 0.55 19.1 0.1021 
8(Ⅱ) 20 * 17 0.5 19 0.1118 
8(Ⅲ) 20 * 17 0.55 19.2 0.1027 

25/75 
9(Ⅰ) 20 * 17 0.55 19.8 0.1059 
9(Ⅱ) 20 * 17 0.5 18.9 0.1112 
9(Ⅲ) 20 * 17 0.55 19.2 0.1027 

Po
ly

es
te

r 
/ L

en
zi

ng
 F

R
 

L
on

gi
tu

di
na

l 

75/25 
10(Ⅰ) 20 * 17 0.65 17.8 0.0805 
10(Ⅱ) 20 * 17 0.65 18 0.0814 
10(Ⅲ) 20 * 17 0.65 18 0.0814 

50/50 
11(Ⅰ) 20 * 17 0.5 18.8 0.1105 
11(Ⅱ) 20 * 17 0.6 18.7 0.0917 
11(Ⅲ) 20 * 17 0.6 18.7 0.0917 

25/75 
12(Ⅰ) 20 * 17 0.45 17.2 0.1124 
12(Ⅱ) 20 * 17 0.45 17.2 0.1124 
12(Ⅲ) 20 * 17 0.45 16.7 0.1092 

H
or

iz
on

ta
l 

75/25 
10(Ⅰ) 20 * 17 0.6 19.5 0.0956 
10(Ⅱ) 20 * 17 0.6 18.6 0.0912 
10(Ⅲ) 20 * 17 0.65 19.5 0.0882 

50/50 
11(Ⅰ) 20 * 17 0.6 18.7 0.0917 
11(Ⅱ) 20 * 17 0.55 17.8 0.0952 
11(Ⅲ) 20 * 17 0.6 18.1 0.0887 

25/75 
12(Ⅰ) 20 * 17 0.45 17.5 0.1144 
12(Ⅱ) 20 * 17 0.5 18.5 0.1088 
12(Ⅲ) 20 * 17 0.5 18.8 0.1106 
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4.2. Knitted fabrics 
In the knitted fabric study, flammable and non-flammable fibres were mixed at the 
fibre and yarn level to produce knitted fabrics, as shown in figure 3 for the burning 
test. From the non-woven fabric study, three pairs of fibres were shortlisted. 	

4.2.1. Mixed at fibre level 
This set of knitted fabric, where flammable and inherently flame fibres were mixed at 
fibre level, as shown in figure 5 for a burning test. 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

Figure 5. This shows the workflow of the knitted fabric, where flammable and inherently 
flame retardant fibres were mixed at fibre level. 

The knitted fabric (mixed at fibre level) parameters are shown in table 2. All the 
parameters measured before burning test except air permeability because of the 
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availability of the equipment. It was not possible to measure air permeability of all 
the fabric because some of them were burned and not enough unburned fabric was 
left for measurement. 

Table 2. Show the dimensions, weight (g), density (g/cm3), and air permeability (mm/s) of 
different knitted fabric (mixed at fibre level) for both longitudinal and horizontal wale 
directions  

Fibre 
Mixture 

Direction Sample Dimensions 
(cm*cm) 

Thickness 
(cm) 

Weight 
before 

burning 
(g) 

Density 
(g/cm3) 

Cotton / 
Lenzing 

FR 
(50/50) 

Longitud
inal 

1 20 * 17 0.25 23.1 0.272 
2 20 * 17 0.25 23.4 0.275 

3 20 * 17 0.25 22 0.259 

Horizont
al 
 

4 20 * 17 0.25 21.5 0.253 

5 20 * 17 0.25 22.8 0.268 

6 20 * 17 0.25 21.4 0.251 

Polyester 
/ Lenzing 

FR 
(50/50) 

Longitud
inal 

 

1 20 * 17 0.25 25.7 0.302 
2 20 * 17 0.25 26.7 0.314 

3 20 * 17 0.25 26.6 0.313 

Horizont
al 
 

4 20 * 17 0.25 25.7 0.302 

5 20 * 17 0.25 21.5 0.253 

6 20 * 17 0.25 21.5 0.253 

Polyester 
/ 

Modacry
lic 

(50/50) 

Longitud
inal 

 

1 20 * 17 0.25 23.9 0.281 
2 20 * 17 0.25 24.4 0.287 

3 20 * 17 0.25 24 0.282 

Horizont
al 
 

4 20 * 17 0.25 23.4 0.275 

5 20 * 17 0.25 23.9 0.281 

6 20 * 17 0.25 23.6 0.278 

4.22. Mixed at yarn level 
A pair of fibres which performed best among all the three pairs mixed at the fibre 
level was further studied by mixing at yarn level. Inherently flame retardant fibres 
and flammable fibres were mixed at yarn level as shown in figure 6. 
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Figure 6. This shows the work flow of the knitted fabric, where flammable and inherently 
flame retardant fibres were mixed at yarn level. 

The knitted fabric (mixed at fibre level) parameters are shown in table 3. All the 
parameters measured before burning test except air permeability because of the 
availability of the equipment. It was not possible to measure air permeability of all 
the fabric because some of them were burned and not enough un-burn fabric was left 
for measurement. 
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Table 3. Show the dimensions, weight (g), density (g/cm3), and air permeability (mm/s) of 
knitted fabric (mixed at yarn level) for both longitudinal and horizontal wale direction. 

Fibre 
Mixture 

Direction Sample Dimensions 
(cm*cm) 

Thickness 
(cm) 

Weight 
before 

burning 
(g) 

Density 
(g/cm3) 

Cotton / 
Lenzing 

FR 
(50/50) 

Longitudinal 
 

1 20 * 17 0.2 21.1 0.310 
2 20 * 17 0.25 22.2 0.261 
3 20 * 17 0.2 21.9 0.322 

Horizontal 
 

4 20 * 17 0.25 22.6 0.266 
5 20 * 17 0.25 20.4 0.24 
6 20 * 17 0.2 20.5 0.301 

4.3. Equipment 
This section describes the types of equipment used for producing non-woven and 
knitted fabrics. 

4.3.1. Fibre opening 
Fibre opening is the first stage of the process of making fabric from the fibre. La 
Roche, serves as a lab-scale fibre opener. 

For non-woven and knitted fabric (mixed at fibre level) Flammable and inherently 
flame retardant fibres were mixed pairwise and opened together in the fibre opener. 
Non-woven fabric had a mass of 100 g for each batch, which holds different pairs and 
each pair had three ratios 25/75, 50/50, and 75/25. Knitted fabric (mixed at fibre 
level) had a mass of 40 g for each batch, which holds different pairs and each pair had 
a ratio of 50/50. Knitted fabric (mixed at yarn level) Flammable and inherently flame 
retardant fibres were opened in the fibre opener separately, and each batch has a mass 
of 40 g.	

4.3.2. Carding 
The opened fibres were carded in a Mesdan Lab 337A Laboratory carding machine. 
After the first carding, the web was folded into three layers and rotated 90° before 
being fed into the machine again. After the second carding, the web was cut from the 
collection drum. For the non-woven fabric web was folded into three layers but this 
time vertically, before feeding it to the needle punching machine. Whereas, for 
knitted fabric web was rolled around like a thick sliver before feeding it to the 
drawing machine.	

4.3.3. Needle punching 
Carded web from the carding machine was fed to the needle punching machine 
“Fibre Locker” two times and its Needle density is 1 needle/cm2. After the first 
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needle punching, the fabric is folded in two layers before fed into the needle 
punching machine again to get more even fabric. 

4.3.4. Drawing  
Thick slivers from the carding machine were fed to the drawing machine, where a 
thick sliver was drawn into a thin sliver through the drawing rollers of the drawing 
machine. First two thick slivers had same fibre or fibre combination type from a 
drawing machine is drawn separately. Then those two drawn sliver was drawn again 
through the drawing machine together. 

4.3.5. Ring spinning 
Drawn sliver from the drawing machine was spun into yarn through “Mesdan 
laboratory machine”. The sliver was drawn into yarn at a predraft of 1.3, and a total 
draft of 12.4 for Cotton/Lenzing FR and cotton. Whereas the total draft for 
polyester/Lenzing FR and polyester/modacrylic was 14.8 and predraft for Lenzing FR 
used was 18-19. The running speed was 5470 rpm at 8.3 m/min, and the twist was 
655 655 turns/m (T/m). 

In case of Polyester/Lenzing FR yarn spinning first yarn was spun 12.4 total draft but 
it produces yarn with higher d.tex then total draft was changed to 14.8. The dtex of 
the spun yarns are shown in table 4. 

Table 4. Denier tex of different yarn combinations.  

Fibre combinations / type Yarn dtex 
Cotton / Lenzing FR 423.3 
Polyester / Lenzing FR 562, 435 
Polyester / Modacrylic  432.5 
Cotton 420 
Lenzing FR 440 

4.3.6. Assembly Winding machine 
Yarn from the ring-spinning machine was fed to the assembly winding machine to 
bind four yarns together. The yarns were bound together at the speed of 200 m/min 
onto a bobbin. For the knitted fabric (mixed at fibre level) four yarns of the same 
fibre combination were bound together. For the knitted fabric (mixed at yarn level) 
two yarn of flammable fibre and two yarn of inherently flame retardant fibres were 
bound together. 

4.3.7. Twisting machine 
The bobbin from the assembly winding machine was fed to the twisting machine 
where four yarns were twisted together at the speed of 3500 twists/min with 200 
twists per meter in the direction of S twist. The dtex of the twisted spun yarns are 
shown in table 5. 
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Table 5. Denier tex of different twisted yarn combinations. 

Fibre combinations Yarn dtex 
Cotton / Lenzing FR (mixed at fibre level) 1,640 
Polyester / Lenzing FR (mixed at fibre level) 1,970 
Polyester / Modacrylic (mixed at fibre level) 1,760 
Cotton / Lenzing FR (mixed at yarn level) 1,740 

4.3.8. Knitting machine 
The twisted yarns of different fibre combination were knitted into a (Rib 1x1) knitted 
fabric using a flat knitting hand machine of 8 gauges.	

4.3.9. Sample preparation 
The non-woven and knitted fabrics were cut into 20*17 cm2 sample, wherein three 
samples were burned longitudinally to the fibres or wale direction, and three samples 
fibres or wale were burned horizontally to the fibres or wale direction for each batch 
of fabric. 

4.3.10.  Thickness measurement 
The thickness of the conditioned fabric is measured using vernier calliper, where 
fabric fit between the jaws used for measuring the outer thickness. When jaws of 
vernier calliper touch both the surface of the fabric and move around the fabric 
smoothly, is the point where the thickness is measured. 

4.3.11. Burning test 
The vertical flame test was carried out using “Vertical burning machine” in the 
laboratory of AB Ludvig Svensson. 20*17 cm2 sample was hung on a clamp as 
shown in the picture 7 and a 40 mm long flame is applied to the fabrics for 20 
seconds at both longitudinal and horizontal wale or fibre direction of the fabrics. 

 

Figure 7. Show a 20*17 cm2 sample hanged on a clamp of the vertical flame test 
during the burning test. 
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4.3.12.  Air permeability test 
Before air permeability test fabrics were conditioned by placing them in the 
conditioning room for more than 24 hrs at temperature 20 ± 2 °C, and relative 
humidity 55 ± 5 %. After conditioning, the air permeability of the fabric was tested 
using a machine name “Textiles – Determination permeability of fabric to air” having 
ISO 9237:1995. Air suck through the sample fabric of 20 cm2 area with the pressure 
of 200 Pa and air permeability measured in millimetres per second (mm/s). A 
millimetre per second (mm/s) is the velocity of air which passes through a standard 
area, pressure drop and time. (Swedish Standards Institute, 1995) 

4.3.13. Statistical Analysis 
The t-test (unpaired for unequal variances) was used to compare two sample values 
with each other at a 95% confidence level (α= 0.05) for one tail. The result stated if 
the sample means were significantly different or not. This is an important analysis in 
order to find clear trends which are not only present by chance. 

The correlation coefficient R2 for linear regression was conducted to study the 
relation between two variables.  

5. Results and discussion  
In this section, the results of the experiments presented in tables of different 
nonwoven and knitted fabrics. Figures and diagrams explained, and the 
interpretations of the results discussed. In the last section of this chapter, the results of 
this thesis put into a broader context. 

5.1. Non-woven fabric 
Non-woven fabrics were prepared using the method as explained in section 4.1. The 
flame retardancy was tested by using Vertical burning test, which is explained in 
section 4.3.1. In this section, the result of the non-woven fabric was explained and 
discussed. 

5.1.1. Cotton and Modacrylic  
Cotton/modacrylic nonwoven fabrics were prepared using the method as explained in 
section 4.1. Where, cotton and modacrylic fibres were mixed in three different 
proportions of 75/25, 50/50, and 75/25. The cotton/modacrylic nonwoven fabrics 
flame characteristics are shown in table 6. 
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Table 6. Show the weight after burning (g), weight loss (%), smoke time after flame (s), air 
permeability (mm/s), and air permeability by weight (g*mm/s) of cotton/modacrylic non-
woven fabrics for both longitudinal and horizontal fibre directions. 

Fibre 
direction 

Fibre 
ratio 

Weight 
after 

burning 
(g) 

Weigh
t loss 
(%) 

Smoke 
time after 
flame (s) 

Air 
permeability 

(mm/s) 

Air 
permeability 

by weight 
(g*mm/s) 

L
on

gi
tu

di
na

l 

75/25 
- - - - - 
- - - 299 5800.6 
- - - 307 5833 

50/50 
- - > 451 413 7434 

 - - - 371 6640.9 
- - - 311 6220 

25/75 
18.5 5.13 393 409 7975.5 
19.3 2.53 210 413 8177.4 
18.3 3.68 192 414 7866 

H
or

iz
on

ta
l 

75/25 
- - - 363 6570.3 
- - - 324 5799.6 
- - - 378 6841.8 

50/50 
- - > 686 326 6128.8 
- - - 342 6532.2 
- - - 332 6474 

25/75 
18.7 2.09 15 431 8232.1 
18.5 2.63 19 355 6745 
19.8 2.94 31 345 7038 

 

The cotton/modacrylic (75/25) non-woven fabric when placed under the external 
flame it burns. After the removal of the external flame, the fabric continues to burn 
with smoke but without flame and turned the fabric utterly black, as shown in figure 
8. It can be said that 25% of modacrylic fibre cannot shield 75% of cotton in a non-
woven fabric. 
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Figure 8. Cotton/modacrylic (25/75) needle pinched fabric after the removal of external 
flame. 

In the case of 50/50 ratio, cotton/modacrylic non-woven fabric stopped burning with 
flame after the removal of the external flame, But it burns with smoke. The smoke 
time of cotton/modacrylic non-woven fabric is more than 451 sec and 686 sec for 
longitudinal and horizontal fibre direction to the external flame respectively. Hence, 
it can be said that cotton/modacrylic non-woven fabric with 50/50 ratio has not 
shown shielding effect because fabric continues to burns even after the external flame 
but with smoke instead of flame, as shown in figure 9. 

     

(a) Just after the removal (b) After 451 sec of the   (c) Just after the removal (d) After 686 sec        
of external flame                  flame stop                       of external flame              of  flame  stops 

Figure 9. Cotton/modacrylic (50/50) non-woven fabric after the removal of external flame, 
where (a) & (b) were longitudinal fibres and (c) & (d) were horizontal fibres to the direction 
of the flame. 
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Cotton/modacrylic (25/75) non-woven fabric stop burning after the removal of the 
external flame but continue to release smoke. Average smoke time for the 
longitudinal fibre direction to the flame is 265 sec and for horizontal fibre direction to 
the flame is 21.67 sec. It was found to be statistically significant that longitudinal 
fibres burn longer with smoke than horizontal fibres at a 95% confidential level for 
one tail. Long smoke time for vertical fibres represents that the fabric continues to 
burn without flame but with smoke, as shown in figure 10 (a), (b), and (c). Whereas 
less smoke time for horizontally arranged fibres represents that the fabric does not 
burn long with smoke, as shown in figure 10 (d), (e), and (f).  

It can be said that the flame retardancy of cotton/modacrylic nonwoven fabric was 
dependent on the fibre direction. Horizontally arranged fibres found to be better 
flame retardant than longitudinally arranged fibres to the direction of the flame. 
Cotton/modacrylic (25/75) non-woven fabric burn with smoke longer when fibres 
were arranged longitudinally to the direction of the external flame because 
modacrylic fibre provided by the Waxman Company had a cocoon shape. Cocoon 
shape means fibres have holes in it. The presence of holes in the modacrylic fibre 
made the cotton/modacrylic nonwoven dependent on the fibre direction. 
Longitudinally arranged fibres to the direction of flame give more excess to the flame 
to travel through the fabric with the air in the modacrylic fibre structure. Whereas 
horizontally arranged fibres to the direction of the flame create barriers for the flame 
or heat to travel through the fabric. Also, cotton fibre on burning creates ash and do 
not melts, so it does not transfer heat to the modacrylic fibre (Price & Horrocks, 
2013). 

   

(a) Under external flame (b) After external flame (c) After the removal of smoke 
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(d) Under external flame (e) After external flame (f) After the removal of smoke 

Figure 10. Show the Cotton/modacrylic (25/75) non-woven fabric Under and after external 
flame, where (a), (b), and (c) were horizontal fibres and (d), (e), and (f) were longitudinal 
fibres to the direction of the flame.  

The filled linear regression has a correlation coefficient R2 equal to 58.54% for of air 
permeability by weight (g*mm/s) and Modacrylic fibre % in cotton/modacrylic 
blended non-woven fabric, as shown in Figure 11. This implies that the linear fit 
captures 58.54% of the variation in the data. Further, the regression coefficient is 
positive, which implies that as the weight percentage of modacrylic fibre was 
increased in Cotton/modacrylic blended nonwoven fabric, the air-permeability 
increases. Hence, it can be said that the air permeability of the cotton/modacrylic 
non-woven fabric increases with the increase modacrylic fibre % in the fabric. 
Increase in the air permeability also increases the flammability of the fabric. But 
increasing modacrylic fibre % also improves the fame retardancy because of the 
increase in the amount of inherently flame retardant fibres. So it can be said that 
increasing modacrylic fibre % affects the Cotton/modacrylic nonwoven fabric flame 
retardant properties both positively as well as negatively.  

The reason for the increase in the air permeability of cotton/modacrylic non-woven 
fabric is due to the increase in the modacrylic fibre % could be due to the shape of the 
modacrylic fibre. The modacrylic fibre provided by the Waxman Company had a 
cocoon shape, which means fibres had holes in it. So, the increase in the modacrylic 
fibre % in the non-woven fabric increases fabric’s excess to the air and hence 
increases the air permeability of the non-woven fabric. 
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Figure 11. Show the air permeability by weight (g*mm/s) Vs Modacrylic fibre % in 
Cotton/Modacrylic non-woven fabric, with a linear trend line and R2 value. 

5.1.2. Polyester modacrylic 
Polyester/modacrylic nonwoven fabrics were prepared using the method as explained 
in section 4.1. Where, polyester and modacrylic fibres were mixed in three different 
proportions of 75/25, 50/50, and 75/25. The polyester/modacrylic nonwoven fabrics 
flame characteristics are shown in table 7. 

Table 7. Show the weight after burning (g), weight loss (%), smoke time after flame (s), air 
permeability (mm/s), and air permeability by weight (g*mm/s) of Polyester/modacrylic non-
woven fabrics for both longitudinal and horizontal fibre directions. 

Fibre 
direction 

Fibre 
ratio 

Weight 
after 

burning 
(g) 

Weight 
loss 
(%) 

Smoke 
time after 
flame (s) 

Air 
permeability 

(mm/s) 

Air 
permeability 

by weight 
(g*mm/s) 

L
on

gi
tu

di
na

l 

75/25 
- - - 355 7277.5 
- - - 388 7876.4 
- - - 395 8018.5 

50/50 
- - 

Flame 
stopped 
using 
water 

492 9003.6 

- - - 457 8683 
- - - 425 8117.5 

25/75 
18.6 2.61 10 442 8442.2 
19.8 1.98 15 437 8827.4 
18.6 2.11 16 516 9804 

y = 30.516x + 5271
R² = 0.5854
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H
or

iz
on

ta
l 

75/25 
- - - 420 8190 
- - - 414 8031.6 
- - - 389 7780 

50/50 
- - 

Flame 
stopped 
using 
water 

483 9418.5 

- - - 429 7893.6 
-  - 494 9139 

25/75 
19.7 2.03 34 388 7798.8 
19.6 2.04 25 433 8660 
18.7 1.6 27 407 7733 

 

Only 25/75 ratio of Polyester/modacrylic non-woven fabric stops burning with flame 
after the removal of the external flame, but release some smoke after burning. 
Whereas, 75/25 and 50/50 ratio of Polyester and modacrylic non-woven fabrics 
continue to burn with flame after the removal of the external flame, as shown in table 
7. The average smoke time for horizontally arranged fibres to the external flame was 
28.67 secs. The average smoke time for longitudinally arranged fibres to the external 
flame was 13.67 secs. It was found to be statistically significant that horizontally 
arranged fibres burn longer with smoke than longitudinally arranged fibres to the 
external flame at a 95% confidential level for one tail. It can be said that the flame 
retardancy of polyester/modacrylic nonwoven fabric was dependent on the fibre 
direction. Longitudinally arranged fibres found to be better flame retardant than 
longitudinally arranged fibres to the direction of the flame. 

Polyester/modacrylic (25/75) non-woven fabric burn with smoke longer when fibres 
were arranged horizontally compares to the longitudinally arranged fibres. The reason 
could be the burning behaviour of the polyester. Polyester is a thermoplastic polymer 
which melts upon burning and transfers heat (Chen, Wang, Hu, Wang, Qu, & Yang, 
2005). So, it can be said the polyester fibre transfer heat to the modacrylic fibre and it 
transfers heat at a faster rate when Polyester and modacrylic fibres were arranged 
horizontally to the external flame compare to the longitudinally arranged fibres. 
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(a) Under external flame (b) After external flame       (c) After the removal of smoke 

    

 (d) Under external flame  (e) After external flame       (f) After the removal of smoke 

Figure 12. Show the polyester/modacrylic (25/75) non-woven Under and after external flame, 
where (a), (b), and (c) were horizontal fibres and (d), (e), and (f) were longitudinal fibres to 
the direction of the flame. 

The filled linear regression has a correlation coefficient R2 equal to 59.98% for of air 
permeability by weight (g*mm/s) and Modacrylic fibre % in polyester/modacrylic 
blended non-woven fabric, as shown in Figure 13. This implies that the linear fit 
captures 59.98% of the variation in the data. Further, the regression coefficient is 
positive, which implies that as the weight percentage of modacrylic fibre was 
increased in polyester/modacrylic blended nonwoven fabric, the air-permeability 
increases. Hence, it can be said that the air permeability of the polyester/modacrylic 
non-woven fabric increases with the increase modacrylic fibre % in the fabric. 
Increase in the air permeability also increases the flammability of the fabric. But 
increasing modacrylic fibre % also improves the fame retardancy because of the 
increase in the amount of inherently flame retardant fibres. So it can be said that 
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increasing modacrylic fibre % affects the polyester/modacrylic nonwoven fabric 
flame retardant properties both positively as well as negatively.  

The reason for the increase in the air permeability due to the increase in the 
modacrylic fibre % could be due to the shape of the modacrylic fibre. The modacrylic 
fibre provided by the Waxman Company had a cocoon shape, which means fibres had 
holes in it. So, the increase in the modacrylic fibre % in the non-woven fabric 
increases fabric’s excess to the air and hence increases the air permeability of the 
non-woven fabric. 

 
Figure 13. Show the air permeability by weight (g*mm/s) Vs Modacrylic fibre % in 
polyester/Modacrylic non-woven fabric, with a linear trend line and R2 value. 

5.1.3. Cotton and Lenzing FR 
Cotton/Lenzing FR nonwoven fabrics were prepared using the method as explained 
in section 4.1. Where, cotton and Lenzing FR fibres were mixed in three different 
proportions of 75/25, 50/50, and 75/25. The cotton/Lenzing FR nonwoven fabrics 
flame characteristics are shown in table 8. 
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Table 8. Show the weight after burning (g), weight loss (%), smoke time after flame (s), air 
permeability (mm/s), and air permeability by weight (g*mm/s) of cotton/Lenzing FR non-
woven fabrics for both longitudinal and horizontal fibre directions.  

Fibre 
direction 

Fibre 
ratio 

Weight 
after 

burning 
(g) 

Weight 
loss 
(%) 

Smoke 
time 
after 

flame (s) 

Air 
permeability 

(mm/s) 

Air 
permeability 

by weight 
(g*mm/s) 

L
on

gi
tu

di
na

l 

75/25 
- - - 298 5870.6 
- - - 310 5766 
- - - 306 5538.6 

50/50 
19.1 3.54 45 288 5702.4 
21.1 3.65 93 307 6723.3 
22.4 3.03 16 245 5659.5 

25/75 
19.4 2.51 4 283 5631.7 
19.5 3.94 90 319 6475.7 
19.1 3.05 10 335 6599.5 

H
or

iz
on

ta
l 

75/25 
- - 

Flame 
stopped 
using 
water 

- - 

- - - 254 4826 
- - - 330 5907 

50/50 
18.5 3.14 10 276 5271.6 
18.5 2.63 6 345 6555 
17.9 6.77 155 274 5260.8 

25/75 
18.1 8.59 14 304 6019.2 
18.2 3.7 12 302 5707.8 
18.6 3.13 9 370 7104 

 

Cotton and Lenzing FR with proportion 50/50 and 25/75 both non-woven fabrics stop 
burning after the removal of the external flame but release some smoke after burning. 
Whereas, the 75/25 proportion of Cotton and Lenzing FR non-woven fabric continue 
to burn after the removal of the external flame. In these fibre combinations of two 
fabrics with proportions, 50/50 and 25/75 have shown shielding effect. The shielding 
effect of the inherently flame retardant fibre is found to be independent on the fibre 
direction because statistically the smoke time for longitudinally and horizontally 
arranged fibres to the direction of flame for both proportion 50/50 and 25/75 was not 
different at a 95% confidential level. The average smoke time of 50/50 proportion is 
51.3 sec and 57 sec for the longitudinal and horizontal direction to the flame, 
respectively. The average smoke time of 25/75 proportion is 34.7 sec and 11.7 sec for 
the longitudinal and horizontal direction to the flame, respectively. Also, there no 
statistically significant difference of smoke time after the removal of external flame 
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between 50/50 and 25/75 proportion of cotton and Lenzing FR in non-woven fabric. 
From the above result, it can be concluded that the shielding effect of Lenzing FR 
towards cotton is independent of the fibre direction.  

   

(a) Under external flame  (b) After external flame 

   

(c) Under external flame  (d) After external flame 

Figure 14. Show the Cotton/Lenzing FR (25/75) needle-non-wovenUnder and after external 
flame, where (a), (b), and (c) were horizontal fibres and (d), (e), and (f) were longitudinal 
fibres to the direction of the flame. 

The filled linear regression has a correlation coefficient R2 equal to 22.09% for of air 
permeability by weight (g*mm/s) and Lenzing FR fibre % in cotton/Lenzing FR 
blended non-woven fabric, as shown in Figure 15. This implies that the linear fit 
captures 22.09% of the variation in the data. Further, the regression coefficient is 
positive, which implies that as the weight percentage of Lenzing FR fibre was 
increased in Cotton/Lenzing FR blended nonwoven fabric, the air-permeability 
increases. Hence, it can be said that the air permeability of the polyester/modacrylic 
non-woven fabric increases with the increase Lenzing FR fibre % in the fabric. 
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Increase in the air permeability also increases the flammability of the fabric. But 
increasing Lenzing FR fibre % also improves the fame retardancy because of the 
increase in the amount of inherently flame retardant fibres. But in the above one tail t-
test, no significant difference was found between 50/50 and 25/75 cotton and Lenzing 
FR fibre proportion for non-woven fabric. 

It can be said that increasing Lenzing FR fibre % reduces the flame retardant property 
of the cotton/Lenzing FR nonwoven fabric flame due to the increase in the air 
permeability. But increasing inherently flame retardant fibre, Lenzing FR proportion 
improves the flame retardant property of the cotton/Lenzing FR nonwoven fabric. So, 
there was no statistically significant difference noted in the flame retardancy between 
50/50 and 25/75 fibre proportion.  

The reason for the increase in the air permeability of the cotton/Lenzing FR blended 
non-woven fabric could be the difference in the diameter or shape of the fibres. But 
the shape and diameter of the fibres were not provided by the supplier, so the exact 
reason cannot be predicted.  

       

Figure 15. Show the air permeability by weight (g*mm/s) Vs Lenxing FR fibre % in 
cotton/Lenzing FR non-woven fabric, with a linear trend line and R2 value. 

5.1.4. Polyester and Lenzing FR 
Polyester/Lenzing FR nonwoven fabrics were prepared using the method as explained 
in section 4.1. Where, Polyester and Lenzing FR fibres were mixed in three different 
proportions of 75/25, 50/50, and 75/25. The Polyester/Lenzing FR nonwoven fabrics 
flame characteristics are shown in table 9. 
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Table 9. Show the weight after burning (g), weight loss (%), smoke time after of flame (s), air 
permeability (mm/s), and air permeability by weight (g*mm/s) of cotton/ Lenzing FR non-
woven fabrics for both longitudinal and horizontal fibre directions. 

Fibre 
direction 

Fibre 
ratio 

Weight 
after 

burning 
(g) 

Weight 
loss 
(%) 

Smoke 
time after 
flame (s) 

Air 
permeability 

(mm/s) 

Air 
permeability 

by weight 
(g*mm/s) 

L
on

gi
tu

di
na

l 

75/25 
- - - 400 7120 

15 16.67 - 385 6930 
- - - 436 7848 

50/50 
17.1 9.04 - - - 

- - - 365 6825.5 
- - - 340 6358 

25/75 
16.3 5.23 8 425 7310 
16.2 5.81 5 394 6776.8 
15.5 7.19 9 384 6412.8 

H
or

iz
on

ta
l 

75/25 
13.5 30.77 - - - 

- - - - - 
- - - 355 6922.5 

50/50 
14.2 24.06 - - - 
14.5 18.54 - - - 

- - - 437 7909.7 

25/75 
16.7 4.57 7 344 6020 
17.8 3.78 7 382 7067 
17.8 5.32 8 436 8196.8 

 

Only 25/75 ratio of Polyester and Lenzing FR non-woven fabric stops burning with 
flame after the removal of the external flame, but release some smoke after burning. 
Whereas, 75/25 and 50/50 ration of Polyester and Lenzing FR non-woven fabric 
continue to burn after the removal of the external flame, as shown in table 9. The 
average smoke time for horizontally arranged fibres to the external flame was 7.33 
secs. Whereas, the average smoke time for longitudinally arranged to the external 
flame was also 7.33 secs. There was no statistically significant difference in smoke 
time between longitudinally arranged fibres to the flame fibres than horizontally 
arranged fibres to the flame at a 95% confidential level for one tail. It can be said that 
the flame retardancy of polyester/Lenzing FR nonwoven fabric was independent of 
the fibre direction. 
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(a) Under external flame  (b) After external flame 

   

(c) Under external flame  (d) After external flame 

Figure 16. show the polyester/lenzing FR (25/75) needle-non-wovenUnder and after external 
flame, where (a) & (b) were horizontal fibres and (c) & (d) were longitudinal fibres to the 
direction of the flame. 

The filled linear regression has a correlation coefficient R2 equal to 2.78% for of air 
permeability by weight (g*mm/s) and Lenzing FR fibre % in polyester/Lenzing FR 
blended non-woven fabric, as shown in Figure 17. This implies that the linear fit 
captures 2.78% of the variation in the data. Further, the regression coefficient is 
negative, which implies that as the weight percentage of modacrylic fibre was 
reduced in polyester/Lenzing FR blended nonwoven fabric, the air-permeability 
increases. But correlation coefficient R2 was very small so it can be said that the air 
permeability of the polyester/Lenzing FR non-woven fabric was almost unaffected to 
Lenzing FR fibre % in the fabric. But increasing modacrylic fibre % also improves 
the fame retardancy because of the increase in the amount of inherently flame 
retardant fibres. Increasing Lenzing FR fibre % is not affecting air permeability. So it 
can be said that increasing Lenzing FR fibre % cannot affect the polyester/Lenzing 
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FR nonwoven fabric flame retardant properties negatively. This is could be possible 
because of the similar shape and diameter of the polyester and Lenzing FR. 

 

Figure 17. Show the Air permeability by weight (g*mm/s) Vs Lenxing FR fibre % in 
cotton/Lenzing FR non-woven fabric, with a linear trend line and R2 value. 

5.2. Knitted fabrics  
Three fibre combinations cotton/Lenzing FR, polyester/modacrylic, and 
polyester/Lenzing FR were studied for knitted fabric. Here the fibre ratio selected for 
the study is 50/50 to push the boundaries of using inherently flame retardant fibres to 
the edge and study to what extent it works. The reason for choosing a lower 
percentage of inherently flame retardant fibres is to make the fabric more economical. 

5.2.1. Mixed at fibre level 
Knitted fabrics are made up of flammable (cotton and polyester) and inherently flame 
retardant fibres (modacrylic and Lenzing FR) where they are mixed pairwise at fibre 
level in the ratio of 50/50. When the knitted fabric was placed under the flame, they 
burn and continue to burn even after removal of flame, but cotton/Lenzing FR and 
polyester/modacrylic knitted fabric stopped burning by itself after some time whereas 
Polyester/Lenzing FR knitted fabric continue to burn vigorously even after the 
removal of the flame, as shown in figure 18, 19, and 20.  
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 (a)Under external flame       (b) After external flame  (c) After flame extinguishes 

   

           (d) Under external flame      (e) After external flame (f) After flame extinguishes 

Figure 18. Show the cotton/lenzing FR (50/50) knitted fabrics (mixed at fibre level) under 
and after external flame, where (a), (b), and (c) were longitudinally arranged wales and (d), 
(e), & (f) were horizontally arranged wales to the direction of the external flame. 

   

         (a) Under external flame     (b) After external flame  (c) continue burning 
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       (d) Under external flame       (e) After external flame  (f) continue burning 

Figure 19. Show the polyester/Lenzing FR (50/50) knitted fabrics (mixed at fibre level) under 
and after external flame, where (a), (b), and (c) were longitudinally arranged wales and (d), 
(e), & (f) were horizontally arranged wales to the direction of the external flame.  

   

(a)Under external flame (b) After external flame (c) After flame extinguishes 

   

(d) Under external flame (e) After external flame (f) After flame extinguishes 
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Figure 20. show the polester/modacrylic (50/50) knitted fabrics (mixed at fibre level) Under 
and after external flame, where (a), (b), and (c) were Longitudinally arranged wales and (d), 
(e), & (f) were horizontally arranged wales to the direction of the external flame. 

Table 10. Show weight after burning (g), weight loss (%), burning time after the removal of 
the external flame (s), and smoke time after flame (s) of different knitted fabrics (mixed at 
fibre level) for both longitudinal and horizontal wale directions to the external flame. 

Fibre 
Mixture 

Fibre 
directi

on 

Weight 
after 

burning 
(g) 

Weight 
loss 
(%) 

Burning time 
after the removal 

of the external 
flame (s) 

Smoke 
time 
after 
flame 

(s) 

Air 
permea
bility 

(mm/s) 

Cotton / 
Lenzing 

FR 
 

Longi
tudina

l 
 

21.17 8.35 12 12 823 
21.30 8.97 12 11 822 
20.33 7.59 6 9 812 

Horiz
ontal 

 

19.18 10.79 14 14 842 
20.57 9.78 12 8 838 
20.06 6.26 2 7 920 

Polyester 
/ 

Lenzing 
FR 

Longi
tudina

l 
 

16.43 36.07 Flame stopped 
using water 

- 
----- 
----- 

- - - - 688 
- - - - 738 

Horiz
ontal 

23.47 8.68 Flame stopped 
using water 

- 800 

16.43 36.07 Flame stopped 
using water 

- 925 

- - - - 792 

Polyester 
/ 

Modacey
lic 

Longi
tudina

l 
 

21.37 10.59 Flame stopped 
using water 

- 591 

21.31 12.66 65 4 608 
21.35 11.04 78 4 666 

Horiz
ontal 

20.04 14.36 98 3 650 
20.35 14.85 86 3 622 

- - - - 602 
 
Figure 21 shows the comparison between cotton/Lenzing FR and 
polyester/modacrylic knitted fabric. It can be seen that the burning time after removal 
of the external flame for cotton/Lenzing FR knitted fabric is less than the 
polyester/modacrylic knitted fabric. The smoke time after flame extinguishes of 
polyester/modacrylic knitted fabric is less than the cotton/Lenzing FR knitted fabric. 
There could be two reasons for the less smoke time of the polyester/modacrylic 
knitted fabric than the cotton/Lenzing FR knitted fabric. First is the 
polyester/modacrylic knitted fabric was denser than the cotton/Lenzing FR knitted 



 

41 
 

fabric, as shown in table 10, which lower the flammability. Second is that 
thermoplastic fibres have lower smoke time compare to the cellulose fibres. 
However, because of the longer burning time of polyester/modacrylic knitted fabric, 
it has higher weight loss, as shown in figure 21.  
 

 

 

 

 

 

 

 

 

 

Figure 21. The burning and smoke time in seconds and weight loss in percentage of two 
knitted fabrics (mixed at fibre level) cotton/Lenzing FR and polyester/modacrylic after 
removal of the external flame for longitudinal and horizontal wale direction to the external 
flame.  

Where C/L* is cotton/Lenzing FR, P/M* is polyester/modacrylic, L* is longitudinal and H* is 
horizontal. 

There was no statistically significant difference in smoke time, burning time and 
weight loss % between longitudinally arranged wale to the flame and horizontally 
arranged wale to the flame for cotton/Lenzing FR knitted fabric (mixed at fibre level) 
at a 95% confidential level. So, it can be said that the cotton/Lenzing FR knitted 
fabric (mixed at fibre level) flame retardancy was found to be independent to the 
direction of the wale. The t-test for the Polyester/Modaceylic knitted fabric (mixed at 
fibre level) cannot be done because of the two samples for each direction. But 
Cotton/Lenzing FR knitted fabric (mixed at fibre level) was statistically better than 
Polyester/Modaceylic knitted fabric (mixed at fibre level) in smoke time, burning 
time and weight loss % at a 95% confidential level. Hence, cotton/Lenzing FR fibre 
combination was chosen for the further study of the knitted fabric where inherently 
flame retardant and flammable fibres mixed at yarn level.  
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5.2.2. Mixed at yarn level 
Knitted fabric mixed at yarn level in the ratio of 50/50 made up of flammable (cotton) 
and inherently flame retardant fibres (Lenzing FR). When the knitted fabric (mixed at 
yarn level) was placed under the external flame, it burns for a while and then stops 
burning by itself after some time, as shown in table 11 and figure 22. 

   

     (a )Under external flame          (b) After external flame  (c) After flame extinguishes 

 

      (d)Under external flame   (e) After external flame           (f) After flame extinguishes  

Figure 22. Show the cotton/lenzing FR (50/50) knitted fabrics (mixed at yarn level) under and 
after external flame, where (a), (b), and (c) were longitudinally arranged wales and (d), (e), 
& (f) were horizontally arranged wales to the direction of the external flame. 
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Table 11. Show weight after burning (g), weight loss (%), burning time after the removal of 
the external flame (s), and smoke time after flame (s) of Cotton / Lenzing FR knitted fabrics 
mixed at yarn level for both longitudinal and horizontal wale directions to the external flame. 

Fibre 
Mixture 

Fibre 
direction 

Weight 
after 

burning 
(g) 

Weight 
loss 
(%) 

Burning 
time after 

the removal 
of the 

external 
flame (s) 

Smoke 
time 
after 
flame 

(s) 

Air 
permeability 

(mm/s) 

Cotton / 
Lenzing 

FR 

Longitudinal 
 

18.96 10.14 20 15 1040 
20.75 6.53 16 10 960 
20.47 6.53 8 24 1000 

Horizontal 21.16 6.37 13 7 977 
18.74 8.14 18 6 1010 
18.61 9.22 15 9 1060 

 

There was no statistically significant difference in smoke time, burning time and 
weight loss % between longitudinally arranged wale to the flame and horizontally 
arranged wale to the flame for Cotton/Lenzing FR knitted fabric (mixed at yarn level) 
at a 95% confidential level. So, it can be said that the cotton/Lenzing FR knitted 
fabric (mixed at yarn level) flame retardancy was found to be independent to the 
direction of the wale.	

5.2.3. Comparison of knitted fabrics 
Cotton/Lenzing FR fibre combination has shown better flame retardancy then 
Polyester/Lenzing FR and polyester/modacrylic. So, cotton/Lenzing FR fibre 
combination was studied further by mixing cotton and Lenzing FR at yarn level for 
knitted fabric. When cotton/Lenzing FR knitted fabric (mixed at yarn level) placed 
under the flame, it burns for a while after the removal of the external flame just like 
the cotton/Lenzing FR knitted fabric (mixed at fibre level). So, both types of 
cotton/Lenzing FR knitted fabrics are compared in figure 23, 24, and 25 to find out 
which one of them has better shielding effect. 

Cotton/Lenzing FR knitted fabric mixed at the fibre level has average air permeability 
842.83 mm/s whereas for yarn level mixing has average permeability 1007.83 mm/s, 
as shown in figure 17. The t-test also shows a statistically significant difference in the 
air permeability of Cotton/Lenzing FR knitted fabrics mixed at the fibre level and 
yarn level at a 95% confidential level. So, cotton/Lenzing FR knitted fabric mixed at 
the yarn level is more air permeable than fibre. Increase in the air permeability of 
knitted fabric also increases the flammability of the fabric. 
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5.2.3.1.  Burning time  
In figure 23, it’s seen that the burning time of cotton/ Lenzing FR knitted fabric 
mixed at the fibre level is less than the yarn level. The t-test also shows a statistically 
significant difference in the burning time of Cotton/Lenzing FR knitted fabrics mixed 
at the fibre level and yarn level at a 95% confidential level for one-tail. Whereas, the 
air permeability of cotton/Lenzing FR knitted fabric mixed at the fibre level is lower 
than the cotton/Lenzing FR knitted fabric mixed at the yarn level, see section 5.2.3. 
Increase in the air permeability of knitted fabric also increases the flammability of the 
fabric. Hence, at this point, it cannot be said that which level (fibre or yarn level) of 
mixing have better shielding effect because burning time increases with an increase in 
the air permeability. 

    

Figure 23. The burning time (s) vs air permeability (mm/s) of two knitted fabrics 
cotton/Lenzing FR mixed at fibre and yarn level. 

Where C/L* is cotton/Lenzing FR. 

5.2.3.2. Smoke time  
In figure 24, it’s seen that the smoke time of cotton/ Lenzing FR knitted fabric mixed 
at the fibre level is less than the yarn level. But t-test does not show a statistically 
significant difference in the Smoke time of Cotton/Lenzing FR knitted fabrics mixed 
at the fibre level and yarn level at a 95% confidential level for one-tail. Whereas, the 
air permeability of cotton/Lenzing FR knitted fabric mixed at the fibre level is lower 
than the cotton/Lenzing FR knitted fabric mixed at the yarn level, see section 5.2.3. 
Increase in the air permeability of knitted fabric also increases the flammability of the 
fabric. Hence, at this point, it can be said that yarn level of mixing has better 
shielding effect. Yarn level mixing had higher air permeability than fibre level 
mixing, but no statistical difference in the smoke time was observed. 
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Figure 24. The smoke time (s) Vs air permeability (mm/s) of two knitted fabrics 
cotton/Lenzing FR mixed at fibre and yarn level. 

Where C/L* is cotton/Lenzing FR 

5.2.3.3. Weight lost percentage 
Weight loss percentage of cotton/Lenzing FR knitted fabric mixed at yarn level is 
lower than the cotton/Lenzing FR knitted fabric mixed at the fibre level, as shown in 
figure 25. But t-test does not show a statistically significant difference in the weight 
loss percentage of Cotton/Lenzing FR knitted fabrics mixed at the fibre level and 
yarn level at a 95% confidential level for one-tail. Whereas, the air permeability of 
cotton/Lenzing FR knitted fabric mixed at the fibre level is lower than the 
cotton/Lenzing FR knitted fabric mixed at the yarn level, see section 5.2.3. Increase 
in the air permeability of knitted fabric also increases the flammability of the fabric. 
Hence, at this point, it can be said that the yarn level of mixing has better shielding 
effect. Yarn level mixing had higher air permeability than fibre level mixing, but no 
statistical difference in the weight loss percentage was observed. 
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Figure 25. The weight loss (%) Vs. air permeability (mm/s) of two knitted fabrics 
cotton/Lenzing FR mixed at fibre and yarn level. 

Where C/L* is cotton/Lenzing FR. 

5.3. Cotton / lenzing FR fabrics 
In the vertical flame test of non-woven section cotton/Lenzing FR non-woven fabric 
mixed in the 50/50 proportion stopped burning after the removal of the external 
flame, as shown in table 6 and figure 10. Whereas, knitted fabrics (mixed at fibre and 
yarn level) burn for a while after the removal of the external flame, as shown in table 
10 and 11 and figure 18 and 22. Knitted fabrics burn for a while after the removal of 
the external flame because yarns in the fabric are not tightly packed, which make the 
fabric more air permeable. In the case of non-woven fabric, fibres were arranged in a 
0.6 cm approx thick fabric which made the fabric less air permeable. 

The air permeability of cotton/Lenzing FR knitted fabric mixed at the yarn level is 
higher than the cotton/Lenzing FR knitted fabric mixed at the fibre level, see section 
5.2.3. Increase in the air permeability of knitted fabric also increases the flammability 
of the fabric. Burning time of the cotton/Lenzing FR knitted fabric mixed at the yarn 
level was higher than the cotton/Lenzing FR knitted fabric mixed at the fibre level. 
But no statistical difference in the smoke time and the weight loss percentage was 
noted between yarn and fibre level mixing for the cotton/Lenzing FR knitted fabric. 
So, from the cotton/Lenzing FR knitted fabrics, it can be concluded that yarn level 
mixing has a slower burning rate than fibre level mixing. Hence, cotton/Lenzing FR 
knitted fabric mixed at the yarn level is a better flame retardant than cotton/Lenzing 
FR knitted fabric mixed at the fibre level.  
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6. Conclusions 
In all the different fibre combinations inherently flame retardant fibres have shown 
shielding effect towards flammable fibres to some extent. So this can be seen in the 
non-woven fabric 5.1 section where all the fibres combination stopped burning after 
the removal of flame at some point of inherently flame retardant fibre percentage. 

The flame retardancy is found to be dependent onto the fibre direction in 
cotton/modacrylic and polyester/modacrylic nonwoven fabric. In cotton/modacrylic 
nonwoven fabric horizontally arranged fibres found to be better flame retardant than 
longitudinally arranged fibres to the direction of the flame because of the holes in the 
modacrylic fibres. Whereas, polyester/modacrylic nonwoven fabric longitudinally 
arranged fibres found to be better flame retardant than horizontally arranged fibres to 
the direction of the flame. The reason could be the burning behaviour of polyester, it 
melts upon burning. This melting nature of the polyester fibre transfer heat at a faster 
rate when Polyester and modacrylic fibres were arranged horizontally to the external 
flame compare to the longitudinally arranged fibres. And on the other side, the flame 
retardancy is found to be independent onto the fibre direction in cotton/Lenzing FR 
and polyester/Lenzing FR non-woven fabric. Also, flame retardancy of 
Cotton/Lenzing FR knitted fabrics mixed at both fibre and yarn level found to be 
independent of wale direction. 

The air permeability of the cotton/modacrylic and polyester/modacrylic non-woven 
fabrics increases with the increase in the modacrylic fibre percentage. This is due to 
the shape of the modacrylic fibre, it has a cocoon-shaped cross-section, which means 
fibres have holes in it and the presence of hole increases the diameter of the fibre. So, 
increasing modacrylic fibre % increases the air permeability of the cotton/modacrylic 
and polyester/modacrylic non-woven fabrics. 

The Lenzing FR fibre has better potential to shield the cotton fibre than any other pair 
of fibres studied above when placed under the flame. Lenzing FR and cotton fibre 
combination release fewer toxic gases and do not release gases like hydrogen chloride 
(HCl); ammonia (NH3); hydrogen cyanide (HCN) and nitrogen oxides (NOx) (Price 
& Horrocks, 2013; Anon, 2018). It is clear from the result section 5.3 that non-woven 
and knitted fabrics structure is having an influence on the shielding properties of the 
flame retardant fibres. The change in the fabric structure also affects the air 
permeability. Air permeability influences the flame retardancy of the fabric. 

From the study of fibre level and yarn level mixing of cotton and Lenzing FR in 
knitted fabric, it also discussed in section 5.2.2.3 yarn level mixing of cotton and 
Lenzing FR in knitted fabric found to be a better flame retardant. The weight loss 
percent cotton and Lenzing FR knitted fabric mixed at fibre and yarn level has no 
statistical difference even though cotton and Lenzing FR knitted fabric mixed at yarn 
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level had longer burning time and higher air permeability Lenzing FR knitted fabric 
mixed at fibre level. Hence, it can be concluded that the Lenzing FR shields cotton in 
a knitted fabric better when mixed at yarn level than mixed at fibre level. 

The fabric structure dramatically influences the minimum proportion of inherently 
flame retardant fibres needed to be mixed with flammable fibres. The closeness of 
fibres and yarns arranged into the fabric structures influence the air permeability and 
fabric density of the fabric. In non-woven fabric, inherently flame retardant fabric 
shows better flame retardancy than knitted fabric because of the lower air 
permeability, also discussed in section 5.3. But in case of polyester/modacrylic 
(50/50) shielding property of modacrylic fibre towards polyester fibre get better in 
knitted fabric then non-woven fabric even though the knitted fabric had lower air 
permeability, as shown in Table 6. In polyester/modacrylic (50/50) non-woven fabric 
flame was stopped using water whereas, polyester/modacrylic (50/50) knitted fabric 
mixed at fibre level stopped burning itself after the removal of the flame. This 
improvement from non-woven fabric to the knitted fabric in the shielding property of 
modacrylic towards polyester could be due to the increase in the density of the fabric. 
Hence, it confirms, that reducing the air permeability and increasing the fabric 
density shielding properties of inherently flame retardant fibres can be improved, 
which is also said by Cardamone and Horrocks et al. in section 2.7. 

Overall this thesis work points out the issue with flame retardant chemical and 
present an approach to accomplish fire retardancy in flammable fibre textiles by 
incorporating inherently flame retardant fibres instead of using conventional flame 
retardant.	

6.1. Society implications and ethical considerations 
Most widely used textile fibres cotton and polyester are flammable fibres. Flame 
retardants are needed to reduce the flammability and fire hazards caused by 
flammable materials. However, the problem is the non-durability of flame retardants 
when applied physically or bonded chemically on the surface of the fibre or fabric. 
Many flame retardants come with health or/and environmental hazards. (Chivas, 
Guillaume, Sainrat, & Barbosa, 2009; Steukers, Kroon, & Drohmann, 2004) This 
thesis work presents an approach to toward less toxic flame retardant fabric by using 
inherently flame retardant fibres as a shield for flammable fibres from the flame. This 
thesis project provides knowledge about the shielding properties of the inherently 
flame retardant fibres and awareness about the harms related to the flame retardants 
chemical used in textile fabrics. 

When these inherently flame retardant fibres mixed with flammable fibres the amount 
of toxic by-product release by inherently flame retardant fibres can be reduced. This 
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thesis work can also help in reducing the amount of inherently flame retardant fibres 
used and all in all, help in reducing the amount of chemical used as flame retardant. 

No animal or human harmed during the study. This thesis project was an approach to 
produce less toxic flame retardant fabrics. Furthermore, the successful outcome of the 
experiment can reduce the toxicity of the flame retardant fabric.  

7. Future research 
Fabric structure has influence on the flame retardant fabrics, where inherently flame 
retardant fibres used as flame retardants. From the above study, it is investigated that 
for knitted fabric yarn level mixing of inherently flame retardant with flammable 
fibre is a better flame retardant then fibre level mixing. If it holds good for woven 
fabric or not, need to be investigated — also the influence of other fabric structures 
on the flame retardant properties. Hence, an in-depth study of inherently flame 
retardant and flammable fibre interaction can also help to achieve better flame 
retardant fabrics using inherently flame retardant fibres. 

The fibre combinations shortlisted from the non-woven fabric section based on 
smoke time after the removal of an external flame for further study. However, the 
smoke time reduced for knitted because of the increase in the density, which was later 
found to be responsible for higher smoke time in non-woven fabrics. 
Cotton/modacrylic fibre combination wasn’t studied further just because of the long 
smoke time. Hence, further investigation of Cotton/modacrylic fibre combination 
should be done. 
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