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Abstract 

Polyurethane (PUs) belongs to the versatile class of polymer materials having tune-able 

properties. PUs has alternative hard and soft segments domains due to different cyanates, 

polyols, and amines in their backbone which provides extraordinary flexibility and strength to 

these materials and can be molded into the desired shape by heating above the glass transition 

temperature (Tg). In this particular research, we have synthesized series of PUs its 

nanocomposites and PUs blends with neat-polystyrene (PS), amino-functionalized PS, and 

nitro-functionalized PS (PS-NO2) and their composites with functionalized multiwall carbon 

nanotubes (FMWCNTs) as follows. The composition of the first series comprises of PU (pre-

polymer)/FMWCNTs and second series consist of PU/dual-FMWCNTs nanofiller varying 

concentrations of FMWCNTs respectively. The third series recipe consist   of 

PU/PS/FMWCNTs, the fourth series was based on PU/PS-NO2/FMWCNTs based 

nanocomposites. The fifth series was prepared with PUs blend nanocomposites having 

polyurethane/aminated-PS/FMWCNTs (PU/PU-NH2/FMWCNTs). All the synthesis of PUs, 

its nanocomposites and blends were performed in a catalyst-free environment to avoid toxicity 

and enhance bio-compatibility of the polymeric materials to enhance their practical life 

applications such as robotics skin, moveable joints, robotics body parts and smart auto body 

parts. The pre-designed structure of all synthesized PUs and its blend nanocomposites was 

confirmed by FTIR analysis and the degree of crystallinity and amorphous nature was 

determined with X-Ray diffraction analysis (XRD). The surface morphologies were studied 

and compared through SEM analysis at different resolutions, the evident change in surface 

structures with varying ratios of FMWCNTs and by using functionalized-PS filler in all series 

confirms blends formation and their nanocomposites. A comprehensive comparison for the 

enhancement in different properties such as thermal stabilities was performed with (TGA), 

mechanical/tensile test, hardness, flexibilities, thermal conductivities and shape recovery 

analysis was performed for all the series. 

First series (PU pre-polymer/FMWCNTs) of PU (pre-polymer) based nanocomposites were 

prepared with varying concentrations of FMWCNTs with solution mixing approach through 

one-shot process. An excellent interfacial interaction between polymer and functionalized filler 

was confirmed as the loading amount of FMWCNTs increases, the evident change of surface 

morphologies with different loading concentrations and enhancement of other properties 

confirms the FMWCNTs incorporation in prepolymer matrix.  A significant increase in thermal 

stabilities, tensile strength, and modulus is evident with increasing the loading amount of 
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functionalized filler in the polymer matrix. The ultimate tensile strength was improved from 

16.6 to 43.7 MPa for PU nanocomposite to pristine-PU with 83% weight loss at 653oC and 

100% recovery in less than 78s. Practically 98-100% shape recovery was observed around 80oC 

for all the samples with repeatability and without any change in nanocomposite properties and 

strength. 

In second series (PU/dual FMWCNTs) thermoplastic-PU and its nanocomposites were 

synthesized of improved thermal, mechanical, and shape recovery properties by using chain 

growth process in catalyst free environment. A mixture of dual-FMWCNTs (amino and acid 

functionalized) was used to enhance chemical and physical interlinking between carbon filler 

and PU matrix in nanocomposites. A clear change in surface morphologies is evident as filler 

concentration increases (neat-PU smooth surface to PU- nanocomposites rough and porous 

surface with very little visible nanotubes at the surface due to embedment up to 5% dual-

FMWCNTs content). The tensile strength was improved from 32.17 MPa for neat-PU to 62.13 

MPa as the loading amount of filler increases in PU matrix. A prompt fast recovery response 

in less than 10 seconds was recorded for the nanocomposite sample with excellent improved 

mechanical strength and enhanced thermal stabilities. According to our best knowledge, a fast 

recovery time of less than 10 seconds is not reported till the time for polymer nanocomposite 

samples. 

In the third series (PU/PS/FMWCNTs) based blends and their nanocomposites were 

synthesized with varying amounts of FMWCNTs. Thermal analysis confirms enhancement in 

thermal stabilities up to 630 0C with very little char residue. A positive shift was observed in 

thermal stabilities of synthesized blend nanocomposites with increasing loading amount of 

nanofiller. Surface studies confirm decreases in pore size as the concentration of filler increases 

in the matrix due to better interaction of filler with polymer matrix which also causes the 

uniform distribution of filler in both polymer layers. Approximately 100% shape recovery was 

observed by triggering the shape memory effect through inductive heating due to better 

polymer matrix interaction and generating physically interpenetrating networks (IPNs). 

In fourth series (PU/PS-NO2/FMWCNTs) blends were prepared by using acid-FMWCNTs. A 

clear change in surface morphologies of sample from neat polymer and its composites was 

confirmed by SEM analysis. The porous spongy cluster provides efficient shape recovery with 

excellent flexibility to the composite material with excellent thermal stabilities and mechanical 

properties.  The 50% decomposition of blend with 0.1g loading amount of FMWCNTs was 

achieved around 430-432 oC with 22.8% of char residue and improvement in tensile strength 

up to 39.2MPa was achieved. Almost 100 percent shape recovery was observed for all samples 
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with varying shape recovery times due to greater stability and selectivity of one phase was 

observed.   

In fifth series (PU/PS-NH2/FMWCNTs) two-step approach was used to synthesize thermo-

responsive polyurethane and its blends composites. Noticeable enhancement in mechanical 

properties to 59.3±2.8 MPa from 28.6±1.4 MPa was observed for blends mainly due to strong 

chemical and physical interaction of an amino group of PS and FMWCNTs filler. Thermal 

stabilities of the synthesized blends were also improved as filler content was increased in the 

polymer matrix e to strong interfacial adhesion between filler and polymer. The 70% 

decomposition of blend with 0.25g filler loading was observed around 569oC. Almost 100% 

shape recovery was achieved and recovery response time of blend nanocomposite was 

decreased almost half of the pristine –PU.  

All the series were synthesized in catalyst free environment and the comparison of thermal 

stabilities, mechanical strength, flexibilities and shape recovery time was performed. It is 

evident from results that introduction of second polymers such as PS effect sufficiently on 

tensile strength of sample and provides flexibilities to the material which help in repeatability 

and reuse of these non-toxic materials in practical life which make these material novels. 

Another important aspect of these material is shape recovery time the physical and chemical 

interaction and FMWCNTs incorporation sufficiently effects on shape recovery time which 

give them selectivity to this material where control recovery is required. It was also noticeable 

that PU nanocomposites in series1 &2 have good tensile strength but due to brittleness these 

films are easy to break and the introduction of second phase provide them more flexibilities 

and control recoveries in next series. 
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1.0. Introduction 

1.1.0. Polyurethane 

Polyurethane (PUs) belongs to the class of organic polymer having urethane linkage in their 

structure. PUs is made up of the reaction of a diisocyanate with polyols around 80-100oC. The 

final product and its properties mainly depend upon the addition of chain extender, catalyst, 

and blowing agents during the synthesis of PUs [1]. Polyurethane elastomers (PUE) can be 

synthesized by a two-step or one-shot process by controlling the stoichiometric amounts of 

starting precursors. PU is normally obtained by the reaction of diisocyantes and diols or polyols 

in the presence of a catalyst or without a catalyst. The segmented PU elastomers consist of hard 

and soft domains in the polymer backbone [2]. Hard domains usually arise due to the 

diisocyantes and the diols or polyols are responsible for the soft segment domains in the PU 

chain. The greater the number of OH groups in the polymer chain greater will be the chance of 

crosslinking through hydrogen bonding and physical crosslinking which help to enhance the 

overall properties of the polymer [3, 4]. The inter-chain interaction can influence the PU's 

special characteristics, such as hard and soft segment domains, chemical and physical nature, 

phase separation, and mode of synthesis [5]. A variety of PUs can be synthesized by using a 

variety of available polyols and diisocyantes. With the presence of easy tailoring techniques 

and widespread choice of monomers, PU proves itself as a unique class of polymer which have 

properties to replace cotton, wood, metal, and rubber, etc. Its widespread application is of great 

interest for researchers in the field such as in automotive industries, surface coating, fibers, 

sealant, varnishes, elastomers and aerospace engineering.  

PUE consists of three basic constituents: a) diisocyantes or poly-isocyanates, b) macro-diol 

(diol and polyols), and c) chain extender of low molecular weight such as polyols, diamines, 

etc. the super incompatibility of the block polymer is due to the hard and soft micro domains. 

Hard domains arise due to the isocyanate and chain extender while soft segment arises due to 

macro-diol which are slightly crystalline or amorphous. Hard segment melting temperature 

must be higher than the temperature of use while glass transition temperature of soft segments 

must be lower than its utilization temperature which has effects on mechanical and thermal 

properties. The structure and nature of chain extenders largely affect the properties and 

morphologies of PU. It is also evident that chemical structure, molecular volume, functionality, 



2 
 

and chain length of isocyanate, macro-diols, and chain extender greatly influence the packing 

of hard segment [6]. 

Crosslinking, the extent of intermolecular forces, and density between polymeric chains 

fundamentally effect on physical properties of the polymer. Even in the absence of crosslinking 

agents even crosslinking happens among polyurethane chains. Additives are usually known as 

a chemical for controlling the polymer reactions and final product properties [7]. Selective 

ingredients used as additives include blowing agents, emulsifiers, fillers, and flame retardants, 

colorant is one of them. A number of dyes and pigments are used for color to the polymer 

chains. Basically, PU does not have any color but can be intentionally colored for artistic 

emergence [8] 

 Ease of processing and architecture versatility makes PU a distinct group of polymers and 

getting more attention for future research for optimizing properties. 

1.1.1. Basic components of polyurethane 

1.1.1.1. Isocyanates 

The chemistry which is basically involved in polyurethane elastomers synthesis centers on the 

isocyanate group. The isocyanate group has several resonance structures, due to these several 

types of reactions involving the isocyanate group are possible. A detailed description of 

isocyanate chemistry has been given by Patai [9]. 

 

                           Figure-1.1; Synthetic route of urethane formation 

Thus, isocyanates are the vital and exceptional monomer for the synthesis of segmented 

polyurethane. The aliphatic and aromatic types of isocyanates can be used depending upon the 

desired polymer type and requirements. Aromatic isocyanates are believed more reactive than 

aliphatic isocyanates due to the versatility of properties, also final products, and its properties 

largely dependent upon them. Studies also reveal that aromatic isocyanates are less stable than 

aliphatic in light that’s why usually aliphatic isocyanates are used for coating purposes. The 

stereochemistry, structure, steric effect, and substituent also affect the reactivity of the 
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isocyanate group and are different for the same class. For example, the -NCO group at ortho 

position is basically 25 times less stable than the -NCO group at the para position for 2, 4 

toluene diisocyanate (2, 4 TDI). Significant aromatic isocyanates which are usually used for 

PU synthesis are Toluene diisocyanate (TDI) and Methylene diisocyanate (MDI). The 

isocyanate is mainly prepared by diamines phosgenation and in a variety of ways is also used 

for the synthesis of isocyanates.  

Some commonly used isocyanates are given below in Table-1.1. 

 

                                     Table-1.1: Commonly used isocyanates 

S.no Name of isocyanate Structure 

1 Hexamethylene diisocyanate 

 

2 

Isophorone 

Diisocyanate 
 

3 
4,4’-

Diisocyanatodicyclohexylmethane  

4 1,5- naphthalene diisocyanate 

 

5 Tetramethylxylene diisocynate 

 

6 1,4-Phenylene Diisocyanate 
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7 1,4- cyclohexane diisocyanate 

 

8 Toluidine diisocyantes 

 

  

 

From a broader perspective, only preparation of some isocyanates such as and HDI, TDI, and 

IPDI are shown in Fig-1.2. 

 

Figure-1.2. Different steps elaborate in the synthesis of isocyanates: Tolylene Diisocyantes, 

Isophorone diisocyanate, and Hexamethylene diisocyanate 

1.1.1.2. Polyols 

The other main constituent in PU besides isocyanates are polyols which have equal influence 

on the final product of the polyurethane and its properties. Polyols make the PU the most 

adaptable and among the family of polymers. Polyols have many hydroxyl groups that can 

react with the isocyanate group to yield PU-polymer.  For example, molecular mass ranges of 

PU-pre-polymer from 200-8000 g mol-1 by 2 to 8 reactive group of polyols [10]. Polyol 

selection largely depends upon the end use of the PU material. Cost affectivity is one of the 

important aspects of polyol selection. The polyols used for PU synthesis are usually polyether 
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polyols, polyester polyols, hydroxyl poly-butadiene, and other polyols. Other modified polyols 

are also used for polyurethane synthesis to make them cost-effective and to enhance more 

applications [11] 

PU consists of soft and hard domains which decide the polymer final properties. The polyols 

are responsible for the soft domains in PU. The physical behavior of the PU determines by the 

chemical nature of the polyols. It is observed that polyester-originated urethanes show good 

material properties because of the ester bond in soft segments subjected to hydrolysis while the 

poly-ether originated polyols are more resistant to hydrolysis. Some basic reaction is shown in 

Fig-1.3 [12]. 

 

 

Figure-1.3. The basic reaction of diisocyanate polyol and chain extender for PU synthesis 

[12]. 

Poly-diene-based polyols are a good selection as soft domains when good environmental 

stability is required. PU shows good resistance to hydrolysis, thermal and photo degradation 

when polyisobutylene and hydrogenated polybutadiene are used [13]. The poor physical 

properties were observed for such kind of PU as compare to the polyester and polyether-based 

PU [14]. 

1.1.1.3. Chain extenders 

Low molecular weight monomers are usually used for chain extenders during PU synthesis in 

the pre-polymer species. And di-functional species can be used as chain extenders while poly-

functional species are used as cross-linker. Basically, both chain extender, as well as a 
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crosslinker, is used for chain extension having an active hydrogen group. Chain extender for 

PU is normally categorized into two main classes  

1. Aromatic or aliphatic diols 

2. Aromatic or aliphatic diamines 

A soft material introduction helps to increase domains compartments when hard segments are 

introduced which controls the thermal, mechanical, shape memory, and hydrolytic properties 

of the final product [15]. 

Some common chain extenders are given below in Table-1.2 

                                        

Table-1.2: Commonly used isocyanates 

S.no Name Abbreviation Formula 

1 Ethylene glycol EG 
 

2 1,4-Butandiol 1, 4 BDO 
 

3 1,6-Hexanediol 1,6 HTO 
 

4 Ethylene diamine EDA 
 

 

1.1.1.4. Catalysts 

Catalyst is known to alter the rate of a chemical reaction but remains unchanged at the end of 

a chemical reaction. So, the catalyst is a controlling agent of a chemical reaction because 

catalysts help to form a product but their composition remains unchanged [16]. Reportedly 

three types of catalyst/procedures are applied for PU synthesis. 

• Salts of transition metals such as Stannous (Sn), Lead (Pb), and Mercury (Hg) are used 

for polyurethane synthesis. 

• Salt of carboxylic acids. 

• Tertiary amines. 

Sn organometallic salts are mostly used catalysts for polyurethane synthesis because of more 

ability to interact with the hydroxyl group of polyols than water. Also, organometallic salts of 

Sn, Hg, and Pb work as a catalyst and are polyurethane specific in their action. But both 

mercury and lead have environmental and health hazards because of heavy metals and cause 
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some serious damages to health. carboxylic acid salts of sodium and potassium are mainly used 

for polyurethane synthesis. Dibutyltin dilaurate (DBTDL) used for catalyst for polyurethane 

elastomers [17]. Tertiary amines catalyst shows more fast reaction with polyols and water 

because they help to catalyze –OH and –NCO.  

1.1.2. Synthesis of Polyurethane 

A urethane linkage is formed when isocyanate and alcohol chemically react. Basically, 

polyurethanes are formed between the isocyanate having at least two –CNO groups and alcohol 

having two –OH groups. Chain extenders with low molecular weight are also used except for 

these basic components such as diisocyantes and polyols. These low molecular weight 

component plays important role in polyurethane synthesis to decide its properties. The 

segmented polyurethanes are prepared by two main techniques. The medium for synthesis is 

the solution, water, and bulk, and the sequence of reactant addition decides the type of reaction 

like one step or two steps (pre-polymer method). Catalyst is also used to accelerate the chemical 

reaction for polyurethane synthesis but polyaddition reaction can also be performed without 

catalyst [18, 19]. All methodologies are used for synthesis and are advantageous over each 

other. The basic methodologies for polyurethane synthesis are 

 1.1.2.1. One-shot process of PU synthesis:  

 In particular technique synthesis of PUs polymer takes place in one step. All the necessary raw 

materials diisocyantes, polyols, different chain extenders or cross-linkers, and catalysts are 

added at the same time. Stoichiometric ratios of reactants, chain extenders, and catalysts are 

calculated and added to the reaction mixture at the same time. It requires the same reactivity of 

different hydroxyl and isocyanic compounds and is a very exothermic reaction. Reaction for 

polyurethane elastomer is shown in Fig-1.4. 

Use of solvent determined by the polymerization strategy whichever bulk or solution. 

Commonly used solvents for polyurethane synthesis are dimethyl formamide (DMF), 

tetrahydrofuran (THF), dimethyl sulfoxide (DMSO), and dimethylacetamide (DMAc). The 

temperature for the reaction is used ranges 80-100°C to the synthesis of. Sometimes the catalyst 

is necessary when an aliphatic kind of isocyanates is used [20]. 

1.1.2.2. Two-step process (pre-polymer process): 

A commonly used route for the preparation of PU is the two-step process which is also known 

as the pre-polymer method. The first step involves the isocyanate and polyols reaction to form 

an intermediate product called a pre-polymer. The composition of the pre-polymer terminated 
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chain is either –NCO terminated group or -OH terminated group depending upon the ratios of 

the raw materials. Pre-polymer is normally a sticky material and can be stored easily. The 

second step belongs to the conversion of pre-polymer into final product PU by reacting with 

chain extender of crosslinkers to obtain high molecular weight PU of high elastic modulus. The 

second step is also known as the chain extension step as shown in scheme-2 [21].  

 

 

                 Figure-1.4. Synthesis of different polyurethanes with different chain extenders 

Elasticity, low-temperature performance limit depends upon the soft segments and also 

contributes to the hardness, elastic modulus, and tear strength. Similarly, hard segment 

molecular architecture helps to decide upper use limit temperature, hardness, tear strength, and 

modulus. Two-step method synthesized polyurethanes are more systematic than a one-step 

method because structure regularity and molecular architecture help to increase mechanical 

properties and the use of polyurethanes. 

1.1.3. Polyurethane Elastomers; Structure, classifications, and Property 

Relationship   

Segmented PUs structure based on chemical nature of starting materials, the extent of hard and 

soft segments, degree of crosslinking, and molar mass. The structure helps to decide the 

morphology, crystallinity of the polymer chain [22, 23]. 

1.1.3.1. Classification of PUs 

PU belongs to the class of plastics having a variety of properties and applications. They can be 

open cellular type, solids, soft and flexible, hard as well as rigid and can be thermo-plastics or 
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thermo-setting. High flexibility, elasticity, reform-ability, and shape recovery make 

thermoplastics polyurethanes unique and enhances their industrial applications [24]. 

 Mainly PUs is classified in two main ways. 

(a). On basis of isocyanate used 

PUs is generally classified into two main classes 

i. Aliphatic PU 

ii. Aromatic PU 

Aliphatic is more resistant to environmental hazards, has good optical clarity, and excellent 

adhesion ability while aromatic PU has excellent toughness value and strength but they do not 

have good weather resistance as aliphatic PUs [25]. 

 (b). On basis of Polyols used 

PUs is basically classified into three categories depending upon the polyols used 

i. Polyester based polyols 

ii. Polyether based polyols 

iii. Polycaprolactone based polyols 

Polyester-based PUs usually shows virtuous mechanical properties, chemical resistance, 

abrasion resistance, and thermo-oxidative stability but have low hydrolytic stability. Polyether 

polyols on the other hand show excellent hydrolytic flexibility and stability but have very low 

thermo-oxidative stability is very low as compared to the polyester-based PUs [26]. 

Polycaprolactone-based polyurethanes have both properties of resistance and toughness than 

polyester-based polyurethanes with a performance at very low temperature but have high 

thermo-oxidative stability to hydrolysis than polyether-based polyurethanes [27]. Acrylic-

based polyols are also used for thermoset polyurethanes, polycarbonate-based polyurethanes 

polybutadiene based polyurethane castor oil-based polyurethane [28, 29]. 

1.1.4. Chemistry of polyurethanes 

PUs chemistry links them with other reaction polymers such as unsaturated polyesters, 

phenolics, and epoxies, etc. [30] Commonly polyurethanes are synthesized by activation of 

ultraviolet radiation without catalyst and in the existence of a catalyst between the reaction of 

isocyanates with polyols and chain extenders [31]. The desired properties can be induced in 

PUs by choosing desired isocyanate and polyols group during synthesis [32]. Normally elastic 

and soft polymeric materials can be obtained from long elastic segments of polyols, whereas 

tough and rigid polymer materials are usually attained by a large degree of crosslinking. Long 

chains with less amount of crosslinking can get stretchy polymers while the smaller chains with 
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greater crosslinking hard polymers can be synthesized. Average crosslinking with long chains 

usually favors foam making. Mostly during crosslinking in PUs often polyurethane grows in 

three dimensions (3D) network and gets unlimited molecular weight (MW). That is why the 

small quantity of PUs can lead to giant molecules which explains how typical polyurethanes 

don't get softer or melt when they are exposed to heat. The addition of different additives with 

polyols and isocyanates, also modification of polyurethanes, and processing conditions help to 

induce a wide range of technical features which make them favorable for large applications 

[33]. Different types of polyols can be synthesized in the laboratory by different techniques. 

For example, by copolymerization of ethylene oxide and propylene oxide with different polyols 

polyether polyols can be obtained. Similarly, polyester-based polyols are prepared for 

extremely competent elastomers applications [34]. The mixture of polyols of similar nature 

having different molecular weights is used having the different number of –OH group. For 

specific properties of PUs, it is necessary to control polyols concentrations. Rigid PUs is 

obtained by low molecular weight polyols while for flexible PUs high molecular weight polyols 

are often used.  

 Although the reaction of isocyanate with polyols is slow at room temperature. Isocyanates 

react with the polyol’s hydroxyl group owing to their excellent reactivity. The slowness of the 

reaction is due to the polar polyols phase incompatibility and isocyanate non-polar nature. For 

this appropriate catalysts or surfactant are usually required for a faster reaction. The reactivity 

of aromatic isocyanates is normally greater than aliphatic ones. The isocyanate's electrophilic 

nature can be increased by the removal of electron density in –NCO group from oxygen and 

nitrogen. Change of raw materials and synthesis route effects on the properties of the final 

product. 

1.1.5. Segmented Polyurethanes 

Segmented polyurethane consists of varying hard and soft segments and is usually block 

copolymer (AB)n-type. They can easily be processed by techniques used for fibers and plastic 

casting and usually shows the characteristics properties of crosslinked elastomers. Segmented 

PUs belongs to the distinctive class of thermoplastic polymer materials having unique 

characteristics and magical properties. Because unlike polar and chemical nature of hard and 

soft domains they can be classified into soft and hard phases. The domains of segmented 

polyurethane can be classified systematically. The soft segments usually are polyether, 

polyester, poly-alkyl polyol with a high molecular weight. Diisocyantes are used as hard 

segments and polyols or di-amines of low molecular weight as chain extenders. Hard segments 
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of segmented polyurethanes (SPUs) effects greatly on tear strength, modulus, and hardness. It 

also decides the upper-temperature limit of SPUs [35]. Symmetrical, bulky, and rigid 

diisocyantes help to achieve a high level of modulus, tensile, and tear strength. The residue of 

isocyanates in the polymer chain helps align the precursors and also helps to develop hydrogen 

bonding and inter-chain physical interaction [36]. The elastic nature of the resulting SPUs 

depends upon the stretchy soft blocks and shows an important role to decide tear and modulus 

strength, hardness, and low-temperature performance properties. Urethane group of polyester 

and polyether-based polyurethane form hydrogen bonding with the oxygen atom of polyester 

or polyether. The degree of contact of hard and soft segments directly depends upon the amount 

of phase separation. To avoid hydrogen bonding Brunette and Schneider synthesized PUs based 

polybutadiene which is hydroxyl-terminated having a high degree of phase-separation [37]. 

Two-step processes are normally used for the synthesis of segmented polyurethanes. Firstly, 

pre-polymer is synthesized, and secondly by extending chain by using chain extenders to obtain 

large molecular weight PUs. By using this approach segmented PUs of desired properties can 

be synthesized. Heat normally influences the internal morphology, bonding, and nature of 

polyurethanes. Heating largely affects segmented polyurethanes due to the thermal shrinkage 

phenomenon, because of the segmented nature of polyurethanes. These soft and hard segments 

show recovery of shape when influenced by heating. The recovery strain makes PUs 

applications greater than other plastic materials [38]. 

A diverse commercial type of segmented polyurethanes is prepared by the poly-addition 

reaction by using poly-functional groups as cross-linkers.  By altering the relative sequence, 

the PUs can be more diversified by the poly-addition reaction regime. Normally during the 

synthesis of polyurethanes, one component is taken in the greater amount which is usually 

isocyanates, and another component in the lesser amount which is usually polyol. To obtain 

PUs of different types of functionalities and properties some time molar ratios play a very 

pivotal role in gaining different sizes of pre-polymer and polyurethane macromolecules. The 

molecular weights of the chain extender are also responsible for the properties of final PUs and 

their elastic, hardness, thermal, and shape memory properties. Polyurethane can also be 

synthesized by the single-step method. The isocyanate, polyol, chain extender, or cross-linker 

mixed carefully by defining their molar ratios at once. But this process has the disadvantage of 

precision of chain structure. Other than urethane group carbodiimide, allophanate, biuret, and 

azaheterocycle structure are also found in PUs depending upon the process used for 

polyaddition as represented in Fig 1.5. 
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Figure-1.5; Side reactions of isocyanates with urethane and urea group 

In recent times PUs are known as leading polymers usually used in a major field of engineering. 

PU properties can be tailored by taking suitable raw materials, catalysts, conditions, 

manufacturing methods.  Due to stretchy and stiff chain segments, PUs shows good abrasion 

resistance, mechanical properties, and hardness. The flammability at greater than 90oC 

temperature reduces the PUs applications at a vast scale [17]. PU biodegradable ionomers are 

considered environmentally friendly and are getting more attention from researchers [39]. PUs 

ionomers mixed with other polymer ionomers interpenetrating networks are generated which 

usually provides to ceramics and metallic substrate good adhesion properties and help to 

enhance water resistance. Hydrolytic stability helps to increase the medical field application of 

PUs [40] PUs have an advantage over electrochemical ceramics. PUs of the ionic category act 

as actuator gels or solids but polymers of the dielectric category act as only solids. The 

orientation of the piezoelectric polymer category plays an important role [41]. 

Biodegradable segmented PUs having degradable segments are used for tissue reappearance 

and drug delivery systems. Thermal and mechanical properties are usually controlled by using 

suitable chain extenders [42]. Polyurethane elastomers normally used for medical devices 

contain aliphatic segments because rubbery and plastic properties depend upon the contents of 

the hard and soft segments. On heating, the hard and soft segments become miscible with each 

other, and the phase separation phenomenon occurs. On cooling reverse phenomenon and 

physical crosslinking take place. By inducing physical crosslinking mechanical, thermal, and 

hardness properties can be enhanced and can be used as hydrogels. Bio compounds with desired 
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properties can be synthesized by increasing their desired functionalities and induction of 

hydrogen bonding. Inter segments hydrogen bonding clearly favors the micro-phase separation 

[43]. Segmented shape memory PUs has reduced fatigue characteristics to oxidative 

degradation usually based on polyether-type polyols. Ester and ether-free PUs can be prepared 

to achieve resistance against oxidative degradation [44]. For tissue engineering, polyester-

derived PUs is used. Ester group usually favors chemical and enzymatic hydrolysis. 

Polyurethane having soft segments of caprolactone helps to enhance biodegradability by 

reacting with aliphatic or aromatic hard segments. The low and high content of soft and hard 

segments in polyurethane affects biodegradability and behave differently in alkaline, acidic, 

and oxidative conditions as well [45]. 

By reacting isocyanate end-capped polyurethane chains with water to generate a porogenic and 

nontoxic CO2 gas, porous biodegradable polyurethane based on poly(caprolactone) oligomers 

and reinforced with nanometric clay was created. The addition of nanoparticles allowed the 

nanocomposite's mechanical characteristics to be tailored. The porogenic process was able to 

develop materials with large (pore sizes ranging from 184 to 327 m) interconnected pores, as 

evidenced by SEM pictures. After 8 hours of reaction with ethylene glycol, the lowest 

molecular weight of PHBD was achieved [46]. This PHBD (PHBD 8h) was then utilized in a 

number of CO/PHBD PU formulations to see how the NCO/OH and CO/PHBD ratios affected 

the results. The CO/PHBD PU 8h formulations with various CO/PHBD ratios. Depicts the 

CO/PHBD PU synthesis chemical route schematically. SEM was used to characterize the 

structure of the resultant PUs. The capacity of short-chain length PHBD to build a compatible 

and homogeneous network with CO in the presence of HMDI was demonstrated by SEM 

pictures of clean CO PU and CO/PHBD PU 8h, which revealed smooth and cohesive surface 

morphology. The lack of holes and abnormalities on the surface of PUs synthetized from the 

highest NCO/OH ratio of 4 demonstrated that increasing the NCO/OH ratio from 2.0 to 4.0 

improved the cohesiveness of the synthesized PUs [47]. 

It is also noticed that PUs surface free energy is a vital phenomenon and effects on adhesion 

strength of cell propagation [48]. Segmented PUs is mostly used as protecting coating due to 

their properties like excellent elasticity, sunlight resistance, and also corrosion. High impact 

resistance makes them excellent packing materials for packaging [49, 50]. Conductive PUs is 

preferred for coating [51]. Segmented PUs has excellent mechanical strength, elasticity, and 

controllable hardness depending upon the structure and hard segments also. Polyester-based 

PUs are believed to be more stable than polyether PUs. Usually, PUs is stable up to 180oC. 
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Different modifications can be employed by adding different structures oxazolidine, imides 

and heterocyclic compounds. Improvement in thermal properties can be done by using different 

organic and inorganic hybrid materials [52]. By adding polysiloxanes thermal stabilities of 

polyurethanes can be enhanced up to 300oC. The reason behind thermal stability is the Si-O 

bond and its high dissociation energy [53]. Segmented PUs from renewable materials is 

sustainable and environmentally friendly. The segmented PUs from di-phenyl methane 

originated, butanediol and oleic acid derivatives can be elastomers or thermoplastics and these 

soft segments are duly responsible for bio-degradability. The structure of segmented PU is 

shown in Figure-1.6 [54]. 

 

Figure-1.6. Segmented polyurethanes 

The thermoplastic segmented PUs properties depend upon size, shape, structural features, and 

interaction other than composition and morphologies. Distinctive properties of segmented 

thermoplastic PUs depend upon micro-phase separation and morphologies. Micro-phase 

separation depends upon different parameters like correct packing arrangement, chemical 

composition, hard segment contents and induction of hydrogen bonding, thermodynamics, and 

also conditions for synthesis. At room temperature, sot domains act like rubber and hard 

domains below glass transition temperature develop physical crosslinking which greatly affects 

the mechanical behavior, high modulus, tensile strength, and permanent deformation [55]. 

1.1.6. Types of polyurethanes 

1.1.6.1. Thermoplastic polyurethanes (TPUs) 

Thermoplastic PUs is usually elastic and flexible and show good resistance to weather, 

abrasion, and impact [56]. Thermoplastic PUs can be prepared by melt process and by using 

inject molding apparatus, compression, blowing, extrusion and they can also be fabricated 

easily [57]. By the combination of different thermoplastic PUs, properties make them suitable 
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for foot ware, constructions, and automotive applications [58, 59]. By using dimer fatty acids-

based isocyanates and renewable polyols bio-based TPUs were synthesized. One step bulk 

process was used for PUs synthesis suitable for automotive, building, textile, adhesive, and 

coating applications [60].  Thermoplastic Pu's inert properties are due to its water-insoluble 

and nonionic nature. These TPUs are used for drug delivery and vaginal ring. Medical tubing 

and high mechanical properties can allow the use of tubes without necessary plasticizers within 

the wall. 

1.1.6.2. Polyurethane ionomers 

The ionic group presence in PUs helps in better dispersion and increase hydrophobicity and 

helps to enhance thermal and mechanical properties [61]. Bio-compatible and shape memory 

properties make them good for use of bio-medical devices [62-64]. Shape memory PUs has the 

ability to respond to heat and show different properties different as compared with other PUs. 

Hard and soft segments domains help them to memorize the PUs permanent shape [65]. 

Heating above the glass transition switching temperature the enduring permanent shape can be 

recovered of the material. The ionic group incorporation can be induced by using ionic diols 

or anionic group-containing isocyanates during polyurethane synthesis [66]. By post-

functionalization of polyurethanes, ionomers can be prepared. Fragiadakis et al studied and 

prepared the sulphonic ionomers [67]. PUs-based cat-ionomers are usually prepared by Sulphur 

atom eternization or nitrogen atom quaternization. For this diol should have nitrogen or Sulphur 

atom.  

Bio-compatibility is another important feature of PUs ionomer.  

1.1.6.3. Coatings, adhesives, sealants, and elastomers 

PUs advantage and range of applications are going to increase day by day such as sealant, 

adhesives, coating, and elastomers because of unique and exceptional mechanical, physical and 

chemical properties [68, 69]. Usually, PUs adhesives provide superior bonding properties and 

from PUs sealants, very tight seals can be obtained. For coating purposes, PUs must have good 

adhesive characteristics, good drying, chemical resistance, scratch resistivity, and flexibility 

[70]. Highly efficient coating of materials can be performed by using different nanoparticles 

like silicon dioxide and titanium oxide for anticorrosive coating. Life time and appearance of 

the product can also be improved by this. Low impact resistivity and ultra violet degradation 

reduce the outdoor use of PUs [71, 72]. Using green solvent approach environment resistance 

PUs coating have been synthesized from vegetable oils [73]. Polyhydroxourethane based 

hybrid PUs has recently been synthesized and these materials are excellent replacement of 
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diisocyantes based PUs materials [74]. Adhesives from renewable materials are attracting 

attention from researchers on a commercial basis because of economic, social, and 

environmental advantages [75, 76]. Palm oil can also be used other than jatropha oil for the 

synthesis of renewable high-performance coating [77]. 

1.1.6.4. Binders 

 PU binders provide a long-lasting gluing effect.  For binders’ materials, a high ratio of hard 

and soft segments is normally required also good thermal stability. It is also observed that weak 

crystallinity, low molecular weight, moderate acid numbers, and fine particle distribution is 

favored for PU binder applications. Binding with acrylic polymer helps to enhance the 

chemical resistivity of PUs binders. The main uses of PUs binders are in flooring surfaces, 

inkjet printers, foundry industries, and wood paneling [78-80]. PUs is also used as polymer 

explosives and rocket propellant except used in coating, adhesives, sealants. Usually, 

polybutadiene-based hydroxyl-terminated pre-polymers are used as polymer-bonded 

explosives and propellants [81] Mechanical properties of PUs depend mainly upon the extent 

of reaction of PUs component to increase their technical and commercial use [82]. 

1.2.0. Polymer blends 

The physical interaction or mixing of two or more dissimilar polymers having different 

properties in the presence of chemical or physical interaction is called polymer blends. Blends 

have probable technological importance in commercial and consumer products nowadays. By 

using polymer blends required properties can be induced in a product at a very low cost as 

compared to the polymer copolymerization process and chemical approach. Melt blending is a 

comparatively easy and convenient way to produce low-cost polymer blends of desired 

properties for economic and commercial purposes. Miscibility, morphology, and compatibility 

are major factors that help to dictate the performance of a polymer blend on large scale.  

Enhancement in thermal, mechanical, and physical properties has revealed a new horizon for 

research. Now the researcher is more focused to understand the properties and phenomenon of 

blends depending upon morphology, compatibility, and morphology. Thermoplastic PUs is a 

unique class of polymers having a high ratio of elasticity, durability, and toughness like metals. 

These polymers have technical, environmental, and economic advantages over other polymers. 

According to their chemical nature thermoplastic PUs contains alternating hard and soft 

segments of isocyanates and polyols which provide excellent performance to these polymers. 

Hard segments are held together from physical crosslinking and hydrogen bonding [83]. Blends 
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of thermoplastic PUs with olefin have large practical applications and getting the attention of 

researchers in large commercial applications. A large number of researchers have been 

proceeding to prepare and study compatibility, morphology, properties, and end-use of the 

blends [84, 85]. The introduction of olefins to thermoplastic PUs helps to reduce cost and also 

helps to improve mechanical and thermal properties and processability [86]. Composite with 

new properties can be obtained by the introduction of non-polar olefins into polar PUs. These 

properties are usually not found in neat polymers. 

1.2.1. Miscibility  

Miscibility defines the phases present in the polymer blend matrix. It is observed that most 

blends thermodynamically are not miscible. ‘Nowadays’ researchers are more focused on the 

effective miscibility of polymeric blends and their architecture. Depending upon miscibility 

blends are normally classified as partially miscible blends, completely miscible blends, and 

immiscible blends. The blended component level of miscibility can be explained on the basis 

of morphology and glass transition temperature. Completely miscible polymer blends have 

homogeneous morphology and single glass transition temperature also. Partially miscible 

polymer blends have the ability to shift glass transition temperature (Tg) from one component 

to the other side. 

Immiscible blends on the other side have poor interface adhesion/reaction and also shoe 

heterogeneous morphology as well and two different evident Tg can be observed for blended 

components. Gibbs's free energy and Flory-Huggins parameters are thermodynamic 

phenomena used for the miscibility of polymers. Alone Flory Huggins parameter is not 

adequate to describe the miscibility of polymer blend because the interaction is dependent upon 

polymers composition for blends [87]. Miscibility can also be found by using Gibbs-free 

energy for polymer blends. The enthalpy change and entropy change can find during the mixing 

process. The change in entropy for high molecular weight polymers is negligible. It is 

noticeable that miscibility is dependent on enthalpy change for high molecular weight 

polymers. Enthalpy change will be negative due to exothermic reaction during blending for 

miscible blends while positive for immiscible blends. The exothermic reaction is usually 

influenced by ion-dipole forces, dipole-dipole interaction, hydrogen bonding, and donor and 

acceptor interaction of acids and bases. Due to very weak ‘van der wall’ interactions, most of 

the polymer blends are immiscible known today  [88]. Immiscible polymer blends morphology 

effect by numerous factors such as blended component concentration, compatibility between 

the component of blend and viscosity ratio, and component interfacial interaction [89]. 
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Mechanical properties of immiscible polymer blends were found better than its basic elements 

due to core-shell morphology [90]. 

1.2.2. Compatibility 

For enhancement of properties of partially miscible and immiscible blends, the 

compatibilization method is used. Compatibilization is useful to decide the interfacial tension 

between blends. Fine morphology can be achieved from coarse morphology after 

compatibilization which usually helps to increase the polymer performance. It can help to 

increase adhesion between blend constituents. When stress transfer is affected by blends the 

improved properties of improved performance can be achieved. The thermodynamically 

immiscible blend can be obtained by compatibilization of the ex-situ non-reactive and in-situ 

reactive processes. 

1.2.2.1. Ex-situ compatibilization of polymer blends principle and its mechanism 

In ex-situ strategy for compatibilization, pre-made copolymers compatibility increased of the 

blended component. The basic advantage of pre-made block copolymers is that one of the 

blocks can become miscible with one of the blended components while the second block is 

miscible for others. 

 

Figure-1.7. Reactive polymer and type copolymer formed during processing 

 Ex-situ usually consists of two steps, the first step is to prepare a copolymer of desired 

functionality and it can be either graft or block copolymer. The copolymer reactive polymer 

formation is shown in Fig-1.7 [91-93]. The second step is involved increasing compatibility by 

melt blending. Immiscible blends can be prepared by melt blending and thin sheets can be cast 
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[94]. The sheeting morphology wrecked down droplets and fibers by using the tearing process. 

Without compatibilizers, a large size droplet of blends can be obtained because of poor 

compatibility between phases. For immiscible polymers, the interfacial thickness increases 4-

6 mm subsequent to compatibilization [95]. Polylactic acid/Polycaprolactone (PLLA/PCL) and 

poly-DL-lactic acid (PDLLA/PCL) blends compatibility increased with PCL block co-polymer 

and polyethylene glycol (PEG). In PCL/PLA blends with PEG-PCL-b compatibility helps to 

improve mechanical properties. To improve the compatibility of the PCL/PHB blend PCL-b-

PEG is used for the enhancement of properties [96]. By reducing inclusion phase size improved 

compatibility can be achieved in the matrix. for PLA/PCL immiscible blends PLA-PCL 

compatibilizers are used for improvement in properties and miscibility. PLA/PCL blends 

having 10% block copolymer incorporation shows good elongation break of almost 300% 

while without copolymer elongation break is 175% elongation break. 

1.2.2.2. In-situ compatibilization of polymer blends with functionalized polymer 

Principle and its mechanism.  

Polymer with reactive groups such as epoxy, anhydride, and isocyanate can act as 

compatibilizers in biodegradable and immiscible blends. Biodegradable polymers usually 

contain reactive functional groups.  The reactive functional group of compatibilizers can 

interact with or blend to form in-situ block copolymers. The interfacial interaction thickness 

can be increased by using reactive compatibilizers. Because of low melt viscosity, reactive 

compatibilizers can simply diffuse to the interface of polymer blend material. Low melt 

viscosity is a very important parameter for short-cycle compatibilizers for melt process 

blending. Sometimes reactive compatibilizers compatibilized until it remains in blend 

components. Better compatibilization can be achieved by selecting effective compatibilizers of 

a specific functional group for affectivity and short-time processing. By changing blend 

composition and processing parameters the reactive compatibilizers can be controlled. 

The composite had a homogenous microstructure with morphologies that were extremely 

varied. The composite has a distinctive pattern of layered porous structure when PTh is present. 

With increased PTh content, the unique network pattern was more prominent. The 

concentration of PTh appeared to be high enough to build interconnective routes. Such 

channels, in turn, are responsible for the composites' high conductivity [97]. When a PTh-

containing PUU film is immersed in an aqueous solution of FeCl3, the PTh is oxidized by FeCl3, 

and a conducting network forms on the film's surface. where the interpenetrating network was 

greatly formed, show the depth of infiltration of the oxidation layer. The conductive phase was 
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not only coated on the surface but also incorporated into the PUU, according to the 

development of unique morphology. The micrographs show that as the filler loading was 

increased, the two polymers formed a network structure. Porosity was discovered as a result of 

the formation of an interpenetrating polymer network (IPNs). Shape memory polyurethanes 

with a cross-linked structure frequently display this behavior. The cross-connected structure 

was responsible for the production of PUU-PTh IPNs in this example. Because of the 

polycaprolactone triol segment, the PUU is branched and cross-linked. PTh, on the other hand, 

is the interpenetrating polymer that causes IPNs to form [98]. 

The chance to develop a crosslinking network is also present when pendant polymer and 

reactive group concentration is too large. 

1.2.3. Polyurethane Blends 

The suitable amount of two or more polymers in a mixture with secondary interaction is called 

blend. Blending is considered an excellent technique to improve the different properties of a 

polymer [99]. The macroscopic arrangement of different materials which are different in 

composition at the macro-scale is called composite. The constituent intensities remain intact in 

composite and can be identified easily physically and have an interface between one and the 

other.  The composite materials can be generated from powder material and form specific 

compatibilizers. The use of composite has increased in the last 25 years. Research is more 

focused on increasing the commercial application and use of polymer blends in the last 15 

years. For two basic purposes, researchers are keener to develop blends to domain size 

reduction for improve morphology and secondly to enhance adhesion chemical bonding is 

introduced between them [100].  

1.2.3.1. Strategies to develop PU/polymers blends 

Normally different strategies are used to develop PU/polymer-based blends for the induction 

of desired properties and characteristics. The properties and applications of the PU/polymer 

blend are largely dependent upon the strategy used for the blends processing.  The normal 

strategies used for blending are 

1. Physically inter-linked Interpenetrating networks 

2. Chemically inter-linked networks 

1.2.3.1.1.  Interpenetrating polymer network (IPNs) 

Physically inter-linked interpenetrating networks (IPNs) are basically polymer alloys having 

different polymers to form networks. The polymer can be held together in a chain by a 
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permanent covalent bond for different kinds of polymers [101]. IPNs can also be generated by 

physical interlinking between two different kinds of polymers by the physical interlocking of 

both polymers in a network. Depending upon the degree of cross-linking IPNs can be of 

different kinds. Fully generated IPNs contain usually 100% or completely crosslinking between 

macro-phases of polymers blends.  While semi-IPNs or pseudo-IPNs are generated when one 

of the phases is linear or non-linear while others cross-linked in the first phase [102]. 

Usually, IPNs offer extraordinary thermal stability, physical characteristics, and mechanical 

properties due to the compatibility and synergistic effect of each individual polymer. If homo-

polymers are blended together with each other and two different kinds of Tg can clearly be 

observed if they are mixed with any physical or chemical interaction. The single glass transition 

temperature of the blend supports the idea of IPNs in the blended polymers. Today IPNs 

generated polymer blends are largely used in medical devices, electronics, drug delivery, 

automobile parts, aerospace engineering, coating, and tougheners [103]. 

1.2.3.1.2. Polyurethane based Interpenetrating networks (IPNs) 

 IPNs are first prepared in the twentieth century [104]. The generation of IPNs is usually design 

by mixing at least mixing two or more monomers that are miscible with each other. 

Crosslinking is necessary for the generation of IPNs. Classification of interpenetrating 

networks usually depends upon cross-linking of both monomers [105]. The effect of 

interpenetration is important to investigate for system properties and effects on properties 

[106]. PUs has excellent elastic, thermal, abrasive, damping properties while epoxy inter-linked 

IPNs show high mechanical properties and devotion to metals [107, 108]. The morphology and 

Tg behavior of PUs/ epoxy is largely dependent upon the weight composition and compatibility 

of both polymers [109]. By the extension of IPNs of polymers and changing micro-structure 

damping and mechanical properties of PUs/epoxy can be enhanced or desired properties can 

be tuned  [110]. PUs/epoxy IPNs have great ability in applications such as material engineering, 

coating, and foams [111]. By reinforcing carbon fillers and generating IPNs the commercial 

and industrial applications can be increased.  

1.2.3.1.2.1. Polyurethane/epoxy IPNs  

The applications of epoxy resins are often limited due to their brittleness and rigidity. 

Polyurethane (PUs) normally shows good elastic as well flexible properties. The properties of 

epoxy resins can be modified by using interpenetrating networks (IPNs) grafting or the addition 

of hard or rubbery phases in Epoxy resins [112]The properties of IPNs are found superior to 

neat polymers. The properties of epoxy resins and PUs can be tailored by grafting IPNs [113]. 
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PUs addition in epoxy helps to increase elongation by preserving tensile strength modulus. The 

IPNs between epoxy/PUs polymers help to understand the structure of unique properties of 

polymers. By structural modification PUs/epoxy IPNs properties can be enhanced [114]. 

Through glass transition temperature miscibility of polymer blends and generation of IPNs can 

be defined for PUs/epoxy blend components. As a whole PUs/epoxy blends show superior Tg, 

damping, tensile, and abrasion resistance properties as compare to the pristine polymer by the 

generation of better IPNs structure [115]. 

1.2.3.1.2.2. Polyester-based PU/epoxy IPNs 

For hydroxyl-terminated polyester other methods are also utilized for PUs synthesis except for 

condensation reaction. Such materials react with epoxy resins to obtain better physical 

properties and toughness [116]. Polyester-based PUs are employed epoxy for toughening either 

by grafting or un-grafting IPNs. By increasing cross-linking density of IPNs mechanical 

properties of IPN generated structure can be enhanced [117]. The IPNs of PUs/epoxy fabricated 

by pre-polymer synthesized by polyester have been characterized by FTIR, Scanning electron 

microscopy (SEM), and thin-layer chromatography. Polyester chain extender in PUs helps to 

increase impact strength and toughness also. Some of the epoxy/PUs based IPNs did not 

respond to the mechanical and thermal properties of the systems. More serious efforts are 

required to induce better cross-linking efficiency of polyester polyols to improve better high 

performance and impact properties [118]. 

 1.2.3.1.2.3. Polyether-based PU/epoxy IPNs 

The thermal, mechanical, and processability properties can be improved of PUs/epoxy IPNs 

system can be enhanced by increasing cross-linking with tertiary amines [119]. Polyether-

based PUs /epoxy cross-linked IPNs have been cured by tertiary amines by the ring-opening 

process of enhanced properties [120]. Polyether-based PUs/epoxy IPNs are synthesized by bulk 

polymerization technique. Mechanical properties of PUs/ epoxy IPNs cross-linked materials 

can be enhanced through better cross-linking. By increasing, flexible ether content in PUs 

thermal properties decreased [121].  

1.3.0. Polyurethane composite  

To get rid of these difficulties a new group of polyurethane nanocomposites (PUCs) 

has been intended to design. Commonly, they are formed by the incorporation of one or more 

organic or inorganic nanofillers such as nanotubes, nano-fibers, nano-spheres, nano-rods, etc. 

within the polymer template. The advantages of the integrated nano reinforcing agents are 

dependent on their large definite surface area, high hardness, and their intrinsic functionalities 
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such as electrical conductivities; water-responsive, etc. for that reason the synthesized SMCs 

can be characterized by enhanced superior thermal, tensile, and electrical properties [122].  

All these characteristics make PU a good choice for hybrid materials and composite. 

Polyurethane composites have admirable properties like good flexibility, very high abrasion 

resistance, shape memory effect, corrosion resistance, damping ability, elongation at break, 

high elasticity, anti-aging, easy processability, high bio-stability, controllable hardness, and 

low-temperature flexibility [123-125]. Polyurethane composite has large technical applications 

such as adhesive, fibers, coating, resins, foams, actuators, and smart materials [126]. PU and 

composite are block co-polymer having excellent physical and mechanical properties 

containing alternating hard and soft segments domains. Basically, the hard segment arises due 

to diisocyantes and chain extender and the soft segment arises due to polyether. By adjusting 

hard and soft domains in polymer matrix polyurethane composites (PUC) can help to costume 

according to the application requirement. Some large technical drawbacks are associated with 

PU- nanocomposite at high-temperature applications [127]. 

The flammability of the PUC is very high and also has poor adhesion to the metal surface. low 

tensile strength and reduced heat resistance of PUC are an obstacle for their applications. 

Polyurethane composite also shows very poor electrical and thermal conductivity. PU 

limitations give birth to the idea of nanocomposites to overcome their limitations at technical 

and large industrial scale levels. For gas barrier properties and other enhanced properties 

PU/clay [128, 129] PU/graphene [130] and PU/CNT [131] nanostructure-based composites are 

prepared to achieve enhance properties. High cost and toxicity limit the industrial application 

of this process. 

1.3.2. Morphology and structure of polyurethane nanocomposites (PUNCs) 

The layered nano-materials consist of very thin layers and a high aspect ratio. It provides a very 

large surface area for polymer matrix interaction as compared to the macro and micro fillers 

and small friction of the nanofiller disperse thoroughly in the polymer matrix and provides a 

very high surface area [132]. The strength of polyurethane nanocomposite material largely 

depends upon the morphology and structure of PU and nanocomposite.  Different kinds of 

materials structure can be obtained by the physical mixture of PU and nanomaterials. Different 

states of dispersion of layered nanomaterials in PU composites are shown by Joshi in the 

schematic representation in Fig-1.8. 
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Figure-1.8. Schematic representation for dispersion state in layered nano-materials in PUs 

composites: (a) phase-separated, (b) intercalated, (c) intercalated and flocculated, and (d) 

exfoliated. 

i) Exfoliated nanocomposites 

ii) Phase-separated micro-composites 

iii) Flocculated nanocomposites 

iv) Intercalated nanocomposites 

The layered nano-materials and PU weak interaction leads toward the phase-separated 

composites structure while properties of the composites belong to the usual polymer composite 

[133]. In the case of intercalation PUNCs, the PU enters into the layered structure into a regular 

crystallographic pattern regardless of the ratio of PUs and nano-material. Very few polymers’ 

layers march into inter-layer of nano-material in intercalated materials. Basically, intercalated 

and flocculated composite materials are the same. In the case of clay/polymer nanocomposite 

it was noted due to hydroxyl-terminated edge interaction flocculation also takes place. The 

individual layer of nanofiller is estranged into the continuous polymer and average distance 

depends upon filler loading in the case of exfoliated composites. Usually, filler content is found 

much lower in exfoliated composites as compare to the intercalated nano-composites for the 

same improvements in properties [134, 135]. Different kinds of techniques are used for the 

characterization of nanocomposites structure of polymers for filler dispersion in the matrix. X-

ray diffraction is mainly used technique for that [136], X-ray scattering (small angle) (SAXS) 

[137], rheology technique [138], transmission electron microscopy (TEM) scanning electron 
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microscopy (SEM) [139] and optical microscopy (sometimes even) [140]. The properties of 

layered silicate nanocomposite materials largely depend upon the dispersion of the 

nanomaterials in the polymer matrix and also the degree of exfoliation plays a very pivotal role. 

Large exfoliation increases winding path length which generally helps to enhance gas barrier 

properties [141]. WAXD spectra and Transmission electron microscopy (TEM) images of 

different polymers and nano clay are represented in Fig-1.9. 

 

Figure-1.9. (a) WAXD spectrum of organo-clay with a different type of polymer/clay 

nanocomposite ; (b) TEM micrographs presenting the clay-platelets dispersion of indifferent 

clay nanocomposites [142]. 

1.3.3. PUNCs Synthesis 

The nano-material dispersion in PU is a vital step for PUNCs synthesis of desired properties 

and characteristics. The end product properties of PUNC material depend upon a high degree 

of homogeneity and dispersion. The method of synthesis is the most important factor for 

uniform dispersion and properties which helps to control interfacial interaction between 

polymer matrix and nanofiller. PUNC can be synthesized by adapting verities of routes 
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1.3.3.1. Melt intercalation for PUNCs synthesis. 

For PUNCs melt mixing process is found more economical at industrial level synthesis. In this 

technique nano-plates layers by applying high shear force and peeled apart and diffused into 

polyurethane polymer matrix [143]. The advantage of using melt mixing in organic solvent-

free environment-friendly synthesis but also some disadvantages are also associated with the 

melt mixing process. 

(i)  Due to the elevated viscosity of polymeric material melts the majority of the time and causes 

poor dispersion  

(ii) thermo-oxidative degradation possibility exists of PU and additives, during dispensation at 

high temperature [144]. 

Usually, for gas barrier properties and high tensile strength, PU-graphene and PU-clay 

nanocomposites have been synthesized by using this approach. Due to better thermal stability 

different research has been carried and reported for different kinds of graphite fillers [145]. 

1.3.3.2. In-situ method of polymerization 

In the situ-polymerization method, the basic raw materials or pre-polymers are diffused in 

interlayer spacing of nanofillers in the presence of suitable solvents or in absence of it. The 

polymer backbone chain grows and leads towards the interlayer spacing expansion of 

nanofillers and nano-platelets in the polymer. The exfoliation or intercalation of nano-platelets 

is greatly dependent upon compatibility between interlayer modification, pre-polymer, or raw 

material used [146]. A high level of distribution of filler can be achieved without proper 

exfoliation step for better and enhanced gas barrier properties and other tensile and mechanical 

properties improvements of the polymer by using in situ-polymerization distinct to solution 

mixing. 

In situ-polymerization has also limitations such as 

(i) Toxic because of organic solvents 

(ii) no significant enhancements in properties due to a decrease of H-bonding which usually 

decreases the industrial application [147]. 

1.3.3.3. Solvent-mixing 

Insolvent mixing technique the PU is firstly dissolved in a suitable solvent for uniform 

dispersion of nanofiller by stirring for mechanical mixing.  

For better dispersion, the nano-filler is usually sonicated for better mixing with the polymer 

solution. For the desirable quality of proper and uniform dispersion of nano-filler less viscous 
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solution is often considered better and exfoliated nanostructure is obtained. In-situ 

polymerization and solution mixing are represented in Fig-1.10.  

 

 

Fig-1.10. Scheme (a) in-situ polymerization and (b) solution mixing of PUs polymer. 

 

The selection of solvent, sonication, and proper stirring is an essential tool to achieve sufficient 

distribution of nano-filler in a polymeric matrix. Usually, N-Methyl-2-Pyrrolidone (NMP), 

tetrahydrofuran (THF), and dimethylformamide (DMF) are largely used solvents for 

polyurethane nanocomposite synthesis.  

1.3.4. PUNC based films or membranes 

Solvent casting is generally used for the preparation of PUs and their nanocomposites 

membranes. After that solvent is evaporated or coagulated in non-solvent. Depending upon the 

raw materials and requirements PUs and their nanocomposites thin films are usually prepared 

by selecting one of the following methods [148, 149]. 

a) Solvent casting and evaporation of the solvent 

b) Film blowing  

c) Slit-die extrusion 

d) T-die casting 

As compared to the blown film technique extrusion die casting provides uniform thickness and 

high productivity. Much lower thickness can be achieved through blown film technique than 

extrusion casting. It is also observable in some cases that during film blowing or stretching 

(uni-axial, bi-axial) the nanofiller content and hard segments of PU are slanting towards the 
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stretching direction which results greatly to improve the gas barrier and other properties of PU 

films.  

1.3.4.1. PUs/nano-clay based nanocomposites thin films and membranes 

In topical times, a remarkable enhancement in properties of PUs/clay nanocomposite 

films was noticed due to the fabrication of clay in the polymer matrix [150]. The observed 

enhancement in properties was elastic modulus, flame retardancy, excellent thermal resistance, 

and gas barrier properties. PU and epoxy-based nanocomposite reinforced with 

organically modified montmorillonite (OMMT) at different variable concentrations were 

studied and compared and their gas barrier properties were also compared [151]. Oxygen gas 

permeability decreases as filler loading concentration increases. PUNC usually shows better 

gas barrier properties as compared to the epoxy nanocomposite [152]. The MDI dispersion can 

be enhanced by high power dispersive mixing with pre-blend which helps to increase the 

properties of the polymer [153]. As the concentration of clay increases the gas barrier and other 

thermal as well as tensile properties due to storage modulus increase and increase of glass 

transition temperature of PU which usually helps to increase the elasticity of the polymer chain. 

It also causes low permeability by the PU matrix [154]. Chang et al in their studies discuss the 

effect of different clay modifiers on different properties of the polymer matrix. By using 

solution intercalation PU/clay nanocomposite was developed with nano-clay modified by iron 

and copper chloride. By incorporation of nano clay, a large increase in PU properties was 

observed.  

The improvement in properties can be further enhanced by modifying clay. The modified clay 

helps to increase dispersion and also reduces agglomeration. Novel approaches for bio-medical 

PU nanocomposites have been reported by Xu and co-workers. The gas barrier properties, 

stiffness, and tensile properties of polymer sufficiently improved without any thrashing in 

ductility. Thermoplastic PU/clay nanocomposite permeability can be enhanced than neat TPU 

by about 44% by direct melt mixing [155]. 

1.3.4.2. PU/graphene nanocomposite films/membranes 

Thermally reduced graphene nanocomposite of PU for enhanced thermal and gas barrier 

properties was synthesized by Kim et al. The PU/graphitic content nanocomposites are 

prepared by using three different approaches such as melt mixing, solution mixing, and in situ 

polymerization. The best properties such as mechanical, electrical, and conductive properties 

were observed by the solution process because it provides better dispersion in the PU matrix 

as compared to others.  In situ-polymerization even solvent is used enhancement in properties 
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was not observed due to a decrease in hydrogen-bonding [156]. Flame retardant PUs 

nanocomposites can be prepared by introducing reduced graphene oxide, melamine, and 

ammonium polyphosphate micro-encapsulated. Through strong interaction between reduced 

graphene oxide and PU matrix, good dispersion can be achieved. Reduced graphene oxide and 

flame retardant-PU results in great improvement in properties such as thermal stability, storage 

modulus, electrical and conductive [157]. A latex mixing approach has been used for the 

preparation of PU/reduced GO nanocomposites. Ultra-large size graphene reduces by in situ 

process in waterborne PU in aqueous dispersion. Water vapor permeability of PU and reduced 

GO composites were observed sufficiently reduced due to the synergistic effect of graphene 

sheets in PU. Similarly, the presence of polar groups in PU the reduced graphene oxide and 

interacted strongly due to hydrogen bonding and results from complete disappearance of –NH 

stretching peak in Fourier transformed infrared (FTIR) spectra in urethane linkage [158]. 

1.3.4.3. PU/CNT nanocomposites films 

A lot of research has been made for PU/MWCNTS nanocomposite for enhanced 

mechanical, thermal, and shape memory properties and is still under investigation. Different 

fields and properties are still under investigation for MWCNTs such as gas barrier properties 

of PU/MWCNTs nanocomposites. According to our research, only a few types of research are 

reported for gas barrier properties [159]. Ali et al in their studies discuss the physio-chemical 

properties of PUs thermo-set derived from castor oil-based sources. The best and enhanced 

properties were attaining with 0.3 weight% MWCNTs in the polymer matrix and its 

nanocomposite. The X-ray diffraction peak was observed for castor oil-based PUs at (2θ ≈20°) 

and its intensity reduces and peak broadens as MWCNTs are incorporated with the PUs matrix. 

It supports the idea of hard and soft micro-structural phase formation due to physically 

powerful interfacial adhesion between PU matrix and MWCNTs [160].  

Surface studies suggest no or very few pores on the surface of nanocomposites. The polymer 

overall properties of PU/MWCNTs nanocomposites are dependent upon exfoliation, 

orientation, reaggregation, and compatibilization of MWCNTs in the polymer matrix. 

1.3.4.4. PU/POSS nanocomposites 

POSS incorporation in the PUs matrix brings improved thermal stability, flame 

retardancy, and also gas barrier properties. The improvement in properties is basically linked 

with functional groups and crosslinking densities of PU and POSS [161] PU hybrid membranes 

are prepared with POSS for gas barrier properties [162]. It is also noticeable that the nature of 

POSS and compatibility helps to decide different properties as well as gas permeability. 
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1.3.5. Properties of PU based nanocomposites 

Following properties of PU-based NCs are of concern in the modern era. 

1.3.5.1. Mechanical and Thermal Properties 

  In recent past years, to improve physical, thermal, and mechanical properties of the 

polymer matrix is incorporated with in-organic nano-material at very low concentration 

through proper dispersion to develop their composite [163]. Mechanical properties belong to 

the physical properties that are related to the application of force on material and are associated 

with stiffness or hardness, fracture toughness, impact resistance, and strength. Mechanical 

strength testing of a sample can be performed with impact, flexural and tensile test dynamic 

mechanical testing (DMA), and thermal properties usually deal with the conduction of heat and 

are linked with glass transition temperature, thermal stability, and service temperature [164].  

Thermal tests of polymer composites can be performed through differential scanning 

calorimetry (DSC), thermal differential analysis (DTA), thermal gravimetric analysis (TGA), 

and thermal-mechanical analysis (TMA). Polymer nanocomposites from the first synthesis 

played a very vital role in industrial as well as academic level application of polymer materials 

[165]. Reinforced carbon-based fibers mainly deal to improve mechanical properties, electrical 

and thermal properties of polymer matrix and its applications [166, 167]. The reinforced carbon 

nano-tubes usually deal to enhance compression strength, tensile, hardness, toughness, 

stiffness, thermal stability, and conductivity of PU by making its composites [168]. 

In his research Subhani et al used CNTs and nano-diamonds into composite and it was observed 

that 0.2w/w% MWCNTs and also nano-diamonds helps to improve tensile 70 and 80% 

respectively as compared to the neat epoxy polymer. Increase tensile properties basically deal 

with a uniform dispersion of nanomaterials in the polymer matrix and provided strong 

interfacial adhesion [169]. Carbon nano-tubes emerged as capable fibers to prepare conductive 

polymer nanocomposites and at very low loading provide enough thermal conductivity to 

reduce the flammability. Due to agglomeration stiffness and elastic modulus are observed 

lower as contents of CNTS increase about 2% w/w. Vander wall force is basically responsible 

for agglomeration of CNTs and limits the dispersion of nano-filler in the polymer matrix. 

Different methods are usually used for the dispersion of CNTs filler in the polymer matrix.  

Generally, two different approaches are used for the dispersion of CNTs composite. The first 

approach is in-situ polymerization.  It includes calendaring, ball milling, ultra-sonication, 

extradition and chemical functionalization, and physical interaction techniques. It helps to 
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increase interaction between CNTs and polymer chains. The second approach is CNT's direct 

incorporation in polymer matrix through non-covalent attachment. The non-covalent approach 

involves bio-macromolecule or wrapping and surfactant. Covalent interaction was found more 

efficient and advantageous than non-covalent interaction [170]. 

The surface medication or functionalization of CNTs has some obvious disadvantages 

such as toxic chemical reactions and toxic and corrosive effects. It can also be responsible for 

structural defects which usually decrease electric properties and mechanical durability. The 

non-covalent approach was mostly preferred to obtain PU/CNTs composites because it does 

not affect physical properties but largely helps to increase processability and solubility but it is 

quite expensive as compared to the covalent interaction. Many organisms and the human brain 

produce a substance called dopamine that has a strong attraction with substrates getting the 

attention of researchers. Polydopamine (PDA) is produced by the oxidation reaction of 

dopamine. A layer of PDA can be formed on different materials such as ceramics, polymer, 

and metals by self-polymerization in an aqueous solution by dopamine. 2mg/ml of dopamine 

polymer was added to CNTs/DMF and magnetically stirred for at least 6 hours to prepare 

PDA/CNTs. After that PDA/CNTs/PUs composite has prepared through the in-situ 

polymerization method. The friction and wear tests were performed to measure adhesion 

between matrix and fiber of composite [171]. The schematic representation for PDA-CNTs 

composites is shown in Fig-1.11. 

 

          Figure-1.11. Schematic demonstration for PDA–CNT composites preparation [182]. 
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Wear resistance, impact strength, thermal stability and tensile strength of polymer can be 

enhanced by the addition of PDA/CNTs in it and due to decent interfacial interaction among 

PDA/CNTs and also PUs it also has a low friction coefficient. By increasing the concentration 

of PDA/CNTs above 0.5% by weight aggregation takes place which causes to decrease in 

tensile properties. To enhance thermal conductivities of CNTs hybridized with Aluminum 

hydroxide (Al (OH3)). The polar hybridized material helps to transform the compatibility of 

the PU matrix and CNTs. Due to greater agglomeration, the hybrid composite shows weak 

tensile properties break elongation.  

The ceramics can be used to hybridize nano-carbons. Silica can be used to enhance 

thermal conductivities due to greater phonon transfer at the polymer interface area. Nano-

diamonds exist at nano-scale and the addition of these nano-diamonds in the PU matrix helps 

to enhance tensile strength, hardness, elastic modulus, and glass transition temperature. 

Usually, a large number of nano diamonds (ND) are required for sufficient change. For better 

results chemical functionalization is required before mixing in–situ polymerization. Single-

layer graphene has attracted much attention due to its unique physicochemical properties at the 

industrial and academic levels [172, 173]. Graphene is an Sp2 hybridized thick hexagonal 

having a two-dimensional sheet-like structure. It is considered and proven the strongest 

material on earth so far [174]. 

A specific surface modification is necessary for graphene before incorporating it into 

the polymer matrix due to its inertness. Covalent attachment usually helps to avoid graphene 

aggregation in the polymer matrix [175]. For alternative graphene usually, exfoliation or 

oxidation is done for graphene for better dispersion. Production yield and cost make GO an 

attractive nanomaterial in polymer composites for enhancement of properties and increase its 

industrial application by removing its drawbacks. The addition of graphene oxide in the 

polymer matrix enhances stiffness, toughness, tensile and mechanical properties, and thermal 

stability. By adding only 1% by weight of graphene increases about 40% of tensile strength 

and almost 19% of elastic modulus as compared to neat PUs. Combine with carbon fibers it is 

found an excellent reinforcing agent for advanced material. Carbon fibers (CFs) basically 

consist of carbon atoms and are associated with the axis of the fiber [176]. Due to lightweight 

and greater strength carbon fiber-based, reinforced materials are getting the attention of 

researcher in the industrial and academic field due to unique effect. The incompatibility of PU 

and CFs in matrix interface leads towards decreased mechanical properties of composite 

material [177]. Researchers are trying to transform the surface of carbon fibers to increase 

interfacial adhesion between polymer matrix and fiber. Different methods are used for surface 
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modification of CFs such as gaseous, liquid, electro-chemical, plasma oxidation and polymer 

sizing, multi-scale reinforcement, and also through surface grafting through either chemical 

bonding or increasing mechanical inter-locking between CFs and polymer matrix. Fullerene is 

a carbon nanofiber family member having a zero-dimensional structure.  Macro-molecule 

chemistry with fullerene chemistry leads to easily processable fullerene-based polymer 

nanomaterials composites.  

Surface modified fullerene addition in polymer materials increases tensile properties and young 

modulus, glass transition temperature, and melting point due to volume enlargement. Due to 

improving the interaction between polymer matrix and nano-fibers better thermal and 

mechanical properties can be observed. From in-organic materials, Iron oxide (Fe2O3) is very 

important and due to its hydrophilic nature, it also required surface modification for better 

interaction [178]. Silane is known as a coupling agent and uses to alter the nano-particles due 

to its unique bi-functional nature. It can modify the surface from hydrophilic to hydrophobic. 

For pigment in nature chromium (III) oxide is an inorganic compound similar to Iron oxide it 

also requires a surface change to enhance adhesion with polymer matrix by changing 

hydrophilic nature to hydrophobic nature. The surface-modified Cr2O3 in the matrix help to 

enhance toughness, tensile strength, and break at elongation while the major drawback of its 

addition is a decrease in glass transition temperature and also cross-linking ability of polymer 

nanocomposite [179]. Titanium oxide is important in-organic material in crystal form in 

industrial as well as an academic fields but agglomeration increases due to its greater surface 

area [180]. As result, it reduces the tensile properties of the polymer nanocomposite material. 

Coupling agents like amino propyltriethoxy-silane (APS) for surface alteration are largely 

suggested to gain proper fabrication of nano-particle in polymer and results in good 

compatibility between nanomaterials and polymer matrix chain. The addition of Titanium 

oxide (TiO2) in PU helps to improve the tensile strength, hardness, Tg, and storage modulus of 

the nanocomposite.  

Zinc oxide (ZnO) is an inorganic material having semi-conductive properties that 

attracted much attention from scientists for different industrial applications [181]. The 

influence of ZnO in polymer matrix results to enhance different properties of the polymer. 

Tensile properties of PUs are correlated with phase separation. The phase separation of PU was 

disturbed due to the reaction of the PU hydroxyl group and ZnO. It results in an unexpected 

shift in mechanical and thermal properties due to phase separation disruption. ZnO nano-

particle addition helps to decrease tensile strength, hardness, thermal stability, and young 

modulus of the nano-composite. PU and Cu-based nanocomposites have a high potential for 
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different applications such as infrared emission coating [182]. The major cause of the limited 

application of PUs/Cu-based nanocomposites is very poor tensile properties. To overcome 

limitation bronze and epoxy-based PUs is used respectively. Epoxy-based adhesives are largely 

used in many industries. Improved cohesive strength can be observed by the addition of bronze 

content less than 40% by weight and also impact resistance of epoxy PUs composite. Another 

important class of layered material is Molybdenum disulfide having very gorgeous properties 

in the polymer nanocomposite field. It exists in hexagonal, trigonal, and rhombohedral forms. 

The Molybdenum sulfide (MoS2) form stacks due to internal Vander wall interaction that 

usually decreases reinforcement efficiency. To overcome this problem, it is intercalated with 

Lithium-ion to form LiMoS2 compound in polymer composite to enhance thermal properties, 

young modulus, and tensile properties [183].  Due to cost-effectivity and renewability 

properties, natural fibers are considered more attractive for industrial applications in the 

polymer composite field [184].  

Double layered hydroxides and anionic clay are increasing interest in recent composite 

research. The hydrotalcite (HT) having a talc-like appearance with very high water content is 

one of the examples of it. The possibility of making them hydrophobic and also layered 

structure organic anions has got much attention of the researchers to study HT as a nanofiller 

in the polymer matrix. A very little amount can help to enhance the different mechanical and 

thermal properties of the resulting polymer composite. In recent times layered polymer silicates 

composites have been attractive for most researchers due to their excellent thermal, 

mechanical, and tensile properties as compared to the usual composite and neat polymer [185]. 

Due to organic clay content addition, increased biodegradability can also be observed. 

Organically modified clay in polymer has attracted the special interest of researchers by 

developing organic-inorganic nanocomposite. In PU matrix organic clay is added through 

ultra-sonication to develop polyurethane nanocomposite. Very low amount addition of nano-

clay in PU matrix having less than 5% by weight show usually better thermal stability, impact 

strength and also flame retardancy as compare to the neat PU. Nano-silica can synthesize and 

is also usually found in nature as sand or quartz. Due to the strengthening effect, these 

nanomaterials are considered to contribute to the composite strength. PU is usually connected 

with the hydroxyl group of silicate by a silane coupling agent (SCA). The nano-silica 

incorporation helps to improve thermal as well as mechanical properties such as hardness, 

young’s modulus, thermal stability, and yield strength [186]. For industrial flooring, 

underground pipes, and also civil application polymer concrete is largely used nowadays. Due 
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to its extraordinary qualities, polymer concrete is getting more interest as compared to the usual 

construction material.  

A new PU and cement-based composite have been developed by curing PU and cement 

for at least 24 hours. It has excellent compressive strength, bending strength, lightweight, high 

elastic modulus, and tensile strength [187]. For the development of nylon, acrylic, and polyester 

fibers dope dying method is normally used due to the low-cost technique. It is advantageous to 

another process because polymer properties can be upgraded by using a chemical catalyst by 

bridging between dye and PU [188]. Castor oil belongs to the class of vegetable oil that can be 

used in polyurethane synthesis because of the ricinolein acid hydroxyl group and a double 

bond. Due to good mechanical properties and non-toxic nature castor oil-based, PU and 

cellulose nano-crystal are of great interest in the bio-medical field.  The improved properties 

such as elongation at break, tensile and storage modulus, and thermal stabilities of PU and 

cellulose nano-crystal can be observed [189]. PU mechanical properties can also be improved 

by adjusting their molecular architectures. Commercially available PUs are MDI derivatives. 

On degradation, it changes into carcinogenic compounds. it can be replaced with 1-4 butane-

diisocyanate and also with 1-6 hexane-diisocyanate but the first is very expensive and the 

second has very limited reactivity and also very weak mechanical properties. Investigation 

suggests that isocyanate-terminated pre-polymer-based PUs usually show very excellent 

tensile and mechanical properties [190].  

1.3.5.2. Electrical Properties  

The capability of a material to either conduct or insulate electricity is called electrical 

properties of a material and it based on following parameter such as dielectric, resistivity, 

conductivity and thermoelectricity.  Carbon, copper, silver, gold and nickel are conductive 

fibers that usually used to enhance conductivity of a polymer material [191]. It is observed that 

CNTs helps to enhance electric conductivity (EC) of polymer nanocomposite. By loading 0.3% 

by weight addition of CNTs in polyamide the maximum electric conductivity can be achieved 

[192]. The electrical conductivity can be achieved 0.33S/m up to 7% weight loading of 

MWCNTs by using three roll milling machine process techniques. By study we can recognize 

that this method is simple, rapid and compatible with other industrial processes for composite 

production of high percolation threshold. At very low loading almost less than 5% by weight 

highest dielectric strength can be achieved and its loading can also change the electric 

resistance and process is known as piezo-resistivity. The phenomenon can be measured through 

two probe techniques. Up to 93% high piezo-resistivity can be achieved by addition of 5% by 
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weight MWCNTs in matrix. More loading of nano-tubes in matrix decreases electrical 

conductivity, electric strength and piezo-resistivity due to agglomeration and entanglement 

[193]. To overcome the problem of agglomeration two-dimensional graphene-oxides as 

dispersant is used to promote linkage between the PU and CNTs in matrix. Single layer graphite 

is also open the dimension to study the electric properties of polymer nanocomposite [194]. 

In order to gain maximum conductivity graphite is often changes into GO by oxidation and by 

reduction of graphite and through exfoliation. GO consist of oxygen and helps to uniform 

dispersion in polymer matrix in aqueous solution [195]. Through covalent or non-covalent 

connection compatibilization is efficient technique to improve surface adhesion in polymer 

matrix to avoid aggregation. The hydroxyl, carboxyl and carbonyl group usually help to 

promote covalent linkage. By reacting with coupling agent’s hydroxyl group helps to increase 

graphene linkage in polymer matrix.  Another more efficient oxygen reduction reaction of GO 

is by using sulphonated graphene oxide. Hydroiodic acid is considered as environment friendly 

acid and considered as strong reducing agent. The electrical conductivity strength of GO having 

polymer filled increases after reduction by HI due to epoxy group reaction in GO. So, we can 

say sulphonated graphene oxide has great potential to enhance thermal and electrical 

conductivity properties of polymer nanocomposite [196]. For electrical active polymer 

nanocomposites silver (Ag) nano particle has drawn much of the attention of the researchers in 

recent years due to its excellent conductive properties. Ag has high aspect ratio which largely 

influence on conductive properties of the nanocomposite by forming conductive networks at 

low percolation threshold. Due to large surface area and very fine structure Ag has ability to 

agglomerate which normally reduce conductivity paths. Ag also forms sedimentation due to 

greater density as compare to the polymer density. For preparation of electrically active PU/Ag 

nanocomposite it is very necessary to address the sedimentation as well agglomeration issue in 

polymer nanocomposites.  In this case SiO2 cannot be used because it is very electrically 

insulator so to overcome these issues GO or LDH can be used for efficient dispersion to 

enhance electrically conductive properties of polymer nanocomposites. According to Hsiao et 

al PU/GO/Ag nanocomposite normally shows superior and enhanced EC properties. Due to 

increased global warming issue piezo-electric composite which can convert vibration and 

mechanical energy such as pressure, bending and stretching into electrical energies. In recent 

composite studies it is hotter topic of research interest. The material like barium titanate 

(BaTiO3) and zinc oxide (ZnO) are used to enhance piezo-electric properties of polymer 

nanocomposites.  The polymer generated composite with ZnO integrated in PU matrix show 

the highest peak voltage upon cyclic loading [197]. The conductive fibers use in composite 
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formation is promising aspect to enhance the dielectric permittivity.  Polyaniline (PANI) is 

most conductive polymer in recent times having high conductivity, environmentally stable, 

easily polymerized and usually dispersion compatible in variety of matrixes [198].  

1.3.5.3. Shape Memory Properties  

Shape memory polymer (SMPs) belongs to the class of polymeric materials that have 

capability to memorize its permanent shape from temporary deformed shape. SMPs is largely 

used as actuators due to shape transformation capability by external stress. Due to their unique 

characteristics SMPs used in medicine, engineering and many other scientific fields. PUs is 

most studied research material in this regard due to its unique capability of shape recovery in 

stress conditions as like shape memory alloys. Other materials such as polystyrene and epoxy 

are also under investigation. SMPs are dynamically sensitive to exterior stress such as light, 

heat, electricity, magnetic field and pH [199]. The ability of material to change from its 

programmed temporarily deformed shape to permanent shape by exposing to outside stimulus 

such as light, electricity, heat or magnetic field is recognized as shape memory effect (SME) 

[200]. Due to easy processing, flexibility, light weight, elastic deformation high capacity, 

potentially biocompatibility, bio-degradability, low cost and broad range of temperature for 

shape recovery as compare to shape memory alloys (SMAs). The major limitations of shape 

memory polymers are due to low rubbery moduli have small recovery stress, due to low 

conductivities and slow recovery speed and electric insulation have inert electromagnetic 

stimuli [201].  

Poor tensile and mechanical properties and very low chemical resistance is basic reason 

of practical application restriction of SMPs. To solve these problems nanomaterials like nickel, 

polypyrrole, short carbon fibers and carbon black is used due to their capability to transmit and 

produce heat according to Joule’s law which usually helps to trigger shape recovery process 

[202].For combination of different properties in an effective way of different polymeric 

materials interpenetrating polymer networks are favored due to formation of permanent 

entanglement between the both polymer layer either through physical interaction or permanent 

covalent interaction [203]. By combination of nano-fiber in polyurethane usually help to 

generates excellent properties and bring some extraordinary performances of PU material 

which leads towards multi-functional smart materials system (MSMS). Introduction of 

polylactide (PLA) into PU can greatly effects on SMP’s biodegradability, tensile strength and 

also bio-compatibility. Due to brittleness of PLA the application of PU/PLA blends are often 

limited. PU/PLA/CNTs composites using melt blending process sufficiently help to 
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enhancement of tensile properties, Tg, dynamic storage modulus, thermal conductivities as 

well as electrical conductivities.  

SME can also be seen in poly (vinylidene fluoride) (PVDF) in which generally shows 

heat stimulated shape memory effect heating above glass transition temperature. In another 

study it was also observed that PU/PVDF/CNTs nanocomposites shows almost similar 

properties like PU/PLA/CNTs nanocomposites in which sufficient enhancement in 

electroactive shape memory properties was observed. Epoxy polymer (EP) is generally linked 

with high strength and modulus which leads towards wide applications of the polymers 

however brittleness is major limitation of epoxy polymer resins. EP and PU have brilliant effect 

on tensile properties and good compatibility. PU/EP/FG based nanocomposites can be prepared 

by using functionalized graphene. PU/EP/FG nanocomposites showed improved shape 

recovery up to 94%.  By introducing magnetic nano-particles (MNP) in PUs the electric and 

magnetic properties of the PUs can be enhanced. The magnetic nano-particle usually shows 

good bio-compatibility, high magnetization, easy synthesis and low toxicity, so desired 

magnetic and electrical properties can be introduced in polymer matrix by using magnetic 

particles. According to the studies PU/MNP based nanocomposites usually shows excellent 

recovery, bending and very fast response under applied electric field [204].  

1.4.0. Recent advancements in PUs applications 

The common properties either chemical or physical of PUs are generally depends upon 

the type of the individual reactants from which they are formed. Normally, the characteristics 

of the polyol, like the functional groups quantity that are reactive within a molecule, their 

architecture and their molar mass, all explain the attributed topographies of the last prepared 

PUs polymeric material and how it can be used. A number of researches have based on 

fabrication of PUs and its probable usage are shown in Fig-1.12. Some of the recently reported 

categories of PUs and their methods of synthesis are discussed briefly by scientist. 

 

                           Figure-1.12. Use of PUs and different application in daily life  
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1.4.1. Building and construction applications 

In recent times to meet requirement to present situation high performance building 

materials are required for building constructions. The material should have light weight, 

durable, easily installed and versatile for its affectivity. The required properties can be achieved 

by introducing PUs materials in building materials for enhanced applications. Basically, it is 

observed that the incorporation and practical use of PUs in building materials can save the 

natural resources and can help to conserve them by reducing energy consumption. The increase 

in use of PUs materials day by day as building applications due to their unique properties, 

durability, highly achieved desirable elasticity and strength, heat insulation capacity and 

versatility etc. a research has been carried out to determine the heat loss reduction through 

building envelop for thermo-regulator micro-capsules having PUs foams [205]. 

The results indicate that the 40% incorporation of micro-capsules the thermo-regulator was 

produced necessary for building having two advantages, firstly the energy insulation and 

reduce consumption during transient state and secondly the cheapest price of these excellent 

high-performance materials having with comfort ability of PUs and used in many homes. PUs 

can be used in almost every part of homes like floors, pads of cushions, carpets and roofing as 

well as heat and light reflecting materials as well. The plastic covering to PUs can help to cool 

the house and help to reduce energy. Normally PUs materials help to enhance the flexibility of 

the new homes like entry and garage doors having paneling with foams. It also provides 

different color variation for paneling the roof and walls. 

1.4.2. Automotive applications 

PUs has enormous technical applications in automotive industries. Away from its 

frequent use as foams of comfortable vehicle seats it can also be utilized as auto-car bodies, 

doors, bumpers and window ceiling also. It can also help in better fuel consumption by reduced 

weight and help to increase fuel economy, and proper sound absorption and also good 

insulation, huge relieve for passengers, and also have excellent ability to avoid corrosion. Deng 

R. and his coworkers studies reveals that because a noticeable majority seats of vehicles are 

largely foam, the dynamic luxury and ease of users can be controlled by enhancing the foam 

characteristics to get the preferred quasi-static properties[206]. PUs is occupying the chief 

fraction of world polymer foam market. Due to small density of PUs foams are highly 

appropriate for making of rigid and light component.  PUs is used internal panel in aircraft, 

bulk-head cores, transform and stringer cores in plastic boats and structural shapes.  The 
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sandwich materials in aircrafts, ships, racing cars and sporting cars are formed by PUs 

materials. It also provides heat shielding, crash energy management and structural stiffness 

[207].  

PUs-aluminum laminates-based PUs adhesives are used for automotive comfort 

application [208]. These PUs adhesives are synthesized from poly-caprolactone polyols and 

aromatic as well as cyclo-aliphatic diisocyantes.  The structure of PUs basically influences the 

adhesion properties. PUs can be used as coating materials for automobiles and is prime 

necessity for PUs materials. The nano-fillers addition technique can greatly enhance the PU 

based applications in field of auto-mobiles and transform special features to the material as 

depicted in Fig-1.13.  The interaction between the hard segments of polymer chain and filler 

was studied and it shows exfoliated or intercalated clay platelets have special relation-ship with 

hard segments of chain in PUs [209]. 

 

 

                      Figure-1.13. Different applications of PUs in automotive industries. 

Additionally, the scattering and structure of clay can help to decide the useful spots for inter-

facing with PUs chains. 

1.4.3. Coating applications 

Continues research is on process for suitable and capable materials for coating 

applications. PUs is considered a potentially great material for surface coating and as well as 

paint [210, 211]. Latest research is leading towards the nonlinear hyper-branched polymer 
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materials which usually lead towards the hyper-branched metamorphosed PUs with high 

solubility, gloss and textile coating application properties as well [212]. Literature also reveals 

that hyper-branched PUs polymers have no flame retardants and cannot resist fire. For making 

them able to use for fire resistant coating certain flame retardant such as phosphorous, nitrogen 

and halogen are introduced in them for enhancement of their practical applications [213] 

Recently by using different diisocyantes the triol, tris (bisphenol- A) mono phosphate is reacted 

with castor oil and PEG to reduce fire catching capabilities. Highly hyper-branched flame-

retardant PUs is produced by this which is suitable for nano-coating applications [214]. Two 

step pre-polymerization processes are also used for the production of hyper-branched castor 

oil-based polyurethanes which have great potential to use as surface coaters [215].  Polyester 

based PUs materials are synthesized and used for the marine anti-fouling materials and these 

synthesized coating materials are found highly degradable [216]. Except these PUs for coating 

applications can also be synthesized by using fatty acids [217]. lignin and soya-bean, trimmers 

of isocyanates, and polyester polyols also. 

1.4.4. Appliances, flooring and packaging applications 

A large number of appliances consumers used in these days are based on PUs materials. 

PUs rigid foams are used as thermal insulator for refrigerating appliances. These materials are 

cost effective and hence are suitable to meet new energy demands of these appliances. These 

materials are advantageous for refrigerating applications due to prevention of heat transfer 

having closed cell structures.  For flooring PUs materials are used for coating or carpet underlay 

foams. These help to maintain floors durable, pleasing and easily maintained. By using PUs 

foams life span of carpets can be increases and it also provides excellent comfort and reduction 

of ambient noise. PUs based materials can also be used as coating for floors and usually 

provides solvent as well as abrasion resistance. it also provides ease of cleaning, maintenance 

and cost affectivity also. Life time and servicing is also important in this regard. PUs can 

provide better look to wood, cement floors and also to old floors. PUs is used as packaging 

foams and printing inks for packing applications also represented in Fig-1.14. a plasticizer of 

PU has prepared by castor oil and palm olein for packaging applications [218]. 
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                           Figure-1.14. PU packaging foams and its different applications 

 

These PUs materials provide excellent flexibility, freezing resistivity and good mechanical  

properties. PUs based packing foams are largely used for packing of material and also provides 

large range of packaging to overcome some of the packing challenges. These PUs foams are 

adaptable for their cost affectivity, meet demands of packing for material like medicine, 

medical devices, delicate glass ware, and electronics and for custom fit packaging materials. 

1.5.0. Shape memory polyurethanes 

Some polymers have the ability to response more than one stimulus at same time and 

due to this potential characteristic SMPs are effective candidate for smart materials and 

structures. The smart materials and structures can operate in different environment and multi 

stimuli responses are required. The possible future applications of SMPs includes self-

deployable structures, actuators, morphing structures and also have the capability as morphing 

aircraft structures. 

  The limitations that come across during utilization of SMPs are electromagnetic 

inertness, thermal conductivity, lower strength and low thermal conductivities as compare to 

SMAs. To improve properties of SMPs a variety of approaches have been adopted such as 

development of shape memory polymer composites (SMPCs) by fabricating with particular 

filler. To enhance the properties of pristine polymer SMPCs are either incorporated with 

nanofiller or fibers. Shape recovery can be induced through joule heating by introducing 

conductive and magnetic particles like carbon nano-fibers (CNF), CNTs, ferromagnetic 

particles and conductive fibers like graphene. The conductive filler resistance can help to heat 

up the SMPs according to joule law when electricity is applied to them and it finally actuates 

the shape recovery process [219]. 
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1.5.1. Shape memory polymer basic concept 

  Shape changing shape memory materials (SMMs) can change into temporary deformed 

shape by exposing to thermal heating above certain temperature above melting or (Tg). Above 

the Tg temperature material can be changed into a very soft state and can be deshaped easily 

by applying certain stress and it will fix into that deformed state even after load is removed by 

cooling up to room temperature. SMMs will again return into its unique permanent shape when 

a certain stress such as heat, light and electricity is applied on them because of  stored elastic 

energy during programming [220, 221]. The shape changing and again coming back to its 

original shape is called programming and shape recovery respectively. SMMs include shape 

memory alloys (SMAs), shape memory polymers (SMPs) and shape memory ceramics [222]. 

The applied load on martensitic phase the SMAs can reserve its impermanent shape and only 

it will regain to its everlasting form when heat is applied to above austenite temperature. In 

contrast the SMPs can respond to its permanent shape by heating above its glass transition 

temperature. above glass transition temperature polymer become rubbery having low stiffness 

and it helps in huge distortions of shape but when it is cooled above transition temperature the 

stiffness of the polymer structure increases considerably [223]. 

The commonly used stimuli for SM actuation are temperature, electricity and light. The first 

discovered SMPs are thermo-responsive polymers. Now a lot of researches and investigations 

have been reported for thermo-responsive shape memory polymer materials. The main focus 

of research was to study the thermo-mechanical behavior and response of temperature induced 

SMP materials [224] Electro-responsive shape memory polymers contain the conductive and 

electrically active filler materials with in polymer matrix that help to generate architecture with 

in polymer structure that is sensitive to electricity [225].  Light induced shape memory 

polymers on other hand can be divided into two important classes. First class of polymer 

respond to the specific light of specific wave-length and thermal effect of light does not effect 

on them while in second class shape memory material absorb heat from light source and induce 

shape memory response through light thermal heating [226]. A two-way SME of SMAs can be 

observed in liquid crystalline elastomers [227] In triple SME, a material can fix into three 

shapes including its original shape in only one cycle. Bellin and its coworker studied two 

different thermal transitions that can induce triple-SME [228]. Cross linked polymers usually 

show different glass transition temperatures and can gain two different independent temporary 

deformed shapes having two different programming and recovery cycles [229]. 
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1.5.2. History of SMPs 

SMMs are getting attention of scientist in last few decades and researchers are trying 

to develop new novel SMPs. Liu et al in his research suggests that shape memory materials and 

SME was first reported in United States patent in 1941 by Vernon.L.B. He confirmed that 

methacrylic acid ester resin commonly known as dental material has capability of “elastic 

memory” [230]. Hanger and Xie et al also mention the first reported shape memory material in 

his review paper [231]. It is interesting fact about the polymeric material that the first shape 

memory material was even discovered before SMAs. Until 1960s polymer shape memory 

polymer materials have not got much further attention of the researchers. But after development 

of polyethylene tubes and films again attracted the attention of researchers sue to importance 

of SMPs [232]. The research on SMPs remain almost static until 2000 when Leidlein et al used 

the SMPs for self-tightening stitches for plastic surgery.  

In past research was mainly focused to synthesize different materials for industrial 

applications without focusing on involved fundamental theory. Bellin et al in his studies in 

2006 the two different SMPs thermal properties that can be modified or induced to recover toe 

different deformed states in one recovery cycle. More tailored properties can be induced by 

introducing specific functionality in polymer chain. The academic research mainly focused in 

medical field which basically leads towards the focus on theory and principal mechanism of 

these polymeric materials. The discovery of polyurethane SMPs by Mitsubishi Heavy 

Industries has opened the new attentions for shape memory materials due to urethane flexibility 

which can be tuned foe different industrial applications. Research on polyurethane as smart 

materials is quite active till today for the easily molded possibility ability although many 

different new SMPs material have been discovered after word. 

1.5.3. Reinforcement of polyurethane shape memory polymer (SMPs) 

SMPs are advantageous in different aspect but there are obvious deficiencies which 

need to be improved such as shape recovery stress and mechanical stress [233]. The addition 

of reinforcing agents such as fibers and nanofillers is an excellent method to improve stiffness 

and enhance recovery stress [234]. Particle like micro-sized chopped carbon, glass fibers and 

nano-fibers can help to increase the stiffness and tensile properties of a material by addition of 

40-50% by weight [235]. Almost 50% increase recovery force can be achieved only by addition 

of 20% by weight SiC fiber in shape memory polymer material.  In certain cases, it is noticeable 

that incorporation of fillers in polymer matrix help to enhance recovery force but it also 

decreases recovery strain. Addition of carbon black (CB) up to 30% by weight in SM 
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polyurethane usually decreases shape recovery of material from 98% to 65%. It is also 

noticeable that addition of CNTs in same shape memory polyurethanes (SMPUs) help to 

enhance recovery stress as well as strain but addition of nano-clay content in same SMPUs 

matrix increases 25% of the recovery stress and a very small decrease in recovery strain ratio 

[236], By addition of reinforcing agents in polymer material to form composite and by through 

molecular structure modifications through reinforcement mechanical behavior of the SMP 

material can be modified. SMPs composites can be modified depending upon the reinforcing 

agent type, reinforcement and type of reinforcement. The particle such as CNTs, CB, Carbon 

nano fibers (CNF), Sodium (Na), nano-clay and SiC can be classified as reinforcing agents for 

SMPs. Other functions can also be enhanced other than SM by addition of reinforcing agents 

such as magnetic response, electrical conductivity, light sensitivity and radiation 

responsiveness which make them multi-talented or multi-functional materials. Carbon 

reinforcement has the excellent capability to show elastic modulus, mechanical strength and 

also shape recovery and considered as exceptional material for reinforcement to enhance 

mechanical, tensile and shape recovery capabilities of SMPs. CNFs and CNTs are largely used 

nano-filler materials to prepare SMPs composite materials. Different methods are used to 

incorporate carbon nano-particles and material in SMPs matrix. The first technique is to mix 

filler directly with the polymer matrix and second method deals with modified surfaces of 

carbon filler and then mix with polymer matrix to develop some chemical interaction between 

the filler and polymer. The third technique deals with conversion of carbon material into thin 

film and sheets and afterward incorporated with polymer matrix. Another technique is also 

used for fabrication of nano materials by using magnetic field by aligning the filler in polymer 

matrix or by using different crosslinking agents for fabrication of filler in polymer matrix. In 

contrast hybrid carbon fillers can also be used for polymer fabrications. The interaction of 

CNTs in polymer matrix and dispersion are most common problems that arise during carbon 

filler fabrication in polymer matrix during composite synthesis. Yoo et al in his studies 

synthesized a PUs based MWCNTs composites by situ-polymerization as actuators. Three 

different methods were used for preparation of PU based composite films. The resulting 

composite material shows highest conductivity of 0.28 Scm-1 at normal room temperature. The 

resulting conductivity of PU nanocomposite was found enough for heating the composite soft 

domains beyond its melting temperature and sample can recover its original shape in very short 

time by applying 50V of electric field [237].  

Shape recovery through electric current rather than heating can be more beneficial for 

application of actuators for SMPs. Different PVC/CNTs materials have been synthesized for 
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enhanced mechanical and shape recovery properties. The sample exhibit greater stress 

generation and modified temperature trend [238]. By development of fibers optimized material 

properties can be obtained. Nano fibers allow macroscopic alignment to the nanotubes in 

polymer matrix in specific direction. Different PU/epoxy/CNTs based blend composites have 

been reported with varied CNTs contents to study thermo-mechanical properties. Tensile graph 

shows SMPs having 2% loading of CNTs have greater tensile strength as compare to the 1% 

and 3% loading of CNTs in composite. It also reveals that CNTs loading contents have no 

effect on shape recovery properties at same temperature [239]. To gain full use of CNTs and 

MWCNTs in polymer matrix to achieve greater and enhanced properties it is necessary to 

guarantee the uniform dispersion of filler in polymer matrix. Studies also confirms that uniform 

and even dispersion can be achieved by in situ-polymerization as compare to the other methods 

like direct or melt mixing [240]. Yu et al in his research confirmed that CNTs can be used to 

bridge gap and generate conductive channel for electric current. The studies also reveal that 

electric resistivity of CNTs fibrous chain is 100 times greater than random CNTs in polymer 

matrix. The cup-stacked CNTs in polymer matrix exhibits excellent shape memory behavior 

and mechanical properties. It also provides excellent interface bonding between [polymer 

matrix and filler and also good load transfer efficiency [241]. Some investigations also confirm 

epoxy composite reversible plasticity shape recovery can be observed by using CNTs as filler. 

MWCNTs in SMPs increase the reversible plasticity effect and mechanical properties and also 

response time. Composite of require programming can be achieved by changing different 

parameters such as programming conditions, MWCNTs concentration and transition region 

[242] CNTs and CNFs has got attention of scientist and researchers due to better electrical and 

mechanical properties. Mechanical properties of CNFs are found more better than carbon fiber. 

Lu et al study shows the effect of CNFs on shape memory of polymer material. Faster and 

strong response of electric heating was observed for SMPs composites but recovery ratio for 

shape memory was found reduced due to friction between macromolecular SMPs and carbon 

fibers or sheets [243].  CNFs paper in SMPs helps to develop better shape recovery effect than 

blending with conductive filler in SMPs matrix. Research suggests that 1.2g of CNFs paper 

sheet of conductive filler addition enhances almost 100% recoverability in SMPs because of 

higher flexural strength and mechanical strength depending on CNFs weight ratio [244]. No 

regular pattern of flexural strength was observed due to heterogeneous disperse in of CNFs in 

polymer matrix. Better dispersion of CNFs paper sheets in polymer matrix could help to 

program shape recovery process in efficient way. Graphene has significant effect in SM studies 

as reinforcing agent till from his discovery. Since from its discovery it is considered as 
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strongest material on earth and is material of high interest for enhancement of mechanical 

properties. Different techniques have been used like CNTs for dispersion of graphene in 

polymer matrix.  [245] As compare to raw graphene oxidized graphene produces 30 times 

higher modulus of shape recovery [246]. It has greater electrical conductivity and can help to 

enhance conductivity of SMPs [247]. 

Tan et al in his research made a number of shape memory polyurethane (SMPUs) filled 

with graphene oxide. Mechanical test results indicate the increase in young’s modulus as GO 

concentration increases to 4% by weight [248]. Another study reveals that graphene nano 

sheets (GNS) in PUs matrix having 1 to 8% contents by weight in –situ polymerization helps 

to enhance thermal, mechanical, electrical and shape memory properties in great deal. Results 

also indicate that 2% by weight dispersion of graphene in PU matrix shows better dispersion 

and greater mechanical strength [249]. Two-way shape memory effect phenomenon is shown 

in Fig-1.15 

1.5.4. Types of shape memory effect in polyurethane 

1.5.4.1. One way shape memory effect (1 W-SME) 

 

 

 

Figure-1.15. Shape memory effect: (a) One way SME  and (b) two way SME (reversible 

SME) [250]. 

The earlier discussed method for shape memory is one way in which shape shifting effect is 

not revocable. One-way shape recovery effect can be proceeded but it always required an 

external programming through mechanical stress to form deformed state. In two-way shape 
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memory materials, the shape can be alternate reversibly without using any external force or 

mechanical stress. The SMPs that have only one transition of shape change from deformed to 

its original permanent shape in presence of specific stimulus is usually known as dual-SMPs 

and is basic form of SMPs. It is essential to understand the multiple and 2-way SMPs due to 

its complex process. The molecular mechanism and programming procedure from mechanical 

view point can be explain from Fig-1.16 below [231, 251]. 

In comparison SMAs usually change shape at very low temperature and recovery 

process performed at very high temperature [252-256]. The polymeric materials are heated 

firstly up to deformation temperature required for transitions and kept on isothermal condition 

till gaining of rubbery or elastic state for mobility activation and to reach certain length of heat 

equilibrium conduction. The chain structure conformations are changed by applying specific 

external loading which results macroscopic shape change, stored elastic energy and reduce 

entropy. In result polymer chain coils and yield contraction force. The sample is then freeze up 

to isothermal temperature to freeze the movement of polymer chain. The transient shape 

becomes fixed after the external force is removed, and elastic energy and entropy are kinetically 

trapped. The chain mobility of SMPs is regenerated by heating them over the glass transition 

temperature without applying any stress. Due to contraction force reproduction, the stored 

elastic energy is released, and the SMPs restore their original shape. As shown in fig, the 

chemical mechanisms AND programming of SMPs can be explained using energetics. When 

a sample is heated to T1 temperature and changes into a temporary shape, Q1 and W1 are 

applied to the sample, and the core energy increases to an unstable state Ub. 

 

Figure-1.16. Graphical illustration of molecular mechanism of a dual-SME from the 

energetics viewpoints [257]. 
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where U0 is the internal energy at ε0, load and T1, Ub is the internal energy barrier at ε1, load 

and T1, U1 is the internal energy at ε1 and T0, Q1 is the heat from T0 to T1, Q2 is the heat 

from T1 to T0, Q1+Q2=0, and W1 is the work to de-shape the sample from ε0 to ε1, load. It 

quenched into a meta-stable state under deformed force cooling to To by releasing Q2 heat, 

which usually reflects the temporary shape ε1. Because of the energy barrier, Ub's permanent 

shape cannot be regained until it is heated, resulting in the shape recovery phenomenon. If we 

assume that no energy is spent during the shape change to shape recovery process, according 

to first law of thermodynamics it is known  

                                                            Uo-W1= U1 

Shape recovery (SR) is the releasing effect of stored mechanical energy in form of elastic 

energy of the polymer material. Usually, two different parameters can be explaining the one-

way shape memory effect. The first parameter is shape fixity ratio (Rf) which basically explain 

the capability of sample to apply mechanical deformation after complete removing of load. 

Shape recovery ratio (Rr) is the ability to quantify the recovered permanent shape. 

load is known as maximum strain before external force removal and ε is the strain after cooling 

and εrec is unloading strain after recovery step and number of shape recovery cycles 

represented by N in experiment. For one-way SMPs the deformed state fixation and original 

SR usually measured by reversible Trans. By changing temperature below and above Ttrans, 

where chain flexibility is intended to shape recovery and fixation respectively.  In several 

polymers may notice a definite dual-SME when they have at least one reversible transition 

(melting transition (Tm), Tg for a glassy polymer and for a semi-crystalline polymer, or Tcl 

for a liquid crystalline polymer).   

Irreversible phenomenon may occur between polymer chains at temperature greater than Ttrans 

of polymer under external force. It leads towards the increases entropy and hence reduces 

energy related to entropy and shape recovery driven force and hence recovery rate become 

lower. This phenomenon can be prohibited by physical and chemical cross-linking. Elastic 

energy which is entropy related is increased by eliminating slippage which usually results high 

recovery ratio. Relying on reversibly thermal transitions and cross-linking one-way shape 

memory polymers can be categorized i) physically crosslink polymers with one Tg or Tm and 

ii) chemically crosslinked with one Tm or Tg. Study reveals the covalent bond like trans-

esterification [258-261], trans-carbamoylation [261],  urea bonds hindered [262], Diels-Alder 

bonds [263], di-sulfide bond di-selenide bonds [264], tri-azolidine and imines bonds [265, 

266],  is basically known as chemical crosslinking because of covalent bonding nature under 

ambient condition while hydrogen bond [267] ionic bonds, π-π interaction [268], charge 



50 
 

transfer interactions [269], and ligand metal coordination  are considered as physical 

crosslinking. Structural change in shape memory process is shown in Fig-1.17. 

 

Figure-1.17.  Schematic diagram of the structural change in SMPU shape memory process. 

[270]. 

1.5.4.2. Two-way (2-way) shape memory effect 

All above mentioned SMPs are 1-way shape memory polymers having 1-way shape 

recovery before reaching to final permanent original shape. Two-way SMPs can fluctuate 

between two or more enduring shape under different stimuli [271].  2-way shape memory alloys 

are known from almost 40 years ago but 2-way shape memory reversible effect is under 

observation from 2001[272]. Basically, two-way SMPs recovery depends upon cooling and 

heating cycle of phase crystallization of melting. 2-way SME can be categorized by stress free 

and under stress environment. External stress is used in both cases after temperature rising 

above to Tm of all sample segments. After that sample is bent and cooled below Tcs of all 

sections. Force is maintained for stress state and for stress free state exterior force is detached 

at this point by overcoming the limitation of external pressure. The molecular mechanism 

involved in shape memory process is represented in Fig-1.18. 
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Figure-1.18. Schematic representation and the molecular mechanism of 2-way SME under 

(A) stress and (B) stress free environment[257]. 

 

Therefore, two-way SME without stress can be more advantageous and versatile in their use. 

Crystallization induced elongation (CIE) and melting induced contraction (MIC) based on 

cooling and heating for two-way SME respectively in case of stress-free condition for polymer 

laminated structure. 

1.5.4.2.1. Mechanism and Programming of shape recovery 

Two-way SMPs are semi-crystalline polymer network. The mechanism and 

programming of shape memory polymers can be illustrated in Fig-1.22 crystals are melted over 

heating over Tm and after complete melting of crystal results in reactivation of polymers 

networks. After that sample is deform under constant stress to high temperature strain (εH). 

The polymer chain slanting besides stretching direction, results polymer chain reduced entropy 

which basically yields contraction force. A stress balance can be achieved finally between 

contraction force and stretching stress. Below Tc due to reduce mobility of chain contraction 

force decreases when sample is cooled. Stretching force is basically larger than contraction 

force, due to low temperature strain along stretching direction results further stretching of 

material and phenomenon is known as CIE. Due to orientation of large polymer chain entropy 

of the material is further reduced. Crystalline phases of polymers are stationery and entropy 

trapped. The relative elastic energies are usually stored when the specimen is yet again heated 

greater than its Tm the crystalline phase melted again and release the stored elastic energy 
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(entropy) and additional contraction force is produced again. The stretching force is lower than 

contraction force due to decrease entropy generated by CIE.  The specimen basically contracts 

until both forces become equal results high temperature strain, the phenomenon is known as 

MIC. 

  When cooling is proceeded again lower than its Tc again the strength of contraction 

decreases again and chain crystallization along stretching direction takes place, results further 

elongation. Under non-zero tensile stress and CIE on cooling and MIC on heating in crystalline 

polymer generate 2-way shape memory effect.  Owing to aniso-tropization of LCE lower than 

its Tcl elongation takes place like CIE of crystallize-able polymer [273]. 

by heating above and cooling below Tm and Tcl and Tc and Tcl respectively the polymer 

undergoes reversible contraction and elongation transition.  To quantify 2-way shape memory 

effect under specific stress the relative strain change and reversible absolute strain change 

parameters are used to determine the characteristics of two-way SME [274]. Two-way shape 

memory mechanism is depicted in Fig-1.19.  

 

 

 

Figure-1.19. (A) 2W-SMP composite preparation process and (B) 2W-SME mechanism 

[275]. 
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1.5.4.3. Multi-way shape memory effect 

Multi-way or triple shape memories polymers are usually remembered two or more 

transitory shapes. Multi-way shape memory polymer characterized by more than two transition 

temperatures due to different phase segregated domains [276]. 

Permanent shape is basically distinct by covalent net-points and form an original shape. 

Temporary shapes are generated by two-step or multi-step programming process. Chemical 

and physical cross-linking linked with high transition temperature (Ttrans A) responsible for 

shape A, while shape B is due to the second transition temperature (Ttrans B).  In shape 

recovery phenomenon during external stress application the multi-way SMPs regain the 

intermediates shape before complete changing into permanent shape [277]. The molecular level 

chemical structure process during triple way shape memory process was alos studied [278]. 

Large number of phase transitions increases deformed shapes and hence generates multi-way 

shape memory effect (MWSME). The multi-way SME was observed in thermoplastic PUs and 

other polymers due to large switching transitions such as IPNs, covalently linked networks and 

multi-material polymer systems [279]. The method to determine the efficiency of SME in 

multi-way shape memory polymers is similar to the one-way polymer. Thermo-mechanical 

cyclic measurements can be performed from determining Rf and Rr of each shape.  

 The macro-scopic changes in multi-way shape memory polymers and cyclic thermo-

mechanical measurements can be calculated experimentally as shown in Fig-1.20 [280].  
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Figure-1.20. (A) Example of cyclic, thermo-mechanical experiment; temperature (dashed line) 

as a function of time and the strain (solid line) [281], Reprinted from Ref. [282], (B) Series of 

photographs illustrating the triple-shape effect. (a) Temporary shape at room-temperature, (b) 

secondary momentary shape (c) original shape [283]. 

1.5.5. Types of shape memory actuation in polyurethanes 

By depending on external stimulus SM- polyurethanes usually shows different types of 

shape memory effect depending upon the stimulus used for actuation. Light, electricity, 

magnetic field, heat, radiation or specific solution can be used as external stimulus for shape 

memory actuation in polyurethanes. The shape memory effect can be induced in SMPUs 

depending upon the nature, chemical or physical interaction and type of cross-linking present 

in them. The SM effect can be categorized as 

1. Thermo induced 

2. Electro-actively induced 

3. Light induced 

4. Solution induced 

5. water induced 

6. Magnetic induced 

7. Micro-wave induced 
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1.5.5.1. Thermo responsive 

Different studies reveal that metals are usually protected by coating with polymers 

which behaves like barrier in between metallic material and corrosive conditions. Coating 

normally damaged by environmental and impact degradation during transport, molding and 

leads towards reduce properties and performance of protective behavior. Now research is under 

process to synthesized self-healable organic coating when external stress such as heat, light 

and electric or magnetic field is applied on them. Healing phenomenon usually reduce the 

corrosion on the metal surface. Non-active healing agents are used in corrosion barrier 

protection. In thermally induced polymers Diels-Alder reaction mechanism is used in thermally 

actuated polymers for healing shape memory applications [284].  

Angew and his co-workers studied the SM polymers having fundamental mobile 

capacity and considered as dual materials. These materials have the ability to change shape as 

external stress such as light or heat is applied on them. SMPUs are basically used as coating 

for protection of aluminum alloy. The significance of SMPUs as coating material day by day 

due to their easy processability and using usual approaches such as injection, extrusion, 

molding and casting. PUs also has stimuli susceptible net-points switches which usually effect 

SM properties and elasticity of material. Thermal transitions in polymer domains can be 

induced in thermally induced SMPUs. Temperature domains basically act as net-points which 

provides strength and stability to the polymer matrix and chain hard and soft segments acts as 

switching domains. The soft segments in polymer chain will relax and fill the defected gap of 

coating [285]. 

Shape memory PUs changes from deformed state to original shape due to characteristic 

molecular networks either chemically or physically interlinked [286, 287]. Yakacki et al 

studied the temperature triggered transformation response temperature above the Tm and below 

it only limited movement in polyurethane architecture is possible due to frozen net-works. 

SMPUs are usually designed to exhibit good recovery by exposing to temperature change 

[288]. The shape recovery is regeneratable with in a very limited time span. In bio-medical 

applications, to evade tissue damaging controlled recovery kinetics and human temperature is 

used to activate shape memory polymers [289]. Another research deals with relaxation and 

retardation time with structural arrangement associated which is dependent upon temperature.  

Ren et al in his studies discuss some obvious barrier basically responsible for large 

spread applications of SMPUs materials. Low recovery temperature is a biggest barrier to 
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replacing shape memory alloys. The increase in mechanical properties and shape memory 

properties different filler is added in polymer matrix having high tensile modulus such as SiO2, 

TiO2, nano-clay and CNTs. Better enhancement in shape memory and mechanical properties 

was observed by addition of 5% by weight addition of CNTs in PUs matrix.  SMPUs usually 

show very efficient shape memory properties due to soft and hard segments. Because of polar 

nature hard segments are responsible for physical cross-linking while soft segments generate 

reversible phases. Liu in his studies reported the temperature induced recovery by heating 

above glass transition temperature. By inserting definite special groups in PU matrix can induce 

multi-stimuli sensitive properties [290]. Modified CNTs surface with acid treatment has 

enhanced effect on interaction between CNTs and PU and its pre-polymer. The modified CNTs 

based composites has enhanced thermal conductivity and SM properties as well [291]. A study 

is also based on in situ-polymerization and found to be an excellent technique for fabrication 

and interaction of CNTs with PU polymer matrix. Excellent mechanical and thermal properties 

were observed for the composite prepared from in-situ polymerization. Melt mixing is also an 

effective method for its reproducibility for composite synthesis. Shape memory mechanism of 

PLA/PU/CB/ CNT blend composites is shown in Fig-1.21 [292].  

 

 

 

Figure-1.21. Shape memory mechanism of PU/PLA/CB/ CNTs blend nanocomposites [293]. 



57 
 

Covalent bonding phase-separation was also studied and form large number of compounds due 

to their inter incompatibility [294]. Ishida et al studied the proper mixing of different 

modulation, block and design of nano-structure which plays a very vital role in application of 

a polymer and designing of specific polymer such as thermo-plastic elastomers, drug delivery, 

information storage and shape recovery [295]. Proper ordering of nano scale in polymer clearly 

effects on physical characteristics having mechanical properties, thermal and optical properties 

as well. TPUs synthesized by short chain diols are used for high molecular weight chain and 

other functionalities can also be introduced in chain for desired enhance properties. Covalently 

connected groups usually help to enhance dispersion in matrix and usually show better results 

of mechanical and other useful properties. Studies also reveal that structural property 

relationship plays very vital and effective role in larger application of PUs. Large variations 

are feasible in composition and PU applications can be increases like coating, membrane 

elastomers, sealant, and adhesives and in bio-medical devices. The flexibility of PUs chains 

depends upon the raw material used for its synthesis such as chain extenders, isocyanates and 

polyols. By changing the composition PUs of desired properties and working can be obtained. 

The alternating hard and soft segments domains are generally responsible for shape memory 

effect in PUs. Thermal bio-degradability is also an important process usually PUs exhibit. 

Chain extenders, isocyanates nature, alcoholic ratio, cross-linking density, segments molecular 

weight and catalyst usually effects on thermal stability of PUs to some extent. Thermal stability 

plays a vital role to predict and strengthen the application of PUs. By changing of different 

parameters thermal stabilities can be improved to obtain high performance of PUs [296].   

Bio-degradable SMPUs has the applications in tissue engineering and also in drug delivery due 

to smart structure. Hard segment generates crystallinity in PU foe improved thermal and 

mechanical properties due to bio-compatibility and bio-degradability to use on drug delivery 

and tissue engineering as well [297].  

Heat normally gives entropy driven for PUs having shape memory effect.  Covalently cross-

linked net-points and crystalline rigid segments avoid complete sliding of polymer domains for 

each other when generally heated above Tg and usually shows shape recovery property. 

Covalent cross-linking is found better and efficient as compare to physical cross-linking to get 

required mechanical and thermal properties. Shape memory PUs is going to replace to SMAs 

in now and in near future soon due large number of advantages like SMPUs are used as stent 

because of their high mechanical and elastic properties [298].  Three basic procedures to 

quantify the thermally-induced SME through cyclic thermomechanical tests in shown Fig-1.22. 
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Figure-1.22. Different basic approaches to quantify the thermal induced SME by cyclic 

thermo-mechanical tests. (A) Mechanical test; (B) Bending and (C) Compression test. The 

curve illustrate a full cycle at Thigh > Ttrans and the shape recovery under stress free 

environment [299],  

1.5.5.2. Electro-actively induces 

In last decade, a lot of research work has done on electrical properties, mechanism and 

shape recovery of shape memory polymers usually fabricated with conductive filler and its 

subsequent application [300]. Electro-actively induced shape memory and growth of these 

materials is largely under observation for researchers in recent times. Resistive actuation of 

shape memory polymers with conductive filler like carbon fibers, graphene, metal nano-

particles and CNTs makes them enable to respond electricity as stimulus. By this approach 

many limitations in application of shape memory polymers which is damageable for sample in 

some cases like heat can be overcome. The technological potential applications can be 

enhanced by using electricity to trigger SME [301, 302]. 
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1.5.5.2.1. Shape-memory polymer filled with different carbon filler 

SMPUs are usually characterized by its extraordinary recovery and shape memory 

effect. Usually, mechanical properties and elastic modulus is usually low for these kinds of 

SMPs. Composite based on CNTs such as PP/CNTs [303], PVDF/CNTs, nylon/CNTs [304], 

polystyrene/CNTs [305], epoxy/CNTs [306, 307] and PVA/CNTs,) and these polymers 

nanocomposites also have excellent mechanical and tensile properties having very high electric 

conductivity and elastic modulus [308]. 

Goo and his coworkers developed a new PUs based nanocomposite with MWCNTs having up 

to 20nm diameter. The acid treated surface modification is also found excellent to enhance the 

mechanical and tensile properties of resulting nanocomposite. Enhanced mechanical properties 

of SM composites were observed by sonication and acid treatment of nano-tubes at optimum 

temperature. MWCNTs surface modification help to enhance conductivity of the material.  The 

observed energy conversion efficiency for such kind of SMPUs which is actuated by electricity 

and surface modified MWCNTs composite was 10.4% [309].  Electroactive shape memory 

behavior of PU nanocomposite is shown in Fig-1.23. 

 

Figure-1.23. Shape recovery behavior of electroactive PU/MWNTs composites. The 

transition happens within 10 s when a continuous voltage of 40 V is used [309]. 

 

Still all known polymers are electrically insulator by composition. A level of selective 

conductivity can be achieved by fabricating certain conductive filler in polymer matrix at 

specific amount. When current is passed through these conductive filler composites, joule 
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resistive heating may take place when heated above Ttrans for shape recovery induced by 

electric current. The usual conductive filler used for SME are CB, CNTs, metal nano-particles, 

carbon nano-filler and nano-particles. SMPs/CNTs are most studied electroactive shape 

memory polymers till time [310-313]. Fu et al recently develop polymer blend nanocomposite 

with PLA and MWCNTs are incorporated in them fir determining and study shape memory 

effect induced by electricity. The composites having 3% by weight CNTs showed an excellent 

shape recovery rate of almost 97% at 30V in 30 s time [314]. 

Graphene is also excellent conductive filler due to its excellent thermal, mechanical and 

electrical properties. Another study based on synthesis of vapor grown nano-fibers/graphene 

(VGCF/graphene) hybrid filler polymer nanocomposites with polyester. The enhanced 

conductivity and mechanical properties due to synergistic effect of hybrid filler was observed. 

The resulting composite shows excellent shape recovery to electricity and IR radiation and also 

shown a faster response for shape recovery [315]. Rana et al prepared a PCL based pre-polymer 

nanocomposites by using graphene sheets as cross-linkers. The resulting composite have the 

ability to show almost 97% of shape recovery and recovery time of 10 s at 50 V. Except 

incorporation in polymer matrix graphene can also be coated on polymer surface. Wang et al 

study reveals epoxy polymer coated with graphene sheets on surface and showed a 

recoverability of almost 100% ay only 5 s of time at 6 V [316]. Carbon black (CB) has intrinsic 

electrical resistivity having semi-conductor nature can be used as filler to plant electrical 

properties in a polymer. Thermoplastic-PUs/PLA blends have been prepared with carbon black 

incorporation and change surface morphologies was observed due to CB self-networking 

ability between TPUs and CB. It gives excellent shape recovery properties to a composite. The 

composite having 8% CB contents showed superior shape recovery properties [317]. The graph 

represents the recovery ratio with respect to time in Fig-1.24. 
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Figure-1.24. shape recovery plot ratio vs time for PLA/TPU/CB (70/30/6 and 70/30/8 by 

weight) composites under the voltage of 30 V [318].  

SMPUs/CB based nanocomposite was also developed having laminated structure and two-way 

SME effect was observed without stress conditions. The composite layers stretched up to 50% 

strain at temperature above Tm and then cooled at room temperature for temporary shape 

fixation. Theses layer bent with electric current and return to its original shape after cooling 

[318]. Different other fillers can also be used to increase electrical conductivity of SMPs. By 

using surfactants, the carbon nano-fibers are dispersed in water and assembled to develop 

multi-layer sheet to develop SMPs nanocomposites. By using transfer molding technique PUs 

based shape memory resins have been developed for electrical actuated shape recovery, 

Reduced graphene oxide grafted on CF to enhance the interfacial interaction of shape memory 

polymers. Silver nano-particles were also deposited on the GO to improve electrically 

conductive capability of polymer and it takes 36 s for complete recovery at 8.6 s [319]. 

1.5.5.3. Light induced shape recovery 

Basically, light induced shape memory polymers based in photo-thermal effect. The 

absorbed light normally heats the polymer above its transition temperature and triggers its 

shape recovery. Different photo-thermal fillers have used like organic dyes, graphene, CB, 

CNTs, metal nano rods and nano particles, polymer nano particles and ligands also. A specific 

wavelength of light is associated with these fillers and by absorbing that specific wavelength 

of light it converts luminous energy into specific light energy. Photo responsive shape memory 

effect mechanism is shown in Fig-1.25. 
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                                 Figure-1.25. Photo responsive SME mechanism [320]. 

 

Usually, ligands and organic dyes can be grafted at polymer surface structure while other nano-

filler can be fabricated in the polymer by making their composites. Au- nano particles are 

widely used for their excellent photo-thermal effect. Zhao et al studied the oligomers having 

hydroxyl terminated PCL onto gold nano-particles through ligand exchange process and mixed 

with branched PCL oligomers and crosslinking was induced with HMDI.  The film regains its 

original unrolled shape when 532nm laser is irradiated on it of 25s. The exposure of laser light 

on specific areas of sample corresponding recoveries in shape was observed [321]. An 

exceptional photo-electric effect was also studied by cross-linking poly (ethylene oxide) having 

0.5 % by weight AuNPs. By controlling absorption of Au nano-particle light a temperature 

gradient was established. The film having pre-strain showed complex transformations in shape 

and unique mechanical work on light controlled polymer chain relaxation and results strain 

energy released [322]. Similarly, a very small amount of AuNPs incorporated into semi-

crystalline EVA and without stress two-way shape memory effect was observed upon 

irradiating 532nm light turning on and off  [323]. Au nano-rods (AuNR) have also a very 

effective photo-thermal effect and polarization of light can also be used to manage shape 

recovery. The incorporation of AuNR in PVA can be aligned by stretching the polymer film 

and results light absorbance of 785nm depending on direction of polarization. It was also 

observed that SR only occurs when light polarization occurs parallel to AuNR [324]. The light 

induced shape recovery process molecular mechanism is illustrated in Fig-1.26. 
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Fig. 1.26. The light-induced shape-memory effect molecular mechanism in a imbedded 

polymer network [325]. 

Except showing good photo induced shape recovery properties gold nano particles has many 

disadvantages associated with them also such as high cost, toxicity, bad dispersion and high 

cost also. CNTs have the capability to posses’ absorption in visible and infra-red regions. 

Research also deals with Nafion based nanocomposites having very small amount of SMCNTs 

shoes multiple shape memory effect. Due to good thermal transitions Nafion is able to 

memorize multiple temporary shapes. The different temporary shapes are planned at different 

temperature by adjusting intensity IR range radiation at 808nm [326].  

The photo-thermal effect was also useful to LCEs by using CNTs and in stress and also in stress 

free condition shoes two-way shape memory effect. Nematic LCEs were synthesized by Li and 

his coworkers by using SWCNTs having two-way SME under stress by white light range [327] 

LCEs based on polysiloxane composite also observed the two-way shape memory effect 

without stress. Graphene can also be used like CNTs in SMPs for light-induced SME. TPUs 

was prepared by Liang at al by using sulphonated graphene and the resulting film contracted 

fast when exposed to IR-light [328]. PCL based PUs nanocomposite films have been prepared 

with a specific amount of GO and 4′-ethyoxy-4-(11- hydroxyundecyloxy)-azobenzene to 

introduce triple-SME due to photo-mechanical properties of azo-benzene and photo-thermal 

effect of graphene oxide [329]. By two stages cross-linking LCE/graphene nano-composites 

have been synthesized by in situ photo-polymerization of UV with using hot stretching process. 
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Two-way SME yields by exposing of near-IR light to these composites [330]. Investigators 

Leng and his coworkers studied the styrene-based polymers fabricated with CB shoes IR 

induced SME. It was also observed that pure-SMPs and CB loaded SMPs both can be activated 

in IR-light under vacuum conditions but SME was found fast and superior for CB/SMPs due 

to stronger absorption of IR light. The composites having inorganic filler usually suffer micro-

phase separation. The incorporated polymer particles contain strong photo thermal effect in 

SMPs to enhance miscibility as compare to the in-organic filler. Polydopamine (PDA) is 

helpful to kill cancerous cell due to strong photo-thermal properties and it can be coated or 

incorporated with SMPs to induce dual shape memory effect [331-333]. A small amount of 

PDA is introduced into already prepared cross-linked polymer networks. It results two-way 

SME in stress and stress-free condition also. Micro reports can walk on the track when light is 

turned on and off having PDA contents 0.15% by weight [334]. Different polymers such as 

porphyrin nanoparticles [335]. and polyaniline fibers can also be used to activate two-way SME 

in polymer composites [336]. Infra-red irradiated strain recovery is shown in Fig-1.27. 

           

 

                                  Figure-1.27. Strain recovery with IR radiation [337]. 

1.5.6. Applications of types of shape memory effect 

1.5.6.1. Applications of one-way SMPs 

One way shape memory polymers may be used in bio-medicine and in aerospace 

applications. Distinctive bio-medical applications consist of drug delivery carriers [338] self-

expansion stents [339] clot removal, self-tightening sutures [340, 341] self-deployable devices, 

artificial lenses and bandages, artificially vascular grafts [342, 343] micro vascular actuators 

[344] tissue-engineering [345] and orthopedic applications [346]. The triggered temperatures 

of shape memory polymers can be seal to or a little superior than body temperature. The most 
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feasible way is the employment of circuitous heating methods, like NIR laser, magnetic field. 

This stimulus can heat the shape memory polymers at a specific position within the body. One-

way SMPs can also be used as self-expandable stents and endo-vascular clot elimination 

devices. Moreover bio-medical and aero-space applications, one-way SMPs can be used as an 

actuator [347], sensor, tuning of surface micro-patterns, re-shapeable materials, dry adhesives 

self-peeling, smart textile materials, and optical devices [348]. 

1.5.6.2. triple and multiple SME applications 

Multiple and triple shape memory polymers with two or more transitionary shapes may 

gather attention due to some applications in elegant bio-medical devices. Lendlein and his 

coworkers reported cross-linked polymer networks consist of poly-caprolactone (PCL) and 

polyethylene glycol (PEG), which can fix into the human body as a detachable stent with a 

trampled shape. This stent may extensive to other shape at the preferred position, and finally 

constricted to shape C at 60 °C for easy remove. Triple shape recovery phenomenon is 

represented in Fig-1.28. 

 

Figure-1.28.  Recovery phenomenon of triple SME, heating at 40 and 60 °C [349]. 

1.5.6.3. Two- way SMPs applications 

The basic non-reversibility of one-way SMPs may be  restricted since full reversibility needs 

the use of two-way SMPs in applications, such as footwear, actuators, textiles and artificial 

body muscles [350]. Artificial muscles that are capable to change elongation and contraction 

into weight stimulating motions can developed. Two-way SMPs can be engaged as fibers of 

spacer textiles with thermal responsive thicknesses or as artificial ligament. Micro-meter sized 

particles were prepared by means of two-way SMPs of PCL/PEG polymer net-work with 

possible use as reversibly exchangeable drug delivery carrier. Two-way SMPs can be used to 

control the surface properties from macro-scopic to micro-nano scales. Sheiko and co-workers 

reported the first practice of reversible SME for the actuation of two-way transitions between 
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micro-scopically decorative substrates (Fig-1.30). They used two-way reversible SM for 

copying and scheme the shape of sub μm properties used in optical applications [351]. 

1.6.0. shape memory polymers and their composites applications 

As a innovative smart materials shape memory polymer covers a varied range of 

technical applications such as from outer-space to automobiles engineering. Now a days they 

are considered excellent materials for deployable components structure in aero-space and they 

are qualified for such material applications. The main applications consist of antennas, optical 

reflectors, morphing skin, trusses, booms and hinges etc. [352]. SMPUs have also additional 

potential applications in bio-medicine, self-healing automobiles, smart textile materials and 

actuators, intra-vascular delivery system, seat/hood assembly and also tunable automotive 

brackets in automobiles as well [353]. 

1.6.1. Deployable aero-space structures 

For aero-space deployable devices the structural configuration change in orbit developed 

by use of mechanical hinge, motor driven apparatus and energy stored devices. There is also 

some innate draw-backs of normally used devices such as complex structure, large volume and 

enormous mechanism. By deploying SMPs based fabricated devices can help to overcome 

these limitations of ordinary devices [354]. 

1.6.1.1. Hinge 

Carbon fiber reinforced shape memory polymers-based nanocomposites can be used to 

shape changing structures [355]. Flexural deformation act as main mode of actuation in these 

kinds of structures. During space craft launching in space craft needs to be light weight, 

reliabile and also for cost effectivity for planting other important devices such as solar arrays 

and radiators deployments. The solar array shape recovery process is shown in Fig-1.29. 

 

Figure-1.29. Shape recovery process of a solar array prototype actuated by an SMP-

composite hinge [355]. 
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Epoxy based SMPs composites having reinforced with carbon nano-tubes/fibers are developed. 

These elastic materials have strong capability of shape recovery and stiffness for deployment 

and also weight to strength ratio. The deployable hinges are developed by fabricating elastic 

material composites. The latest research is based on testing of these hinge materials for 

deployable spacecrafts parts [356]. 

1.6.1.2. Ground-based deployable mirror 

SMPUs are appropriate for thin film fabrication, deployable ground mirror and light 

weight due to their unique properties. The mirror is made up of smart materials and coated with 

reflector composite. For excellent reflection the material is electroplated with nickel. Fig-1.30 

represents deformed shape and recovered shape of reflector. 

 

Figure-1.30. SMPs composite reflector: (a) deformed shape and (b) regained shape [357]. 

 

The substrate can change shape for packing and regain its shape from external power supply 

upon external hearing. Deployable mirror developed by SMPs composites the structure consists 

of honeycomb structure and also a mirror surface having carbon nano-fibers and reflective 

coating and microsphere also. The mechanism of working can be illustrated from Fig-1.32 

1.6.2. Morphing structures 

Multi-functionality of flight vehicles can play very important role because it can complete 

more mission in a single flight like high maneuverability and competent cruising [358]. The 

efficiency of the airplane decreases very fast when it moves towards other portion of the flight 

envelop. So, research indicates that to solve these problems change of shape during flight can 

play very vital role. By using these technologies both flights envelop and efficiency can be 
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improved. Different shapes can help to achieve different extra-ordinary characteristics such as 

maneuverability, high speed and energy consumption.  

1.6.2.1.  Application in folding wing 

In latest studies a research group has fabricated enhanced characteristics SMPs which 

are very efficient contender for seamless skin at fold of wings. The morphing feasibility of 

SMPs skin in two dimensional tests is demonstrated [359]. Morphing wing structures are 

shown in Fig-1.31. 

 

 

           Figure-1.31. Z-shaped wing morphing structures developed by Lockheed Martin [360]. 

1.6.3. textiles applications of SMPs 

SM fibers based SMPs can be used to produce smart textile materials that act in 

response to thermal stimuli. SMPs materials can also use for clothing, textiles and associated 

products in the shape of SM fibers and fabrics [361]. The investigation was proceeded by Hong 

Kong poly-technique institute for finishing chemicals for cotton fabrics, garment finishing and 

wool fabrics. The morphology of SM fibers, on the surface of single fiber filament grooves can 

be observed because the traces of after solution extruded [362]. 

The SM finishing fabrics are developed with SMPs coating or films. After washed with hot 

water above its Tg it will regain its original wrinkle free state on drying. It can also use as novel 

sensors in advance medical devices in near future [363]. 

1.6.4. Automobile 

The most important application of SMPUs includes seat assemblies, energy absorbing 

assembly, reconfigurable storage bin, tunable vehicle structures, airflow, hood assemblies, 

control devices and auto-motive body molding [353, 364].  The SMPs have advantage of shape 
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memory behavior, high deformed strain, and low cost also that’s why in recent years a lot of 

attentions have been attracted by SMPUs for auto-mobiles applications and engineering. And 

scientist is trying to replace sensors and actuators and traditional devices.  

1.6.5. Other applications 

 There is a big list of probable applications for SMPs [365], 

(a) SMPs based packaging: packaging of thermal sensitive material such as sensor, food, drug 

and air-based delivery structures. 

(b) Deploy-able assemblies: deployable shelters having thermally insulated hubs, pre-

fabricated walls or slabs, automatic assembly of electronic goods [366, 367]; re-usable shape-

memory polymer [368]. 

(c) Re-creation or sport products: camping equipment and tent material; life jacket, floating 

wheels; snow skis and snow boards. 

(c) Shape memory polymers food equipment:  meal and dishes containers; coffee cups: hot and 

cold storing for food. 

(d) Shape memory toys: toys that have smart structure decoys with high reliability features 

[369]. 

 

1.7.0. Research case study 

1.7.1. Problem statement 

Regardless of the enormous range of applications and probable shapes to attain, the most 

important disadvantage of the SMPs is the relatively low mechanical or tensile strength and 

hardness, toxicity or non-biocompatibility, low thermal stabilities, flame catching ability, and 

shape recovery actuation at very low temperature. Supplementary key restrictions comprise 

little thermal conductivity, electrical inertness, light and electromagnetic stimuli having slow 

response-ability, and large recovery time without complete shape recovery. All these factors 

are hurdles towards a replacement of polymers with metal alloys even having a large number 

of advantages over alloys. Potential applications of such kinds of materials are frequently 

inadequate mainly when high-performance is essential. Another very important aspect of 

limited application is ductility of these polymeric materials and their very limited re-useability. 

Usually, PU and its nanocomposites have low flexibilities which are easy to break and cannot 

use again and again for long period of time. Inadequate flexibilities, high ductility and low 
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strength with limited re-processability is main hurdle in their daily life application such as 

robotics parts, moveable joints, robotics skin and auto-body parts.  

1.7.2. Hypotheses 

a) The predominant hypothesis is that what kind of modifications are possible into PU and 

commercially available polymers backbone which can lead the material as a possible 

replacement of metal. As per literature, one strategy is like metal alloys to prepare polymer 

alloys or blends. PU is selected due to its versatile nature having alternating hard and soft 

segment domains with desired tune-able properties.  

b) Secondly filler modification can be done to enhance physical and chemical interaction 

between polymer and filler, to improve conductivities, and to avoid aggregation for uniform 

dispersion and fabrication. 

c) Thirdly to improve the mechanical strength, thermal stabilities, hardness, and flexibilities 

polymer alloying approach (blending of different polymers) is used either by chemical or 

physical interaction between both polymer layers to enhance miscibility and to improve the 

properties of both polymers (synthesized polymer and modified polymer). 

d) Similarly, filler modification is done to enhance physical and chemical interaction between 

polymer and filler, to improve conductivities, and to avoid aggregation for uniform dispersion 

and fabrication.  

e) To get rid of these difficulties a new group of shape-memory nanocomposites (SMCs) has 

been intended to design [370, 371]. Commonly, they are formed by the incorporation of one or 

more organic or inorganic nanofillers such as nanotubes, nano-fibers, nano-spheres, nano-rods, 

etc. within the polymer template. The advantages of the integrated nano reinforcing agents are 

dependent on their large definite surface area, high hardness, and their intrinsic functionalities 

such as electrical conductivities; water-responsive, etc. for that reason the synthesized SMCs 

can be characterized by enhanced superior thermal, tensile, and electrical properties [372]. In 

the majority of cases, they are considered as multi stimuli-responsive materials with large 

functionality [373, 374], these are responsible for characteristics that increase their uses as 

smart textile materials and apparel [375], intelligent smart medical devices [376, 377],  smart 

flexible electronic equipment and devices, sensors and actuators [378],  smart and elevated 

performance water permeability membranes [379], self-deployable and self-folding smart 

structures in spacecraft, and many others. These days, the SMCs are taking part in the wave of 
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recent polymer materials modernization by the increased number of published scientific articles 

in recent times [379, 380]. 

1.7.3. Aims and objectives 

     As this research involves the synthesis of advanced polyurethane biocompatible materials 

and its blends nanocomposites for enhanced properties and it is crucial to demonstrate efficient 

shape recovery at ambient conditions. The complete aims and objectives of the research are 

discussed below.  

❖ A series of PU pre-polymer and PU polymer with chain extender will be synthesized 

with different polyols and chain extenders. 

❖ A facile environmentally friendly approach without catalyst will be used to synthesize 

different bio-compatible PU polymers.  

❖ Polymer modification will be performed to enhance interaction between both polymers 

and also to improve the different properties of polymer by introducing the desired group 

in the polymer chain. 

❖ Multiwalled carbon nanotube (MWCNTs) functionalization will be proceeded for the 

proper fabrication of nanofiller in polymer matrix without aggregation to enhance all 

desired properties. 

❖ Polymer alloying (blending) of both polymer (synthesized-PU and modified polymer) 

with different properties will be performed by mixing both polymers with solution 

casting technique to achieve desired properties such as flexibility, robustness, thermal 

stabilities, multiple shape recovery, and compatibility. A series of PU/PS blend 

nanocomposites will be synthesized as follows. 

Scheme-1: PU pre-polymer/FMWCNTs with varying ratios of FMWCNTs will be 

synthesized. 

Scheme-2: PU/dual-FMWCNTs with varying ratios of FMWCNTs will be synthesized. 

Scheme-3: PU/PS/FMWCNTs with varying ratios of FMWCNTs will be synthesized. 

Scheme-4: PU/PS-NO2/FMWCNTs with varying ratios of FMWCNTs will be 

synthesized. 

Scheme-5: PU/PS-NH2/FMWCNTs with varying ratios of FMWCNTs will be 

synthesized. 
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❖ The pre-designed PU and its blends/composites will be characterized by FTIR, XRD, 

and RBS analysis, their thermal stabilities, mechanical and shape recovery properties 

will be determined by thermal analysis (TGA), tensile test, and shape recovery 

respectively. 

❖ Enhancement in properties like conductivities, fire resistance, mechanical properties, 

thermal stabilities, flexibilities, and efficient shape recovery can be achieved by 

fabricating different PU- blend nanocomposites, PU/polymer blends, and PU/polymer 

blend nanocomposites with functionalized -MWCNTs. 

❖ The properties of synthesized PU pre-polymer, PU and its blends, and blended-

nanocomposites will be studied and compared.  

❖ Blending and MWCNTs fabrication will impart a positive effect on all these properties 

and help to attain efficient shape recovery within a small interval of time with 

repeatability, selectivity and makes them high-performance materials at high 

temperature and ambient conditions for technical application which is the main hurdle 

towards the polymer applications to replace metal. 

❖ Blending with PS polymers will help to decrease ductility, easy brake, and provide 

flexibility with repeatability and reusability to the material which makes it compatible 

for technical applications. The modification of PS will play an important role by 

generating physical and chemical networks with the PU chain.  

❖ Our main aim is to synthesize compatible smart materials with enhanced properties that 

will be used in robotics, smart auto-body parts, robotics smart skin morphing structure, 

self-deployable structures for aerospace engineering, and medical devices in place of 

expensive metal alloys in near future.  
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2.0. Experimental  

2.1. Experimental design 

The primary focus of these experiments has the concept validation of enhancement in 

mechanical, thermal stabilities, conductivity, and especially shape recovery properties of 

synthesized PU, its nanocomposites with conductive filler and polyurethane/polystyrene 

blends.  

A pre-requisite of experimental design was the synthesis of polyurethane- prepolymer and 

polyurethane polymer by using different chain extenders. Secondly, to enhance the different 

properties of synthesized-PU and already available polymer by using polymer alloying 

approach or polymer blending technique using solvent mixing approach. All the syntheses were 

performed without catalyst environment-friendly conditions. Polyurethane nanocomposite and 

PU/PS blend nanocomposites films were also synthesized with functionalized MWCNTs filler. 

Filler medication with an acidic and amino group was performed to enhance chemical and 

physical interaction between polymer and functionalized filler for uniform dispersion in the 

polymer matrix. The complete process of polymer synthesis, polymer modification, polymer 

blending/alloying, and nanocomposite synthesis see chapter-3. The complete experimental 

design is demonstrated in scheme-2.1 
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               Scheme-2.1. Complete scheme of experimental design with labeled properties 

The confirmation for the synthesis of pre-designed PU and its blends was done by using FTIR 

and the degree of crystallinity and amorphous nature was confirmed by XRD analysis. The 

comparison of thermal and tensile properties was performed by using thermal analysis and 

Instron 5500 series respectively. The shape recovery comparison was performed by evaluating 
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recovery time and %age recovery of synthesized polymer films due to enhanced conductive 

nature. 

The synthesis of biocompatible-PU and its blend nanocomposite was prepared with improved 

toughness, thermal stabilities, enhanced mechanical strength, and excellent shape recovery 

properties with repeatability. To achieve all these properties in a single specimen without a 

catalyst is quite remarkable for their future application. The comparison can be made between 

the synthesized-PU, its nanocomposite its blends nanocomposites sample, and results can be 

drawn on these bases.   

2.2. Material and Methods 

Polyethylene Glycol (PEG) average molecular weight (Mn~4000), Tetrahydrofuran (THF) 

99.5%, Tin Chloride (SnCl2), Multiwall carbon nanotubes (MWCNTs) O.D._L 6–9nm 95% 

(carbon) were used as received from Sigma (UK). Toluene diisocyanate (TDI) 97%, Sulphuric 

acid (H2SO4), Nitric acid (HNO3), Phloroglucinol (PGC), and hydrochloric acid (HCl) were 

obtained from Sigma (UK). Polystyrene (PS, Mw~192,000), Tetrahydrofuran (THF, 99.5%), 

Phloroglucinol (PGC, 99.0%) were acquired from Aldrich. Polystyrene (PS, average 

Mw_192,000), were acquired from Aldrich (UK). 

2.2. PU pre-polymer/FMWCNTs               

2.2.1. MWCNTs Functionalization 

2.2.1.1. Purification of MWCNTs  

The multi-walled carbon nanotubes (MWCNTs) were weighed and placed in an oven for 30 to 

40 minutes of oxidation at high temperatures up to 420°C. After cooling at ambient 

temperature, the MWCNTs were carefully removed from the oven and weighed again. The 

mixture was sonicated for three hours without any heating after the measured CNTs were 

treated with 20ml/g of HCl. Purified MWCNTs were prepared by suction filtering of this 

solution mixture using 0.4mm Whatman filter paper and drying the filtered MWCNTs in an 

oven for more than 5 hours at 100°C. The purified MWCNT were weighed. 
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Scheme-2.2; Purification of MWCNTs 

2.2.1.2. Acid Functionalization of MWCNTs 

One-gram multiwall carbon nanotube (MWCNT) O.D._L 6–9nm_5 mm, >95% (carbon) were 

taken and sonicated. With sonication, MWCNTs were refluxed in a mixture of (1:3) of 5M 

nitric acid (HNO3) and 8M sulphuric acid (H2SO4) obtained from sigma Aldrich for 24 hours 

at 70oC. After reflux filtration was proceeded with cellular membrane filter paper by adding 

deionized water. Washing with deionized water several times was performed to obtain pH 

about (6-7) for acid-functionalized MWCNTs [381]. The complete process of MWCNTs 

purification and acid functionalization is shown in scheme-2.2&2.3. 

 

                                    Scheme-2.3; Acid-functionalization of MWCNTs 

2.2.2. Synthesis of PU pre-polymer (PU-control) 

A one-shot process without catalyst was used to prepare polyurethane. 0.8 g 0.005 moles of 

toluene diisocyanate (TDI) and 0.7g of polyethylene glycol (PEG) having molecular weight 

4000 were taken in the round bottom flask and 30ml of tetrahydrofuran (THF) was added in to 

dissolve them. The reaction was put under reflux for 4 hours at 800C at constant stirring. After 

4 hours reaction mixture was poured into the petri dish for film casting and kept at room 
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temperature at the ambient environment for complete evaporation of the solvent and thin-film 

casting. After 48 hours a thin film was obtained and stored for further analysis.   

 

                                          Scheme-2.4; Synthesis of PU pre-polymer   

2.2.3. PU pre-polymer nano-composite synthesis with functionalized-MWCNTs 

(FMWCNTs) 

Polyurethane was prepared by the above process after that FMWCNTs were dissolved in 10ml 

of THF by complete stirring for 15-20 minutes. The resultant solution was added to the 

polyurethane mixture. And the solution was put under reflux for again 4-5 hours. After that, 

the solution was sonicated for 2 hours for complete dispersion of FMWCNTs in the polymer 

matrix. The solution was poured into the petri dish for film casting and the solvent was removed 

at room temperature. A series of PU/FMWCNTs composite was obtained by using varying 

ratios of FMWCNTs as discussed in Table 2.1.  
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                                  Scheme-2.5; synthesis of PU/FMWCNTs nanocomposite 

 

 

Figure-2.1: Synthesized thin films of selected sample 

2.2.4. Thermally induced Shape memory effect 

The shape recovery is a characteristic phenomenon of shape memory polyurethanes having 

repeatable hard and soft segments domains. These kinds of materials are fabricated under 

bending load for shape recovery performance studies to use them as practical applications as 

smart materials. To avoid combustion indirect heating source was used to study the shape-
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memory phenomenon. A setup used for the shape memory analysis was consist of a hot plate 

fitted with a heating probe and a concave glass petri dish was placed on the surface such a way 

that air can trap into it, basically to avoid direct contact of the sample with the heating surface 

to avoid sample damage. The thermometer was attached with the glass Petri to observe 

fluctuation in temperature during the recovery process. The shape recovery process was studied 

for synthesized PU-control and PU-nanocomposite with different loading amounts of 

FMWCNTs by this process. The time of recovery was noted and compared for different 

samples.  

 The sample was heated above its glass transition temperature and it changes 

into a rubbery state then the mechanical load was applied. The sample was molded into a new 

temporary U- shape and after complete cooling, it was fixed into that shape at ambient 

conditions due to stored elastic/mechanical energy. After complete fixation into a temporary 

shape, the sample was reheated up to its glass transition temperature, alternation of hard and 

soft domains takes place due to the release of stored energy and change in physical and 

chemical interaction so the sample recovers again its original shape.  

2.2.5. Calculations and measurements of shape recovery 

 A very simple and novel approach is used for the measurement of the shape 

recovery phenomenon after regular intervals of time. The percentage recovery in shape was 

calculated subsequently, on the basis of bend widening and length changes upon heating. A 

common vernier caliper was used to calculate the percentage shape recovery can be determined 

by the following equation [382]. 

 

             %S.R = Percentage shape recovery 

            lD = Length of total deformed shape 

           lR = Length of recovered shape 

The following expression was used first time for shape memory calculations. By using the 

following formula % age shape recovery was calculated and the time of recovery was 

calculated and compared. 
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2.3   PU/dual-FMWCNTs based nanocomposites                                                      

2.3.1. MWCNTs Functionalization 

Two different modifications (acidic & amino) were proceeded to induce different 

functionalities for uniform dispersion.  

2.3.1.1. Acid-functionalization of MWCNTs 

MWCNTs were purified and acidic modified with the same process as discussed in previous 

sections 2.2.1.1 & 2.2.1.2 [381]. 

2.3.1.2. Amino-functionalization of MWCNTs 

After purification of 3g of MWCNTs were dissolved in 30ml of THF by constant stirring. A 

mixture of HNO3 and H2SO4 of (70:30) ratios was prepared. Slow addition of acidic mixture 

in MWCNTs solution was performed in the ice bath. After complete addition with constant 

stirring, the resulting mixture was neutralized with NaOH solution. Several washes with 

distilled water were performed for complete neutralization. After filtration, the nitro-

functionalized MWCNTs were dried for 8-10 hours in the oven. 

A 2g of nitro-functionalized MWCNTs was taken and dissolved in 20ml of THF. The 

mixture of 10g of SnCl2 and 20ml of HCl was taken and heated at 600C until a complete color 

change. Each solution was mixed thoroughly in the round bottom flask and put under reflux at 

800C for 2 hours. After that solution was washed with NaOH solution to neutralize and after 

several washes, with distilled water the amino-functionalized MWCNTs were obtained and 

dried at 600C for 10 hours [383]. 

 



82 
 

                                        Scheme-2.6; Amino-functionalization of MWCNTs 

2.3.2. Synthesis of Polyurethane with chain extender 

0.8g of Toluene diisocyantes (TDI) 97% and 0.7g of polyethylene glycol (PEG) 

MW=4000 was dissolved in Tetrahydrofuran (THF) 95% to obtain segmented polyurethane 

(PU) by using condensation reaction. The mixture was refluxed at 80oC for 3 hours with 

constant stirring to obtain pre-polymer. After obtaining pre-polymer phloroglucinol (PGC) 

0.2g was added as a chain extender to obtain PU. The resulting PU was poured into a petri dish 

for film casting at room temperature. 

 

 

                                        Scheme-2.7; Synthesis of PU with chain extender 

2.3.3. Synthesis of Polyurethane composite with functionalized MWCNTs 

(FMWCNTs) 

For polyurethane nanocomposite (PUNC) synthesis the same method was adopted as discussed 

above. The mixture of amino-functionalized multiwall carbon nanotubes (amino-FMWCNTs) 

and acid-functionalized multiwalled carbon nanotubes (acid-FMWCNTs) (1:1) was dissolved 

into 20ml of THF. The resulting solution was added into the entire mixture and let  
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                      Scheme-2.8; Synthesis of PU nanocomposites with MWCNTs mixture 

to reflux for next 2 to 3 hours. The sonication was done for the next 1-2 hour. The mixture was 

transferred into petri-dish for film casting at room temperature. For codes and composition of 

the synthesized thin-film see Table-2.2.  

 

Figure-2.2: Synthesized thin films A, P-control; B, P-CA1; C, P-CA3; D,P-CA4 

                             



84 
 

 

Figure-2.3 Synthesis of PU and its nanocomposite with FMWCNTs and PU and nanofiller 

interaction 

2.4. PU/PS/FMWCNTS based blend nanocomposites 

2.4.1. MWCNTs Acid-functionalization 

One-gram MWCNT (as modified in the previous section 2.2.1.2) was taken for the synthesis 

of PU nanocomposites and their blends [384]. 

2.4.2. Synthesis of pre-polymer and polyurethane by using chain extender (PUsim) 

Segmented polyurethane was prepared by condensation reaction between polyethylene glycol 

(PEG) 0.7g and Toluene diisocyanate (TDI) 0.8g and using PGC as chain extender through 

two-step approach (see 2.3.2). The film was cast for further analysis. 

2.4.3. Synthesis of PU/FMWCNTs nanocomposite 

For the preparation of polyurethane nanocomposite, the same procedure was adopted as 

discussed for polyurethane synthesis. After obtaining PU the functionalized multiwall carbon 

nanotubes (FMWCNTs) were dissolved into 10ml of THF and added into and the whole 

mixture was allowed to reflux for another 2 to 3 hours and sonication was proceed for almost 

2 hours. The mixture was poured into Petri for film casting at ambient room temperature. 
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                                          Scheme-2.9; Synthesis of PU/FMWCNTs nanocomposites films 

2.4.4. Preparation of Polyurethane/Polystyrene composites (PU/PS-FMWCNTs)  

For the synthesis of PU/PS blends with FMWCNTs the first step is the synthesis of PU-polymer 

as discussed above. After PU synthesis the PS solution was thoroughly mixed with PU at room 

temperature and put under reflux again. The temperature of the solution mixture was gradually 

increased up to 80oC and constant stirring was performed for 2 hours.  For PU/PS/FMWCNTs 

composites the above solution mixture of PU/PS was cooled up to room temperature and 

FMWCNTs was introduced in it by constant stirring. The temperature of the solution was again 

increased to 80 oC.  PU/PS/MWCNTs solution was refluxed for at least 3 hours and sonication 

was proceed up to 1-2 hours for uniform dispersion of FMWCNTs in blend matrix and avoid 

aggregation. A series of PU/PS/FMWCNTs composites have been  
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Scheme-2.10; Synthesis of PU/PS/FMWCNTs blend nanocomposites 

synthesized by varying the weight percent of nanofiller in both polymer blend matrices. Sample 

codes and composition of synthesized composites are mentioned in Table-2.3 
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Figure 2.4. Synthesized polymer thin films A. PUsim, B. PU-5A1, C. PU-5A2, and D. PU-

5A3 

 

2.5. PU/PS-NO2/FMWCNTs based nanocomposites 

2.5.1. MWCNTs Functionalization 

 (See section 2.2.1.1 & 2.2.1.2 for MWCNTs purification and functionalization) 

2.5.2. Synthesis of Polyurethane pre-polymer and PU with chain extender and 

PU/FMWCNTs nanocomposite 

See section 2.3.2 for the complete process of PU synthesis. 

2.5.3. Nitro-functionalization of Polystyrene   

Polystyrene (PS) 10g was weighed and thoroughly dissolved in 150 ml Tetrahydrofuran (THF) 

in a flask by the continuous stirring of 1-2 hours. The 70:30 solution of Nitric acid (HNO3) and 

Sulphuric acid (H2SO4) was prepared (70% HNO3 and 30% H2SO4). Now resulting acid 

solution was dropwise added into the prepared PS solution. After the complete edition of the 

mixture, the approximate volume of PS solution was changed into a yellowish hard mass which 

indicates the completion of the nitration process. After nitration NaOH was poured into it for 

acid neutralization. The whole solution mixture was placed at 0oC in the ice bath for 2-3 hours 

and then the solution was refluxed for 2-3 more hours and was washed with NaOH solution 

and dried in an oven for 12 to15 hours (depends upon physical condition). 
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                         Scheme-2.11; Nitro-functionalization of polystyrene polymer [381] 

2.5.4. Synthesis of Polyurethane (PU) and polystyrene nitrated (PS-NO2) based 

nanocomposites with functionalized multiwall carbon nanotube (FMWCNTs)  

Toluene diisocyanate (TDI) 0.8g and 0.67g of polyethylene glycol (PEG) were dissolved in 

30 ml of tetrahydrofuran (THF) in the round bottom flask and put under reflux for 1 hour at 

80c temperature. Phloroglucinol (PGC) having a weight of 0.04g was added to it as a chain 

extender and put under reflux at 80c temperature for 2 to 3 hours. Polystyrene nitrated (PS-

NO2) was weighed 1.5g and dissolve in THF.  
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                  Scheme-2.12; Synthesis of PU/PS-NO2/FMWCNTs blend nanocomposite                             
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 The temperature of the resulting PU mixture was decreased up to room temperature and the 

solution of polystyrene was added into it very slowly at room temperature and the temperature 

of the solution was raised again to 80c and placed at reflux for 3 to 4 hours.  

 

Figure-2.5. Thin films of selected synthesized samples A, PU-sim; B, PU-5B1; C, PU-5B2; 

D,PU-5C3.    

Now the mixture was poured into a petri dish at room temperature for film casting. By varying 

the FMWCNTs concentrations to 0.05, 0.1 and 0.2, and 0.3g a series of blend nanocomposites 

was prepared and examined. For synthesized composition and sample code see Table-2.4. 

 

Figure-2.6. Synthesis of PU/PS-NO2/FMWCNTs blends 
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2.6. PU/PS-NH2/FMWCNTs based blend composites    

2.6.1. Acid-functionalization of MWCNTs and PU synthesis 

 1g of carboxylic acid-functionalized MWCNTs were taken for further processing as discussed 

in the general procedure in section 2.2.1.2. 

2.6.2. Amino-functionalization of polystyrene 

Nitrated-polystyrene (PS-NO2) 10g was taken and dissolved in 50 ml of THF in a flask by 1–

2-hour continuous stirring. Stannous chloride (SnCl2) 120g was weighed and hydrochloric acid 

(HCl) 120 ml was added into it and placed on heating at 60oC till disappearance of color. Now 

both solutions (PS-NO2 and SnCl2) were mixed in the flask and were put under reflux at 80oC 

for at least 2 hours, now resulting solution was thoroughly washed with NaOH and distilled 

water until complete neutralization. The resultant nitrated-polystyrene (PS-NO2) which was of 

light yellowish color was properly dried at 60oC in the oven for at least 10-12 hours. 

 

                        Scheme-2.13; Amino-functionalization of polystyrene polymer 
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2.6.3. Synthesis of Polyurethane composite with functionalized MWCNTs 

(FMWCNTs) 

For the preparation of polyurethane nanocomposite, the same procedure was adopted as 

discussed for PU/FMWCNTs synthesis in section 2.4.3. 

2.6.4. Synthesis of blend nano-composites of Polyurethane (PU) and Polystyrene 

amino-functionalized (PS-NH2) with functionalized multiwall carbon nanotube 

(FMWCNTs) 

For polymer blend synthesis two different polymers were used. The first polymer PU was 

synthesized by the pre-polymer method as discussed earlier. Amino functionalized polystyrene 

(PS-NH2) was prepared by already reported method by our earlier research Ahmed et al. After 

synthesis of PU-polymer the PS-NH2 1.5g was taken and weighed amount of FMWCNTs were 

also added in it. The PS-NH2 was firstly dissolved in THF with a given amount of FMWCNTs. 

The resulting solution was added to the PU solution. The resulting mixture was stirred and 

refluxed for 4-5 hours at 800C in an oil bath. The solution was poured into a petri dish and 

placed at ambient temperature for film casting.  
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                  Scheme-2.14; Synthesis of PU/PS-NH2/FMWCNTs blend nanocomposites 

A series of PU/ PS-NH2/FMWCNTs blend nanocomposite was synthesized by varying the 

FMWCNTs concentration and film were cast for further analysis. For sample codes and 

composition see Table-2.5 
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Figure-2.7. Synthesized thin films of selected samples; A, PU-sim; B; PU-com; D, PU-5C1 

2.7.0. Sample codes and their compositions 

Table-2.1: Sample codes and composition of synthesized thin films of PU pre-polymer/FMWCNTs 

S.No. Sample code Composition 

1 PU-control Polyurethane pre-polymer- pristine 

2 PU-com A Polyurethane pre-polymer /0.01%FMWCNTs 

3 PU-com B Polyurethane pre-polymer / 0.05%FMWCNTs 

4 PU- com C Polyurethane pre-polymer / 0.1%FMWCNTs 

5 PU- com D Polyurethane pre-polymer / 0.2%FMWCNTs 

6 PU-com E Polyurethane pre-polymer /0.3%FMWCNTs 

 

    Table-2.2: Sample codes and composition of synthesized thin films PU/dual FMWCNTs nanocomposites 

S.No. Sample code TD1/PEG/PGC/dual-FMWCNTs Composition 

1      P-control 0.8 / 0.7 / 0.4/- Neat-polyurethane 

2 P-CA1                0.8 / 0.7 / 0.4/-0.01g Polyurethane/0.01g dual-FMWCNTs 

3 P-CA2 0.8 / 0.7 / 0.4/0.05g Polyurethane/ 0.05g dual-FMWCNTs 

4 P-CA3 0.8 / 0.7 / 0.4/0.1g Polyurethane/ 0.1g dual-FMWCNTs 

5 P-CA4 0.8 / 0.7 / 0.4/0.3g Polyurethane/ 0.3g dual-FMWCNTs 

6 P-CA5 0.8 / 0.7 / 0.4/0.5g Polyurethane/0.5g dual- FMWCNTs 
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7 P-CA6 0.8 / 0.7 / 0.4/0.7g Polyurethane/ 0.7g dual-FMWCNTs 

 

Table-2.3: Sample codes and composition of synthesized thin films PU/PS/FMWCNTs blend composites 

S.No. Sample code Composition 

1 PU-Sim Polyurethane- pristine 

2 PU-Com Polyurethane/FMWCNTs 

3 PU-5A1 Polyurethane/polystyrene/ 0.01gFMWCNTs 

4 PU-5A2 Polyurethane/polystyrene/ 0.05gFMWCNTs 

5 PU-5A3 Polyurethane/polystyrene/ 0.1gFMWCNTs 

 

                                  

 Table-2.4: Sample codes and composition of synthesized thin films PU/PS-NO2/FMWCNTS blend 

S.No. Sample 

code 

Composition Composition code 

1 PU-Sim Polyurethane- Simple/Neat PU 

2 PU-Com Polyurethane/FMWCNTs PU/FMWCNTs 

3 PU-5B1 Polyurethane/polystyrene-nitrated/ 

0.01gFMWCNTs 

PU/PS-NO2/FMWCNTs 0.01 

4 PU-5B2 Polyurethane/polystyrene-nitrated/ 

0.05gFMWCNTs 

PU/PS-NO2/FMWCNTs 0.05 

5 PU-5B3 Polyurethane/polystyrene-nitrated/ 

0.1gFMWCNTs 

PU/PS-NO2/FMWCNTs 0.1 

6 PU-5B4 Polyurethane/polystyrene-nitrated/ 

0.2gFMWCNTs 

PU/PS-NO2/FMWCNTs 0.2 

7 PU-5B5 Polyurethane/polystyrene-nitrated/ 

0.3gFMWCNTs 

PU/PS-NO2/FMWCNTs 0.3 

 

   Table-2.5: Sample codes and composition of synthesized thin films PU/PS-NH2/FMWCNTs blends 
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S.No. Sample code PU/PS-NH2/FMWCNTs Composition 

1                    PU-5Sim 1.5g / - / - Polyurethane- Simple/Neat 

2  PU-5Com 1.5g / - / 0.1g Polyurethane/FMWCNTs 

3 PU-5C1 1.5g / 1.5g / 0.01g Polyurethane/polystyrene-

NH2/ 0.01g FMWCNTs 

4 PU-5C2 1.5g / 1.5g / 0.05g Polyurethane/polystyrene- 

NH2/ 0.05g FMWCNTs 

5 PU-5C3 1.5g / 1.5g / 0.1g Polyurethane/polystyrene- 

NH2/ 0.1g FMWCNTs 

6 PU-5C4 1.5g / 1.5g / 0.25g Polyurethane/polystyrene- 

NH2/ 0.25g FMWCNTs 

7 PU-5C5 1.5g / 1.5g / 0.5g Polyurethane/polystyrene- 

NH2/ 0.5g FMWCNTs 

 

 

1.8. CHARACTERIZATION TECHNIQUES 

 1.8.1. Fourier Transform Infra-Red Spectroscopy (FT-IR) 

The FTIR analyzer FT/IR-6600 from JASCO was used to examine PU and its nanocomposites. 

The functional group, physical, and chemical interactions with the polymer chain and CNTs 

were determined using FTIR. Infrared radiation is passed through a sample in infrared 

spectroscopy. When infrared light is sent through a thin film, some of it passes through while 

the rest is absorbed by the sample. For pre-designed PU, absorption frequency varies by 

functional group and bond. Unknown materials can be identified, sample quality can be 

verified, and the number of components in a mixture can be determined using IR spectroscopy. 

It is the most useful tool for analysis and PU synthesis due to its sensitivity, speed, and 

wavelength precision. It's also a non-destructive method that can be used on liquid, solid, and 

gas samples. 

1.8.2. X-RAY diffraction analysis (XRD) 

Using an STOE Theta-–Theta diffractometer, XRD analysis was used to determine the 

crystallinity and molecular spacing of the sample (Germany). The most well-known family of 

techniques for investigating structural aspects of material is X-ray diffraction (XRD). XRD has 
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traditionally been used on thick or powdered materials due to its penetration depth and ability 

to expose the material's core structural features. Thin-film structural properties, on the other 

hand, are frequently examined using surface characterization techniques (e.g., atomic force 

microscopy), with the internal structure being approximated as being comparable to the surface 

structure 

For the determination of crystallinity and molecular spacing of the sample, XRD analysis was 

performed using an STOE Theta-–Theta diffractometer (Germany). X-ray diffraction (XRD) 

is the most well-known family of techniques to investigate the structural properties of a 

material. Traditionally, XRD is employed on thick or powdered materials because of its 

penetration depth and thus its ability to reveal internal structural properties of the material. On 

the other hand, thin films structural properties are often investigated by surface characterization 

techniques (e.g., atomic force microscopy), approximating the internal structure as being 

similar to the surface structure. This, however, may not be the case. Vertical phase segregation 

and structural alterations have been seen in organic ultra-thin films, highlighting the need for 

further research. 

1.8.3. Rutherford Back Scattering (RBS) 

Rutherford backscattering is a technique used in elemental analysis. RBS detects alpha particles 

scattered off target, as well as elemental composition and thick film thickness. Ion scattering 

is a technique for analyzing solid surface layers in which ions with energies ranging from 0.5 

to 4 MeV are bombarded on the target material. Detectors, which are energy sensitive and 

usually solid-state, are used to record the energy of backscattering. RBS aids in the quantitative 

determination of material and element depth profiling. RBS investigates a number of crucial 

variables. Scattering is proportional to the square of incident particles as well as the nucleus 

being targeted. In thin targets, scattering is proportional to target thickness. 

RBS is a very useful approach because it eliminates the necessity for a reference sample. It's a 

non-destructive approach with high sensitivity and depth resolution. 

1.8.4. Scanning Electron Microscopy (SEM) 

The surface morphologies of thin films of PU-control and its nanocomposites were studied and 

compared using MIRA3 TESCAN to examine and compare the surface morphologies of thin 

films of PU-control and its nanocomposites as a function of FMWCNT loading concentration. 

For all of the experiments, a 20 KV excitation voltage and secondary electron (SE) model was 
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used. It's a type of technology that scans samples with high-energy electrons to create images. 

The electrons that interact with the atoms in the sample produce signals that carry information 

on the surface topography, composition, and other properties. Before exposing the sample to a 

high-powered electron beam, it must be sputtered. SEM is a technique for studying the surface 

of a solid object directly. The topography, morphology, composition, and crystallographic 

information of material can all be seen with SEM. It has a large depth field, allowing a large 

number of samples to be focused at once and producing a good representation of a three-

dimensional sample due to high magnification, greater depth of field, high resolution, 

compositional and crystallographic structure information, making it a popular research and 

analysis technique. 

1.8.5. Thermal gravimetric analysis (TGA) 

An SDT-60 instrument equipped with TGA/HT DSC HSS2 was used for thermal gravimetric 

analysis (Jeol Japan). TGA analysis supports the initial percentage weight increase, which is 

attributable to oxidative processes. Under an inert environment of N2, the thermal stabilities of 

pristine PU and its blended composites were investigated and compared. TGA and derivate 

thermogravimetry (DTG) curves were recorded at temperatures ranging from 100 to 750 0C. 

1.8.6. Tensile Strength 

Tensile tests were carried out at room temperature utilizing ASTM D882 universal testing 

equipment (Zwick/Roell, Ulm, Germany). The cross-head motion was at a rate of 20 mm/min. 

The results of three measurements were averaged for each sample. Tensile strength is the 

maximum tension that a material can withstand. It is the maximum tensile stress that a material 

can withstand before failing. The highest point of the stress-strain curve is used to determine 

ultimate tensile strength. Yield strength, ultimate strength, and breaking strength are the three 

forms of strength most people are familiar with. Tensile testing can be used to determine a 

material's strength, ductility, elasticity, and stiffness. Force is applied to the specimen in two 

opposed directions (hydraulic cylinder), and force and elongation are measured. For PU thin-

film testing, sample preparation for tensile tests is critical. 
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3.0. Results and Discussion 

3.1. PU pre-polymer/FMWCNTs based nanocomposites 

For synthetic composition and sample codes please see Table 2.1. 

3.1.1. Fourier transverse infrared spectroscopy (FTIR) 

PU and its nanocomposites were analyzed by FTIR analyzer FT/IR-6600 which is 

manufactured by JASCO. FTIR was performed to determine the functional group, physical and 

chemical interaction with polymer chains and CNTs.  

 Fig-3.1 reveals the disappearance of the NCO peak around 2250 and the appearance of the N-

H broad peak around 3314 cm-1 involve the synthesis of pre-designed polymer and its 

suggested structure. Amongst all the peaks, the peak around 1100cm-1 showed (C-O-C 

stretching vibration); while the peak around 1223 cm-1 represents (C-O stretching vibrations) 

respectively. The peak at 1585 cm-1 and 1672 cm-1 indicates the H-bonded and urethane free 

carbonyl group stretching vibrations respectively. Absorbance peaks around 1520-1540 cm-1 

were due to (aromatic ring), and 1310-1330 cm-1 represents (CH2 wagging). The absorbance 

peak at 2889 cm-1 shows (CH2- group symmetric stretching vibrations); characteristic band 

around 3302 cm-1 represents urethane group stretching frequency of NH which confirms the 

PUs in the polymer chain [385]. 

 

                  Figure-3.1: FTIR Spectrum of selected samples PU-control, PU-com A to PU-com D. 
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Due to the same composition of all the sample and carbon nanotubes as a filler, there is no 

evident peak difference arises in FTIR spectra. Having similar spectra confirms the PUs 

synthesis with the same composition for all the samples. The only observable difference in the 

case of PU-MWCNTs nanocomposites is due to the peak intensity around 3400 cm-1 decreases 

as the concentration of FMWCNTs increases owing to better interaction (physical or chemical) 

between filler and polymer chains. The disappearance of absorbance peak around 2280 cm-1 of 

CNO and the appearance of a new peak around 3410 cm-1 clearly indicate the formation of 

polyurethane. 

3.1.2. Rutherford Back Scattering (RBS) 

Table-3.1 of RBS analysis of PU-control reveals that carbon has the highest content which is 

0.88 due to its presence in the polymeric backbone. The supplementary constituents of the 

polymer chain are nitrogen and oxygen however they are present in very small amounts i.e., 

0.044 and 0.106 respectively. The traces of Sulphur (S) are also found in very small amounts 

i.e., 0.0003 since during acid functionalization of multiwalled carbon nanotubes sulphuric acid 

(H2SO4) was used. Chlorine (Cl) is also present in trace amounts because of the use of 

hydrochloric acid (HCl). Similarly, the carbon concentration was a little higher in PU-com A 

(0.882) than in the control because of functionalized carbon nanotubes. PU-com B has a little 

higher amount of carbon than PU-control and PU-com A because of FMWCNTs concentration 

which was used as filler.  As the concentration of FMWCNTs increases the amount of carbon 

also increases from sample PU-control to PU-com E which can be observed in table-IV other 

elements such as nitrogen, oxygen, sulfur is also found in traces and the concentration can be 

observed in Table-3.1.     

                               Table-3.1: RBS Analysis of PU- control and its nanocomposites 

Sample ID Carbon % Nitrogen % Oxygen% Sulfur% Chlorine% 

PU- control 0.88 0.044 0.106 0.0003 0.0005 

PU-com A 0.882 0.03 0.147 0.0302 0.011 

PU-com B 0.886 0.0297 0.141 0.0279 0.011 

PU-com C 0.889 0.0.0296 0.148 0.0.0308 0.011 
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PU-com D 0.894 0.0298 0.146 0.0307 0.011 

PU-com E 0.91 0.0293 0.148 0.0308 0.011 

 

3.1.3. Scanning Electron Microscopy (SEM) 

Field emission scanning electron microscopy (FE-SEM) analysis was performed by using 

MIRA3 TESCAN to study and compare the surface morphologies of thin films of PU-control 

and its nanocomposites as a function of loading concentration of FMWCNTs. 20 KV excitation 

voltage and secondary electron (SE) mode was in use for all the experimental observations.  

The surface morphologies of neat- PU, the nanocomposites with different loading 

concentrations of FMWCNTs were observed under SEM (Fig-3.2). The neat-PU has a 

comparatively smooth brittle surface with very little apparent aggregation at the surface (Fig-

3.34 A). In the case of increasing, loading amount concentration of nano-filler showed good 

dispersion and state of exfoliation due to better interfacial interaction between FMWCNTs and 

PU chain. Some MWCNTs enrich aggregates are also found present when the concentration of 

nanofiller exceeds a specific level. The suggested mechanisms for improved dispersion state in 

FMWCNTs/polymer nanocomposites are the winding, twisted and long MWCNTs (Fig-3.2C) 

can hold and form blocks between multi-layer of polymer to reduce their restacking ability and 

cause prevention to form re-aggregation. All these factors help in uniform dispersion. 
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, 

Figure-3.2:  SEM micrographs of specimens A) PU-control, B) PU-com A, C) PU-com B, D) PU-com C, E) 

PU-com D, F) PU-com E,  

The second mechanism which supports the presented results is the strong physical and chemical 

interaction between polymer and FMWCNTs. These interlinking can cause strong interfacial 

interaction between layers, so nanofiller become embedded and help in uniform dispersion by 

avoiding agglomeration and globules formations. It is evident from presented data, as these 

interactions become more penetrated and stronger, they form interconnected structures of 

FMWCNTs in polymer chain which causes to enhance thermal, mechanical, and shape 

recovery properties due to better-conducting abilities of nano-filler even at higher loading 

amounts where chances of globules formation and aggregation are evident. Due to FMWCNTs 



104 
 

highly dispersed uniform networks of TPU matrix were achieved. Better dispersion potential 

was observed at lower loading of FMWCNTs and it conceives very strong three-dimensional 

inter-connected networks and enhanced thermal, mechanical, conductivity, and shape recovery 

properties are expected. 

The SEM analysis confirms distributions of CNTs particle size between 20 nm and 100 nm. 

The fully dispersed, and exfoliated, carbon nanotubes are found in different samples. Only a 

few CNTs are visible due to different microphase structures embedment. The mass fractions 

above 100 nm are responsible for the aggregation of FMWCNTs 

3.1.4. Thermal Gravimetric Analysis (TGA) Analysis 

TGA was performed by using TGA/HT DSC HSSC2 supplied by Mettler Toledo. TGA was 

performed to determine decomposition temperature ranges and relative thermal stability of the 

polymer and its nanocomposite under an inert (N2) atmosphere. Fig-3.3 clearly shows the TG 

curve of weight loss up to 7000C.  TG data clearly indicates three different degradation stages. 

The TG curve of the specimen at temperature 350oC presents relative weight loss at first 

decomposition (Td1) of samples was 16%, 14%,15%,16%, and 18%, respectively Table-3.2. 

The TGA data of the first degradation clearly indicates that in the first decomposition (Td1) 

from ambient to around 350oC the relative decomposition is very small in this region. The 

augments show the least decomposition and greater thermal stability in this region which 

indicates all samples are comparatively more stable in this region.  

                      Table-3.2: TGA Analysis of PU- control and its nanocomposites of selected samples 

S.No After 

time 

     (s) 

Temperature 

     (0C) 

                      % weight loss of samples 

PU-control PU-

com A 

PU-

com B 

PU-

com C 

PU-

com D 

1 1968 350 16 14 16 15 18 

2 2490 440 53 51 66 63 53 

3 3770 653 91 86 89 87 83 

 

The second degradation at 440oC the observed percentage weight loss was 53%, 51%, 

63%,61%, and 53%, for PU-control, PU-com A, PU-com B. PU-com C, and PU-com D for 
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selected samples respectively. The second degradation Td2 indicates that more weight loss was 

observed for nanocomposites in this region due to the presence of different phases as compared 

o the neat-PU and its nanocomposite. The end residue for the samples at 690oC was 9, 14, 13, 

11, and 17% for the respective sample.  

The second segments show maximum weight loss of the samples in this region due to greater 

oxidizable species on the surface as the content of nano-filler increases. The same pattern can 

be observed in the third segment of the TGA graph in which end residue of the sample. The 

noticeable point was as the filler content increases from a specific value the thermal stability 

starts decreasing due to the formation of aggregation of FMWCNTs due to which more 

oxidation on the surface was observed. Due to the formation of networks, more FMWCNTs 

cannot be incorporated in the polymer matrix which basically forces to lower the thermal as 

well as other properties of samples also. 

 

                         Figure-3.3: TG plots for PU-control and selected composites samples 

FMWCNTs have the capability to delay the degradation process by acting as a barrier against 

the fast removal of the degradation process. The strong interfacial interaction and uniform 

dispersion of FMWCNTs act to provide a ground for physical and chemical bonds between 

nano-filler and polymer. This can reduce the nano-filler thermal boundary resistance and help 

in smooth transferring of heat in a polymer matrix; it also helps in uniform heat distribution 

facilitation throughout nanocomposite sample which was the basic aim to achieve of this 

research to get thermally trigger shape memory effect. More char residue is evident as the 
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concentration of FMWCNTs increases which act as a barrier against volatile products during 

the decomposition process. 

3.1.5. Tensile properties 

The tensile strength of the sample basically depends upon the strength of interaction (physical 

or chemical) and the uniform dispersion of nanofiller in the polymer matrix. The uniform 

dispersion and aggregation of phases also play a vital role in the determination of the tensile 

strength of the sample.  

Above the percolation threshold, the mechanical reinforcement of FMWCNTs becomes 

impressive. In this research, Table-3.3 presents the tensile properties of neat- TPU with 

FMWCNTs nanocomposites. The fast and prominent enhancement in tensile modulus and 

strength is evident up to a certain loading amount of functional filler. The neat-PU exhibited 

the tensile strength 16.6 MPa and tensile modulus 25.2MPa but as the FMWCNTs were added 

in PU matrix up to 0.01 g the exhibited improvement was 31.9 and 63%. Meanwhile, the 

corresponding values for 0.05g of FMWCNTs decrease to some extent probably due to the 

formation of globules or agglomeration. The non-uniform dispersion can cause micro-defects 

and voids due to restacking of FMWCNTs in the polymer matrix. After more increase in 

FMWCNTs up to 0.3g the strength increased 43.5MPa but more amount of filler loading does 

not affect tensile properties significantly as described in Table-XVII. We suggest the 

improvement in mechanical properties achieved because of high degree load transfer due to 

significant interfacial interaction between FMWCNTs and TPUs. Another reason that affects 

mechanical properties is FMWCNTs comprises high modulus and it has large volume inside 

polymer matrix due to which fracture strain value normally decreases for TPU. 

Table-3.3: tensile properties comparison of samples PU-control and different nanocomposites with 

FMWCNTs 

S.no Samples Filler 

content 

Ultimate 

tensile 

strength 

(MPa) 

Tensile 

strength 

modulus 

(MPa) 

Elongation at break  

(%) 

1 PU-control - 16.6     ± 2.4 25.2   ± 2.1  339     ± 13.3 

2 PU-com A 0.01 31.9    ± 2.9   29.4    ± 1.9   276     ± 19.11 
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3 PU-com B  0.05 27.4     ± 2.1  28.3   ± 2.07 227     ± 12.7 

4 PU- com C 0.1  37.1     ± 2.3  35.6    ± 2.21  216     ± 17.9 

5 PU- com D 0.2 43.5    ± 3.1  39.5   ± 2.17  179     ± 12.1 

6 PU-com E 0.3      43.7    ± 2.8   36.2   ± 2.10  167     ± 12.2 

 

According to the mixture, law sample reveals positive deviation from experimental results as 

presented in Fig-3.4(A, B, C) and it explains by better dispersion and good (physical and 

chemical) interlinking and interfacial adhesion which provides excellent load transferability 

and retards defects and micro-cracks which help to dissipate extra mechanical stress.  

 

Figure-3.4: tensile properties and Young’s modulus comparison of PU-control and its nanocomposite 

with different concentrations of FMWCNTs 

 

Basically, results indicate that due to the addition of nanofiller in polymer the tensile properties 

of the sample increase due to better interaction (physical and chemical) of nanofiller and 

polymer matrix as can be observed in Fig-3.4. But it was noticeable that after a certain amount 

of nanofiller addition as can be seen in SEM results from Fig-3.34 the agglomeration takes 

place due to excess quantity of FMWCNTs and hence it caused to decrease in the tensile 
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strength as well as modulus values of the sample. The elongation at break was also observed 

to decrease in the polymer matrix as filer content increases due to hardness because as filler 

content increases the hardness of the sample was also observed increased that’s why elongation 

at break was also decreased. 

3.1.6. Shape memory studies 

A comprehensive shape memory study was performed and a comparison was done. The sample 

thin film was taken and placed into the setup that was specifically built for the thermally 

induced shape memory phenomenon.  The heat flow was controlled by placing a petri dish at 

the hotplate surface to trap air inside having fitted with the thermometer at the surface. The 

complete %age shape recovery of selected samples with respect to recovery time is shown in 

Table-3.4. 

 

 Table-3.4:  %age shape recovery calculation table for different selected samples at the same temperature 

 

Time 

(second) 

PU-control 

(% age recovery) 

PU-com A 

(% age recovery) 

PU-com C 

(% age recovery) 

PU-com D 

(% age 

recovery) 

5 sec 5 7 9 8 

10 sec 12 16 21 14 

15 sec 26 37 46 32 

22 sec 42 58 70 51 

29 sec 53 71 92 65 

39 sec 68 84 100 78 

52 sec 79 93 - 100 

66 sec 83 100 - - 

103 sec 100 - - - 
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Figure-3.5. Complete shape recovery phenomenon with molecular architecture for 

synthesized PU thin films 

 

The PU-control % recovery was determined first and all selected samples were compared with 

it.  The sample was heated above its glass transition temperature until it become rubbery. By 

applying physical stress, (see supplementary material) the sample was mold into a temporary 

U-shape (as can be seen in Fig-3.6B) and was placed at ambient condition for some time to fix 

into a temporary deformed state. Shape recovery data confirms that complete shape (almost 

100%) recovery for the PU-control was observed after 103 seconds. Almost 53% of the shape 

recovery was observed after 29 seconds of heating at 80-90oC for pristine-PU as depicted in 

Fig-3.6.  

 

                                     Figure-3.6: Shape recovery phenomenon of synthesized PU-control 

PU-com A which contains 0.01% of FMWCNTs shows complete recovery after 66 seconds 

which is almost half of the PU-control (Fig-3.7). PU-com C which has 0.1% of FMWCNTs 

shows complete recovery after 39 seconds. The reason for to decrease in shape recovery time 

of the sample is good thermal conductivity due to functionalized multi-walled carbon nano-

tubes filler to which causes to decrease in recovery time as demonstrated in Fig-3.8 (see 

supplementary material). Another reason for enhancement in shape recovery response in 

FMWCNTs based nanocomposite has switchable hard and soft segments molecular domains 
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due to polyurethane molecular architecture. By applying heat as external stimulus and physical 

stress these samples can be molded into new temporary shapes. The composite can regain its 

original shape after reheating by releasing stored mechanical energy due to physical stress and 

the time of recovery may vary depending upon the concentration of FMWCNTs and their 

physical and chemical interaction with the polymer chain 

 

                                             Figure-3.7: Shape recovery of synthesized PU-com A 

 

 The phenomenon involved in this process is the hard and soft domains of polyurethane and 

switchable molecular architecture. The polyol provides soft segments domains and isocyanate 

is responsible for hard domains in the polyurethane chain. When the sample is heated up to a 

specific level the alternation between hard and soft domains takes place and the soft domains 

act as a metal spring. When we apply physical stress, these domains help to change shape 

without any break. After deformation, cooling of these alternating domains at ambient 

conditions helps to fix polymer and its nanocomposites into a new deformed state by storing 

energy provided by stress. When the sample is again heated above its glass transition 

temperature (Tg) by absorbing heat polymer become rubbery again by the alternation of these 

molecular hard and soft switches and the mechanically stored energy is released in this process 

so it helps to recover its original shape by obtaining the same pattern of hard and soft domains. 

In the case of polymer nanocomposites addition of FMWCNTs in the polymer matrix, the 

recovery time decreases due to the excellent conductive nature of carbon filler. The excellent 

heat energy dissipation helps to obtain a rubbery shape which leads to achieving early Tg due 

to the formation of FMWCNTs networks in the polymer matrix, it helps to conduct heat easily 

in the polymer matrix so recovery time decreases to great extent [386, 387].                               
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                                            Figure-3.8:  Shape recovery of synthesized PU-com C 

Another phenomenon that plays a vital role in the shape recovery process is the physical and 

chemical interaction between the polymer chain and FMWCNTs. So, the alternation of 

physical and chemical bonds is basically responsible for the shape recovery phenomenon of 

the composite sample. For this reason, the polar nature of hard segments is responsible for 

physical cross-linking while soft segments generate reversible phases. As the sample heated 

and it became rubbery the physical and chemical bonds become weak and can be mold or 

reshaped by applying physical stress it can be changed into a temporary deformed state. When 

the sample is cooled in a deformed state it fixes again by making new physical interaction. 

Uniform dispersion, amount, and functionalization of nanofiller also play a very important role 

to enhance shape recovery and thermal properties of PUs nanocomposites. It can cause a 

decrease in shape recovery time depending upon loading amount and good dispersion of 

FMWCNTs in the polymer matrix. As the FMWCNTs concentration increases the recovery 

time decreases significantly due to better thermal conductivity. But after a certain amount of 

FMWCNTs nanofiller, agglomeration starts in a polymer matrix which hindered the thermal 

conductivity and these agglomerates can be observed in SEM results and hence recovery time 

increases as can be seen in the case of sample PU-com D [388] 
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                               Figure-3.9: Shape Recovery calculation graph for different selected samples 

Agglomerates also play an important role to predict the shape recovery time of the sample.  As 

the agglomerates increases in polymer nanocomposite, the recovery time increases due to 

greater energy dissipation in the polymer chain which hinders the thermal conductivity and the 

sample takes greater time for recovery as can be seen in Fig-3.9 (see supplementary material).    

3.1.6.1. Fractured surface shape memory comparison 

One important fact that was observed during the determination of shape recovery phenomenon 

was a comparison of shape recovery of damage of fractured surface with the non-fractured 

surface. The comparison is shown in Fig-3.10(A&B). During the first recovery study when the 

sample PU-com B was molded into a temporary shape as shown in Fig-3.10A (see 

supplementary material). Its complete recovery time was observed after 34 seconds and the 

sample was recovered from both folds almost equally. Sample regains almost 75% of its shape 

in the first 15 sec (as can be seen in the video of supplementary material) and gain complete 

shape in more time up to 34 seconds. 
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                                      Figure-3.10:  Shape recovery test of PU-com B non-fractures sample 

 

But during the repetition of the shape recovery phenomenon of PU-com B, a crack was 

observed in one of the molded temporary halves as can be seen in Fig 3.10-B. After fixing to 

new temporary shape with the proper cooling sample was reheated to observe shape recovery 

phenomenon. The complete shape recovery was observed after 39 seconds which is a little 

higher than a non-fractured sample but the important phenomenon that was noted in the non-

fractured fold was recovered first and very little recovery was observed in the fractured fold as 

can be seen in Fig 3.10-B. But as the non-damaged fold was fully recovered an instant regain 

of shape was also observed in the fractured fold also (can be seen in the video of supplementary 

materials) 

The reason for this kind of phenomenon which was observed in PU-com B was due to the non-

fractured surface absorbs most of the heat and recovers faster than the fractured part. As the 

non-fractures part gets complete recovery then the fractured part starts getting recovery. It is 

obvious that first heat is dissipated into the polymer matrix in the non-fractured part and after 

recovery heat starts transmitting into the fractured part. The recovery is a little slow due to 

fracture but the sample gains its original shape after 39 seconds. The results indicate that even 

due to fracture heat can be transmitted into nanocomposite and full shape recovery can be gain. 

Results indicate that molecular switches can be activated by using conductive filler. The shape 
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recovery time can be decreased by using FMWCNTs and their good dispersion. The greater 

amount of nanofiller can cause agglomeration in the polymer matrix which can cause an 

increase in shape recovery time.  

3.2.0. PU/dual-FMWCNTs based nanocomposites 

For details and synthetic composition please see Table-2.2. 

3.2.1. Fourier transverse infrared spectroscopy (FTIR) 

The N-H peak around 3335-3400 cm-1 represents the characterization band of polyurethane. 

NCO peak disappearance around 2200-2250cm-1 and appearance of a peak at 3400cm-1 involve 

the pre-designed polyurethane synthesis. The peak around 2874-2922cm-1 reveals the CH- 

symmetric stretching vibrations of the CH2 group. The characteristic absorbance peak around 

1702-1722cm-1 represents C=O urethane free non-hydrogen bonded, similarly, the absorbance 

peak of symmetric stretching vibrations at 1597-1616cm-1 shows hydrogen-bonded C=O 

respectively. The absorbance peak at 1500-1535cm-1 is due to the aromatic ring, while peak 

around 1225-1241cm-1 indicates NHCOO group of newly synthesized products respectively. 

The characteristic stretching absorbance band of C-O-C corresponds around 1078-1088cm-1 

which confirms linkage between OH and NCO group which provides strong evidence of PU 

synthesis [385] 
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     Figure-3.11. FTIR spectra of selected samples (P-control, P-CA1, P-CA3, and P-CA5) 

 

The peaks around 3335-3400cm-1 in all samples indicate that as FMWCNTs 

concentration increases, the peak becomes less broad due to better interaction of FMWCNTs 

with PU. As filler content increases the N-H characteristic peak becomes less broad as Fig-

3.11 represents. It confirms the formation of PU-nanocomposites by grafting of FMWCNTs 

and proper fabrication in PU matrix  

 

3.2.2. X-ray diffraction analysis (XRD) 

The fabrication of FMWCNTs was firstly investigated by the X-ray diffraction method, which 

also informs about the crystallographic properties of TPUs and their nanocomposites. Fig-3.12 

reveals the WAXS of pristine-PU and its nanocomposites with different loading amounts of 

FMWCNTs nanofiller. The PU-nanocomposites did not show peak 2Ɵ=260 due to orderly 

arrangement and uniform dispersion of FMWCNTs carbon concentric cylinders-based filler 

and better interfacial interaction. The diffraction peak around 2Ɵ=430 is because of 

carbon/graphitic planes and trapped catalyst inside FMWCNTs during their functionalization 

process [385]. The typical diffraction peak around 2Ɵ=200 represents the thermoplastic hard 
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crystalline domains for filler filled and neat-PU. The amorphous region displays a large 

scattered area and the addition of FMWCNTs narrows the TPUs crystalline peak of hard 

domains, which indicates an increase in the degree of crystallinity. 

The small diffraction peak around 2Ɵ=430 attributes the higher concentration of 

FMWCNTs structures in nanocomposites and Vander wall forces and π-π interactions and it 

also suggests some re-aggregation in PU-matrix. The additions of dual-FMWCNTs assist the 

non-crystalline part of hard domains to regulate its structure into the crystalline phase [389]. 

 

  Figure-3.12. XRD spectra of selected samples sample (P-control, P-CA1, and PCA3) 

3.2.3. Thermal gravimetric analysis (TGA) 

The thermal stabilities pattern of pristine PU and its nanocomposites with a mixture of dual 

functionalized-MWCNTs under (N2) inert atmosphere is illustrated in Fig-3.13. Fig-3.13A 

presents percentage (%) weight loss as temperature increased up to 7500C called TG curves. 

Similarly, Fig-3.14 depicted a derivative of %weight loss with increasing temperature called 

DTG curves. The key determining parameters from Fig-3.13 and Fig-3.14 are presented in 

Table-3.5. The Td10%, Td50%, Td70% are Td100% are at temperature where 10%, 50%, 70% and 
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100% weight loss has been realized respectively. Similarly, Tmax is the temperature where the 

maximum loss in mass takes place in the DTG curve. 

Table-3.5. TG- DTG analysis of blend nanocomposite samples (PU-5sim, PU-5com, PU-5C1, PU-5C2, and 

PU-5C3) 

 

Sample    

code 

 

Td (10%) 

0C 

 

Td (50%) 

0C 

 

Td 

(70%) 

0C 

 

T max 1 

0C 

 

T max 2 

0C 

 

T max 3 

0C 

 

Char 

residue (%) 

over 7000C 

        

P-control 288 386 487 276 418 546 11.2 

P-CA1 327 429 568 296 422 556 11.6 

P-CA3 338 435 571 349 428 575 14.1 

P-CA5 334 422 551 361 436 583 22.8 

 

Three main degradation stages are evident from TG/DTG data. In nanocomposites, the %age 

decomposition values and the temperature maximum weight loss have been shifted toward 

higher values as compared to the pristine-PU, for nanocomposites having a mixture of dual 

functionalized-MWCNTs as Table-3.5 data presents. The Td10%, Td50%, and Td70% of pristine-

PU are 288,386 and 4870C respectively, while nanocomposites having 0.05g of FMWCNTs 

mixture the thermal decomposition values stand at 327,429 and 5710C. By increasing more 

amount of hybrid functionalized filler up to 0.1g the percentage weight loss was observed at 

338, 438, and 5680C respectively.  
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Figure-3.13. TGA micrograph of selected samples (P-control, P-CA1, P-CA3, and P-CA5), A: complete 

thermal decomposition of selected samples, B: represents 1st decomposition zone, C: 2nd decomposition 

zone, D: 3rd decomposition zone during thermal decomposition 

The results indicate the positive effect of FMWCNTs mixture on relative thermal stabilities in 

PU-nanocomposites with increase loading amount. The efficient enhancement in relative 

thermal stabilities of composites is related to high thermal heat conductivity and diffusivity of 

FMWCNTs as compare to pristine-PU. Dual functionalized-MWCNTs can delay the thermal 

degradation phenomenon by serving as a barrier against underlying PU-matrix degradation 

product fast removal. We also suggest due to amino-functionalized MWCNTs strong chemical 

interaction is developed and acid-functionalized MWCNTs physical interaction was 

established, the strong interfacial interaction was developed by uniform dispersion and grafting 

of amino-functionalized MWCNTs in the polymer matrix because uniform dispersion provides 

an efficient platform for chemical and physical interaction between nanofiller and polymer 

matrix. It significantly reduces PUs and FMWCNTs thermal boundary resistance and helps the 

inefficient transfer of heat from the TPUs matrix and FMWCNTs filler. This process facilitates 

smooth allotment in nanocomposite samples by preventing the hotspot formation significantly. 
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Figure-3.14.  DTGA micrograph of selected samples (P-control, P-CA1, P-CA3, and P-CA5), A: complete 

DTG curve of selected samples, B: represents 1st maximum thermal decomposition zone, C: 2nd maximum 

decomposition zone, D: 3rd maximum decomposition zone during thermal decomposition 

The small loading amount of FMWCNTs can help to decrease the glass transition temperature 

(Tg) for nanocomposites. More the chemical and physical interaction between nanofiller and 

polymer matrix in case of dual functionalized filler (amino and acid functionalized) more will 

be the chemical and physical interaction, which helps to enhance thermal stabilities and reduces 

thermal decomposition by acting as a barrier against it. The sufficient incorporation and proper 

fabrication of FMWCNTs can also limit the mobility of the polymer chain which also causes 

enhancement in tensile and shape recovery properties [390, 391]. More char residue is also 

evident for FMWCNTs loading amount increases as compare to pristine-PU, which also serve 

as a barrier for volatile products during decomposition. The char residue for the sample was 

observed at 11.2, 11.6, 14.1, and 23% respectively as the loading amount of dual functionalized 

filler increases as discussed in Table-3.5. 
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3.2.4. SEM analysis 

The SEM micrograph in Fig-3.15 was observed under SEM for neat-PU and its 

nanocomposites with dual-FMWCNTs. Relatively very smooth surface morphology was 

observed for pristine-PU in (Fig A). In the case of dual-FMWCNTs loading 0.01g, some 

MWCNTs embedded nanotubes are visible on the surface due to better interfacial interaction 

of grafted FMCNTs and properly fabricated FMWCNTs in the TPUs matrix. With proper 

fabrication and uniform dispersion some aggregates are also visible in the case of 0.05g and 

0.1g loading amount of dual-FMWCNTs filler (Fig-3.15 C&D). Some FMWCNTs enrich 

aggregates are still evident as the concentration of filler increases. Apart from little aggregates 

and enrich FMWCNTs domains the dual FMWCNTs filler presents good dispersion of dual-

FMWCNTs as can be seen in (Fig-3.15 B-E). In SEM micrograph phase separation is clearly 

evident in most of the cases between both phases. Some obvious white spots also suggest the 

theory of uniform dispersion of dual-FMWCNTs in the polymer matrix. A very few polymers 

coated FMWCNTs are also evident in SEM micrograph as the loading amount of FMWCNTs 

increases.  

Quite a few particles of the hard-phase were also observed dispersed and encapsulated 

in the PU matrix. a few of the crystallites can be observed in micrographs of different sizes and 

shapes due to the rigid domains of the PU matrix. With a low loading amount, FMWCNTs are 

not visible but as the loading amount increases some obvious white spots become visible which 

favors the idea of properly grafted and fabrication of FMWCNTs in polymer matrix by 

generating both chemical and physical interaction. However, some porosity is also evident due 

to less grafting and not uniform dispersion of FMWCNTs in the polymer matrix. 

As the loading amount of FMWCNTs increased up to 0.5g the aggregation is visible 

due to the formation of globules. The rough and dispersed surface can be seen in (Fig-3.15 F). 

As the concentration of FMWCNTs increases from a certain level, it starts restacking and form 

a rough surface with evident aggregation on the surface which effect on tensile and shape 

recovery properties. 
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Figure-3.15. SEM micrograph of samples at a different resolution, A: P-control, B: P-CA1, C: P-CA2, D: 

P-CA3, E: P-CA4, and F: P-CA5 

The main mechanism suggested for uniform dispersion state in TPUs- nanocomposites is due 

to twisted and long MWCNTs can lodge between multi-layers to minimize multi-layer 

restacking. The second most probable phenomenon involved in uniform dispersion is chemical 

(grafting of amino-FMWCNTs) and physical (acid-FMWCNTs) interaction with PUs matrix. 
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The strong physical and chemical interaction between nanofiller and polymer can help in the 

proper uniform fabrication of nano-filler in polymer by avoiding re-aggregation and 

agglomeration. The physically and chemically interconnected structures due to dual-

FMWCNTs help to enhance proper fabrication by generating interconnected networks. The 

dual-FMWCNTs prevent FMWCNTs from restacking and also favor uniform dispersion in the 

polymer matrix. These physically and chemically grafted interconnected structures of dual-

FMWCNTs and PUs matrix are known as hybrid functional filler networks.  

The SEM study shows CNT particle size distributions of 20 nm to 100 nm. Carbon nanotubes 

that are fully distributed and exfoliated can be discovered in a variety of samples. Due to the 

embedment of distinct microphase structures, only a few CNTs are visible. Aggregation of 

FMWCNTs is induced by size above 100 nm. Due to strong three-dimensional networks CNTs 

form stronger three-dimensional networks for appropriate fabrication. Due to these 

interactions, we expect enhanced mechanical, thermal, and shape recovery properties of the 

nanocomposite. Similarly, non-covalent interaction has been found indispensable for shape 

recovery performance of PUs.  

3.2.5. Tensile strength  

A small loading amount of FMWCNTs can help to increase storage modulus and tensile 

properties of TPUs nanocomposites, also it can cause a decrease in glass transition temperature. 

Stronger will be the interfacial interaction larger will be storage modulus by limiting polymer 

chain segment motion. The chemical interaction (grafting) and physical crosslinking between 

FMWCNTs and TPUs play a vital role to predict the mechanical properties of the 

nanocomposites. 

In our particular research, the loading amount 0.3g of dual-FMWCNTs mixture showed 

excellent mechanical properties. Table-3.6 shows the tensile properties of pristine PU and its 

nanocomposites. Increment in tensile properties and strength of nanocomposites with 

increasing loading amount of filler is rapid and prominent. The observed tensile strength of 

pristine-PU was 32.17MPa, while by incorporation of 0.01g of dual-FMWCNTs the observed 

enhancement was 47.98MPa. Similarly, by adding 0.3g of FMWCNTs the maximum tensile 

strength of 62.13 MPA was achieved as shown in Fig-3.16. After that limit, more amount of 

filler causes a decrease in tensile strength due to re-aggregation and globules formation which 

is evident in SEM micrographs also. 
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Table-3.6.  Tensile test data of neat-PU, PU-com, and blends with varying FMWCNTs ratios 

Sr.n

o 

Samples Filler 

content 

Tensile 

strength      

(MPa) 

Load at break 

(N) 

Extension at break 

(mm) 

Break 

elongation 

(%) 

1 P-control - 32.17±1.2 91.84±4.3   0.85±0.3      4.10± 0.9 

2 P-CA1 0.1g 47.48±2.1 116.01±5.7   1.09±0.7      5.28± 0.11 

3 P-CA2 0.01g 48.90±2.4 117.09±5.4            1.13±0.2      5.34 ±0.17 

4 P-CA3 0.05g      50.81±1.9 138.61±4.3    1.24±0.7      5.9 ± 0.15 

5 P-CA4 0.1g 62.13±3.1      211.29 ±4.7   1.34±0.9      6.44 ± 0.2 

6 P-CA5 0.25g      40.83±1.8 107.25±4.2    0.99±0.2      4.76 ±0.17 

 

We suggest that significant enhancement in mechanical properties is basically achieved due to 

sufficient interfacial interaction by grafting of amino-FMWCNTs and physical interaction of 

acid-FMWCNTs with TPUs, which causes a high degree of load transfer. Another important 

factor of significant improvement in tensile properties is FMWCNT's higher modulus due to 

higher volume fraction in the PUs matrix. The dual-FMWCNTs based TPUs fracture strain 

values decreased by filler restacking and agglomeration, filler causes imperfection and voids 

which results in local stress concentration [392, 393]. 

The strength of nanocomposite tensile properties is dependent on the chemical and 

physical interaction of nanofiller with polymer chain and distribution pattern of both phases. 

The nanofiller distribution effect is apparent in the tensile properties of the nanocomposites. 

The stress-strain profile is shown in Table-3.6. The tensile data trends for all nanocomposite 

samples reveal that tensile properties have sufficient enhancement as dual-FMWCNTS loading 

amount increases. A sudden increase in tensile properties is evident when 0.01g of dual-

FMWCNTs mixture was added. It is clearly due to the chemical interaction formed between 

the thermoplastic-PU chain and amino-FMWCNTs (called FMWCNTs grafting), while acid-

FMWCNTs form physically cross-linked networks which also plays a vital role in tensile 

properties enhancement. Due to efficient chemical and physical crosslinking and proper 

fabrication enhancement in tensile properties is evident up to 0.3g of dual-FMWCNTs loading 
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concentration. But as the concentration of filler increases up to 0.5g it causes voids and defects 

due to restacking and re-aggregation of nano-filler in polymer matrix by forming globules and 

causes a decrease in tensile strength. Another suggested reason for the decrease in tensile 

strength is less interaction between FMWCNTs adsorption over PU chain surface. 

 

Figure-3.16. Tensile values of all selected samples A: tensile strength, B: load at the break, C: extension at 

break 

 

The non-homogenous fabrication of FMWCNTs may cause globules formation and can also 

initiate crack propagation. The initiated cracks can reduce nanocomposites tensile modulus. 

The alignment, fabrication, and interfacial interaction (physical & chemical) play a vital role 

in mechanical properties determination. The effective interfacial adhesion between FMWCNTs 

and TPUs matrix leads towards effective load transfer, it also retards the formation of flaws 

and emerging micro-cracks and additional mechanical dissipation energy [394].   

3.2.6. Shape memory behavior  

3.2.6.1. Shape recovery phenomenon comparison between pristine –PU and its 

nanocomposites 

Thermal triggering of shape recovery is observed through indirect heating by folding sample 

in U-shape at high temperature, followed by successive cooling at an ambient temperature 

around 200C o attain temporarily deformed shape. The complete phenomenon is illustrated in 

Fig-2.11 A prompt response was observed for all the samples under heat. The shape recovery 
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time of pristine-PU and its nanocomposites was recorded and compare, almost 100% shape 

recovery was observed for the entire samples with respect to time.  

Pristine-PU complete recovery response was observed after 12 seconds (s) to its original shape 

from deformed temporary shape as presented in Fig-3.17. Nanocomposite having 0.01g loading 

of dual-FMWCNTs mixture, almost 100% shape recovery was observed after 10s of 

consecutive heating. After that complete recovery, no other change in shape was evident even 

after 2 minutes of heating as depicted in Fig-3.18. Similarly using more quantity of dual-

FMWCNTs filler up to 0.3g the shape recovery time was reduced to 8s as shown in Fig-3.19 

A. 100% shape recovery in a very small interval of time is evident from presented results for 

all the samples which are excellent achievement for these kinds of polymer materials. 

 

                    Figure-3.17.  Thermally-induced shape-memory phenomenon of Pristine-PU 

 

It is obvious that dual-FMWCNTs incorporation in the PU matrix results from a noticeable 

increment in shape recovery. The fact is accredited to the formation of chemical interaction 

(grafting) and physical interlinking pathways over the nanofiller surface that helps to 

strengthen the polymer network due to better interfacial interaction. Thermal, electrical 

conductivity, and tensile properties are critical parameters to attain high-performance shape 

recovery PU and its nanocomposites. 
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                      Figure-3.18. Thermally triggered shape-memory phenomenon of P-CA 

 

Basically, PU consist of alternating hard and soft segment domains, heating above glass 

transition temperature (Tg) alternation in switchable domains takes place and the polymer 

becomes rubbery from a brittle state. A particular condition by applying physical stress 

polymer can be molded into desired temporary shape without any fracture or weak point.  

Sufficient cooling in an ambient environment helps in temporary shape fixation. Soft domains 

play a vital role in deformation because it provides the spring-like architecture to PU-matrix 

and also helps to store deformation mechanical energy. The reason for taking a larger time for 

a complete recovery by pristine-PU is the poor electrical and thermal conductivity of PU, while 

due to excellent thermal capabilities and tortuous nature CNTs can help in uniform conduction 

of heat and electricity in the sample [395]. Dual-FMWCNTs form strong physical and chemical 

interaction act as excellent material for thermal conduction. Due to excellent conductive 

properties PU-nanocomposites shows the prompt response to heat and more enhanced and 

reduced time shape recovery can be observed. 

                                      

                    Figure-3.19. Thermally triggered shape-memory phenomenon of P-CA4  
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Uniform dispersion has the key role in predicting tensile, thermal, and shape recovery 

properties because better will be dispersion better will be electrical and thermal conductivities. 

In some cases, restocking and agglomeration can disturb the uniform dispersion of filler in PU 

matrix as can be seen in Fig-3.15 F of the SEM micrograph. Agglomerates sufficiently effect 

to reduce tensile, thermal, and shape recovery properties of the PU.  

3.3.0. PU/PS/FMWCNTs based blend composites 

For sample codes and composition please see Table-2.3. 

3.3.1. Fourier transverse infrared spectroscopy (FTIR) 

FTIR analysis of the sample was performed by using FTIR analyzer FT/IR-6600typeA 

manufactured by JASCO (Resolution 4 cm-1). FTIR was used to determine the functional 

groups and hydrogen bonding between hard and soft domains in polyurethane. It is also used 

to study the effect of the interaction of FMWCNTs with polymer chains. 

Fig-3.20A the peak at 3336 cm-1is attributed to the stretching vibration of the NH group of hard 

segments while the peak intensity at 2891 cm-1 represents the –CH2
_ aliphatic stretching 

vibrations. The peak intensity at 3336 favors the H-bond interaction in hard and soft segments 

of PUs. Urethane-free carbonyl group peak shows stretching vibrations at 1713cm-1. The H-

bonded carbonyl group is represented by peaks at 1601 cm-1. Bending vibration of the C-N 

group is attributed to peaks at 1508 cm-1. A strong peak at 1230 cm-1 shows the stretching 

vibrations of C=C. C-O-C symmetric stretching vibrations are represented by peaks at 1078cm-

1.  

Fig-3.20B shows the peak at 3359 cm-1which attributed to stretching vibrations of the NH 

group of hard segments in PU/FMWCNTs nanocomposite. The enhanced peak intensity in 

PU/FMWCNTs composite favors the interaction between FMWCNTs and PU. Similarly, 

peaks at 2882cm-1 represent symmetric stretching vibrations of the aliphatic –CH2– group. The 

peak at 1647cm-1 is due to the free H-bonded carbonyl group. The peak at 1598cm-1 shows 

bending vibrations of the N-H group whereas the peaks at 1230 cm-1 and 1102 cm-1 are 

attributed to stretching vibrations of C=C and symmetric stretching vibrations of C-O-C groups 

respectively.  
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Figure-3.20: FTIR Spectrum A. PU-Sim, B. PU-Com, C. PU-5A1 

Fig-3.20C, the low-intensity peak at 3423 cm-1 represents stretching vibrations of the N-H 

group of PU/PS/FMWCNTs blends.  A duplet peak around 2900-3000cm-1 is due to symmetric 

and asymmetric -CH2 groups of both polymers. The clearer and weaker peak can be observed 

due to restricted H-bonded interaction with soft segments and between both polymer chains. 

The intensity of the peak becomes weaker in PU/PS/MWCNTs blends as the concentration of 

FMWCNTs increases due to decreased interaction between the N-H----O=C. The stretching 

vibrations at 2917cm-1are attributed to the –CH2- group. The peak at 1665 cm-1 represents 

stretching vibrations of the H-bonded carbonyl group similarly the peak at 1539 cm-1 shows 

bending vibrations of the -C-N group. Peaks due to C=C stretching of aromatic rings and 

aliphatic -C-H bending of CH3 groups appear at 1604 cm-1 and 1331cm-1 respectively. The peak 

at 1030 cm-1 represents the C-O-C group's symmetric stretching vibrations.   

The disappearance of characteristic peaks around 2200cm-1 confirms the PU synthesis and also 

the appearance of a new peak around 3300cm-1 confirms PU synthesis. The peak becomes 

broader as the functionalized filler is incorporated in the polymer matrix which confirms the 
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nanocomposite synthesis. Similar spectra for higher loading amount of FMWCNTs 

incorporation were evident due to similar composition of the polymer and functionalized filler. 

3.3.2. XRD Analysis 

The XRD analysis of the sample was performed using X-ray Theta-Theta diffractometer 

provided by STOE. Crystal structure and atomic spacing can be studied using X-ray diffraction. 

The XRD pattern for PU-5sim in Fig 5 shows a strong diffraction peak at 2-theta =19.82◦ while. 

Similarly, diffraction peaks at around 2-theta=42.15◦correspond to crystalline graphite entities 

which are present un-dispersed in the polymer matrix. A similar pattern can be observed for 

PU-5com and PU-5A1, PU-5A2, and PU-5A3. There is no difference in peak positions in Fig-

3.21 between the respective spectra. The similarity in spectra peaks shows that the introduction 

of FMWCNTs did not affect the micro-phase structure of polyurethane. 

 

 

Figure-3.21: Comparison of XRD spectra for different compositions 

 

The peak found around 2θ= 43 is partly due to graphitic planes and partly due to a limited 

quantity of residual catalyst particles inside MWCNT walls.   The amorphous region revealed 
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a broad scattered area, while the hard domain crystalline phase of both unfilled and nanofiller-

loaded TPU showed a characteristic diffraction peak about 2θ = 19.5. The addition of fonts to 

the PU hard domain narrows the crystalline peak, indicating a higher degree of crystallinity. 

As a result, FCNTs help a greater proportion of the non-crystalline section of the hard domains 

rearrange their structure into the crystalline phase. 

3.3.3. Rutherford Back Scattering (RBS) 

In Table-3.7 RBS analysis of PU-5A1 reveals that carbon has the highest content which is 

0.803 due to its presence in the polymeric backbone. The other constituents of the polymer 

chain are nitrogen and oxygen but they are found in small amounts i.e., 0.0446 and 0.108 

respectively. 

The traces of Sulphur(S) are also found in very small amounts i.e., 0.00028 since during acid 

functionalization of multiwalled carbon nanotubes sulphuric acid (H2SO4) was used. Chlorine 

(Cl) is also present in trace amounts because of the use of hydrochloric acid (HCl). Traces of 

Fe were also found which impurities are probably. Similarly, the carbon concentration was a 

little higher in PU-5A2 (0.807) than the other two variants due to the utilization of 

functionalized carbon nanotubes. PU-5A3 has the largest amount of all samples because of 

FMWCNTs concentration which was used as filler. other elements were also found in traces 

as discussed earlier. 

                                      Table-3.7-: RBS analysis of selected samples 

Sample ID Carbon% Nitrogen % Oxygen% Sulfur% Chlorine% 

PU- control 0.801 0.044 0.146 0.0003 0.015 

PU-com A 0.803 0.0311 0.147 0.000302 0.011 

PU-5A1 0.803 0.0446 0.108 0.00028 0.013 

PU-5A2 0.807 0.0431 0.123 0.00030 0.013 

PU-5A3 0.812 0.0298 0.126 0.0003 0.014 
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3.3.4. Scanning Electron Microscopy (SEM) 

For field emission scanning electron microscopy (FE-SEM) analysis MIRA3 TESCAN was 

used to observe surface morphologies of thin films as a function of loading concentration of 

FMWCNTs. Excitation voltage of 20 KV and secondary electron (SE) model were employed 

for all the observations. SEM micrographs of polyurethane in Fig-3.22(A&B) show surface 

morphology of polyurethane polymer at 5 KX and 10 KX respectively. In these images, the 

surface is smooth and polymer aggregation is evident on the surface. In Fig-3.22(C&D) having 

FMWCNTs loading concentration of 0.01g, nanofiller is not visible due to aggregation between 

phases of polymer and FMWCNTs but white spots in the image showing that FMWCNTs are 

dispersed smoothly in the polymer matrix.  

 

Figure-3.22:  SEM micrographs of specimens A& B) PU-5Sim, C& D) PU-5com 
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Fig-3.23 displays SEM micrographs of PU/PS blends having FMWCNTs loading 

concentrations of 0.01 and 0.05g at different magnifications in SE mode at the excitation 

voltage of 20 KV. Micro-phase separation is clearly observable in these blends due to which 

the porosity of the specimen increasing. As the loading concentration increases the pore size 

decreases. There is no clear indication of FMWCNTs dispersion but the white spot in the image 

strengthens the idea of dispersion of FMWCNTs in the polymer matrix and also the change in 

surface morphology of the sample also proves the smooth dispersion of nanofiller. It is however 

evident from SEM micrographs that by increasing the loading concentration of FMWCNTs, 

the porosity increases due to interpenetrating networks (IPN) generation in polymeric blends. 

 

Figure-3.23: SEM micrographs of specimens E& F) PU-5A1, G& H) PU-5A2 

It is also evident from the fact that by increasing the loading concentration of FMWCNTs the 

surface morphology and porosity change which supports the idea of interaction of FMWCNTs 
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with the polymer matrix and IPNs generations in polymer blends. Only a few CNTs particle 

sizes between 20 nm and 100 nm are visible due to different microphase structures embedment 

in the polymer matrix. The mass fractions above 100 nm are responsible for the aggregation of 

FMWCNTs 

3.3.5. Thermal Gravimetric Analysis (TGA) Analysis 

TGA was performed by using TGA/HT DSC HSSC2 supplied by Mettler Toledo. It was 

performed to determine decomposition temperature ranges and the relative thermal stability of 

the polymer. Fig-3.24 clearly shows the TGA percentage weight loss of the specimen shows 

after time 1968 seconds (s) and temperature 353 oC the weight loss of samples was 16%, 

14%,18%,15%, and 16% respectively and the second degradation at 2490 s around 440 the 

observed percent weight loss is 53%, 51%, 53%, 63% and 66% for PU-Sim, PU-Com, PU-

5A1, PU-5A2, and PU-5A3. The end residue for the samples after 3770 s and 653 oC was 9, 

14, 17, 13, and 11% for the respective sample. Its corresponding derivative weight loss 

(DTGA) curve respectively for the segmented polyurethane its nanocomposite and PU/PS 

blends with varying ratios of F. MWCNTs. All the samples show two or three different 

decomposition curves. The sample PU-5sim which is pure segmented polyurethane shows a 

first decomposition curve around 3400C and a second decomposition curve at around 4000C 

while another curve is also observed at around 5800C. The nanocomposite of pure polyurethane 

with functionalized FMWCNTs shows the first and second stages of degradation around 3500C 

and 4250C which clearly indicates the significant improvement in thermal stability of 

polyurethane nanocomposite.  



134 
 

 

Figure-3.24: TG plots for neat PU and blend composites 

 

 In Fig-3.25 the area under the curve is increasing progressively as we move from pristine PU 

to its composite and then blends and their composites. It shows that thermal stability increases 

as the nano-fillers (FMWCNTs) are introduced which is evident from the greater peak height 

and from its greater width as well. The greater area under the DTG curve indicates more heat 

is absorbed during the thermal event. The thermal stability is even higher for polymer blends 

because the increase in thermal stability supports the idea of the generation of interpenetrating 

networks (IPNs) and the interaction of FMWCNTs with the polymer matrix. The addition of 
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FMWCNTs in polymer blends increases their thermal stability even more as is evident from 

progressively greater DTG plot areas. 

 

 

Figure-3.25: Differential thermal gravimetric (DTG) plots 

3.3.6. Shape memory studies 

From the shape recovery data, it is quite evident that synthesized polyurethane and the blended 

polyurethane/polystyrene composites have the potential of shape memory effect as can be seen 

in Fig-3.26. The thermally-induced shape memory effect of the sample in Fig-3.26e  

 

Table-3.8: calculated %age shape recovery for different samples at the same temperature 

       Sample %age shape recovery after time Complete 

recovery time 

 

2sec 5sec 10sec 15sec 20sec 25sec 

PU-5sim 14 42 65 82 94 100 22 second 

PU-5com 16 48 76 98 100 - 17 second 
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PU-5A1 6 13 24 41 52 61 62 second 

PU-5A2 10 16 31 49 62 81 56 

PU-5A3 11 21 38 51 67 87 50 

 

represents 16% shape recovery after 2 seconds. Fig-3.29f shows a shape recovery of 42% in 

the film after 5 seconds while the recovery has progressed further to 65% after 10 seconds. 

Complete recovery of permanent shape after 22 seconds of inductive heating was observed as 

shown in Fig-3.26h. 

 

 

                                Figure-3.26: Shape recovery of synthesized neat polyurethane 

The shape recovery test was also performed by triggering through heat. The inductive heating 

was applied to the PU/MWCNTs nanocomposite and deformed into a temporary shape as 

proceed for neat-PU by applying external stress. The 16% shape recovery was observed after 

2second of heating. Similarly, 48 and 76% recovery were achieved after 5and 10 seconds of 

respective heating until 100 % shape recovery was observed after 17second as seen in Table-

3.8 and Fig-3.27.  
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Figure-3.27:  shape recovery test for PU nanocomposite with FMWCNTs 

 

Similarly, shape recovery for PU/PS blend was also studied as discussed earlier the results 

indicate that the shape recovery takes longer in the case of blend composites. Only 6% of 

recovery was observed after 2seconds and 13 and 24 %after 5 and 10 seconds of constant 

heating. As compare to the neat-PU and its nanocomposite only 61 % of the recovery in shape 

was observed after 25seconds of heating. Complete recovery in shape was observed after 62 

seconds of constant heating. 

 

                                  Figure-3.28:  Shape recovery test of PU/PS Blends 

 

So, the results clearly indicate that the composite films are switchable upon heating by 

adjusting their soft and hard domains with respect to temperature and application of stress. Into 

the first spell of heating, a temporary bend is attained which remain fixed on successive 
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cooling. While during reheating temporary shape progressively shifted into its permanent shape 

showing full recovery which is remarkable for such kind of polymeric materials. 

 

                                                         Figure-3.29: Shape Recovery calculations 

As can be seen in Fig-3.29 results indicate that the PU/PS blends take greater time for complete 

recovery due to greater thermal stabilities. Molecular switches take greater time for actuation 

of permanent shape while PU/FMWCNTs takes the least time for recovery due to better 

dispersion of FMWCNTs (conductive filler) in a polymer matrix which helps better heat 

dissipation in the matrix and help largely in actuation of shape recovery in a very little time as 

compared to the neat-PU and its blends with PS. 
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3.4.0. PU/PS-NO2/FMWCNTs based blend composites 

For sample composition and procedure please see Table-2.4. 

3.4.1. Fourier transverse infrared spectroscopy (FTIR) 

FTIR analysis of the sample was performed by using Model No FT/IR-6600typeA 

manufactured by JASCO (Resolution 4 cm-1). The –NCO peak disappears around 2240cm-1 

and the appearance of a new peak around 3300cm-1 confirms the structure of the pre-designed 

PU polymer. To determine the structure of predesigned polyurethane (PU) and its blends FTIR 

was used. The absorption peak at 1075cm-1in Fig-3.30A is symmetric stretching vibrations of 

C-O-C linkage while the peak at 1504 and 1603cm-1 attributes C-N bending vibrations and H-

bonded C=O group respectively. The peak at 1709 represents the urethane-free carbonyl group 

while the peak at 2888cm-1 showing aliphatic –CH2- group stretching frequency. The peak 

intensity at3316cm-1 show stretching vibration of the –NH group [381]  

Similarly, in Fig-3.30B the peak intensity at 1095 and 1234cm-1 attributes C-O-C group 

symmetric stretching vibrations and symmetric stretching vibrations of -C=C group 

respectively. The peak at 1590 cm-1 bending vibrations of the –NH group and peak intensity at 

2887cm-1represents symmetric stretching vibrations of the –CH2-group. A sharp peak around 

1350-1400cm-1 is due to the -CH3 bending and wagging vibrations.  

 



140 
 

 

Figure-3.30 : FTIR Spectrum of A. PU-neat; B. PU/FMWCNTs and C. PU/PS-NO2/ FMWCNTs 

In Fig-3.30C the disappearance of –NCO peak around 2242 cm-1 and appearance of a new peak 

at 3307 cm-1 attributes stretching vibrations of –NH2 group which confirms synthesis of PU. 

The peak intensity at 1713 represents urethane free carbonyl group and 1614 cm-1 is of the 

hydrogen-bonded C=O group. Similarly, the peak at 1520 cm-1 showing –C-N group bending 

vibrations, and the A broad peak 1327 cm-1 represents aromatic nitrates respectively. The 

absorbance peak around 1350cm-1attributed N-O stretching vibration of polystyrene 

functionalization. C-H stretching is evident around 2800cm-1 and C=C bending around 

1750cm-1. Some disappearance of the PS peak confirms the blend formation with PU [385]. 

The predicted PU structure is confirmed by the disappearance of NCO's typical peak 

near 2200 cm-1 and the introduction of a new peak about 3300 cm-1. A broad break around 

1300cm-1 attributes aromatic NO2 group. The absorbance peak broadens as the filler 

concentration rises, indicating that FMWCNTs are well-fabricated owing to strong interactions 

with the polymer chain. The matching peaks at 3307 cm-1, 1711 cm-1, and 1643 cm-1 

attributed to N–H, C=O (non-hydrogen bonded), and C-O (hydrogen-bonded), respectively, 

and 1225 cm-1 verified the newly synthesized product containing NHCOO urethane linkage. 

3.4.2. XRD Analysis 

The XRD analysis of the sample was performed by using STOE Germany Theta-Theta 

diffractometer. The molecular spacing and crystal structure of the sample were determined by 
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XRD analysis.  X-ray diffraction study of thin films provided information about 

crystallographic properties of neat-PU, PU-nanocomposite, and TPU/PS-NO2 composites.  X-

ray diffractogram of pure polyurethane, polyurethane nanocomposite, and its blends specimen 

are shown in Fig-3.31. The blend samples exhibiting an almost identical pattern which shows 

almost the same amorphous nature of the polymer. The distinct peak around 2θ of 200 

represents crystalline hard domains of TPUs and peak intensity around 2θ of 220 in some 

sample indicate blended nitro functionalized polystyrene which is mostly amorphous in nature. 

A large scattered area attributes the amorphous region of the neat-PU and its blends with very 

little crystallinity. In blend formation, some extra peak arises due to nitro-functionalized PS 

and some crystallinity due to composite formation. No clear diffraction peak around 2θ=260 

was observed, which confirms the complete dispersion of carbon nanofiller in the polymer 

matrix.   

The peak around 2θ=430 is attributed to constricted carbon fiber planes due to large carbon 

filler. Small diffraction is evident due to the large quantity of FMWCNTs nanostructure in the 

composite. Another reason for a peak at 2θ=430 is some agglomeration or re-aggregation of 

functionalized carbon filler due to strong π-π interaction or Vander-wall forces between filler 

and both polymer chains [396]. 

 

Figure-3.31. XRD spectra of 5sim, 5com, 5B1, 5B2 and 5B3 
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3.4.3. Rutherford Back Scattering (RBS) 

RBS analysis of the sample was made to categorize the percentages of the component in the 

sample. The percentage composition of the sample is presented in Table-3.9. 

                                                 Table-3.9: RBS analysis of selected samples 

Sample ID Carbon% Nitrogen% Oxygen% Sulphur% Chlorine% 

5sim 0.80 0.044 0.106 0.0003 0.0005 

5com 0.810 0.03 0.147 0.0302 0.011 

5B1 0.80 0.0297 0.141 0.0279 0.011 

5B2 0.8011 0.0.0296 0.148 0.0.0308 0.011 

5B3 0.8013 0.0298 0.146 0.0307 0.011 

 

It was proceeded to identify the percentage of carbon in polymer nanocomposite. The analysis 

indicates that in 5B1 spectra the percentage of carbon is 0.80 while in sample 5B2 and 5B3 the 

percentage increases 0.8011 to 0.8013 which clearly indicate the addition of FMWCNTs in the 

sample and composite formation while other traces such as oxygen and nitrogen was also 

determined which was according to the expected results.  

3.4.4. Scanning Electron Microscopy (SEM) 

For FE-SEM analysis MIRA3 TESCAN was used to analyze surface morphologies of 

polyurethane and its nanocomposites. SEM analysis was performed to observe the change in 

surface morphologies with the loading concentration of FMWCNTs. It is evident from the 

micrographs in Fig-3.32(A&B) that the pure polyurethane has a smooth surface without any 

pinhole or fracture surface while polyurethane having FMWCNTs has different morphology 

as compared to the pure-PU.  Some obvious white points can be seen in the image (C&D) 

which are due to the incorporation of FMWCNTs and it is an indication of strong interfacial 

interaction between the polyurethane and FMWCNTs. Some polymer-coated MWCNTs 

patterns are visible at the surface of PU-nanocomposites. Some obvious white spots at the 

fracture surface indicate uniform dispersion of nanofiller in the polymer matrix. No clear 

indication of filler at the surface is strong physical interaction between polymer and 
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functionalized filler, formation of embedment of nanofiller matrix and only some of the 

polymer-coated nanotubes are visible. This interfacial interaction can also help to increase the 

shape memory characteristics of the resultant membrane. 

Fig-3.32(E-H) depicts the morphologies of PU/nitrated-PS/FMWCNTs 0.01g at different 

resolutions. A clear change in surface morphologies can be observed as nitro functionalized-

PS was added in PU. Only very few polymers coated nanotubes are visible at high resolutions 

with some porous structures at low resolution. Porosity is observed in all the micrographs for 

PU/PS-NO2/FMWCNTs ternary composites. Increased interaction between polymer layers 

and FMWCNTs was observed as the concentration of FMWCNTs increases. Phase-separation 

in all micrographs can be observed for blend samples. The porosity of the sample decreases 

due to weak interaction such as hydrogen bonding or physical interaction between the Nitro 

group of PS and PU. The decrease in pore size is because of the greater interaction of polymers 

layers with FMWCNTs and an increase in filler concentration and uniform dispersion. Some 

of the white spots in the images indicate the uniform dispersion of FMWCNTs in polymer 

layers [397, 398]. Because of two different macro-phases some of the porous nature was 

observed and porosity decreases as the concentration of filler increases which is obvious proof 

of the strong interfacial interaction between two macro-phases and filler content. FMWCNTs 

are found uniformly dispersed in a polymer matrix which is evident from the change in surface 

morphologies. 
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Figure-3.32. SEM micrograph of 5sim(A&B), 5com(C&D), 5B1 (E&F), 5B2 (G&H) and 5B3 (I&J) at 

different resolutions 

 

By increasing FMWCNTs loading amount, polymer-coated FMWCNTs networks forms due 

to physical interaction between polymer layers which caused porosity. The additional most 
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probable reason is chain entanglement when nitro functionalized-PS forms physical interaction 

with PU matrix and forms strong networks which cause phase separation and induce porosity. 

Another factor involves in this phenomenon is nanofiller dispersion selectivity which causes 

such kinds of porous networks. Nanotubes can be easily dispersed in PU matrix as compared 

to PS, so by inducing filler selectivity we can control desire properties such as tensile strength, 

thermal stabilities, conductivities, and shape recovery also, which will help to enhance their 

practical applications.   

Fig-3.32(I&J) depicts PU/nitro-PS/FMWCNTs 0.1 composites. A spongier structure can be 

observed due to cluster formation by using a higher concentration of filler. Because filler is 

more selective and more miscible in one layer so it forms a cluster and this cluster provides 

super elasticity and flexibility to the composite die to physically interlinked IPNs [399] These 

spongy rubbery structures provide an efficient structure for multi-way recovery with tune-able 

properties such as flexibility, external stress-bearing capabilities, efficient recovery from 

different tune-able shape and efficient chain mobility architecture. Due to diverse microphase 

structures embedded in the polymer matrix, only a few CNTs particle sizes between 20 nm and 

100 nm are visible. The aggregate of FMWCNTs is caused by mass fractions above 100 nm.  

The filler is uniformly dispersed and evenly segregated to yield composites for tune-able shape 

recovery properties. More amount of filler in polymer matrix causes restacking or globule 

formation. The aggregated networks cause defects in the polymer matrix which diminishes 

shape recovery, thermal stabilities, and mechanical properties of the synthesized composites. 

3.4.5. Thermal Gravimetric Analysis (TGA) Analysis 

Thermal decomposition and stabilities of the neat-PU, PU/FMWCNTs nanocomposites and 

their blends with nitrated-PS were studied under inert (N2) atmosphere are presented in Fig-

3.33. Fig-3.33A depicts the TGA curve with percentage weight loss as temperature increases 

to 6500C. Similarly, Fig-3.33B presents the derivative of percentage weight loss in TG called 

the DTG curve. The main parameters from Fig6 are listed in Table-3.10. The T10%, T50%, and 

T70% are the temperatures where 10%, 50%, and 70% decomposition or weight loss was 

observed. T1max and T2max are the two temperatures of the derivative curve where maximum 

weight loss was realized. 

 

Table-3.10: TGA thermal decomposition analysis for selected samples 
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sample 

 

Td(10%) 

0C 

 

Td(50%) 

0C 

 

Td(70%) 

0C 

 

T1(MAX) 

0C 

 

T2(MAX) 

0C 

 

Char residue 

(%) at 6500C 

PU-neat 328 430 572 403 582 9.50 

PU/FMWCNTs 340 436 577 417 569 13.85 

PU/PS-NO2/ 

FMWCNTS 0.01 

280 385 494 365 530 11.02 

PU/PS-NO2/ 

FMWCNTS 0.1 

335 432 550 384 539 22.80 

 

The % weight loss for the nanocomposites was observed towards the higher side as compared 

to the neat-PU. Similarly, the T1max and T2max have also realized shifted slightly towards the 

higher side due to the incorporation of FMWCNTs in the PU matrix. The T10%, T50%, and T70% 

for PU-neat were observed at 328, 430, and 5770C respectively, it indicates the positive effect 

of FMWCNTs incorporation at thermal stabilities of the neat-PU. But as we incorporated nitro 

functionalized-PS in PU matrix at the first instant the thermal stabilities shifted towards the 

lower side as presented in Table-3.10. the slight shift of thermal properties towards the lower 

side confirms blends formation between both polymers by generating physically IPNs, but as 

more of the functionalized filler loading amount increases in blend thermal properties again 

shifted towards the higher side. The thermal decomposition of The T10%, T50%, and T70% for 

PU/PS-NO2/FMWCNTs 0.01 was observed at 280, 385, and 4940C; while for PU/PS-

NO2/FMWCNTs 0.1was at 335, 432, and 5500C respectively. A large shift in thermal stabilities 

is evident due to the incorporation of FMWCNTs in blend formation. Similarly, the T1max and 

T2max were also found higher as loading amount FMWCNTs increases in the matrix as Table-

3.10 represents. The result clearly indicates the positive effect of FMWCNTs on thermal 

stabilities of the PU/composite and blend also. Similarly, incorporation of nitro functionalized-

PS in PU, the slight shift towards the lower side was also predictable because of second-phase 

addition. The second phase (PS-NO2) provides more flexibility to the chain for efficient 

recovery with multi-shape gaining capability. Another factor that influences the thermal 

stabilities is the loading amount of FMWCNTs filler, it imparts a positive effect on thermal 

stabilities in composite formation. 
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Figure-3.33. A. TGA micrograph of PU-neat, PU/FMWCNTs, PS-nitrated/FMWCNTs 0.01and PS-

nitrated/FMWCNTs 0.1; B. DTGA curves of PU-neat, PU/FMWCNTs, PS-nitrated/FMWCNTs 0.01and 

PS-nitrated/FMWCNTs 0.1 

An evident increase in thermal stabilities of PU nanocomposite and its blends is obviously 

related to higher heat conductivity and thermal diffusivity of FMWCNTs as compared to neat-

PU and this carbon nanofiller generally delays the decomposition process by acting as a barrier 

against fast removal of products related to degradation. We also predict interfacial interaction 

between PU with incorporated FMWCNTs sets a ground for the formation of physical 

interaction between PU and functionalized filler. Similarly, in blends PS-NO2 forms physical 

interaction with PU chain as Fig-3.33(A&B) depicts, in turn, it reduces polymer and carbon 

nanotubes thermal resistance boundary and also helps in smooth conductivity of heat from the 

polymer matrix to nanofiller. This process facilitates equal heat transfer 

throughout the composite by preventing hotspots [391] 

The FMWCNTs in filler provide efficient conductivity while PS-NO2 provides the flexible 

architecture to the polymer chain with strong interfacial interaction, it helps in multi-way shape 

fixity and recovery with excellent flexibility. More char residue was also observed for 

nanocomposite and blends as compared to neat-PU; it serves as a barrier against volatile 

products during decomposition.  

3.4.6. Tensile properties 

The tensile properties are basically dependent upon the physical, chemical interaction, and 

distribution pattern of both phases. The filler loading amount and uniform dispersion effect are 
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apparent on the tensile strength of PU composite and its blends and blends with PS-NO2. The 

calculated stress-strain results are presented in Table-3.11. The stress-strain data confirms as 

was predicted that tensile properties will increase with an increased loading amount of 

FMWCNTs filler. The significantly noted trends for PU/PS-NO2/FMWCNTs 0.01 composite 

were observed similar to thermal stabilities, like thermal stabilities firstly tensile properties 

were also shifted towards the lower side compared to neat-PU and PU nanocomposite due to 

blend formation. But as the concentration of filler was increased an abrupt improvement in 

tensile properties is evident in the blend matrix as depicted in Fig-3.34A. 

                                                 

                                             Table-3.11: Tensile analysis of selected samples 

S.no Samples Filler 

content 

Tensile strength 

(MPa) 

Elongation at    

break (%) 

Load at break 

(N) 

1 PU- neat - 22.4     ± 1.6 313    ± 16  84.64     ± 2.7 

2 PU/FMWCNTs  0.1g 29.2    ± 2.2 276    ± 19  91.84     ± 3.2 

3 PU/PS-

NO2/FMWCNTs 0.01 

0.01g 26.7     ± 2.4 281    ± 15  93.27     ± 2.9 

4 PU/PS-

NO2/FMWCNTs 0.05 

0.05g  35.9     ± 2.7 231    ± 13  99.2      ± 3.7 

5 PU/PS-

NO2/FMWCNTs 0.1 

0.1g 39.2    ± 2.6 194.6   ± 15  103.46   ± 3.3 

 

The calculated tensile strength of neat-PU is 22.4MPa, but as the 0.1g of FMWCNTs was 

incorporated into the PU matrix the improvement in tensile strength was 29.2MPa. The 

calculated tensile strength for PU/PS-NO2/FMWCNTs 0.01was 26.7MPa, which is lower than 

neat PU and its nanocomposite but as filler content was increased up to 0.1g a significant 

enhancement in tensile strength was observed from 26.6 to 39.3 (±2.6) MPa.  
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              Figure-3.34. A. Tensile strength of PU-neat; B. Load at break of different selected samples 

The enhancement in mechanical is attributed as predicted was due to uniform dispersion of 

nanofiller in both polymer phases as well as due to good interfacial interaction of a nitro group 

of PS and an acidic group of MWCNTs with PU (as predicted in Fig-3.32). The strong 

interfacial interaction of physically interpenetrating networks (IPNs) networking with PU and 

nitro functionalized PS absorbs applied stress effectively and causes improvement in the 

mechanical strength of the blends. The elongation at break decreases for blends due to strong 

interaction between the polymer layers. The tensile strength for all samples was observed 

higher than neat-PU. The polymer physical interaction, higher MWCNTs loading amount, and 

uniform dispersion in matrix formulate ductile phase, caused a decrease in elongation at break 

but helped to enhance modulus significantly. 

After 0.1g of loading, the amount of filler in blends decreased in tensile properties was 

experienced. The expected reason for this drop-off is the presence of agglomerates at higher 

loading of nanotubes filler because of their more selectivity with one phase they form clusters 

as can be seen in SEM images of PU/PS-NO2/FMWCNTs 0.1g. The second reason might be 

the non-homogeneity or non-homogeneous dispersion of filler in both polymer phases. The 

agglomerates can cause globules and initiate crack propagation and these cracks reduce the 

modulus and tensile strength of the material [393]. Results indicate the uniform dispersion and 

filler alignment play vital roles in mechanical determination. These interpretations can give 

details in terms of improved FMWCNTs distribution and better interfacial adhesion/ 

interaction among the FMWCNTs and modified-PS networks and the TPU matrix, which leads 

towards efficient load-transfer, it also helps to retard the formation of the fault and rising micro-

cracks growth, and also help to dissipation of extra mechanical energy. 
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3.4.7. Shape memory 

The shape memory effect was studied by using indirect heating by placing the specimens in a 

petri dish placed over a hot plate and the extent was measured using vernier calipers. The 

shape memory effect was recorded at temperatures greater than 80-90oC. 

 

Figure-3.35. Schematic illustration of shape memory phenomenon 

3.4.7.1. Shape memory test (SMT) for pristine polyurethane 

The neat polyurethane was found to exhibit thermo-responsive properties by heating the sample 

to 80oC for at least 1-2 minutes. Heat changes its glassy mass into a rubbery state by the 

alternation of hard and soft domains in the polymer chain. Before the sample changes into its 

fixity glassy shape, the sample was molded into a temporary shape by using stress as seen in 

Fig-3.36. Upon heating, the sample starts regaining its original permanent shape and 

completely regains its permanent shape after 17 seconds of heating Fig-3.36. 
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Figure-3.36. Shape memory effect is neat polyurethane 

 

3.4.7.2. Shape memory test (SMT) PU nanocomposite 

 A shape memory test for polyurethane nanocomposite was performed following the same 

parameters as for pristine polyurethane. The sample was heated and deformed into a temporary 

shape. After heating the temporary shape, the original shape was recovered. The noticeable 

feature of the polyurethane nanocomposite was its glass transition temperature and short 

recovery time as compared to the pristine polymer. The recovery time is shorter because of the 

addition of conductive filler (FMWCNTs) which increases thermal conductivity and thus 

decreases the recovery time of the resulting composite as seen in Fig-3.37. 

 

Figure-3.37. Shape memory effect in polyurethane nanocomposite 
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3.4.7.3. Shape memory test (SMT) for PU/PS-NO2/ FMWCNTs blend 

A shape memory test was also performed for polymer blends and their composites. It is evident 

from the results that recovery time for these blends is greater than as for pristine polyurethane 

and its nanocomposites as depicted in Fig-3.38. The reason for this phenomenon is the addition 

of another modified polymer and its interaction with the polyurethane chain which increases 

its thermal stability. This is also evident in the DTGA curve which has a broader peak for 

PU/PS-NO2 blend. The broader peak indicates greater stability and hence greater time for shape 

recovery. The noted recovery time for blends was 92 seconds which is quite higher than neat-

PU and its nanocomposite which clearly indicates the greater stability of blends. 

 

Figure3.38. Shape memory effect in polyurethane/polystyrene nitrated blend 

3.4.7.4. Multi-fold shape recovery test (SRT) for pristine polyurethane 

The multifold test was performed for pristine polyurethane. The results were outstanding as 

shown in Fig-3.39. The recovery time observed was greater for multifold polyurethane because 

of the greater bending angle. Moreover, greater heating time was also required to regain the 

original permanent shape in the case of multifold pristine polyurethane. A similar kind of 

experiment with different shapes was also performed with blends and results were quite 

promising because these materials provide sustainability and reproducibility to the system and 

can be used again and again for a long period of time. 
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Figure-3.39. Multi-fold shape memory effect of neat-PU 

 

A rectangular strip of the thin film sample was taken and deformed into the desired shape by 

thermal heating [394, 395]. Almost 100 % shape recovery was observed for all the samples but 

the time of recovery for different samples varied depending on their nanofiller loading 

concentration and uniform dispersion in the polymer matrix. The multi-way shape recovery 

was also observed for pristine polyurethane and polyurethane nanocomposites. 

3.5.0. PU/PS/NH2/FMWCNTS based blend composite 

For sample codes and composition please see Table-2.5. 

3.5.1. Fourier transverse infrared spectroscopy (FTIR) 

 For functional group determination of polyurethane and its molecular chain architecture, FTIR 

was performed by using the FTIR model manufactured by JASCO having Model No FT/IR-

6600 type A. The FTIR spectrum showed an absorbance peak around 3299-3250 cm-1 N-H 

stretching characteristic band of PU synthesis. The peak intensity around 2850-2910 cm-1 

represents C-H vibrations for the CH2 group in the chain. The non-hydrogen bonded C=O 

group stretching vibration band of urethane was observed at 1711 cm-1 while around 1612-

1650 cm-1 hydrogen-bonded C=O absorbance band is detected for all samples. The absorbance 

band peak around 1530 cm-1 and 1233 cm-1 was found of deformation of C-N group and 

stretching vibrations of C=C group. The peak around 1077-1150 cm-1 representing asymmetric 

stretching band for the C-O-C group and linkage between the OH and NCO group to form a 

urethane bond which is also evidence of polyurethane formation [385]. FTIR results illustrate 

in Fig-3.40. 
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Figure-3.40. FTIR spectra of samples selected samples (PU-5sim, PU-5com, PU-5C1, PU-5C2, PU-5C3) 

The disappearance of characteristics peak around 2200 cm-1 for NCO and appearance of new 

peak around 3300 cm-1 confirm the designed PU. The absorbance peak becomes broader as 

the filler concentration increases, which also confirms the excellent fabrication of FMWCNTs 

by developing strong interaction with the polymer chain. The newly synthesized product 

having NHCOO urethane linkage was confirmed by the corresponding peaks at 3250 cm-1, 

1711 cm-1, and 1643 cm-1 assigned to N–H, C=O (non-hydrogen bonded), C-O (hydrogen-

bonded), respectively, and 1225 cm-1. Another strong evidence of PU formation is the 

stretching absorbance peak at 1057–1130 cm-1 (linkage between OH and NCO group) and NH 

bending vibration at 1598 cm-1. 

 Due to the same composition and no difference in spectra after a specific loading amount only 

samples with excellent results are furnished for further studies. After certain loading of 

FMWCNTs properties of blend shifted towards the lower side as results indicate. 

3.5.2. X-ray diffraction analysis (XRD) 

 For the determination of crystallinity and molecular spacing of the sample, XRD analysis was 

performed by using STOE Germany Theta-Theta diffractometer. In Fig-3.42 the peak intensity 

around 2θ = 20o shows the crystalline nature of polyurethane which is usually believed to be 

for the soft segments of the polymer chain. Similarly, a peak around 2θ = 45o in Fig-3.42 is due 
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to physical cross-linking because of annealing at 80oC in an oxidative environment. It is also 

evident that crystallinity is mainly dependent upon the amount of hard and soft segment 

domains used in the polymer chain. Microphase domains such as hard and soft segments are 

responsible for the properties such as structure regularity and thermodynamic properties. 

 

Figure-3.41. XRD spectra of selected samples sample (PU-5sim, PU-5com, PU-5C1, PU-5C2, and PU-5C3) 

 

The typical diffraction for crystalline phase hard domains for MWCNTs filled with 

thermoplastic polyurethane (TPU) displayed around 2θ = 20° and a broad scattered area was 

for the amorphous regions. The crystalline peak of hard domains becomes narrow as 

FMWCNTs loading amount increases, which favors the increase in crystallinity degree in TPU 

blends and helps to regulate the structure of hard domain non-crystalline part into crystalline 

phase. A very small diffraction peak in some samples at 2θ =45° attributes to the higher 

FMWCNTs nanofiller content in polymer blend matrix or due to strong van der Waals 

interaction, which some reaggregation or agglomeration is also possible. 

3.5.3. Rutherford backscattering (RBS) 

RBS analysis was performed to estimate the percentages of the component in the polymer 

chain. Carbon is the main constituent of the polymer backbone so it has the highest percentage 
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in all analyzed samples as represented in Table 3.12. The observed relative amounts of carbon 

in sample PU-5sim, PU-5com, PU-5C1, PU-5C3, PU-5C5 are 0.87, 0.882, 0.879, 0.892 and 

0.947 respectively. Meanwhile, the RBS results also reveal that nitrogen concentration also 

increased as PS-NH2 is added into PU for blend formation because it is the basic constituent of 

modified polystyrene as Table-3.12 represents.  

Table-3.12. RBS analysis of blend nanocomposite samples (PU-5sim, PU-5com, PU-5C1, PU-5C2, and PU-

5C3) 

Sample ID Carbon(%) Nitrogen(%) Oxygen(%) Sulfur(%) Stannous(%) Chlorine(%) 

PU- 5 sim 0.87 0.044 0.106 0.0003 - 0.005 

PU- com 0.882 0.03 0.147 0.0030 - 0.0011 

PU- 5C1 0.879 0.0687 0.11 0.002 0.0174 0.01 

PU-5C3 0.892 0.0696 0.112 0.003 0.0162 0.01 

PU-5C5 0.947 0.0628 0.134 0.002 0.0135 0.01 

 

The reason for increases in the percentage of PU-5C3 and PU-5C5 is due to the loading amount 

of FMWCNTs in the sample during composite formation while other traces such as oxygen 

and nitrogen was also found present. Another noticeable content was stannous (Sn) due to the 

use of stannous chloride (SnCl2) during amino- functionalization of polystyrene. 

3.5.4. Thermal gravimetric analysis (TGA) 

TGA analysis confirms the initial increase in percentage weight which is due to some oxidative 

reaction. The thermal stabilities of pristine-PU and its blends composites under the inert 

atmosphere of N2 are described in Fig-3.42A. Fig-3.42 presents weight loss in percentage at 

temperature raised up to 7200C in the TG curve. Fig 3.4 represents the derivative of the TG 

curve called the DTG curve. The key parameters shown in Table-IX, thermal decomposition 

Td (5%), Td (30%), and Td (70%) weight loss have been determined. TMAX is called the 

temperature where maximum weight loss takes place in the DTG curve. 

 

Table-3.13. TG- DTG analysis of blend nanocomposite samples (PU-5sim, PU-5com, PU-5C1, PU-5C2, 

and PU-5C3) 
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sample 

 

Td(5%) 

0C 

 

Td(30%) 

0C 

 

Td(70%) 

0C 

 

T1(MAX) 

0C 

 

T2(MAX) 

0C 

 

T3(MAX

) 

0C 

 

Char 

residue (%) 

at 7200C 

PU-

5sim 

300 401 552 382 401 586 9.6 

PU-

5com 

322 403 568 360 410 581 14.19 

PU-5C1 242 348 550 262 408 562 20.05 

PU-5C2 262 352 542 281 413 573 18.6 

PU-5C3 271 376 569 294 416 583 25.09 

 

TG-DTG data presents three main stages of degradation. In the case of neat-PU and its 

nanocomposite with FMWCNTs Td (5%), Td (30%), and T2MAX are shifted slightly toward the 

higher temperature as compared to the neat-PU. For pristine-PU, the thermal decomposition 

values Td (5%) and Td (30%) were observed at 300 0C and 4010C while PU-nanocomposite 

having 0.1g of FMWCNTs loading amount values shifted towards slightly higher at 322 and 

4050C respectively. It indicates the positive effect of FMWCNTs in polymer matrix relative 

thermal stabilities.  

As PU forms blends with functionalized polystyrene (PS-NH2) at first relative thermal 

stabilities shifted towards the lower side due to interaction of new phase in PU matrix and 

decomposition become fast at the start as presented in Table-3.13. But as the loading amount 

of FMWCNTs increases in blends the degradation temperature again starts increasing and 

hence causes to enhance thermal stabilities of blends composites. The reason for enhancement 

in thermal stabilities is because carbon nanofiller can delay the degradation process a great 

deal. The Td (70%) for the blend samples having a loading amount of 0.01 to 0.1g increases 

5500C to 569 0C respectively.   
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         Figure-3.42. TGA micrograph of the sample (PU-5sim, PU-5com, PU-5C1, PU-5C2, and PU-5C3) 

 

We believe that interfacial interaction between PU and PS-NH2 matrix and well-dispersed 

FMWCNTs helps to prepare a ground for physical and chemical interlinking between different 

phases, these help to the uniform transfer of heat from the polymer matrix to filler by reduction 

of nanofiller thermal resistance [390, 391]. Sample PU-5C2 has slight anomalous behavior 

which is most probably due to the not uniform dispersion of carbon nanofiller in polymer 

matrix by the formation of aggregation in blend composites. 

 

 

Figure-3.43. DTGA micrograph of selected samples (PU-5sim, PU-5com, PU-5C1, PU-5C2, and PU-5C3) 
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In the DTG curve in Fig-3.4 three main decompositions are evident T1 MAX, T2 MAX, and T3 MAX 

respectively. In all samples, all TMAX values shifted towards the higher side as presented in 

Table-3.13. In blends, the first decomposition is found slightly earlier than pristine-PU but 

second decomposition T2MAX represents the more thermal stabilities of blends as compare to 

the T1MAX of pristine-PU and its nanocomposite due to breakage of physical interlinking easily 

but chemical interlinking provides more stability to blends as nanofiller content increases until 

aggregation occurs. As believed physical and chemical interaction plays a vital role to decide 

the relative thermal stabilities of samples.  Significantly more char residue was observed as the 

concentration of filler increases which serves as a barrier against volatile substances during 

decomposition. 

3.5.5. Scanning electron microscopy (SEM) 

MIRA3 TESCAN was used for FE-SEM analysis to observe surface morphologies of 

polyurethane and its nanocomposites. SEM micrograph of PU its nanocomposite and blends 

reveal different morphologies as the concentration of FMWCNTs increases and the addition of 

another polymer.  SEM micrographs of neat-PU that has a smooth surface without any fracture 

surface or pinhole in it which is also the indication of uniform mixing of the hard and soft 

segment in the polymer matrix. PU having FMWCNTs has different surface morphologies as 

compared to the pure-PU as observed in Fig-3.44(C and D).  Some white points are evident 

and patterns which are probably polymer embedded FMWCNT. The strong interfacial 

interaction and uniform dispersion by incorporation of FMWCNTs in polymer matrix due to 

physical and chemical interlinking are evident. It indicates strong interfacial interaction among 

the polyurethane and FMWCNTs. This interfacial interaction can also help to increase the 

shape memory characteristics, tensile properties, and thermal stabilities of the resultant 

membrane. 
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Figure-3.44. SEM micrograph of samples at different resolution A&B (PU-sim), C&D (PU-com) 

 

In the case of blend formation, a continuous phase is visible as observed in Fig-3.45 (E and F). 

The continuous phase confirms the chemical interaction between both polymers (A synthesized 

polymer PU and modified polymer PS). During blend formation, continuous phase and uniform 

dispersion indicate strong interfacial interaction due to physical and chemical crosslinking 

between the polymer layers and FMWCNTs. It was also evident that blends have the uniform 

surface structure in a lower loading amount of FMWCNTs but at higher loading concentration 

the blends have rough structure due to aggregation of both phases and formation of globules 

due to aggregation of layers as seen in Fig-3.45(I&J). after a certain amount of nanofiller due 

to physical and chemical interaction more nanofiller cannot be incorporated into polymer 

phases and hence cause agglomeration.  

Some of the particles of the hard phase were also found dispersed and encapsulated in the 

polymer matrix. Some of the crystallites can also be observed in images of different shapes and 

sizes due to the rigid domains of the PU. White spots in blends support the idea of interaction 

of FMWCNTs with polymer matrixes in blends formation and uniform dispersion of nanofiller 

in it. For, broad bimodal particle size distributions were found for CNT in the PU matrix. The 

fully distributed and exfoliated carbon nanotubes are responsible for the different peaks in the 
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distributions between 20 nm and 100 nm. Agglomerates of CNTs are responsible for the mass 

fractions exceeding 100 nm in polymer composite. Only a few nanotubes are visible in 

PUnanocomposite due to the dual matrix. 

 

Figure-3.45: SEM micro-graphs at different resolutions E&F (PU-5C1), G&H (PU-5C3) and 1&J (PU-

5C5) 

Excellent dispersion is evident from SEM micrographs without any cluster up to a certain 

loading amount of functionalized filler, however, some functionalized-MWCNTs enrich 

aggregates are still present. Apart from these, a very little aggregate of FMWCNTs presents an 

excellent distribution of nanofiller in a polymer matrix. FMWCNTs are not clearly evident at 

polymer blend surfaces due to two different polymer phases: FMWCNTs become embedded 
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in both layers and only a few of the FMWCNTs are visible at the surface. Second, FMWCNTs 

form strong physical interaction with polymer chains and form a network which is also a strong 

reason for the uniform dispersion of FMWCNTs in matrices. Another reason for the uniform 

dispersion and non-visibility of FMWCNTs at the surface is using of amino-functionalized PS. 

The amino group of functionalized-PS interacts with the PU chain and forms interlinked 

interlocking structures, so FMWCNTs become embedded in those networks with physical 

interactions (hydrogen bond and van der Waals forces). The long twisted MWCNTs can lock 

between multilayers and help to reduce restacking in the polymer matrix. Results favor the idea 

that the functionalized MWCNTs prevent carbon nanotubes (CNTs) to form agglomerates or 

restacking and help in their uniform dispersion in the polymer matrix. The TPUs modified PS 

and FMWCNT system generate three-dimensional networks and thus they are expected to have 

superior mechanical, conductive, thermal, and shape recovery properties. 

3.5.6. Tensile strength  

A visible enhancement in mechanical properties was observed as the loading amount of 

FMWCNTs increases. Table-3.14 presents mechanical properties of the control sample (PU-

5sim), PU/FWMCNTS, and increasing amount of nanofiller as blends formed with PS-NH2. 

The enhancement in tensile modulus and strength of the blend composites are quick to stand 

out. By the addition of 0.1g of FMWCNTs filler in neat-PU tensile strength and modulus 

exhibits enhancement 28.6 and 35.9 MPa respectively. Meanwhile, corresponding values of 

tensile strength and modulus of PU/PS-NH2 blends having FMWCNTs loading concentration 

0.1g are 55.5MPa and elongation at break 146.2 % which is quite higher than simple 

nanocomposite with FMWCNTs with the same loading concentration. 

 

Table-3.14.  Tensile test data of neat-PU, PU-com, and blends with varying FMWCNTs ratios 

S.no Samples Filler 

content 

Ultimate tensile 

Strength (MPa) 

Elongation 

At break (%) 

Tensile modulus 

(MPa) 

1 PU- 5sim - 28.6     ± 1.4      316.2    ± 17  22.2     ± 3.3 

2 PU- 5com  0.1g 35.9    ± 1.9 218.4    ± 20.7  31.6     ± 2.9 

3 PU-5C1  0.01g 40.4     ± 2.1 266.3    ± 22.4 39.7     ± 3.1 
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4 PU- 5C2 0.05g  46.1     ± 2.3 237.6    ± 19.3  41.1     ± 3.7 

5 PU- 5C3 0.1g 55.5    ± 3.1 176.6   ± 21.7  46.1     ± 3.9 

6 PU- 5C4 0.25g      59.3    ± 2.8 146.2   ± 24.2  54.7     ± 4.2 

7 PU-5C5 0.5g 48.2     ± 3.2 214.9   ± 23.0         42.3     ± 3.8 

 

.

 

Figure-3.46. Tensile values of neat-PU, PU-composite and blends A- tensile strength, B- tensile modulus, 

C-elongation a break for 

 

We believe that enhanced mechanical properties are achieved by the high degree of load 

transfer due to sufficient interfacial interaction between PU matrix and PS-NH2 and 

FMWCNTs. Another very key factor associated with high mechanical properties is chemical 

and physical interaction between both polymer layers and acid-functionalized MWCNTs. The 

tensile fracture strain values as loading amount increase from 0.3g which is probably due to 

defects and voids caused by filler restacking and agglomeration [392, 393]. Fig-3.46 reveals 

that PU-nanocomposite exhibits excellent enhancement in mechanical properties, similarly 

PU/PS-NH2 blends with the same loading concentration of nano-filler have more enhanced 

mechanical properties than PU-nanocomposite. The reason for enhancement shift is due to 
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better dispersion of FMWCNTs and efficient interfacial adhesion due to physical and chemical 

interlinking in blends which is evident from SEM morphologies of the samples, these head 

towards retarded generation of flaws and micro-growth emerging. Fig-3.46 reveals positive 

deviation from mixture law prediction (dotted lines) as compared to experimental data. This 

phenomenon can be explained on the basis of better dispersion of MWCNTs in the polymer 

matrix and strong chemical and physical interlinking between polymer layers and nanofiller 

which help to  

 Enhance mechanical properties by retarding flaws and rising micro-crack, which help to 

dissipate additional mechanical energy. 

3.5.7. Shape recovery studies 

3.5.7.1. Thermally induced two-way shape recovery of pristine PU 

The shape recovery (SR) study of pristine PU was performed by inductive heating at higher 

than 1000C. The SR results clearly indicate that the pristine PU has almost 100% shape 

recovery by two-way heating as can be seen in Fig-3.47. The sample was in the form of a 

polymer strip and after heating up to 100-1200C it was molded into a U-shaped form by 

applying physical stress before cooling. After molding and complete cooling into a temporary 

shape, the sample was again placed at heating above 1000C. The clear shape recovery with 

respect to temperature after 108 seconds was recorded as shown in Fig-3.47(A&C).  

For two-way shape recovery of the recovered sample was cooled first into its permanent shape 

before molding into the other side by applying heat. After complete cooling into its permanent 

shape subsequent to first shape recovery, the sample was again heated from the other side as 

seen in Fig-58B and molded over again into the supplementary side as a U-shape by physical 

stress. After cooling and obtaining a second temporary shape-altering side the sample was 

again heated and shape recovery was observed. Approximately 100% in shape recovery is 

observed for pristine- PU in 23 seconds. It was noticeable that shape recovery of one side was 

found easier than alternating side and it takes less time than other. Most probably it was due to 

the alignment of hard and soft domains in the polymer matrix in that direction and due to which 

actuation through heating become easier than other side and it takes less side to recovery as 

presented in Fig-3.47(B&D).   
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Figure-3.47. Two-way shape recovery of pristine-PU: A- one-way, B- second-way, C- % recovery of one-

way, D- % recovery of the second way 

3.5.7.2. Thermally induced two-way shape memory behavior study of PU-

nanocomposite 

 

The sample was taken as the strip of as shown in Fig-3.48A. Firstly sample was heated around 

100 0C for actuation of hard and soft domains. The hard and soft domain actuation helps to 

change material from brittle to rubbery state for molding. By exposing to specific heat sample 

was molded into a U-shape material by applying physical stress as shown in Fig-3.10A. Before 

exposing to heat again the deformed material is cooled at ambient conditions for some time for 

temporary shape fixing. After that sample was over again put under heat for shape recovery, as 

the material was exposed to heat the sample starts gaining its original permanent in very few 

seconds as seen in Fig-3.48A. The rearrangement of hard and soft segment domains again takes 

place as samples are exposed to indirect heat and gain their original shape in 87 seconds. The 

more noticeable thing was the shape recovery was faster in PU-nanocomposite material as 

compare to the PU-pristine. The reason for conductive filler FMWCNTs used in PU-
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nanocomposite which help to greater heat dissipation in a polymer matrix which helps to regain 

its permanent shape easily and faster. 

Similarly, after regaining its complete shape the sample is cooled again in its permanent shape 

for fixation and again placed into heat for another way of molding. The sample is molded into 

another way by heating as shown in Fig-3.48B and cooled to fix in a new temporary shape. 

After fixation, the sample is heated again and almost 100% shape recovery was observed for 

the PU-nanocomposite materials as seen in Fig-3.48(B&D).  The shape recovery of the second 

side bend was observed faster and more accurately than the first side bend due to better 

actuation and hard and soft segment alignment in the polymer matrix in almost 8 seconds which 

was 12 times faster than pristine-PU. 

 

Figure-3.48. Two-way shape recovery of PU/FMWCNTs nanocomposite at 100-1200C A- one-way, B- 

second-way, C- % recovery of one-way, D- % recovery of the second way 
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3.5.7.3. Thermally induced two-way shape recovery of PU/PS-NH2/FMWCNTs 

blends 

 Shape memory studies of thin films of the PU/ PS-NH2/FMWCNTs were studied by indirect 

heating. The sample was placed under heat and molded into a temporary shape by applying 

physical stress as discussed earlier. The same procedure of molding was adopted by PU/ PS-

NH2/FMWCNTs blends. After fixation into temporary shape, the sample was heated and 100% 

shape recovery for the blend sample was observed for both side molds as can be shown in Fig-

3.49(A&C)). The blends materials show good shape recovery properties upon molding but it 

takes more time to recover their permanent shape as compare to the PU-nanocomposite due to 

better thermal stabilities it absorbs a greater amount of heat to recover but it takes almost less 

than half time for recovery from neat-PU. It also supports the idea of blend formation and 

chemical interaction between the polymer chains in the polymer matrix. The hindered side 

takes 66 seconds for recovery while the less hindered side takes 45 seconds for complete 

recovery. From blends shape recovery data, we can predict that second phase in PU matrix 

plays vital role and recovery time almost become equal for both sides due to better interaction 

(physical and chemical) between both polymer matrix and FMWCNTs as presented in Fig-3.45 

&3.46 SEM analysis. 
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Figure-3.49. Two-way shape recovery of PU/PS-NH2/FMWCNTs at 100-1200C A- one-way, 

B- second-way, C- % recovery of one-way, D- % recovery of the second way 

  

3.5.7.4. Thermally induced multifold shape recovery of PU/PS-NH2/FMWCNTs 

blends 

A multifold shape memory test was performed for PU/ PS-NH2/FMWCNTs blends. The 

sample was heated for hard and soft domains generation to change into the rubbery phase. 

Upon heating, the sample was molded into multifold or spiral shape before cooling as shown 

in Fig-3.50A. By cooling at room temperature temporary shape is obtained. The sample was 

placed under inductive heating and shape recovery was observed with time. Almost 100% 

shape recovery for blends was observed even after multi-folds as seen in Fig-3.50(A&I). 
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Basically, heat affects the hard and soft domains alignment and shape recovery were observed 

but blends take greater time in start by absorbing heat before recovery due to greater thermal 

stability and different composition. 

 

     Figure-3.50. Multi-fold shape recovery capabilities of PU/PS-NH2/FMWCNTs (PU-5C3) blends 

nanocomposites 

Hence due to sharp controllable shape recovery and sustainability even at the higher 

temperature, PU nanocomposites and blends have great potential to use in robotics and in the 

aerospace industry. The high movability, flexibility, thermal stability, excellent mechanical 

strength, and potential to gain the number of temporary deformed states and 100% recovery 

rate favor practical use of these smart shape recoverable PU/PS blends in robotics, aerospace, 

and artificial muscles. With different varying compositions of polymers and nanofiller, the 

controllable segments with different recovery responses with respect to time can be achieved 

which will provide the efficient movement with excellent texture to robotic skin and movability 

to different parts. 
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Conclusion 

❖ Depending upon the obtained experimental results following conclusions can be made. 

A series of thermo-responsive shape memory polyurethane (PU) and its blends 

composites were synthesized by a two-step approach.  

❖ PU (pre-polymer) and PU polymer were successfully synthesized and its pre-designed 

structure was confirmed by FTIR analysis by using polyethylene glycol (PEG) and 

phloroglucinol as chain extenders to achieve bio-compatibility. 

❖ Acid-modification of FMWCNTs was successfully performed to achieve better 

dispersion of filler in the polymer matrix and to avoid agglomeration. 

❖ Functionalization of (amino & nitro) polystyrene (PS) was achieved through our 

previously reported literature to enhance physical and chemical interaction between 

both polymer layers to generate physical and chemically interpenetrating networks 

(IPNs) to achieve selectivity. 

❖ A series of PU blend composites were synthesized as follows with varying ratios of 

functionalized filler 

a)  PU (pre-polymer)/FMWCNTs based nanocomposites 

b) PU/dual-FMWCNTs nanocomposites were successfully synthesized through 

situ-polymerization in a catalyst-free environment. 

c) PU/PS/FMWCNTs were synthesized 

d) PU/PS-NO2/FMWCNTs were synthesized 

e)  PU/PS-NH2/FMWCNTs were synthesized 

❖   All the series were synthesized in catalyst free environment and the comparison of 

thermal stabilities, mechanical strength, flexibilities and shape recovery time was 

performed.  

❖ Scanning electron microscopy (SEM) analysis of all samples confirms the blend 

formation by an obvious change in surface morphologies as functionalized filler was 

incorporated in polymer matrix and degree of crystallinity and amorphous nature of 

synthesized-PU and its blends (all series) were determined by XRD analysis. 

❖ Significant improvement in thermal stabilities was observed as the concentration of 

nanofiller increases in the polymer matrix. More efficient is the interaction between 

polymer and functionalized filler more will the flexibilities of resulting sample. 
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❖ Excellent shape recovery was observed for pristine-PU and blend nanocomposite. The 

shape recovery of all samples was found almost 100% but the recovery time and 

temperature of the entire series sample were different. 

❖ Due to selectivity and greater dispersion in one phase of the blend at higher 

concentration spongy clusters in fourth series (PU/PS-NO2/FMWCNTs form as 

confirmed by SEM micrograph which provides efficient flexibility and shape recovery 

properties with excellent tensile strength and thermal stabilities. With different 

polymers, the stress-bearing capacity and mechanical properties of synthesized 

composites were enhanced.  

❖ Another important aspect of these material is shape recovery time the physical and 

chemical interaction and FMWCNTs incorporation sufficiently effects on shape 

recovery time which give them selectivity to this material where control recovery is 

required.  

❖ It was also noticeable that PU nanocomposites in series1 &2 have good tensile strength 

but due to brittleness these films are easy to break and the introduction of second phase 

by polymer alloying approach provide them more flexibilities and control recoveries in 

next series. 

❖ The shape recovery properties of PU-nanocomposite and blends were studied and 

compared through inductive heating around 800C. Greater conductivity due to 

conductive filler of heat helps to activate molecular net-points for actuation of shape 

recovery. Almost 100% shape recovery was observed for all samples which quite a 

remarkable achievement is by using ordinary tools. 

❖ As the filler has uniformly distributed the properties such as tensile, thermal, and shape 

recovery time were enhanced as results indicate tensile properties of sample increases 

in a great deal until agglomeration starts in the polymer matrix.  

❖ Aggregation and void spots were also evident when filler concentration increases from 

certain amount. These spots and weak points arise due to non-uniform dispersion of 

filler which basically causes to shift properties towards lower side. 

❖ By generating both physical and chemical interaction of nanofiller with polymer matrix 

stress-bearing capacity, mechanical, de-shaping, and shape recovery were tailored. 

Efficient dispersion of filler by grafting different groups at nanofiller can significantly 

affect thermal stabilities, tensile strength, and efficient shape recovery in reduced time. 
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❖ Overall improvement in thermal, tensile, hardness and shape recovery properties was 

observed for all the series due to the tortious nature of MWCNTs, and modified-PS 

have provided excellent flexibilities to sample to overcome repeatability issues.  

❖ It is evident from results that introduction of second polymers such as PS effect 

sufficiently on tensile strength of sample and provides flexibilities to the material which 

help in repeatability and reuse of these non-toxic materials in practical life which make 

these material novels.  

❖ All these results favor the high-performance applications of synthesized blend 

nanocomposite to replace metal alloys in near future in robotics, autobody parts, 

sensors, skin morphing structures, aerospace smart materials, radar absorbing materials 

and moveable joints etc. 
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