
 

 

STUDIES ON POLYURETHANE AND ITS 

HYBRID FOAMS WITH MICRO AND NANO 

FILLERS FOR LOW FREQUENCY SOUND 

ABSORPTION 

 

 

A THESIS REPORT 

Submitted by 

R.GAYATHRI 

 

 

 

Under the guidance of 

Dr.R.VASANTHAKUMARI 

 

 

in partial fulfillment for the award of the degree of 

 

MASTER OF TECHNOLOGY (BY RESEARCH) 

in 

POLYMER TECHNOLOGY 

 

 

B.S.ABDUR RAHMAN UNIVERSITY 

 (B.S. ABDUR RAHMAN INSTITUTE OF SCIENCE & TECHNOLOGY)  

(Estd. u/s 3 of the UGC Act. 1956) 

www.bsauniv.ac.in 

AUGUST, 2013  

http://www.bsauniv.ac.in/


iv 

 

 

BONAFIDE CERTIFICATE 

 

Certified that this thesis report STUDIES ON POLYURETHANE AND ITS 

HYBRID FOAMS WITH MICRO AND NANO FILLERS FOR LOW FREQUENCY 

SOUND ABSORPTION is the bonafide work of R.GAYATHRI (RRN: 1062202) 

who carried out the thesis work under my supervision. Certified further, that 

to the best of my knowledge the work reported herein does not form part of 

any other thesis report or dissertation on the basis of which a degree or 

award was conferred on an earlier occasion on this or any other candidate.   

 

 

SIGNATURE                                                                                 SIGNATURE 

Dr.R.VASANTHAKUMARI                                   Dr.S.S.M.ABDUL MAJEED                           

SUPERVISOR             HEAD OF THE DEPARTMENT 

Head                                                                  Professor & Head                          

Polymer Nanotechnology Centre              Department of Polymer Engineering 

B.S. Abdur Rahman University                  B.S. Abdur Rahman University 

Vandalur, Chennai – 600 048                             Vandalur, Chennai – 600 048 

 

 

 

 

 

 

 



v 

 

ACKNOWLEDGEMENT 

 

 First and foremost I would like to thank God for blessing me with such 

a great opportunity to do this research.  

 

 I sincerely express my gratitude to Mr.Abdul Qadir A.Rahman 

Buhari, Chairman, Board of management, Dr.J.A.K Tareen, Vice 

Chancellor, Dr.V.M.Periasamy, Pro – Vice Chancellor and 

Dr.V.Murugesan, Registrar B.S.Abdur Rahman University for furnishing 

every essential facility for doing this research work. 

  

 I sincerely thank “IIT- Madras” for carrying out acoustical testing. 

 

 I extend deep sense of gratitude to my Research Supervisor 

Dr.R.Vasanthakumari, Head, Polymer Nano Technology Centre, for her 

valuable guidance and support throughout the research. Her vision and 

encouragement motivated me to work and achieve goals. 

 

 I express my sincere thanks to Dr.S.S.M.Abdul Majeed, Head, 

Department of Polymer Engineering for rendering his immense support 

and valuable guidance for completing the research work successfully. 

 

 I would like to thank all the faculty members, research scholars and 

non teaching staff members for their continuous support and encouragement. 

 

I offer sincere thanks to my family for their support and continuous 

advice throughout my education and their unlimited patience. I am also 

grateful for their invaluable love and understanding throughout in my life. 

 

 

 

 

 



vi 

 

ABSTRACT 

Polymer foams, especially Polyurethane foams (PU) are widely used 

as seating and cushioning material in mattress and in automobiles. Apart 

from this, PU also finds major application as sound absorbing material in 

automobiles and in compressors, pumps, generators, electrical installations 

etc. because of its attractive characteristics such as excellent visco elasticity, 

relative simple processing, light weight and commercial availability. Another 

unique, property of PU is that its properties can be tailor made according to 

the area of application. One drawback of PU as sound absorbing material is 

that the sound absorption capacity of PU is strong in high frequency range 

but relatively week in low frequency range. Materials with greater thickness 

are needed to achieve good sound absorption at low frequency range which 

in turn results in larger space consumption and higher cost. 

The present research work is aimed at developing flexible PU foam 

material to get good sound absorption property at low frequency in the range 

of 100-200Hz. Experiments have been carried out in preparing PU foam with 

three types of fillers namely nano silica (NS), crumb rubber (CR) and nano 

clay (NC) at 0%, 0.35%, 0.70%, 1.4% and 2.0% loading fractions and the 

foam samples were characterized for thermal, mechanical, morphological 

and sound absorption characteristics. 

The PU foam with 1.4% loading fraction of these fillers showed good 

sound absorption capacity, better thermal stability and enhanced mechanical 

properties at foam thickness of about 15mm. 

 This research work is further extended to study the sound absorption 

capacity of unfilled PU foam with varying thickness and also the sound 

absorption capacity of hybrid foams in low frequency range. The unfilled 

foam with 60mm of thickness gives sound absorption value same as that of 

15mm of filled foam. Further enhanced absorption value is achieved with 

PU/NS-Glassfibre cloth hybrid. The results are explained on the basis of 

porosity of the foam structure. 
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1.0. INTRODUCTION 

 

It is impossible to go a day without using some sort of polymers. Especially 

polymer foams are found virtually everywhere in our modern world and are used 

in a variety of applications such as cushioning of our furniture, mattresses and 

as sound insulation material. Polymer foams are made up of a solid and gas 

phase mixed together to form a foam. 

Among other pollutions, noise pollution has become a much more complex 

and serious issue and the demand for a better environment and more diversified 

life styles is increasing day by day. Therefore thin, light weight and low cost 

composite materials that will absorb sound waves in wider frequency regions are 

strongly desired. All the above criteria would be satisfied by polymer foams. 

Among polymer foams polyurethane foams occupy a wider space because of its 

characteristics like visco elasticity, relative simple processing, light weight and 

commercial availability, and also its properties can be tailored made according 

to the area of application. This research work briefly describes the application of 

polyurethane foam as sound absorbing material in low frequency range. 

 

1.1 POLYURETHANE 

Polyurethane (PU) - Polyurethanes are a large family of polymers with 

widely ranging properties and uses, all based on the reaction product of an 

organic isocyanate with compounds containing a hydroxyl group. Polyurethanes 

may be thermosetting or thermoplastic, rigid and hard or flexible and soft, solid 

or cellular with great property variances. Properties can be tailored to fulfill the 

requirements of different applications, eg. thermoplastic polyurethanes for 

automotive instrument panels, extruded film, sheet; flexible foam for upholstery 

and acoustic insulation, semi-rigid integral skin foam for automotive parts; rigid 

foam for insulation; thermoplastic elastomers and high performance rigid 

coatings for a diversity of substrates and requirements; flexible coatings for 

textile and leather, elastic fibers, and adhesives. 



2 

 

Polyurethanes are produced by reacting an isocyanate compound 

containing two or more isocyanate groups per molecule (R-(N=C=O)n ≥ 2) with a 

polyol containing an average of two or more hydroxy groups per molecule (R'-

(OH)n ≥ 2), in the presence of a catalyst. A typical polyurethane reaction is shown 

in Figure 1.1. 

 

Figure 1.1 Polyurethane reaction 

                                     

The properties of polyurethane are greatly influenced by the types of 

isocyanates and polyols used to make it. Long, flexible segments contributed by 

the polyol, give rise to a soft elastic polymer. High amounts of cross linking give 

tough or rigid polymers.  Long chains and low cross linking give a polymer that is 

very stretchy; short chains with lots of cross links produce a hard polymer while 

long chains and intermediate cross linking give a polymer useful for making 

foam. The cross linking present in polyurethanes means that the polymer 

consists of a three-dimensional network and molecular weight is very high. One 

consequence of this is that typical polyurethanes do not soften or melt when 

they are heated and they are thermosetting polymers. The choices available for 

the isocyanates and polyols, in addition to other additives and processing 

conditions allow polyurethanes to have the very wide range of properties that 

make them such widely used polymers. 

A flow chart for production of polyurethane foam is given in Figure 1.2. 
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Figure 1.2 Schematic flow chart for the production of polyurethane foam  

                    Courtesy: Carpenter Co, USA 

Polyurethane types 

 Thermoplastic polyurethane(TPU) 

 Polyurethane adhesives and coatings 

 Polyurethane foams. 

 

1.1.1 Thermoplastic Polyurethane (TPU) 

Thermoplastic polyurethane is a class of plastics with many useful 

properties. Technically they are thermoplastic elastomers consisting of linear 

segments of block copolymers composed of hard and soft segments. Polyesters 

and polyethers are used as the polyol component. The final resin consists of 

linear polymeric chains in block-structures. Such chains contain low polarity 

segments which are rather long (called soft segments), alternating with shorter 

(called hard segments). Both types of segments are linked together by covalent 

links, so that they actually form block co-polymers.  
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Due to its excellent properties like abrasion, wear resistance, good load bearing, 

compression set , excellent mechanical properties, combined with a rubber-like 

elasticity and good UV stability they find application in automotive instrument 

panels, caster wheels and roll covers, foot wear, mobile phones, medical 

devices. 

 

1.1.2 Polyurethane Adhesives and Coatings 

 Polyurethanes are so versatile that they are also available in the form of 

adhesives or glues that can safely bind together quite different materials, such 

as wood, rubber, cardboard or glass. Polyurethane adhesives vary widely in 

composition and are used for many different applications. Toluene-diisocyanate, 

diphenyl methane diisocyanate and polyester polyols are used as raw materials 

for polyurethane adhesives. PU adhesives are available in many types 

depending on the urethane groups present or formed during use. The major 

advantage of a polyurethane adhesive is that it is water resistant. This property 

makes it the adhesive of choice by book binders and book repair firms. The 

adhesive has a very low viscosity level, cures within seconds and has a pliable 

state in room temperature conditions. When used in terms of adhesives, the 

cure time is the length of time required before the adhesive has bonded the two 

items together. Polyurethane also finds wide application as coatings. The 

durability, corrosion resistance and weather resistance of polyurethanes makes 

them suitable for coating all kinds of surfaces. Some of the features of PU 

include high resilience, high strength, corrosion resistance, durability and 

weather resistance. Due to its above mentioned properties they find wider 

application in foot wear, plastic, packaging, construction and automotive 

industries. 

 

1.1.3 Polyurethane foams 

 One of the most desirable attributes of polyurethanes is its ability to be 

turned into foam. Making foam requires the formation of a gas at the same time 

as the urethane polymerization (gelation) is occurring. The gas can be 
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carbondioxide, either generated by the reaction of  isocyanate with water 

or added as a gas or any vapour produced by high volatile liquids. When water 

is used to produce the gas, care must be taken to use the right combination of 

catalysts to achieve the proper balance between gelation and blowing. The 

reaction to generate carbon dioxide involves water molecule reacting with an 

isocyanate first forming an unstable carbamic acid, which then decomposes into 

carbondioxide and an amine. The amine reacts with more isocyanate to give a 

substituted urea. The concentration and organization of these polyurea phases 

can have a significant impact on the properties of the polyurethane foam. The 

formation of carbondioxide is shown in Figure 1.3. 

 

Figure 1. 3 Carbon dioxide gas formed by reacting water and isocyanate 

 

Three types of foams can be formed, namely rigid foams, semi-rigid foams and 

flexible foams. 

 

1.1.3.1 Rigid foams 

Rigid PU foam is a highly cross linked polymer with a closed-cell 

structure. In rigid foams the cells are made up of two structural parts: cell walls 

(called struts) and open window areas (called voids), the windows in the cell 

walls are closed, restricting air flow and improving thermal efficiency. Polymeric 

MDI and low viscosity polyether polyols are used as raw materials and mono 

fluoro trichloro methane is used as a blowing agent. 
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1.1.3.2 Properties of rigid PU foam 

 Strong but not stiff as traditional material 

 Good adhesive properties and dimensional stability 

 

1.1.4 Flexible foams 

One major application of polyurethanes is in the area of flexible foams. 

Flexible foams will have open cell content. In flexible foam, the cells are made 

up of two structural parts: cell walls (called struts) and open window areas 

(called voids). This strut and void structure allows air to pass through the foam 

when force is applied. The morphology of flexible foam showing strut is shown in 

Figure 1.4. 

 

                                     

Figure 1.4 Morphology of flexible foam 

 

The elasticity of the struts acts as a shock absorber and allows the foam 

to recover shape after compression in the same manner as shock absorbers 

perform in a car.  Open cell foams feel soft and allow air to flow through so they 

are comfortable when used in seat cushions or mattresses and as sound 

absorbing materials. The range of properties has allowed flexible polyurethane 

foams to attain the sixth position in sales volume relative to all major plastics. 

Other applications of this technology can be seen in Figure 1.5. 
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Figure 1.5 Applications of flexible Polyurethane foam technology [1] 

 

Production of flexible Polyurethane foam: The Basic chemistry 

Flexible polyurethane foam production comprises of two main reactions. 

They are the blow reaction and the gelation reaction. Balancing the respective 

rates of these two reactions provides the open-celled morphology in the foam 

that is highly important to physical properties. If the gelation or cross-linking 

reaction occurs too quickly, a tight close celled foam may be formed. If the blow 

or gas-producing reaction occurs too quickly, the cells may open before the 

polymer has enough strength to uphold the cellular structure, resulting in 

collapse of the foam. Thus, these two reactions must be kept in proper balance 

in order to obtain the desired product. 

 

1.1.4.1 Blow Reaction 

The reaction of water with isocyanates is a two-step process termed the 

blow reaction. Because in addition to a polyurea product, a gas is evolved, this 

plays a large role in blowing the liquid into foam. The initial step of the blow 

reaction, which occurs through an intermediate, can be seen in Figure1.6, where 
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a thermally unstable carbamic acid is generated. This carbamic acid then 

spontaneously decomposes yielding heat, carbon dioxide, and amine product. 

The carbon dioxide diffuses into existing bubbles already nucleated in the liquid 

causing expansion of the foam. In addition to that, the heat generated will also 

play a large role in expanding the gas in the liquid to form the desired cellular 

morphology. 

 

Figure 1.6 First step of the blow reaction 

 

The amine functionality proceeds to the second step of the blow reaction. As 

shown in Figure 1.7, it reacts with an additional isocyanate group to form a 

disubstituted urea linkage. The total heat given off in the two reactions (Figure 

1.6 and Figure 1.7) is approximately 47 kcal/mol [1]. This second reaction can 

also be the source of covalent cross-links if either the isocyanate has more than 

two functional groups or if polyfunctional amines (e.g. diethanolamine) have 

been added to the formulation. 

 

 

Figure 1.7 Second step of the blow reaction 
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There is an additional reaction which could also produce covalent cross-links. 

The formation of biuret linkages, as shown in Figure 1.8, can occur if one of the 

hydrogens from the disubstituted urea product reacts with an isocyanate 

functional group. However, this reaction is reversible and generally does not 

occur below 100°C and no evidence exists to suggest that biurets are produced 

to a significant extent in typical polyurethane foam formation. It is evident that 

biurets may not be produced partly because of their reversibility but also 

because of the catalysts employed for the two desired reactions [1]. 

 

Figure 1.8 Formation of a Biuret Linkage 

 

1.1.4.2 Gelation Reaction 

The polyurethane linkage is produced by the reaction of alcohol 

functionality with an isocyanate group as shown in Figure 1.9. This addition 

reaction is exothermic with a heat of reaction of approximately 24 kcal/mol of 

urethane [1]. The nature of the R and R’ groups shown in Figure1.9 can vary 

depending on the selection of components in the formulation. Generally one of 

these components is multifunctional so that these reactions lead to a covalent 

network. 

 

Figure 1.9 The Gelation or Cross-linking Reaction 
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1.1.5 Components of Foam Formulation 

Each application of flexible polyurethane foam has specific performance 

criteria, so there are many components needed in a typical formulation to ensure 

that the product will be open-celled and still meet other requirements. For 

example, fillers may be added to enhance strength, or a lower potency 

surfactant may be used to provide more cell openness. An example of the types 

of components that might be involved in a formulation and some typical 

concentration ranges that are used are provided in Table 1.1. It should be noted 

that by convention flexible polyurethane foam formulations are calculated as 

weight fractions based on total polyol added (termed parts per hundred polyol). 

Each type of component will be discussed in detail in the following subsections. 

 

Table 1.1 Typical Components and their Normal Usage in Flexible  

                         Polyurethane Foam Formulations 

Component Weight added 

 [ Parts Per Hundred Polyol ] 

Polyol 100 

Water 1.5-7.5 

Inorganic fillers 0-150 

Silicone surfactant 0.5-2.5 

Amine catalyst 0.1-1.0 

Tin catalyst 0.0-0.5 

Chain extender 0-10 

Cross linker 0-5 

Additive Variable 

Blowing agent 0-35 

Isocyanate 25-85 

   

1.1.5.1 Isocyanates 

Organic compounds that contain  R–N=C=O functional groups are 

referred to as isocyanates. They are very reactive materials. This makes them 
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useful in making polymers but also requires special care in handling and use. 

The aromatic isocyanates, diphenylmethane diisocyanate (MDI) or toluene 

diisocyanate (TDI) are more reactive than aliphatic diisocyanates such as 

hexamethylene diisocyanate (HDI) or isophorone diisocyanate(IPDI). Blends of 

MDI and TDI are also utilized today. A benefit of these products is that using 

polymeric MDI and TDI end capped polyol reduces the vapor hazard of the 

isocyanate component. Structures of 2,4 and 2,6 TDI are given in Figure 1.10. 

 

Figure 1.10 Toluene di isocyanates (TDI) 

 

1.1.5.2 Polyols 

Polyols are polymers that have an average of two or more hydroxyl 

groups per molecule. Polyether polyols are mostly made by polymerizing 

ethylene oxide and propylene oxide. Polyols used to make rigid polyurethanes 

have molecular weights in the hundreds while those used to make flexible 

polyurethanes have molecular weights up to ten thousand or more. Many types 

of polyol structures are employed to achieve desired combinations of properties 

and processing requirements. The properties of the final foam are highly 

dependent on the composition of the type of polyol. 90% of polyols are polyether 

based  because they are cheap, easy to handle and are more resistant to 

hydrolysis. Polymers based on polyester polyols are stronger than those of 

polyether polyols; therefore, polyesters are still used for some specific 

applications. Structures of polyether polyol and polyester polyol are shown in 

Figure 1.11. 
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Figure 1.11 Structures of polyether polyol and polyester polyol 

 

1.1.5.3 Water 

Water is used to produce the blowing agent in most of the PU foam 

production. Water is added to react with the isocyanate. This reaction ultimately 

produces polyurea, carbon dioxide and heat. This carbon dioxide diffuses to 

existing gas bubbles in the polyol and so expands the mixture into foam. 

Controlling the amount of air contained in the polyol raw material is one way to 

control the number of nucleation sites in the reacting mixture.  

 

1.1.5.4 Catalysts 

Polyurethane catalysts are generally amine compounds. Traditional 

amine catalysts have been tertiary amines triethylenediamine (TEDA), 

dimethylcyclohexylamine (DMCHA) and dimethylethanolamine (DMEA). Tertiary 

amine catalysts are selected based on whether to drive the urethane (polyol + 

isocyanate or gel) reaction, the urea (water+isocyanate, or blow) reaction, or the 

isocyanate trimerization reaction (e.g., using potassium acetate, to form 

isocyanurate ring structure). Catalysts that contain a hydroxyl group or 

secondary amine if used, can replace traditional catalysts thereby reducing the 

amount of amine that can come out of the polymer. 

 

1.1.5.5 Surfactants 

Surfactants are used to modify the characteristics of polyurethane 

foam.  They are polydimethylsiloxane - polyoxyalkylene block 

copolymers, silicone oils, nonylphenol ethoxylates, and other organic 
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compounds. In foams they are used to emulsify the liquid components, regulate 

cell size and stabilize the cell structure to prevent collapse and sub-surface 

voids. 

 

1.1.5.6 Cross linkers 

Cross linkers are low molecular weight hydroxyl and amine terminated 

compounds that play an important role in the polymer morphology of 

polyurethane fibers, elastomers, adhesives and foams. The elastomeric 

properties of these materials are derived from the phase separation of the hard 

and soft copolymer segments of the polymer such that the urethane hard 

segment domains serve as cross-links between the amorphous polyether (or 

polyester) soft segment domains. This phase separation occurs because the 

non-polar and low melting soft segments are incompatible with the polar and 

high melting hard segments. The soft segments, which are formed from high 

molecular weight polyols, are mobile and are normally present in coiled 

formation, while the hard segments which are formed from the isocyanate and 

chain extenders, are stiff and immobile. Because the hard segments are 

covalently coupled to the soft segments, they inhibit plastic flow of the polymer 

chains thus creating elastomeric resiliency. Upon mechanical deformation a 

portion of the soft segments is stressed by uncoiling and the hard segments 

become aligned in the stress direction. This reorientation of the hard segments 

and consequent of powerful hydrogen bonding contribute to high tensile 

strength, elongation and tear resistance values. The choice of cross linker also 

determines flexural, heat and chemical resistance properties. The most 

important cross linkers are ethylene glycol, 1,4- butanediol, 1,6- hexanediol and 

cyclohexane dimethanol. 

 

1.1.6 Features of flexible PU foam 

 Good sound absorbing capability 

 Good abrasion resistance and impact resistance 

 Good toughness and good energy absorption 
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 High elongation, low viscosity and shrinkage 

 Good flexibility and tear strength 

 Good support and comfort 

 Better durability and higher resiliency 

 

1.1.7   Disadvantages 

 Poor thermal stability and weather ability 

 Poor solvent resistance 

 Use of toxic isocyanates 

 Flammable 

 

1.1.8   Applications 

 Sound absorbing materials in automotive and industrial applications 

 As cushioning material in automobiles, furniture and mattress 

 Bushing and for packing electronics, jewellery and delicate foods. 

 

1.2 Nano fillers 

The mechanical properties of polymers can be improved by adding fillers. 

A wide range of fillers are available for years which include glass fiber, carbon 

black and natural fiber. Fillers with at least in one dimension in the order of 1–

100 nm are referred to as nano fillers. Examples are layered silicates 

(nanoplate), carbon nanotubes (nanofiber) and silica (nanoparticle). The use of 

nanofillers for reinforcement of polymers is a new technology which throws high 

expectations since they improve mechanical and thermal properties, gas 

permeability resistance and fire retardancy etc significantly. The mechanical 

properties are important factors for material choice in a specific application. 

Other important factors are the other material properties viz.  impact strength, 

sensitivity to water and other compounds, sound absorption and antistatic 

properties, the costs of the material, health and safety issues. The improved 

mechanical properties could allow a reduction in the amount of material needed 

for an application. If improved properties allow a reduction in material use, this 
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might lead to a reduction in environmental impacts. There is a need to assess 

the potential benefits of using nano objects as filler in polymers compared to 

unfilled (neat) polymers or conventionally filled polymers.  

The nanoscale fillers we used are organophilic montmorillonite (OMMT) 

nanoclay (NC), Nanosilica(NS) and micro crumb rubber(CR).  

 

1.2.1   Nanosilica 

‘’Silica" is the name given to materials with the chemical formula of 

silicon dioxide, SiO2. Silicas can be amorphous or crystalline, porous or non-

porous (dense), anhydrous or hydroxylated regardless of their natural or 

synthetic nature. Nanoscale silica (SiO2) is manufactured at industrial scale in 

four types: (a) silica sol (i.e. colloidal silica) (b) silica gel (c) precipitated silica 

and (d) pyrogenic silica. These types differ in the way the particles are 

agglomerated. Figure 1.12 shows the typical structures of the four types of 

silica. 

 

Figure 1.12 Structure of different types of silica 

(a) Sol, (b) gel, (c) precipitated and (d) pyrogenic silica. 

The properties of the nanocomposites strongly depend on their 

composition, the size of the particles, interfacial interaction etc. The internal 

surfaces (interfaces) are critical in determining the properties of nanofilled 

materials since silica nanoparticles have high surface area-to-volume ratio, 

particularly when the size decreases below 100 nm. This high surface area-to-
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volume ratio means that for the same particle loading, nanocomposites will have 

a much greater interfacial area than microcomposites. 

 

1.2.2 Nano clay 

The nano clay used in this study is montmorillonite. It is a type of clay of 

which the particles are plate shaped which form layers. An example of the 

layered structure is shown in Figure 1.13. The gap between the layers is called 

the interlayer or the gallery. The distance between the clay layers is defined as 

the interlayer spacing, basal spacing or d-spacing. The galleries are occupied by 

cations such as Na+. The material properties of a nanocomposite are improved 

significantly when the layers are randomly distributed in the polymer matrix. This 

means that all individual layers are separated and there is maximum contact 

with the matrix. This is called exfoliation or delamination. In some cases, the 

clay is only partly separated and several layers still stick together but with the 

polymer in between them. This is called intercalation. Achievement of full 

exfoliation is difficult because montmorillonite is hydrophilic. Most polymers 

especially thermoplastics are mainly hydrophobic. The surface of the clay can 

be modified in order to decrease the surface tension. The surface can be 

modified by surfactants that exchange the positively charged inorganic ions in 

the interlayer distance for positively charged organic ions. These surfactants 

make the surface of the clay more organophilic. They also increase the 

interlayer distance. As a consequence the clay is better miscible with the 

polymer matrix. If the surfactant molecules are not sufficient for full exfoliation, a 

compatibilizer can be added. This is a molecule which is compatible with the 

surfactant and the polymer matrix.  

 

 

Figure 1.13 Layered structure of OMMT 



17 

 

1.2.3 Crumb rubber 

Porous materials are widely used for sound absorption because of their capacity 

to dissipate the acoustic energy. Granular porous material can be considered as 

an alternative to the more usual fibrous and foam absorbers. In addition, 

granular materials offer good absorption combined with good mechanical 

strength unlike fibrous materials. Particularly, the crumb rubber is widely used 

for acoustic conditioning noise control. The crumb rubber chosen for acoustic 

absorption should be fabricated in such a way that they contain a large 

percentage of air voids. Crumb rubber is a term usually applied to recycled 

rubber from automotive truck and scrap tires. During the recycling 

process steel and fluff is removed leaving tire rubber with a granular 

consistency. The crumb rubber has a number of special thermo-mechanical and 

chemical - physical properties. The size of the rubber particles is graded and 

can be found in many shapes and sizes. The finest one can be as small as 

about 0.2mm and below. The crumb rubber is light in weight and also durable. It 

can last for a long period of time in a natural environment.  From safety aspect 

crumb rubber can be categorized as a non-toxic and inert material.  

Used tyre contains basically natural rubber / synthetic rubber (SBR, BR, 

and IIR) and fiber reinforcement. This waste material is usually ground and 

recycled to separate the fiber material in order to get crumb rubber. Figure 1.14 

shows the picture of crumb rubber. 

 

 

                                                                                        

 

                                                  

 

 

 

Figure 1.14    Scrap tyres & Crumb rubber 
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  1.2.3.1 Uses of crumb rubber 

 Acoustical underlay 

 Running tracks 

 Play ground tiles 

 Anti fatigue mats 

 Railway ties 

 

1.3 Composites  

A Composite Material is a macroscopic combination of two or more distinct 

materials having a recognizable interface between them. Composites are now 

accepted as high performance engineering materials in many fields due to their 

outstanding characteristics such as 

 Light weight and high strength-to-weight ratio 

 Directional strength and dimensional stability 

 Corrosion and weather resistance 

 High specific strength  

 Design freedom 

 Low or nil maintenance. 

 

1.3.1 Nano composites  

A nanocomposite is a multiphase solid material where one of the phases 

has one, two or three dimensions of less than 100 nanometeres or structures 

having nano-scale repeat distances between the different phases that make up 

the material.  In the broadest sense this can include porous media, colloids, 

gels and copolymers but is more usually taken as the solid combination of a 

bulk matrix and nano-dimensional phase(s) differing in properties due to 

dissimilarities in structure and chemistry. The mechanical, electrical, acoustical, 

thermal, optical, electrochemical, catalytic properties of the nanocomposite will 

differ markedly from that of the component materials. In mechanical terms 

nanocomposites differ from conventional composite materials due to the 

exceptionally high surface to volume ratio of the reinforcing phase and / or its 
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exceptionally high aspect ratio. The reinforcing material can be made up of 

particles (e.g. minerals), sheets (e.g. exfoliated clay stacks) or fibres (e.g. 

carbon nanotubes or electrospun fibres). The area of the interface between the 

matrix and reinforcement phase(s) is typically an order of magnitude greater 

than for conventional composite materials. The matrix material properties are 

significantly affected in the vicinity of the reinforcement. The large amount of 

reinforcement surface area means that a relatively small amount of nanoscale 

reinforcement can have significant effect on the macroscale properties of the 

composite. For example adding carbon nano tubes improves electrical and 

thermal conductivity. Other kinds of nanoparticulates may result in enhanced 

optical properties, dielectric properties, sound absorbing properties, heat 

resistance and mechanical properties such as stiffness, strength and resistance 

to wear and damage etc. 

In general the nano reinforcement is dispersed into the matrix during 

processing. The percentage by weight (called mass fraction) of the 

nanoparticulates can remain very low (in the order of 0.5% to 5%) due to the 

low filler percolation threshold especially for the high aspect ratio fillers such as 

clays , carbon nano tubes etc. 

 

1.3.1.1 Nanocomposite  types 

 Ceramic-matrix nano composites 

 Metal-matrix nano composites 

 Polymer-matrix nano composites 

 

Ceramic-matrix nano composite 

In this group of composites the main part of the volume is occupied by a 

ceramic i.e. a chemical compound from the group of oxides, nitrides, borides, 

silicates etc. In most cases, ceramic - matrix nanocomposites encompass a 

metal as the second component.  Ideally both components, the metallic one 

and the ceramic one are finely dispersed in each other in order to provide the 

particular nanoscopic properties. Nanocomposites from these combinations 
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were shown to improve their optical, electrical and magnetic properties as well 

as tribological, corrosion-resistance and other protective properties.  

 

Metal-matrix nanocomposites 

Metal matrix nanocomposites can also be defined as reinforced metal 

matrix composites. This type of composites can be classified as continuous and 

non-continuous reinforced materials. One of the more important 

nanocomposites is carbon nano tube - metal matrix composites which have the 

advantage of high tensile strength and electrical conductivity of carbon 

nanotube materials. 

 

Polymer-matrix nano composites (PNC) 

Polymer nanocomposites consist of a polymer or copolymer having 

nanoparticles or nanofillers dispersed in the polymer matrix. These may be of 

different shape (e.g., platelets, fibers, spheroids), but at least one dimension 

must be in the range of 1 to 100 nm. These PNC's belong to the category of 

multi-phase systems (blends, composites and foams) that consume nearly 95% 

of plastics production. The addition of nanoparticles to a polymer matrix can 

enhance its performance, often dramatically, by simply capitalizing on the 

nature and properties of the nanoscale filler .The transition from micro- to nano-

particles lead to change in its physical as well as chemical properties. Two of 

the major factors in this are the increase in the ratio of the surface area to 

volume and the size of the particle. The increase in surface area-to-volume 

ratio which increases as the particles get smaller, leads to an increasing 

dominance of the behavior of atoms on the surface area of particle over that of 

those interior of the particle. Because of the higher surface area of the nano-

particles, the interaction with the other particles within the mixture is more and 

this increases the strength, heat resistance, etc. This strategy is particularly 

effective in yielding high performance composites, when good dispersion of the 

filler is achieved and the properties of the nanoscale filler are substantially 

different or better than those of the matrix. An example of this would be 
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reinforcing a polymer matrix by much stiffer nanoparticles of silica, ceramics, 

clays or carbon nanotubes. Nanoscale dispersion of filler or controlled 

nanostructures in the composite can introduce new physical properties and 

novel behaviors that are absent or present in low percent in the unfilled 

matrices. This effectively changes the nature of the original matrix . Some 

examples of such new properties are sound absorption property, fire resistance 

or flame retardancy and accelerated biodegradability. The mechanical 

reinforcement is dependent on the nanostructure morphology, defects, 

dispersion of nanomaterials in the polymer matrix and the cross-linking density 

of the polymer. In general, two-dimensional nanostructures can reinforce the 

polymer better than one-dimensional nanostructures and inorganic 

nanomaterials (nanosilica, nano clay) are better reinforcing agents than carbon 

based nanomaterials.  

 

1.3.1.2 Nanocomposites-Advantages 

 Mechanical properties e.g. strength, modulus and dimensional stability 

 Decreased permeability to gases, water and hydrocarbons 

 Thermal stability and heat distortion temperature 

 Flame retardancy and reduced smoke emissions 

 Chemical resistance and electrical conductivity 

 Increased sound absorption property 

 

1.3.1.3 Areas of applications 

 Automotive/ Industrial – Maintaining Performance to Provide Added Value 

such as insulation, sound absorption etc. 

 Barrier - Nano Filler as Part of Formulation 

 Flame Retardants  

 

1.4 Hybrid foams  

Hybrid foams are bonded foam products with textiles and other layer of 

materials such as paper, aluminium, plastics etc using an adhesive. They 
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provide thickness which increases the stiffness without adding very much 

weight. Further in this hybrid foams polyurethane is used as a common core 

material because it is readily available, low cost and its properties can be 

tailored made. 

An example for hybrid foam is shown in Figure 1.15. 

 

Figure 1.15 Hybrid foam 

1.5 Sound 

Sound can be defined as vibrations that travel through the air or another 

medium and can be heard when they reach a person’s ear. 

Noise is usually defined as unwanted sound. Normally human audible range is 

from 20 Hz to 20000 Hz. Sound falls under the following  frequency ranges. 

 Low(100Hz to 200 Hz) 

 Medium and high frequencies(500Hz to 8000Hz) 

 

Low frequency noise 

Low frequency noise is not clearly defined but is generally taken to mean 

as noise below a frequency of about 100 to 150 Hz. 

Possible sources of low frequency noise are many and varied but are often 

industry related. The following is a list of common sources: 

 Pumps 

 Generators and boilers 

 Heavy industry 

 Electrical installations 

 Ventilation plant, refrigerators 

 Fans. 
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It can be seen that the sources are generally industrial / commercial noise 

sources and are mostly located externally.  

Possible health effects of low frequency noise are 

 Head ache, fatigue 

 Visual blurring and nausea. 

Low frequency noise is very difficult to absorb when compared to medium and 

high frequency noise. 

 

1.5.1 Sound absorption 

Sound absorption is defined as the fraction of the incident sound that 

strikes a material that is not reflected back. An open window is an excellent 

absorber since the sounds passing through the open window are not reflected 

back but makes a poor sound barrier. Painted concrete block is a good sound 

barrier but will reflect about 97% if the incident sound strikes it. Acoustical 

materials are those materials designed and used for the purpose of absorbing 

sound that might otherwise be reflected. When a sound wave strikes an 

acoustical material, the sound wave causes the fibers or pores in the absorbing 

material to vibrate. This vibration causes tiny amounts of heat due to the friction 

and thus sound absorption is accomplished by way of vibration energy to heat 

conversion. The more porous a material is better the absorption; conversely 

denser materials are less absorptive. The sound absorbing characteristics of 

acoustical materials vary significantly with frequency. In general low frequency 

sounds are very difficult to absorb because of their long wavelength. For the 

vast majority of conventional acoustical materials, the material thickness has the 

greatest impact on the materials’ sound absorbing qualities. While the inherent 

composition of the acoustical material determines the material’s acoustical 

performance, other factors can be considered   to improve or influence the 

acoustical performance. The schematic representation for sound absorption is 

shown in Figure 1.16. 
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Figure 1.16 Sound absorption 

Courtsey: Acoustical surfaces Inc, USA 

1.5.2 Sound or Noise absorbing materials 

Most of the materials absorb sound to some extent. For example wood, 

concrete block, carpet, brick, doors, plaster and polymeric foams. Sound 

absorption coefficient of these materials at different frequencies is given in Table 

1.2. 

Table 1.2 Sound absorption coefficients of different materials 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Materials Absorption 

coefficient 

Frequency 

Wood 
0.04 

0.07 

125Hz 

4KHz 

Concrete block 
0.1 

0.08 

125Hz 

4KHz 

Carpet 
0.01 

0.45 

125Hz 

4KHz 

Brick 
0.03 

0.07 

125Hz 

4KHz 

Plaster 
0.01 

0.05 

125Hz 

4KHz 

Polymeric foams 
0.4 to 0.5 

0.8 

100 to 200 Hz 

Above 1000 Hz 
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Among the materials given above polymer foams occupies a major position as 

sound absorbing material. Sound absorption capacity of polymer foams mainly 

depends upon material thickness and porosity. Hence these two factors are 

taken into consideration in this research work. 

 

1.5.2.1 Thickness of sound absorbing material 

 Numerous studies that dealt with sound absorption in porous materials 

have concluded that sound absorption has direct relationship with thickness. 

The thumb rule that has been followed is the effective sound absorption of a 

porous absorber is achieved when the material thickness is about one tenth of 

the wavelength of the incident sound [2]. There is also a known fact that thicker 

the material better the sound absorption value. Many literature studies have 

indicated the importance of thickness on low frequency sound absorption [3, 4]. 

This behavior is based on the physics - low frequency means higher wavelength 

and higher wavelength sound can be absorbed if the material is thicker.  

 

1.5.2.2 Porosity 

The porosity of a porous material is defined as the ratio of the volume of the 

voids in the material to its total volume. 

 Porosity = Vp / Vb  (1.1) 

Where Vp  is pore volume, Vb  is bulk volume. 

 

1.5.3 Sound absorption coefficient (α)     
It is defined as the ratio of energy absorbed by the material to the ratio of energy 

incident upon its surface. 

 α = 1 – R2    (1.2) 

where R is reflection coefficient. 

For all materials absorption coefficient (α) values will be from 0 to 1. 
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Theory 

Let us assume that a pipe of cross-sectional area S and length L is driven by a 

piston at x=0. If the piston vibrates harmonically at a frequency sufficiently low, 

then  only plane waves propagate. For a circular waveguide (pipe) filled with air, 

the highest frequency at which only plane waves will propagate is given by fmax 

=100/ a where ‘a’ is the radius of the waveguide. When the pipe is terminated 

with acoustic absorbing material, some of the incident sound energy is absorbed 

by the material and the reflected waves do not have the same amplitude as 

incident waves. In addition the absorbing material introduces a phase shift upon 

reflection. The amplitude at a pressure anti-node (maximum pressure) is A+B, 

and the amplitude at a pressure node (minimum pressure) is A-B. It is not 

possible to measure A or B directly. However, the amplitude at a pressure node 

and anti-node can be measured using a microphone probe which is set in a 

standing wave tube. We define the ratio of pressure maximum to pressure 

minimum as the standing wave ratio (SWR). The schematic representation for 

propagation of sound waves is shown in Figure 1.17.    

 

Thus  

 SWR   = (A + B) / (A - B) (1.3) 

where A+B is pressure maximum, A-B is pressure minimum. 

The reflection coefficient R is defined by 

 R = B / A  =   (SWR + 1) / (SWR - 1)   (1.4) 

and finally the Sound absorption coefficient 

 α = 1 - R2  (1.5) 

 α = 1 – (SWR - 1)2 / (SWR + 1)2    (1.6) 
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Figure 1.17 Propagation of sound waves 

Courtesy: Hasan G Pasha 

1.5.4 Porous absorbing material 

Sound-absorbing materials absorb most of the sound energy striking 

them and reflect very little. Therefore, sound-absorbing materials have been 

found to be very useful for the control of noise. A wide range of sound-absorbing 

materials exist; they provide absorption properties depending upon frequency, 

composition, thickness, surface finish and method of mounting. However, 

materials that have a high value of sound absorption coefficient are usually 

porous. A porous absorbing material is a solid that contains cavities, channels or 

interstices so that sound waves are able to enter through them. It is possible to 

classify porous materials according to their availability to an external fluid such 

as air. Figure 1.18 shows a schematic cross-section of a porous solid material. 

Those pores that are totally isolated from their neighbors are called “closed” 

pores. They have an effect on some macroscopic properties of the material such 

as its bulk density, mechanical strength and thermal conductivity. However, 

closed pores are substantially less efficient than open pores in absorbing sound 

energy. On the other hand, “open” pores have a continuous channel of 

communication with the external surface of the body and they have great 

influence on the absorption of sound. Open pores can also be “blind” (open only 

at one end) or “through” (open at two ends).  
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Figure 1.18 Schematic cross section of porous material 

 

Porous absorbing materials can be classified as cellular, fibrous, or 

granular; this is based on their microscopic configurations. Porous materials are 

characterized by the fact that their surfaces allow sound waves to enter the 

materials through a multitude of small holes or openings. Materials made from 

open-celled polyurethane foams are examples of cellular materials. Fibrous 

materials consist of a series of tunnel-like openings that are formed by 

interstices in material fibers. Fibrous materials include those made from natural 

or synthetic fibers such as glass and mineral fibers. In addition, a porous 

absorbing material can also be granular. Consolidated granular materials consist 

of relatively rigid macroscopic bodies whose dimensions exceed those of the 

internal voids by many orders of magnitude (agglomerates). Unconsolidated 

materials consist of loosely packed assemblies of individual particles 

(aggregates). Granular absorbing materials include some kinds of asphalt, 

porous concrete, granular clays, sands, gravel, and soils. So the acoustical 

properties of granular materials are an important factor in controlling outdoor 

sound propagation. When a porous material is exposed to incident sound 

waves, the air molecules at the surface of the material and within the pores of 

the material are forced to vibrate and in doing so lose some of their original 

energy. This is because part of the energy of the air molecules is converted into 
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heat due to thermal and viscous losses at the walls of the interior pores and 

tunnels within the material. At low frequencies, these changes are isothermal, 

while at high frequencies, they are adiabatic. In fibrous materials much of the 

energy can also be absorbed by scattering from the fibers and by the vibration 

caused in the individual fibers. The fibers of the material rub together under the 

influence of the sound waves. Figure1.19 shows the three main types of porous 

sound absorbing materials, their typical microscopic arrangements and some of 

the physical models used to describe their absorbing mechanisms. 

 

Figure 1.19 The three main types of porous absorbing material 

 As mentioned in the earlier part of introduction the flexible polyurethane 

foam is widely used as sound absorbing material due to its attractive 

characteristics like its excellent visco elasticity, relative simple processing, light 

weight and commercial availability. But the sound absorption capacity of PU is 

strong in high-frequency range but relatively weak in low-frequency range.  

Materials with greater thickness are needed to achieve good sound absorption 

at low frequency range which in turn results in larger space consumption and 

higher cost. The present work aims to develop a relatively thinner material that 

gives good sound absorption especially at low frequency region and this 
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research work is further extended to study the sound absorption by hybrid 

foams. 

 

1.5.5 Sound absorption by hybrid foams 

 Sound absorption by hybrids can be explained by the concept of double 

porosity. This increases the absorption performance at low frequencies. This 

concept works by adding a second network of porosity to the initial microscopic 

scale of the porous substrate. The influence of the double porosity is mainly 

depending on the permeability contrast between the two porous materials. 

Usage of double porous material shows that an interesting compromise could be 

achieved by increasing the absorption and limiting the loss of sound insulation 

due to the presence of pores [5]. Double porosity materials contain two pores 

network, small size pores are called micropores and large size pores are called 

mesopores. Literatures have also revealed the potential of these materials to 

design passive sound absorbing solutions with good performances at low 

frequency [6]. The added absorption effect is due to a partial coupling between 

the acoustic fields in the two pore networks [7]. 
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1.6 LITERATURE OVERVIEW 

 

 The literature survey related to this research work for the period of 1999 – 

2013 is shown below. 

 Lee et al [1] studied effect of addition of nano silica on sound absorption 

of polyurethane foam from 20 to 1800 Hz. He explained that addition of nano 

silica in polyurethane increases its sound absorption. Addition of 0.5 % of nano 

silica increases its absorption ratio to 80%. Along with sound absorption, thermal 

stability, tensile strength and Young’s modulus also show an increasing trend. 

They also explained that by decreasing isocyanate index, the sound absorption 

ratio of PU / nano silica foams increases over the entire frequency range. SEM 

results showed that PU / nano silica foam with smaller cell size shows higher 

sound absorption. 

Ting et al [2] suggested in his paper that viscosity is the key parameter 

controlling the stabilization of the expanding structure of polymer  foams. The 

viscosity of isocyanate gets increased with the addition of filler, fumed silica and 

the foam is no longer formed properly. He suggest to select the appropriate level 

of filler loading. The author suggested that fumed silica filler can improve the 

properties of polyurethane foams, especially the acoustic properties. 

  Sung et al [3]  noted in his paper that sound damping of flexible 

polyurethane foam in higher frequency region of 1000 to 6000 Hz with open cell 

structure can be improved by the addition of nano fillers namely bentonite, 

organophilic clay and sodium montmorillonite intercalated with poly(ethylene 

glycol). The finely dispersed massive plate-like fillers can increase energy 

dissipation as heat through hysteresis and the scattering or reflection of sound in 

the cell and thus increases the sound damping of nano composite foams. In 

Figure1.20a,B-0, B-22, B-43,B-63 represents BaSO4 with various filler 

percentage and S-22, S-43 and S-63 represents bentonite filler with various filler 

percentage.  
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Figure 1.20 a Sung et al research work [3] 

 

Mendelssohn et al [4] studied the hollow porous microspheres of 

polystyrene dispersed randomly in PU and the obtained material has many 

properties, including high porosity, high compression strength, low acoustic 

reflectivity, and relative intensity to the changes of the frequency. 

 Cushman et al [5, 6 and 7] found that the mixtures of high and low 

characteristic acoustic impedance fillers loaded in the polymer can reduce the 

noise generated by sound, vibration, and shock, and the obtained material has 

excellent sound absorption properties in wider frequency ranges. 

Verdejo et al [8] found that low loading fraction of carbon nanotubes 

(CNT’s) in flexible polyurethane foams have relatively high effect in sound 

absorption; even 0.1% CNT’s can enhance the acoustic absorption dramatically, 

which causes the peak absorption coefficient to increase up to 90% from 70% 

for the pure polymer foam especially in the high frequency region of 1000 to 

7000 Hz.  

 

 

 

 

 

 

                      Figure 1.20 b  Verdejo et al research work [8] 
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 The authors in the references [9-11] used recycled rubber particles from 

tyre (crumb rubber) as filler to improve the sound absorption. The crumb rubber 

is blended with various types of polymers to improve the sound absorption. 

Jamaluddin et al [12] showed that multi-layer coconut coir fibres with 

airspace layers increase the absorption coefficient of the material at large 

frequency range. The author said that by using cork as a surface layer the 

sound absorption increases in the frequency range of 100 – 1000 Hz. 

Ersoy et al [13] suggested that the backing of industrial tea-leaf-fibre with 

a single layer of cotton cloth increases its sound absorption properties 

significantly. Three different layers of tea-leaf-fibre waste materials with and 

without backing provided by a single layer of woven textile cloth were tested for 

their sound absorption properties in the frequency range of 300 to 6300 Hz. The 

experimental data indicate that a 1 cm thick tea-leaf-fibre waste material with 

backing, provides sound absorption which is almost equivalent to that provided 

by six layers of woven textile cloth.  

Yang et al [14] showed that composite boards of random cut rice straws 

and wood particles, were found to demonstrate higher sound absorption 

coefficient than particleboard, fiberboard and plywood.  A commercial urea–

formaldehyde adhesive was used as the composite binder. The results showed 

that sound absorption coefficients of the 0.4 and 0.6 specific gravity boards were 

higher than the other wood-based materials in the frequency range of 500 to 

4000 Hz.  

The authors in the references [15, 16] explained that acoustic properties 

of PU foams are usually improved by incorporation of micro-sized fillers because 

of higher density and better morphology but higher amounts of micro fillers can 

lead to increase in weight of foam and reduced sound absorption efficiency.  

Wolska et al [17] suggested in his paper that modifying flexible 

polyurethane foam with fyrol PNX and expandable graphite can dramatically 

improve the thermal and mechanical behavior of the foam. The addition of fyrol 

PNX and ethylene glycol led to an extension of time and an increase of the 

temperature and reduction in flammability. 
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Javni et al [18] made comparative studies on effect of micro-silica and 

nano-silica fillers on rigid and flexible polyurethane foams. The results showed 

that the micro-silica filler did not show any significant effect on density of either 

rigid or flexible foams. Nano-silica increased the density of both types of foams 

only at concentration above 20%. 

Birman et al [19] studied the effect of nanoparticle impregnation of 

polyurethane foam on its stiffness and toughness. Stiffness of closed cell foams 

and open cell foams were studied using mori-tanaka and self-consistent method. 

The experimental results showed that there is an increase in moduli of elasticity, 

shear and bulk moduli. 

Bahrambeygi et al [20] studied the simultaneous effects of 

polyacrylonitrile (PAN) and polyurethane (PU) nanofibers, multi wall carbon 

nanotubes (MWNTs) and nanoclay incorporation on sound absorption behavior 

of polyurethane foam. The most important parameters such as nanoparticles 

content, number and mass per unit area of nanofiber layers and foam thickness 

were chosen and their influences on sound absorption in a frequency range of 

100 to 7000 Hz were investigated by these authors. The results indicated that 

foams containing nano clay have higher sound absorption in comparison with 

neat foam and also MWNTs have more satisfied effect in sound absorption 

improvement. In Figure 1.20c, a- neat foam, b- foam with 1wt% nano clay, c- 

foam with 0.1 wt% MWNT and d- foam with 1wt% nano clay and 0.1 wt% 

MWNT. 

 

Figure 1.20c Hossein Bahrambeygi research work [20] 

 

Kino et al [21] made a series of measurements on polyurethane samples 

with and without pores. Tortuosity has been deduced using the ultrasonic slope 

method. It has been found that the deduced value of tortuosity depends on the 
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measurement temperature . The results shows that deductions of tortuosity is 

unreliable in particular for high flow resistivity and low Young’s modulus partially-

reticulated polyurethane foam media. 

Lind-Nordgren et al [22] computed a method for designing optimal 

arrangements of multilayer noise and vibration treatments in general and porous 

open cell foam. The porous material is parameterised using scaling laws linking 

the  microscopic properties to the classical parameters, i.e. averaged elasticity, 

flow resistivity and characteristic viscous and thermal lengths. The results 

suggest that if alterations of the microscopic properties of the foam are made, 

the foam may be adapted to specific environmental conditions and thereby 

achieve improved acoustic behaviour as well as reduced weight. 

Lee et al [23] in their work showed the synthesis and processing 

techniques of the thermoplastic and thermoset nano composite foams filled with 

nanoparticles. They said that a small amount of well-dispersed nanoparticles in 

the polymer domain is suitable for achieving the macroscopic mechanical 

enhancement. Due to the high nucleation efficiency nanoparticles provide a 

powerful way to increase cell density and reduce cell size which is particularly 

beneficial for the production of microcellular foams. 

Venslovas et al [24] investigated the acoustic properties of building 

materials and structures constructed with chipped scrap tyres of different sizes 

of crumb rubber. crumb rubber I with the size of 0.5–1 mm, II – 4 mm, and III – 6 

mm were used for their study. Gypsum boards, wood cutting boards, wood 

boards, metal plate and organic glass were the building materials chosen for the 

research work. The experimental investigation results show that the coarsest 

crumb rubber (6 mm) with wood cutting boards is most efficient in suppressing 

low-frequency sounds up to 300 Hz.  

Parkinson et al [25] investigated the sound absorption characteristics of 

partially reticulated polyurethane in combination with mylarTM impervious films. 

The effect of bonding  of the film to the polyurethane surface was examined. The 

absorption was found to be very sensitive to the rear surface bonding condition, 

that is whether it was placed against the hard backing surface or bonded to it. 
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Predicted results of elastic framed porous absorbers without an impervious film 

showed considerably less sensitivity to the rear surface bonding condition. 

Zhao et al [26] studied the sound insulation property of wood / used tyre 

rubber composite panel. Three different types of panels, namely, commercial 

compound wooden floorboard and commercial wood-based particle board were 

chosen for their studies. They used commercial urea–formaldehyde (UF) and 

polymeric methylene diphenyl diisocyanate (PMDI) adhesives. The test results 

indicated that sound insulation property of WRCP is better than that of 

commercial compound wooden floorboard and wood-based particleboard. 

Duan Cuiyun et al [27] suggested that a ceramic porous material namely 

zeolite with macropores fabricated by high temperature sintering also gives 

better sound absorption compared with glass and wool in the frequency range of 

500 to 4000 Hz. The authors said that  by raising the porosity highest sound 

absorption coefficient can be achieved.  

 

 

 

 

 

                        

 

                         

       Figure 1.20d  Duan Cuiyun et al research work [ 27] 

 

Tomasz et al [28] commented that composites made up of layers of 

poroelastic material (porous foam) with embedded elastic inclusions can 

significantly absorb the energy of acoustic waves in a wide frequency range, 

particularly, at low frequency range. 

 

Gardner et al [29] created a model naming artificial neural networks 

(ANN) to study the acoustical properties of polyurethane foams. The authors 
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suggested that acoustical properties greatly depend on the properties such as 

airflow resistivity, porosity, elastic constants, pore geometry, frequency and so 

on. The value of sound absorption coefficient is 0.80 in the frequency range of 

2000 Hz. The model results suggested that airflow resistivity and frequency in 

polyurethane foam play a major role in acoustical properties than other 

properties. 

Becot et al [30] examine the potential of using composite porous 

materials to design robust noise control hybrid packages. The author says that 

association of two carefully selected materials could lead to interesting 

combined properties of sound absorption and sound insulation. 

Olny et al [31] said that composite porous sound absorbers can give good 

sound absorption at low frequency range.  

Dazel et al [32] developed a model for sound propagation in double 

porosity materials with elastic frame. The author said that multi layered system 

would improve global acoustic performance. The author also developed a hybrid 

system with separate active control system to act at low frequencies. 

Coates et al [33] have concluded that low frequency  sound absorption 

has direct relationship with thickness. 

Nick et al [34] and Attenborough et al [35] have indicated the importance 

of thickness on low frequency sound absorption.  

Tsagaropoules et al [35] shows the effect of fillers on flammability 

properties of polyurethane foams. 

 

1.6.1 Summary of literature review 

The porous materials such as polymeric foams can be used as sound 

absorbing material. The parameters of sound absorption for these materials 

depend upon various factors such as thickness of these materials, cell type, cell 

size, blowing agents used to create pores, foam properties such as flow 

resistivity, tortousity, foam density etc. Among polymeric foams polyurethane 

foam is highly preferred as sound absorbing material because of its 

characteristics such as excellent viscoelasticity, relative simple processing, light 



38 

 

weight and commercial availability. To improve the sound absorption capacity in 

wider frequency regions such as low, mid and high, many types of organic fillers 

namely tea-leaf fibre, coconut coir fibre, random cut rice straws, wood particles 

and inorganic fillers such as nano  silica, montmorillonite clay, graphite, 

phosphorous, bentonite etc have been tried. These fillers improve the sound 

absorption to a better level mainly in higher frequency regions which is evident 

from literature review and also low frequency absorption can be achieved with 

larger material thickness which in turn requires  larger space consumption, 

higher cost etc.  

Researchers turned their direction towards incorporation of nano level 

fillers such as nano clay, nano silica, carbon nano tubes. They have shown that 

at high frequency region by the incorporation of nano fillers sound absorption 

property increased dramatically due to high aspect ratio and large surface area 

of fillers. These fillers not only increase the sound absorption capacity of PU 

foam but also increase its thermal and mechanical properties.  Apart from 

inorganic and organic fillers rubber from scrap tire known as crumb rubber has 

also been employed as acoustic filler for sound absorption, which in turn helps 

to reuse of tyre waste. To overcome the few draw backs of single porous 

absorbers certain authors have turned their direction towards hybrid or porous 

composite sound absorbers. The composite absorbers are shown  by the 

concept of double porosity to enhance the acoustic absorption especially at  

high  frequency ranges. 

From the introduction and literature overview it is clear that sound 

absorption capacity of polymer foams especially polyurethane foam can be 

improved by the addition of many organic and inorganic fillers. Specifically nano 

fillers such as nano silica, nano clay, carbon nano tubes and  nano fibres gives 

higher sound absorption in wider frequency regions. Apart from this Crumb 

rubber can also be employed as filler for improving sound absorption. 

Composite or hybrids can also be employed to get enhanced sound absorption 

in wider frequency range. 
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From the literature it is evident that most of the work focused on increase 

of  sound absorption by porous materials with and without fillers in high 

frequency range in addition to increase in thermal and mechanical properties.  

 

1.7 SCOPE AND OBJECTIVES 

The present work aims to do research on flexible porous sound absorbing 

material that gives better sound absorption at low frequency region, preferably  

with minimum foam thickness. Along with sound absorption, thermal property, 

mechanical property and foam morphology are also considered in this study. 

With the view to meeting the above requirements, the present research 

work is focused on studying the sound absorption, surface morphology, thermal 

and mechanical properties of flexible polyurethane foam with nano silica, crumb 

rubber and nano clay fillers at varying loading fractions of these fillers. Sound 

absorption especially at lower frequency region is concentrated. To attain this 

objective the following methodology was followed  

 Preparation of PU foam with nano silica, crumb rubber and nano clay at 

different loading levels (0.35%, 0.70%, 1.4% and 2.0%) and 

characterization of the foam product for thermal, mechanical, 

morphological and sound absorption coefficient. 

 Correlation of Sound absorption values of unfilled PU foam of varying 

thickness with filled foam. 

 Preparation of hybrid composite PU foams with glass and polyester cloth 

and determination of their sound absorption characteristics. 
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2. EXPERIMENTAL METHODS 

 

2.1 Materials 

2.1.1 Poly ether polyol 

Polyols are essential components for the production of flexible and rigid 

polyurethane foams, the two main types of polyols being synthetic polyesters 

and polyethers. For this research work polyether polyol is used as the one of the 

raw materials for PU foam preparation.  

Glycerine based Polyol grade EMPEYOL WSF 300/10 (S) is supplied by Manali 

Petrochemicals ltd (MPL), Chennai. Technical specification of polyether polyol is 

given in the Table 2.1. 

Table 2.1 - Specification of polyether polyol 

Characteristics 

 

Specification 

Colour and appearance White to yellow liquid 

Hydroxyl content % 28-29 

Density g/cc 1.015 to 1.025 

Molecular weight 6000 

Viscosity @  25o C  Cps 1175 

Specific gravity @ 25o C 1.02 

 

 Polyol supplied by MPL, Chennai consists of additives such as Catalysts, 

Stabilizers, Blowing agents, Fire retardants, Cross linkers, Cell openers so that it 

can be used as such for the preparation of PU foam with isocyanate. 

2.1.2  Isocyanate 

 Organic compounds that contain  R–N=C=O functional groups are 

referred as isocyanates. They are very reactive materials. Iso cyanates react 

with polyol to make polyurethane foam. The isocyanate chosen for this work is 
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EMPEYONATE  MT 99. It is a mixture of  both Toluene Di Isocyanate(TDI) and 

Methylene Di Isocyanate (MDI). It is supplied by Manali Petrochemicals ltd, 

Chennai. Technical specification of isocyanate is given in the Table 2.2. 

 

Table 2.2 - Specification of isocyanate. 

Characteristics Specification 

Colour and appearance Brown colour liquid 

Specific gravity @ 25o C 1.220 +/- 0.03 

Viscosity @  25o C  Cps 10-25 

NCO content % 39.0-40.0 

Application test To pass the test 

 

2.1.3 Fillers 

The fillers chosen for this research work are  

 Nano silica 

 Crumb rubber 

 Nano clay 

 

These three different types of fillers were chosen based on own interest of 

study and based on literature survey conducted. Following literature studies and 

considering the limitations in the preparation of the isocyanate mixture with fillers 

the following quantities of fillers were used in this study, viz 0.35%, 0.70%, 1.4% 

and 2.0%. 

 

2.1.3.1 Nano silica (NS) 

Nanosilica(SiO2) with trade name Cab-o-sil was supplied by Cabot 

Corporation, Chennai. The nanosilica filler is amorphous. Technical specification 

of nanosilica is given in the Table 2.3. 
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Table 2.3 - Specification of nanosilica  

Characteristics Specification 

Appearance White powder 

Odor Characteristic 

Specific surface area, 

m2/g 

800-900 

Particle size 5-15 nm 

Density g/cc 0.918 

 

2.1.3.2 Crumb rubber (CR) 

Crumb rubber is recycled rubber from automotive truck and scrap tires. 

During the recycling process steel and fluff is removed leaving tire rubber with a 

granular or powder like consistency.  40 mesh size crumb rubber was supplied 

by RK Polymers, Chennai. 40 mesh refers to material that has been sized by 

passing through a screen with 40 holes per inch resulting in rubber granulate 

that is slightly less than 1/40th of an inch. The size of 40 mesh size crumb 

rubber is less than 0.5mm. Technical specification of 40 mesh crumb rubber is 

given in the Table 2.4. 

 

Table 2.4 - Specification of crumb rubber  

Characteristics Specification 

Material Recycled tires vulcanized rubber 

compound ~ 99% 

Talc (Hydrous Magnesium 

silicate) 

Less than 4% 

Specific gravity 1.0-1.5 

Odor Slight smell of vulcanized rubber 

Carbon black 30 +/- 4 % 

Rubber hydro carbon Min 50 % 

Passing through 40 mesh 95 % 
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2.1.3.3 Nanoclay (NC) 

Nano clay (Organically modified Montmorillonite clay, OMMT) with trade 

name Nanofil 5 was supplied by Sud Chemie, Germany. Montmorillonite is a 

type of clay in  which the particles are plate shaped with layer structure. 

Technical specification of nanoclay is given in the Table 2.5. 

 

Table 2.5 - Specification of nano clay 

Characteristics Specification 

Appearance Off-white powder 

Specific surface area, m2/g 700-800 

Density, g/cc 0.45 

Particle size, nm 1x 100x 100 

Specific Gravity 1.90 g/cc 

 

2.1.3.4 Materials for hybrid foam: 

PU Foam samples are bonded on both sides with glass fibre and textile 

cloth to get hybrid foam. Glass fiber cloth of 2mm thickness with 420 gsm and 

polyester cloth of 2mm thickness with 125 gsm used for making hybrid foam  

were supplied by RK polymers, Chennai.  

 

2.2 Method 

 

2.2.1 PU foam preparation 

PU foam samples with and without varied content of fillers were prepared by the 

free rising foaming method. In all the foam sample preparation the following ratio 

of polyol and isocyanate was maintained .  

Polyol         : 100parts 

Isocyanate :   38 parts 

The desired amount (0, 0.35, 0.70, 1.4 & 2%) of each filler was mixed with 

isocyanate using a magnetic stirrer for 30 min. Then, polyol was added  and 

stirred with a mechanical stirrer at 1500 rpm for 15 Sec. The mixture was then 
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poured rapidly into an open cylindrical mould of dimension 100mm dia before 

foaming starts. It was allowed to cure at room temperature for 12 hours and then 

demolded.  

 

Free rising foaming method 

Usually flexible polyurethane foams were prepared by free rising foaming 

also known as self-rising foaming method. In this method, the mould used would 

be open on the top which helps the foam to rise freely without any constraint. 

The required quantity of polyol and isocyanate (in the ratio of 100:38) was taken 

in two separate beakers, weighed and kept separately. Then the required 

amount of filler (eg 0.35% of nano silica) was taken and added to isocyanate. 

This mixture was allowed to stir in a magnetic stirrer for about 30 minutes for the 

proper dispersion of filler with isocyanate. Then this mixture and polyol  are kept 

in refrigerator for about 20 minutes, so that both the monomers would get cooled 

which helps delayed time in foam formation. In the mean time the open 

cylindrical mould with 100 mm diameter (circular type of mould in this study) was  

cleaned and coated with a release agent ( paraffin wax) to prevent sticking of 

molded foam and easy release of foam from the mould. After 20 minutes both 

the monomers were taken from the refrigerator and mixed with a mechanical 

stirrer at a speed of  1500 rpm for 15 sec. Then the mixture was poured rapidly 

into the open cylindrical mould before foaming occurs. The schematic 

representation of preparation of polyurethane foam by free rising foaming 

method is given in Figure 2.1. 

 

Polyol & additives  Iso & filler    Polymerisation      Self – rising          Solidification 

                                                                                                                     (PU foam)                             

Figure 2.1 Schematic representation of free rising PU foam preparation 
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POLYOL + ISOCYANATE + CATALYSTS + SURFACTANTS + BLOWING 

AGENTS             PU Foam 

A series of PU foams with and without using three different fillers such as 

nano silica, crumb rubber and nano clay with loading fractions of about 0.35%, 

0.70%, 1.4% and 2.0% were prepared by the above said procedure.  

Processing conditions for foam formation is given below 

 Ratio  (polyol to isocyanate )  : 100 : 38 

 Cream time                             : 9 sec 

 Rise time                                 : 80-85 sec 

 Gel time                                  : 65-70 sec 

 

Sample preparation: 

PU foams with and without filler content prepared using free rising 

foaming method are cut into circular shape with 90mm diameter and 15mm 

thickness to determine the acoustical properties. Figure 2.2 shows the 

photograph of foam samples prepared by free rising foaming method required 

for acoustical testing.  

 

 

Figure 2.2 Foam samples used for acoustical testing 

 

Also unfilled PU foam samples were cut to varying thickness ranging from 10mm 

to 80mm for acoustical studies. 
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2.2.2 Hybrid foam preparation 

 

Three types of hybrid composite foams prepared using PU foam containing 

Nanosilica (1.4%) are shown in Figures 2.3a to 2.3c.  

 

Figure 2.3 a: PU/NS-GF cloth hybrid 

PU foam/NS is taken at 15 mm thickness. 2mm thick glass fiber cloth was 

bonded on both sides of foam. The total thickness is 19mm.  

 

Figure 2.3 b: PU/NS-PE cloth hybrid 

This hybrid is also made in the same way as PU-Glass fiber cloth hybrid. The 

thickness of PU/NS foam is 15mm and 2mm thick polyester cloth was bonded at 

either side of the foam. The total thickness of hybrid is 19mm. 

 

Figure 2.3 c: PU/NS-GF and PE cloth hybrids 

Here on either side of 15mm thick PU foam 1mm thick polyester cloth and 2 mm 

thick glass fiber cloth is pasted. The total thickness of hybrid is 21mm. 

 

 

Figure 2.3a                             Figure 2.3b 

 

 

 

                                                Figure 2.3c 
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2.3 Characterization and testing of samples 

 
2.3.1   Physical and mechanical measurements 

 
a. Foam Density 

Density is a measure of the relative “heaviness” of objects with a constant 

volume.  

Density = Mass / Volume (Kg/m3) 

Foam Density measurements were done according to IS 7888-1976 standard. 

Circular shaped test specimens as per standard were cut from top, middle and 

bottom portions of foam sample. The mass (weight) of the sample was 

measured using a weighing balance while volume was calculated using the 

diameter and thickness of the circular sample. The density was measured for 5 

samples of each  percentage  filler content and their average was calculated. 

 

b. Tensile strength & Elongation at break 

 Tensile strength is a measure of the amount of force required to break a 

1/2 square inch area of foam as it is pulled apart. 

Elongation is a measure of the extent to which the foam can be stretched 

before it breaks and is expressed as a percentage of its original length. 

The samples were made according to IS 7888-1976 standard. A  Universal 

Testing Machine (UTM, DAK Series 9000) was used to obtain the tensile 

strength and elongation at break of unfilled and filled PU foams at room 

temperature. The cross head speed was maintained as 500mm / min. Three 

samples for each composition were tested and the average value is taken as the 

final result. Figure 2.4 shows schematic representation of dumbbell shaped 

specimen used for testing.  

 

A=20, B=38, D=26, L=152 

Figure 2.4 Dumbbell specimen 
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d. Compressive strength 

 Compressive strength is the capacity of a material or structure to 

withstand axially directed pushing forces. 

Uniaxial compression tests were carried out in UTM, DAK Series 9000 as 

per  EN ISO 3386-1 standard. All measurements were performed at a crosshead 

speed of 100mm / min. The samples were loaded to a maximum compressive 

strain of 50%.The samples were 51.2 +/- 0.2mm in diameter and 14.1 +/- 0.3mm  

thick ( cylindrical ). The compressive strength was calculated as the average of 

three samples. 

 

2.3.2 Scanning Electron Microscopic (SEM) studies 

 The surface micro structure was observed using JEOL JSM – 6360 

Scanning Electron Microscope (SEM) for unfilled and filled PU samples applying 

constant voltage of about 5 KV after vacuum sputter coating with gold.  

 

2.3.3 Thermo gravimetric analysis (TGA) 

The polymer materials get decomposed or volatilized at different 

temperatures and this leads to the series of weight loss steps during the TGA 

measurement. Here TGA was done using the Thermo Gravimetric Analyzer 

model TG/DTA 6200 from Seiko, Japan. In this analysis the foam specimen of ~ 

8 mg is progressively heated and the change in weight loss of the sample was 

monitored continuously with the increase in temperature and recorded . The 

measurements were performed from room temperature to 800°C at a heating 

rate of 20°C / min under N2 flow of 140 ml/min. 
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2.3.4 Flammability study 

UL 94 Flammability Testing 

The UL 94 test was developed by Underwriters Laboratories and  it is one 

of the most widely used flammability tests for polymer materials. This test is 

used to determine the materials suitability with respect to flammability for a 

particular application. 

 

Vertical Burning Test 

In this test the specimens are clamped vertically. The materials are 

classified V-2, the least stringent classification or V-1 and V-0, which are the 

most stringent or the highest classifications for the test. The apparatus 

employed for the test consists of the test chamber, an enclosure or laboratory 

hood, a laboratory burner, wire gauge, technical-grade methane gas, a ring 

stand, a stopwatch, desiccators, a conditioning oven and a dry absorbent 

surgical cotton. The test is conducted in humidity and temperature controlled 

room. Figure 2.5 shows schematic representation of UL – 94 vertical burning 

test. 

 

Figure 2.5 UL-94 Vertical Burning Test 

The test was conducted on a 0.5 inch  x 5 inch x 1/8 inch specimen. A 

small 0.75 inch high blue flame was applied to the bottom of the specimen (10 

mm above the sample) for 10 seconds, withdrawn, and then reapplied for an 

additional 10 second. The duration of flaming and glowing was noted as soon as 
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the flame is removed from the sample. A layer of cotton was placed beneath the 

specimen to determine whether dripping material will ignite during the test. Table 

2.6 gives the specification for different UL – 94 ratings.  

The standard classifies polymer according to how they burn in various 

orientations and thicknesses. From lowest (least flame-retardant) to highest 

(most flame-retardant), the classifications are: 

 HB: slow burning on a horizontal specimen; burning rate < 76 mm/min for 

thickness < 3 mm and burning stops before 100 mm. 

 V2 burning stops within 30 seconds on a vertical specimen; drips of 

flaming particles are allowed. 

 V1: burning stops within 30 seconds on a vertical specimen; drips of 

particles allowed as long as they are not inflamed. 

 V0: burning stops within 10 seconds on a vertical specimen; drips of 

particles allowed as long as they are not inflamed. 

 5VB: burning stops within 60 seconds on a vertical specimen; no drips 

allowed; plaque specimens may develop a hole. 

 5VA: burning stops within 60 seconds on a vertical specimen; no drips 

allowed; plaque specimens may not develop a hole. 

 

Table 2.6 UL – 94 Rating, specification 

Conditions V0 V1 V2 

After flame time, sec ≤ 10 ≤ 30 ≤ 30 

Total after flame time, sec ≤ 50 < 250 < 250 

After flame + afterglow time for each 

specimen after second flame 

application, sec 

≤ 30 ≤ 60 ≤ 60 

After flame or afterglow upto the 

holding clamp 

no no no 

Cotton ignited by the fuming drips no no yes 
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2.3.5 Porosity measurements 

 Porosity of unfilled and filled PU foams was determined using fluid 

saturation method (gravimetric method). The sample was weighed  dry 

(Wdry)and kept in a beaker containing water for 10min.  The surface of the 

soaked foam sample was wiped and weighed again (Wsat) 

Fluid saturation method 

                                             

                                                                        

 

Weight of water in pore space 

Wwater= Wsat - Wdry 

Pore volume 

Vp = Wwater / ρ water 

  where ρ water    is the density of water 

Bulk volume is the volume of the dry cylindrical specimen calculated 

from the sample dia and thickness  and denoted as Vb      

Now ,       

Porosity = Vp / Vb 

 

2.3.6 Sound Absorption Coefficient measurement 

The sound absorption test was carried out at IIT Madras using Standing 

Wave Apparatus. The acoustic test system comprises of a loud speaker, 

amplifier, impedance tube, microphone probe, oscilloscope and wave form 

generator as shown in Figure 2.6a and 2.6b. 
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Figure 2.6a Standing wave apparatus 

 

Figure 2.6b schematic representation of SWA 

 

A loud speaker produces an acoustic wave which travels down the pipe 

and reflects from the test sample. The phase interference between the waves in 

the pipe which are incident upon and reflected from the test sample will result in 

the formation of a standing wave pattern in the pipe. The required frequency is 

generated using wave form generator; the microphone attached to the 

microphone car was moved back and forth to measure the minimum and 

maximum sound pressure levels.  If 100% of the incident wave is reflected, then 

the incident and reflected waves have the same amplitude; the nodes in the pipe 

have zero pressure and the antinodes have double the pressure. If some of the 

incident sound energy is absorbed by the sample, then the incident and 

reflected waves have different amplitudes; the nodes in the pipe no longer have 

zero pressure. The pressure amplitudes at nodes and antinodes are measured 

with a microphone probe attached to a car which slides along a graduated ruler.  
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The ratio of the pressure maximum (antinode) to the pressure minimum 

(node) is called the standing wave ratio SWR.  

The absorption coefficient was calculated as the average value of three 

cylindrical foam pieces of dimension 90mm in diameter and 15 mm thick, for 

different frequencies in the range from 100 to 200 Hz.  

Sound absorption coefficient (α) can be defined as the ratio of energy 

absorbed by a material to the energy incident upon its surface. 

  

Formula 

Thus  

 SWR   = (A + B) / (A - B) (1.7) 

 where A+B is Pressure maximum, A-B is pressure minimum. 

The reflection coefficient R is defined by 

 R = B / A, =   (SWR + 1) / (SWR - 1) (1.8) 

and finally  the Sound absorption coefficient,  

 α = 1 - R2 = 1 – (SWR - 1)2 / (SWR + 1)2     (1.9) 

 

Absorption coefficient is          α = 1 - R2   (1.10) 
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CHAPTER 3.0 

RESULTS AND DISCUSSION 

 

PU foam samples with and without fillers at varied composition are studied for 

the following properties and discussed in this section 

 Foam density 

 Mechanical properties – Tensile strength, elongation at break and 

compressive strength 

 Microscopic studies  - SEM morphology 

 Thermal stability  - TGA analysis 

 Flammability  - UL 94 test 

 Porosity   

 Sound absorption coefficient  - standing wave apparatus 

 

3.1 Studies on foam density 

Density is an important indicator of composites’ performance. It virtually 

affects all properties of the material. Figure 3.1 and Table 3.1 show the effect of 

fillers on foam density. 

 

 

Figure 3.1 Effect of fillers on density 

 Foam density was measured for each composition by considering 5 

readings and calculating the average. Densities of PU foams show an increasing 

trend with filler content for all the three fillers studied (Figure 3.1). As the filler 
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percentage increases mass per unit area also increases and hence densities of 

filled foams increase.  

Table 3.1 Density value of unfilled and filled foams 

Filler 

percentage 

Nano silica 

kg/m3 

Crumb rubber 

kg/m3 

Nano clay 

kg/m3 

0% 5.2 5.2 5.2 

0.35% 5.9 5.6 5.6 

0.70% 6.5 5.9 6.2 

1.4% 6.9 6.0 7.2 

2.0% 7.4 7.3 7.5 

 

3.2 Studies on mechanical properties  

 

3.2.1 Tensile strength 

 The effect of various weight percentages of NS, CR and NC fillers on 

tensile strength of polyurethane foam is given in Table 3.2 & Figure 3.2. It is 

evident that the tensile strength increases significantly with the increase in filler 

content for all the three types of fillers. The increase in tensile strength may be 

due to addition of fillers which made the cell walls stiffer. This shows the 

reinforcing effect of fillers on PU foam [8]. 

 

Table 3.2 Effect of fillers on tensile strength of unfilled and filled PU foam 

Filler percentage Nano 

silica,  kPa 

Crumb 

rubber, kPa 

Nano clay, 

kPa 

0% 33 33 33 

0.35% 42 47 46 

0.70% 59 59 58 

1.4% 62 65 79 

2.0% 69 70 82 
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Figure 3.2 Effect of fillers on tensile strength of unfilled  

                                   and filled PU foam 

 

3.2.2 Elongation at break 

 Figure 3.3 and Table 3.3 show the effect of various weight percentages of 

NS, CR and NC fillers on elongation at break of polyurethane foam. Elongation 

at break shows a decreasing trend. As the addition of filler content increases 

elongation at break decreases, this may be due to stiffening of cell wall by the 

fillers in to the PU foam structure [8]. 

 

Table 3.3 Effect of fillers on elongation at break of unfilled and filled foam 

Filler percentage Nano silica  % Crumb rubber % Nano clay % 

0% 69.2 69.2 69.2 

0.35% 71.2 65.8 67.4 

0.70% 66.4 59.7 65.2 

1.4% 65.1 57.2 60.2 

2.0% 56.4 52.4 58.7 
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 Figure 3.3 Effect of fillers on elongation at break of  

                                       unfilled and filled foam 

 

3.2.3 Compressive strength 

  Figure 3.4 and Table 3.4 show the effect of various weight percentage of 

NS, CR and NC fillers on compressive strength of polyurethane foam. 

 

Table 3.4 Effect of fillers on compressive strength of unfilled and filled        

                 PU foam 

Filler percentage Nano silica  Kg Crumb rubber Kg Nano clay Kg 

0% 0.83 0.83 0.83 

0.35% 1.26 1.16 1.16 

0.70% 1.34 1.46 1.51 

1.4% 2.49 2.15 2.28 

2.0% 1.82 1.77 2.07 
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Figure 3.4 Effect of fillers on compressive strength of 

                                    unfilled and filled foam 

 Compressive strength of the samples was measured at 50% deflection 

and the values show an increasing trend with the increase in filler content 

(Figure 3.4).  It is assumed that the fillers, as an additional physical cross linker, 

increased the modulus of flexible segment in the polyurethane matrix resulting in 

increased compressive strength [9]. Compressive strength shows a maximum 

value at 1.4% loading followed by decrease at 2.0%. Higher amounts of fillers 

beyond 1.4% may make the cell wall brittle, resulting in decreased compressive  

strength.  

 

3.3 Morphology studies 

The Scanning Electron Microscope studies of unfilled and filled PU foam 

show that the cell edges and cell walls are distinctly visible with almost uniform 

cell structures in all the compositions of PU foams. Figures 3.5(a) to (d) show 

the morphological images of unfilled and filled foams.   
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    Figure 3.5a Unfilled foam                                 Figure 3.5b PU/NS foam 

                              

         Figure 3.5c PU/CR foam                                    Figure 3.5d PU/NC foam 

 

Table 3.5 Mean cell size and mean cell wall thickness of PU foam 

 

 

 

 

 

 

 

Further Table 3.5 reveals that the cell size and cell wall thickness of filled 

foams are higher than that of unfilled foam. The cell size is an important 

parameter which can influence the sound damping of polyurethane foam. 

Increase in cell size may be due to increased gas diffusion [10].  

 

S.No Properties Unfilled 

foam 

NS CR NC 

1 Mean cell size 

(µm) 

269 364 392.5 390.3 

2 Mean cell wall 

thickness (µm) 

91.95 97.6 102.15 93.5 
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3.4 Thermal stability studies 

One of the draw backs of PU foam is its poor thermal stability and 

flammability. Thermal stability of any material is the temperature at which 50% 

degradation occurs during TGA run. Table 3.6 gives the thermal stability values 

of foam with various weight concentrations of fillers under consideration. 

 

Table 3.6 Effect of fillers on thermal stability of unfilled and filled foams 

Filler percentage 

 

Nano silica  

o C 

Crumb 

rubber o C 

Nano clay 

o C 

0% 378.2 378.2 378.2 

0.35% 378.6 380.9 390.3 

0.70% 392.6 387.9 393.0 

1.4% 396.4 393.4 399.6 

2.0% 395.3 390.5 394.0 

 

The thermal stability of NS, CR and NC filled foams are found to be 

higher than that of unfilled foam. Foams with 1.4% of NS, CR and NC are found 

to show better thermal stability than unfilled and other filled foams. The TGA 

curves of unfilled and filled PU foam with 1.4% NS, 1.4% CR and 1.4% NC are 

presented in Figure 3.6a. 

 

 

 

 

 

 

 

 

                

 

Figure 3.6a TGA scans for unfilled and 1.4 % NS, CR & NC filled foam 
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For unfilled foam, the degradation temperature at 50% weight loss is 

found to be at 378.2o C while it is at 396.4oC, 393.4oC and 399.6oC for 1.4% of 

NS / PU foam, 1.4% of CR /PU foam and 1.4% of NC/PU foam respectively 

which is about 5% higher than that of unfilled foam. Further, the residual mass 

remaining after maximum weight loss is 8.8% for unfilled PU foam, 9.3% for NS 

/PU foam, 5.4% for CR/PU foam and 11.9% for NC/PU foam. The results 

indicate that the thermal stability of PU foam is improved with the addition of 

fillers under consideration.  

Further, Figures 3.6b to 3.6d reveal initial decomposition pattern for 

unfilled and NS, CR and NC filled foams. It is interesting to note  that initial 

degradation temperature of filled foams get shifted to higher temperature range 

compared to unfilled foam. This shift indicates that flame retardant property can 

improve in the filled foams.  

 

                    Figure 3.6b PU/NS foam 
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                                   Figure 3.6c PU/CR foam 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                 

                                Figure 3.6d PU/NC foam 
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3.5 Flammability Studies 

The flammability characteristics of unfilled and filled PU foams were 

evaluated for UL 94 flammability test. The extinguishing time after flame 

application and their UL rating are given in Table 3.7. 

      Table 3.7 Effect of fillers on flammability of unfilled and filled foams 

  

The results from the above Table reveal that unfilled foam failed in UL 

rating while all  the filled foams conforms only  to UL-94 V-2 rating. So filler 

composition is to be increased or flame retardant monomers are to be tried to 

get higher UL rating. 

 

3.6 Porosity measurements 

Generally foam with more than 50% of porosity is considered better for 

sound absorption property. In this work porosity of unfilled and filled PU foams 

were determined using fluid saturation method. Porosity values of unfilled and 

filled foams are given in Table 3.8 which show an increase in value for filled 

foam compared to unfilled foam. This may be due to effective nucleation sites 

created by the fillers into the foam structure which, in turn creates more pores in 

the foam structure [11].              

 

               

 

 Burning stops at  

Filler 

percentage 

NS/PU  

(sec) 

CR/PU 

 (Sec) 

NC/PU 

(sec) 

UL – 94 

rating 

0% 50-55 50-55 50-55 Failed 

0.35% 28-32 29-33 27-25 V-2 

0.70% 18-19 21-23 18-20 V-2 

1.4% 17-19 23-24 18-21 V-2 

2.0% 24-25 25-27 22-23 V-2 
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Table 3.8 Porosity values of unfilled and filled foam samples 

 

 

 

 

 

 

 

 

 

 

3.7 Sound absorption studies 

Sound absorption studies were carried out for the following. 

 Samples of unfilled and 0.35%, 0.70%, 1.4% and 2.0% of NS, CR and 

NC filled PU foams. 

 Samples of unfilled PU foam of varying thickness. 

 Samples of PU – hybrid with glass and polyester cloth. 

 

3.7.1 Sound absorption of unfilled and filled flexible polyurethane foams  

Sound absorption coefficient of foam samples were measured using 

standing wave apparatus with 15 mm thick sample in the frequency range 100-

200Hz. Sound absorption coefficient values of unfilled and filled samples 

increase with increase in filler content and with increase in frequency (Figure 

3.7a to 3.7c). For the unfilled foam the average sound absorption coefficient (α) 

value is 0.52 in the frequency range of 100 to 200 Hz. This value shows that 

unfilled foam is able to absorb 52% of incident sound energy falls on it. NS filled 

polyurethane foam gives a maximum value for (α) to be 0.80. Similarly for the 

CR filled PU foam the maximum value for (α) is 0.69 and NC filled PU foam the 

maximum value for (α) is 0.78. Figure 3.7a to 3.7c show an increasing trend for 

acoustic absorption of PU foam with filler content with increase in frequency. It is 

 

Filler 

percentage 

Porosity , % 

NS 

 

CR 

 

NC 

 

0 59 59 59 

0.35 68 60 66 

0.70 76 63 71 

1.4 89 76 84 

2.0 80 72 79 
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also found that for the filler content of 1.4% of NS, CR and NC sound absorption 

is the highest (Figure 3.7d).  

 

Figure 3.7a Sound absorption coefficient of PU foam with NS 

 

 

Figure 3.7b Sound absorption coefficient of PU foam with CR 
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Figure 3.7c Sound absorption coefficient of PU foam with NC 

 

 This increase in acoustic effects may be due to the large surface area of 

fillers and PU-filler interface which help in dissipation of the acoustic energy as 

heat energy [10]. Another reason for the increase in sound absorption is due to 

the creation of effective nucleation sites by the fillers. Further, in case of porous 

sound absorbers sound propagation takes place in a network of interconnected 

pores such that viscous and thermal interaction causes the acoustic energy to 

be dissipated and convert them into heat energy. At low frequencies porous PU 

foam absorbs sound by energy loss caused by heat exchange. This is an 

isothermal process. The absorbed acoustic energy moves inside the cells by the 

friction with air. The sound wave loses its energy through friction between the air 

particles and the pores of the material it is passing through. This friction is 

changed into heat. Further the   increase in porosity of filled foams also explains 

the enhancement of the sound absorption of foams (Table 3.8). 
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Figure 3.7d PU with 1.4% NS, CR and NC 

 

Table 3.9 gives the average sound absorption coefficients of unfilled and 

filled foam samples for all the three fillers. From the Table it is inferred that the 

average sound absorption coefficient value increases with increase in filler 

content and with increase in frequency. For the filler content of about 1.4% of 

NS, CR and NC sound absorption is highest. When the NS, CR and NC content 

increases to 2.0%, the average sound absorption coefficient value decreases 

slightly. This may be due improper dispersion of the filler due to increase in 

viscosity during high speed mixing with isocyanate.  

 

Table 3.9 Average sound absorption coefficients of unfilled  

                             and filled foams 

 

 

 

 

 

 

 

Filler content NS/PU CR/PU NC/PU 

0% 0.52 0.52 0.52 

0.35% 0.51 0.50 0.53 

0.70% 0.57 0.58 0.65 

1.4% 0.80 0.69 0.78 

2.0% 0.72 0.61 0.73 
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3.7.2 Sound absorption of unfilled PU foam of varying thickness  

  The sound absorption coefficient was determined for unfilled PU foam 

samples at varied  thicknesses of 10mm, 20mm, 30mm, 40mm, 50mm, 60mm, 

70mm and 80mm at the frequency range of 100 to 200 Hz. The objective of this 

study is to determine and compare at what thickness the unfilled foam is able to 

give the maximum sound absorption as obtained in the case of the filled PU 

foam. Another objective was to study the effect of thickness on sound 

absorption. The Table 3.10 shows that sound absorption (α) of unfilled foam 

increases with increase in foam thickness and maximum value of α (0.80) is 

found at 60mm thickness. It is also found that beyond certain thickness (70mm) 

there is no increase in α value. Literature study also shows that sound 

absorption coefficient no longer increases when the thickness reaches a critical 

value [12]. 

 

Table 3.10 Effect of foam thickness on sound absorption 

Foam thickness, mm Sound absorption value(α) 

10  0.38 

20  0.41 

30  0.58 

40  0.65 

50  0.74 

60  0.80 

70  0.81 

80  0.80 

 

 A cursory look at the Tables 3.9 and 3.10 reveals that the highest sound 

absorption coefficient of 0.80 (80%) is achieved with 15 mm thick PU foam filled 

with 1.4% of Nano silica filler while the same value is obtained in unfilled foam 

only at 60mm thickness. 
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3.7.3 Sound absorption studies with PU foam / fiber cloth hybrid 

In industrial applications, multi layered sound absorbers composed of 

many porous materials are widely adopted for broad band noise absorption [12]. 

In this regard, the sound absorption behavior of multilayered porous materials 

(hybrids) with different combinations was studied. In this study PU foam with 

1.4% of NS was taken as base material. The sound absorption coefficient of 

hybrid / PU foam was determined using glass fiber and polyester cloth in the 

frequency range 100 to 200 Hz.  The thickness of the hybrid foam composite 

was maintained as given in 2.2.2. Table 3.11 gives sound absorption coefficient  

of all the three hybrid samples compared with that of unfilled and filled PU with 

NS. 

 

       Table 3.11 Sound absorption coefficient of hybrid foam 

Composite  Thickness, mm Sound absorption 

coefficient 

PU/NS – GF 

cloth 

19 0.88 

PU/NS – PE 

cloth 

19 0.82 

PU/NS – GF 

and PE cloth 

21 0.85 

PU/NS 15 0.80 

Unfilled PU 60 0.80 

 

 It is evident from the Table 3.11 that the sound absorption is enhanced by 

introducing glass fiber and polyester cloth. The enhanced sound absorption of 

these composites can be explained by the concept of double porosity as   given 

in section 1.5.5. Thus use of hybrid composites will not only increase sound 

absorption but also will protect the foam from contamination, moisture retention 

and deterioration due to physical abuse etc.    
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4.0 CONCLUSIONS 

 

The entire research work deals with three areas of work to achieve the 

objectives   

 

4.1 Sound absorption of unfilled and filled flexible polyurethane foams 

 Filled PU foam composites with different loading levels (0.35%, 0.70%, 

1.4% and 2.0%) of nano silica, crumb rubber and nanoclay were prepared by 

free rising foaming method successfully.  

 All the foam samples were tested for various characteristics and the 

results are given below. 

 Foam density shows an increasing trend with the addition of fillers. 

 Mechanical properties like tensile strength show an increasing trend with 

addition of fillers, this may be due to reinforcing effect of fillers. Elongation 

at break shows a decreasing trend with addition of fillers, this may be due 

to stiffening of cell wall by the fillers in to the PU foam structure. 

Compressive strength initially increases and then starts decreasing this 

may be due to higher amounts of fillers beyond 1.4% may make the cell 

wall brittle, resulting in decreased compressive  strength.  

 Thermal properties of filled foams were higher than that of unfilled foams. 

Thermal degradation with 50% weight loss shows that degradation 

temperature increases by 5% for the filled foam than that of unfilled PU 

foam. 

 Flammability results reveal that unfilled foam failed in UL rating while all  

the filled foams conform only  to UL-94 V-2 rating. So filler composition is 

to be increased or flame retardant monomers are to be tried to get higher 

UL rating. 

 Porosity values of unfilled and filled foams show an increase in value for 

filled foam compared to unfilled foam. This may be due to effective 

nucleation sites created by the fillers into the foam structure which, in turn 

creates more pores in the foam structure. 
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 Sound absorption coefficient values of unfilled and filled samples at a 

foam thickness of 15mm increase with increase in filler content and with 

increase in frequency in the frequency range 100-200Hz.  Maximum 

sound absorption coefficient of 80% was obtained at 1.4% weight 

concentration of NS filler. This increase in acoustic effects may be due to 

the large surface area of filler and PU-filler interface which help in 

dissipation of the acoustic energy as heat energy. Another reason for the 

increase in sound absorption is due to the creation of effective nucleation 

sites by the fillers. 

 It is interesting to find that foam thickness of 15mm is sufficient to result 

in improvement in acoustic properties with fillers. Thus, from the above studies 

one can conclude that flexible PU foam with 1.4% weight concentration of nano 

silica, crumb rubber or nano clay can improve the acoustic property in low 

frequency range of 100-200Hz in addition to enhancement in thermal and 

mechanical properties.  

 

4.2 Sound absorption of unfilled PU foam by varying thickness 

 Based on initial work, the study was extended to determine the optimum 

thickness required for unfilled PU foam to give the same sound absorption as 

that of the filled foam. For this unfilled PU foam with varying thickness has been 

prepared and studied for sound absorption. It is found  that the unfilled foam with 

60 mm thickness is needed to achieve maximum sound absorption of 80% 

which was achieved with 15 mm of polyurethane foam/ Nanosilica.  

 

4.3 Sound absorption coefficient of hybrid foam 

 The objective of this study is to determine the sound absorption of hybrid 

porous materials. The results shows that 

 19mm thick PU/NS - Glass fiber cloth hybrid  gives 88% sound 

absorption. 

 19mm thick PU/NS - Polyester cloth hybrid gives 82% sound absorption. 
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 21mm thick PU/NS - Glass fiber and Polyester cloth  gives 85% sound 

absorption. 

 There is not much difference in the sound absorption values of these 

hybrid composites and also increased sound absorption is observed when 

compared to filled PU foam. The enhanced sound absorption of these 

composites is due to double porous nature of these materials. 

From this research work it is concluded that optimum value for sound absorption 

can be obtained using PU / 1.4%NS in case of composite foam and PU/NS – GF 

cloth in case of hybrid foam. 
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5.0 PERSPECTIVE PLAN 

 

 To Improve the flammability of the PU foam either by increasing the filler 

content or using a flame retardant polyol 

 To extend the sound absorption studies of filled foam and hybrid 

composite to higher frequency range with focus on lower thickness of the 

sound absorber 

 To conduct field trials to check the reduction in noise level of sources 

generating low frequency sound.   
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