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6.1   Introduction

Polyurethanes (PUs), versatile polymeric materials, are used extensively in biomedi-
cal applications due to their excellent biocompatibility, processability, and exceptional 
mechanical flexibility [1,2]. PUs are widely used as adhesives, coatings, construction 
materials, synthetic leathers, flame retardants, and wound dressings. PUs can be tailored 
in terms of their mechanical properties, oxygen permeability, barrier properties, and 
drug transport for a variety of biomedical applications [3–8]. PUs are usually synthe-
sized using three components, for example, diols, diisocyanates, and chain extenders, 
and their properties can be modified either by changing the composition and nature of 
the diols, diisocyanates, and chain extenders or by incorporation of fillers in the polymer 
matrix [9]. Segmented PUs consist of hard and soft segment units that determine the 
mechanical properties of the polymer. Both relatively biostable and biodegradable PUs 
are used in different forms in artificial organs and medical devices [10]. Biodegradable 
PUs are used in drug delivery systems and implant materials for tissue repair [11].

Polymers with different forms of fillers such as carbon black, fullerenes, carbon 
nanotubes (CNTs), graphene, layered silicates (nanoclay), layered double hydroxides 
(LDHs), different metals, and ceramics are extensively used to modify the properties 
of pure polymers [12–17]. There are several metals and their oxides such as Ag, Au, 
TiO2, Fe3O4, and ZnO that are frequently used to improve the properties of polymers. 
Since silver exhibits antibacterial properties, its nanoparticles embedded in polymers 
are utilized in various medical applications including wound dressings, artificial skin, 
bone tissue engineering, and urinary catheters [18–20]. Nanoparticles having super-
paramagnetic properties have received much attention as composites because they 
do not retain their magnetization properties in the absence of a magnetic field. This 
nanoparticle feature is very useful in magnetic resonance imaging and targeted drug 
delivery [21–24]. Fe3O4 is a superparamagnetic nanoparticle widely used in poly-
mer composites due to its large surface area, biocompatibility, and nontoxic nature 
with good magnetic properties [25]. CNTs have also been used in composites due 
to their high electrical, thermal, and mechanical properties [26]. Inorganic materials 
having nanometer dimensions show very interesting physical and chemical properties, 
leading to development of new materials for various applications [27]. Montmoril-
lonite (MMT), which is the major ingredient of bentonite, is commonly used for the 
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preparation of polymer composites for enhancement of properties. In MMT, two tet-
rahedrally coordinated silicon atoms are joined to an edge-shared octahedral sheet of 
magnesium or aluminum hydroxide. Cationic species present in the lattice structure 
are replaceable by other cations, for example, Al3+ can be replaced by divalent species 
such as Fe2+ or Mg2+ and Mg2+ or even by monovalent Li1+, leading to generation of a 
negative charge in the lattice that is counterbalanced by the positive ions present in the 
interlayer spacing. Due to the presence of weak van der Waals forces acting within the 
matrix, these materials can easily be dispersed and provide high surface areas avail-
able for interaction during synthesis. Another advantage of these nanoparticles is their 
easy surface modification through ion exchange, which can enhance their polymer 
compatibility. Considerable enhancements in the thermal stability [28–30], barrier 
properties [31–33], mechanical strength [34–36], elastic properties [37,38], biodeg-
radation, and high energy shielding [39,40] were observed in nanocomposites using 
nanoclay as the filler [41]. Tuning of the morphology and mechanical properties of the 
polymer and its nanocomposites in the presence of nanoclay was also reported [9,42]. 
Nanoparticle-induced self-assembly in PUs has several benefits such as improvement 
in mechanical properties, thermal stability, and decrease of the rate of enzymatic deg-
radation [43]. LDH and anionic clay have received much attention in the field of nano-
composites due to their anion exchange capabilities, catalysis, and delivery of drugs as 
well as biological molecules such as DNA and enzymes [44]. LDH has a brucite-like 
structure and the replacement of divalent cations by trivalent ones results in excess 
charges that are counterbalanced by anions located between two layers [45]. Enhance-
ment in mechanical properties and thermal stability were observed in those polymer 
nanocomposites in which exfoliated/disordered LDH was used as filler material [46]. 
Recently, the use of carbon materials as a filler has received tremendous attention in 
the composite field due to their exceptional properties. Different forms of carbon allo-
tropes are used and depending on their structure are termed as fullerenes (0-D), CNT 
and nanoribbons (1-D), graphene (2-D), and graphite (3-D). Fullerenes can be formed 
through wrapping of graphene sheets, which leads to the formation of CNT. Stacking 
of graphene sheets is responsible for the formation of the graphite allotrope of carbon 
[47]. Graphene, a single layer of sp2 hybridized carbon atoms arranged in a hexagonal 
lattice, is the fundamental structural unit of all kinds of carbon allotropes [48]. The 
chemical modifications of graphene are comparatively simple and important proper-
ties such as mechanical, thermal, electronic, and optical can be varied [49–52]. This 
allows graphene to have a wide range of applications in the field of energy technol-
ogy [53,54], sensors [55], nanoelectronics [56], composites [57–60], and biomaterials 
[61]. Zeolites, another inorganic material, are frequently used in nanocomposites and 
in catalysis. Zeolites are also used in various applications due to their mechanical and 
thermal stability [62]. Zeolites are aluminosilicate minerals containing micropores 
in their structure. Since aluminosilicates have a negatively charged oxygen frame-
work, this excess charge is balanced by the positively charged cations. Zeolites can be  
utilized for the preparation of antibacterial polymer nanocomposites. By tuning the  
Si/Al ratio as well as ion exchange properties of zeolites, one can tune the properties 
of composites material for a variety of purposes [63]. Classification of nanoparticles 
with different dimensions are shown in Scheme 6.1.
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6.2   Preparation of composites

There are different ways to prepare polymer composites and their advantages or 
 drawbacks are as follows:

6.2.1   Solution casting technique

This is a common technique for the preparation of polymer composites. In the first 
step, dispersion of filler is achieved in appropriate solvent through mechanical stir-
ring or sonication, followed by dissolution of the polymer in the same solvent. The 
dispersed fillers are then mixed with polymer solution either at room temperature or 
at higher temperature depending on the solubility of the polymer. Composite films are 
obtained either by precipitation or by casting the solution/mixture.

6.2.2   Melt blending process

This process of composite preparation is achieved using equipment such as an extruder 
[68] that has the ability to generate high shear force at elevated temperatures. The filler 
is added to the molten polymer and is sheared at a high rate. The advantage of this 
technique is that there is no solvent required. The drawbacks of this process are that a 
fine dispersion may not be achieved and that only limited filler concentrations can be 
used [69]. In addition the polymer chain may degrade under high shear conditions at 
high temperatures.

6.2.3   In Situ techniques

This is an efficient technique for the preparation of composites, allowing uniform 
dispersion of the filler to take place. Fillers are dispersed in monomer, possibly in the 
presence of solvent followed by the addition of the curing agents, hardener, or chain 
extender for polymerization at an appropriate temperature. One of the major advan-
tages of this technique is that homogeneous dispersion of filler occurs in polymer 
matrix leading to significant improvement of most properties.

Scheme 6.1 Various types of nanoparticles. (a) 0D, fullerene; (b) 1D, carbon nanotube;  
(c) 2D, clay; and (d) 3D, zeolite [64–67].
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6.2.4   Latex method

Latex is a colloidal dispersion of polymer in an aqueous solvent. This method is 
more suitable for those polymers that can be prepared via emulsion polymerization 
or those that have the ability to form emulsion. It consists of an aqueous dispersion/ 
stabilization of filler using a surfactant followed by the addition of the dispersed filler 
into the polymer latex. Nanocomposites can be obtained after freeze-drying the above 
mixture followed by melt processing. The latex method has several advantages includ-
ing no requirement for organic solvent, reliability, ease of processing, and improved 
dispersion of the filler in the viscous polymer matrix [70].

6.3   Morphology

The presence of filler alters the morphology of the polymer matrix in various ways. Com-
posite morphologies are highly influenced by the preparation method and extent and 
chemical nature of the filler used. Transmission electron microscopy (TEM), scanning 
electron microscopy (SEM) , atomic force microscopy (AFM), and optical microscopes 
are usually used to characterize the morphology. Dispersion of gold nanoparticles (0-D) 
in PU matrix is presented in Figure 6.1(a). At a low concentration, the distribution is 
homogeneous whereas it aggregates at a higher concentration (>65 ppm). The surface 
morphology observed through SEM shows a globular pattern in an Ag nanoparticle 
(AgNP) dispersed in a PU composite (Figure 6.1(aʹ)) while an AFM phase topography of 
the gold nanoparticles composite is given in Figure 6.1(aʺ). Roughness of the pure PU and 
its composites is in the range of 2.0–2.8 nm, indicating moderately flat surfaces. Hsu et al. 
and Cho were observed the formation of a lamellar structure through the hard segment of 
PU, which tends toward a micelle shape with increase of the hard segment content in PU 
[71,72]. Homogeneous dispersion of CNTs (1-D nanoparticles) in a PU matrix through 
in situ polymerization is shown in Figure 6.1(b) [73]. Uniform dispersion of filler through 
the in situ method provides a high surface area to interact better with polymer matrix and 
control the mechanical properties of the composite [74]. Better dispersion is also observed 
in the SEM and AFM images of the PU–CNT composites [75,76] (Figure 6.1(bʹ) and 
(bʺ)). The distribution of nanoclay (2-D nanoparticles) in a PU matrix and its effect on 
surface morphology are shown in Figure 6.1(c, cʹ, cʺ). Homogeneous dispersion is clearly 
observed as the composite was prepared in situ by dispersing nanoclay in polyol followed 
by polymerization with diol and diisocyanate. The surface morphology of the nanocom-
posite was also affected by the time of incorporation of the clay during the polymeriza-
tion process. Pure PU exhibits a flake-like structure whereas the nanocomposites show a 
grainy morphology, which does not occur when the nanoclays are incorporated at an early 
stage of polymerization [9]. The banded pattern in the AFM image is evident in nanoclay 
PU composites with the band size becoming narrower in the composite than in pure PU. 
The SEM image of a PU–zeolite composite reveals the well-dispersed zeolite in the PU 
matrix (Figure 6.1(d)). The asymmetric structure of membrane consists of top skin, sub-
structure, and bottom skin. Some aggregation of zeolite is observed in dense bottom skin. 
A study of the cross-section of the membrane reveals that the incorporation of zeolite is 
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Figure 6.1 Morphology of polyurethane with various types of nanoparticles. (a) TEM 
 micrograph of PU–Au nanocomposites containing 43.5 ppm gold particles [71], (aʹ) SEM 
image of PU–Ag fiber [72], (aʺ) AFM phase containing 17.4 ppm gold in PU matrix [71]; 
(b) TEM image of PU–CNT nanocomposites [73], (bʹ) SEM micrograph of PU–CNT 
 nanocomposites containing 10 wt% CNT in matrix [75], (bʺ) AFM image of PU–MWCNTs 
[76]; (c)TEM image of PU–nanoclay, (cʹ) SEM micrograph of PU–nanoclay, and (cʺ) AFM 
image of PU–nanoclay [9]; and (d) SEM micrograph of PU–zeolite nanocomposites [78].
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uniform only in the top skin (active layer) and in the substructure of the membrane. The 
pore size also decreases in the composite compared to the pure PU [77,78].

6.4   Structure

The incorporation of various nanoparticles in a PU matrix produces structural changes 
that are summarized here. X-ray diffraction (XRD) shows that the aromatic-based PU 
matrix is amorphous while the nano-TiO2 (0-D filler) reveals its diffraction peaks (Figure 
6.2(a)) [79]. The addition of CNT into a PU matrix disrupts the microphase morphology 
[80] (Figure 6.2(b)). Considerable enhancement of nanoclay interlayer spacing occurs 
when the clay is added to diol. Subsequent addition of diisocyanate and polymerization 
increase the spacing further as polymerization takes place, which displaces the silicate 
layers making an exfoliated structure [9] (Figure 6.2(c)). XRD patterns of PU–LDH 
nanocomposites exhibit the exfoliated nature at lower concentration of LDH while an 
intercalated nature is seen at higher LDH (2-D nanofiller) content [44]. PU having zeolite 
in its matrix shows a sharp peak at 2θ  =  37° and the intensity as well as position of this 
peak is affected by the content of the zeolite (Figure 6.2(d)) [81] due to the change in the 
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Figure 6.2 XRD patterns of PU and its nanocomposites with different types of nanoparticles: 
(a–i) pure PU, (a–ii) pure nano-TiO2, and (a–iii) PU–nano-TiO2 composite [79], (b) PU–CNT 
composites [80], (c) PU–clay nanocomposites [9], and (d) PU–AlPO4-5 zeolite composites [81].
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microcrystalline structure of the composites. For all types of filler, as expected, the inten-
sity of the filler peak increases with increase of the content of filler in the composites.

6.5   Nanoparticle-induced self-assembly

Self-assembly plays an important role in enhancing the physical and mechanical 
properties of polymers. Nanoclay-induced self-assembly in aliphatic PUs via in situ 
polymerization has been observed [9]. Layer by layer self-assembly in aliphatic 
PU was observed through XRD, small-angle neutron scattering (SANS), AFM, and 
polarizing optical microscopy (POM). The appearance of a peak at ∼5.8° (d-spacing 
∼1.6 nm) in XRD measurement suggests the formation of molecular layers in the PU 
nanocomposite (Figure 6.3(a)). Further, a shoulder/peak in SANS measurement with 
characteristic value (Λc ∼ 12–14 nm) indicates the presence of a nanostructure in PU/
nanocomposites (Figure 6.3(b)). The lower value of the characteristic length in nano-
composite (12 nm) compared to pure PU (14 nm) indicates  nanoclay-induced self-as-
sembly where a lesser number of molecular sheets is required for greater assembly 
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Figure 6.3 (a) X-ray diffraction patterns of organically modified Closite-30B nanoclay and 
nanocomposites, (b) small-angle neutron scattering patterns; I(q) versus q (wave vector) plot 
of indicated PU and nanocomposites, (c, c′ ) AFM image of PU and its nanocomposites with 
height profile, and (d) POM image PU–nanoclay composite [9].
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through hydrogen bonding. The domain structure observed in AFM topographs sug-
gests a larger assembly (lateral dimension of ∼0.5 μm) (Figure 6.3(c)). A greater num-
ber of peaks as well as intensity of the height profile in the nanocomposite compared 
to pure PU appears in AFM topographs. This suggests the formation of a more consol-
idated structure in the nanocomposites. Larger structures in the nanocomposites were 
observed in the PU using optical microscopy (Figure 6.3(d)). The driving force for 
this self-assembly is the extensive hydrogen bonding between the urethane moieties 
in the polymer chains with the clay nanocrystals. Tuning of the surface morphology 
and properties due to the influence of clay through self-assembly was also revealed in 
aliphatic PUs having various chain extenders [42].

6.6   Mechanical behavior

The mechanical properties of composites depend on the amount, aspect ratio, surface 
area, orientation, interaction, and dispersion of the filler in polymer matrix [82]. Deka 
et al. synthesized PU nanocomposites with different weight percentages of Ag particles 
and measured the mechanical properties (tensile strength, bending, hardness (Shore A), 
and impact resistance). Tensile strength, hardness, and impact resistance increase with 
increasing weight percentage of nanoparticles while the elongation at break and bending 
remains the same compared to pure PU. The enhancement in mechanical properties 
was due to homogeneously dispersed Ag nanoparticles (AgNPs) with larger surface 
areas, which can interact with the matrix and facilitate easy transfer of stress to the 
fillers (Figure 6.4(a)) [83]. Mechanical properties of the composites can also be tuned 
by using different sizes of nanoparticles. Larger particles in the matrix result in lower 
stiffness and higher elongation at break compared to the composites with smaller par-
ticles, which show increased stiffness and lower elongation at break. Most differences 
in properties of the composites arise due to the interaction between filler and matrix 
polymer [84]. CNT with its high surface area and aspect ratio has a tensile strength of 
50–200 GPa and Young’s modulus of 1.2 TPa, which make it attractive for enhancing 
the mechanical properties of polymer matrices [68]. Figure 6.4(b) shows stress–strain 
curves of CNT-based PU composites as a function of CNT content [85]. The improve-
ment of mechanical properties is due to the good dispersion of CNT that facilitates the 
load transfer between the polymer matrix and the CNTs. PU composites formed by 
using multiwall CNTs (MWNTs) and single wall CNTs (SWNTs) have shown differ-
ent mechanical properties. MWNTs exhibit greater improvement in modulus whereas 
SWNT-based composites show improvement in tensile strength and elongation at break 
compared to the pure PU [86]. Considerable improvement in mechanical properties of 
PU/LDH composites is also reported. These improved properties are mainly due to the 
interaction of hydroxyl groups of LDH and the polar urethane linkages along with the 
high aspect ratio and orientation of LDH, which help the load transfer process during 
measurement (Figure 6.4(c)) [87]. PU/clay nanocomposites prepared through the in situ 
polymerization technique exhibit enhanced mechanical properties in terms of modulus 
and toughness. Orientation of the  two-dimensional nanoclay toward the applied force 
field is responsible for the toughness enhancement in nanohybrids [88]. Incorporation 
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of 2 wt% of graphene in PU matrix during the polymerization process increases tensile 
strength and elongation at break in PU/graphene composites presumably due to homo-
geneous dispersion of graphene in the PU matrix. TEM measurements suggest good 
interfacial interaction between the polymer chain and the graphene sheets [13]. Several 
workers report a decrease of mechanical properties of CNT PU nanocomposites due 
to poor dispersion of the CNTs and the preparation method (ex situ polymerization) 
[89,90]. The improvement in mechanical properties of TDI-based PUs after the addition 
of zeolites (in situ process) has been investigated by Kumar et al., comparing surface 
hardness, tensile strength, and modulus. Surface hardness of the composites increased 
slightly with the addition of zeolite AlPO4-5. Considerable improvements in tensile 
strength and modulus were observed with increasing AlPO4-5 content, which indicates 
good interfacial adhesion between the PU and the zeolite filler [81] (Figure 6.4(d)).

A general observation is that composites having smaller nanoparticles in a PU matrix 
exhibit higher storage modulus compared to larger particles. The larger surface area also 
causes a shifting of the damping factor (tan δ) peak toward higher temperatures compared 
to the pure PU [84] (Figure 6.5(a) and (b)). Incorporation of CNTs in a PU matrix leads 

Figure 6.4 Mechanical behavior of polyurethane composites with various types of nanoparticles: 
(a) PU and its nanocomposites containing silver particles [83], (b) PU and its nanocomposites 
with CNTs [85], (c) PU–LDH nanocomposite (in which a, b, c, d, and e represent the pure PU, 
1, 3, 5, and 8 wt% of LDH in matrix) [87], and (d) PU–zeolite composites [81].
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Figure 6.5 Dynamic mechanical behavior of polyurethane nanocomposite in the presence of various types of nanoparticles. (a and b) Storage 
modulus and damping factor in the presence of alumina [84], (c and d) storage modulus and damping factor in the presence of CNTs [86],  
(e and f) storage modulus and damping factor in the presence of clay [91], and (g and h) storage modulus and damping factor in the presence  
of zeolite, respectively [92].
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to the enhancement in storage modulus at room temperature as well as a slight decrease 
in tan δ and glass transition temperature likely due to an increase in microphase sepa-
ration creating slightly purer soft segment microdomains [86] (Figure 6.5(c) and (d)).  
The storage modulus and tan δ of nanoclay-based PU composites are presented in  
Figure 6.5(e) and (f). Different types of clay exhibit different behavior toward the storage 
modulus and damping behavior. Nanoclay with aromatic organic modification exhibits 
a higher storage modulus compared to the composites made of nanoclay modified with 
aliphatic ammonium salt. The peak position of tan δ curves of the composites shifted 
toward the lower temperature region and becomes narrower than that of the pure PU 
[91]. Composites of zeolite exhibit a different behavior of storage modulus in the glassy 
region. The calcined zeolite filler exhibits a higher storage modulus compared to freshly 
synthesized zeolite composites in the glassy region due to the increase in the density 
of material resulting from the loss of porosity after calcination. The addition of small 
amounts of as-prepared β-zeolite in the PU matrix shifts the damping peak toward higher 
temperatures due to restriction on the mobility of the polymer chains. However, as the 
content of filler increased, the peak shifts toward the lower temperature, a phenomenon 
not observed with the calcined zeolite [92] (Figure 6.5(g) and (h)).

The rheological behavior of PU-grafted SWCNT in terms of viscosity versus shear 
rate at 80 °C is presented in Figure 6.6(a). Grafted PU composites exhibit higher 
 viscosity compared to the pure diol as well as the diol/SWCNT composites. The 
 lowest shearing thinning exponent observed in grafted composites indicates better 
 dispersion in polycaprolactone (PCL) diol [93]. The rheological behavior in terms 
of modulus and complex  viscosity versus frequency of PU clay nanocomposites was 
studied by Mishra et al. [9].  Nanoclay-based composites exhibit higher storage mod-
ulus (Gʹ) and complex viscosity (η*) compared to unfilled PU due to the presence of 
the nanoparticles. In the melt phase, the modulus drops abruptly at a certain frequency 
due to a disruption of the network structure. This disruptive frequency shifts toward 
higher frequency in the nanocomposites [9] (Figure 6.6(b) and (c)). Further increase 
of  frequency enhances the storage modulus and complex viscosity.
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Figure 6.6 Rheological behavior of polyurethane and its nanocomposites in the presence of 
nanoparticles. (a) The viscosity at 80 °C versus shear rate for blank PCL diol and PCL diol/SWNT 
dispersions, (b) storage modulus, (c) complex viscosity of pure PU and its nanocomposites as 
a function of frequency at Tref  =  Tm + 20 °C.
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6.7   Thermal behavior

The thermal properties of a given composite are influenced, for example, by quality 
of dispersion, interaction with the polymer matrix, and filler content as well as the 
aspect ratio. Enhancement in the thermal stability was observed in composites by the 
addition of nano-TiO2 in a PU matrix. The thermal degradation temperature increases 
from 347 to 365 °C in 1 wt% TiO2 composites [94]. Composites having different parti-
cle dimensions exhibit a range of thermal stability [84] (Figure 6.7(a)). The addition of 
CNTs also affects the thermal stability of the composites. PU/CNT composites exhibit 
a two-step degradation process [95]. The addition of minute quantities of MWCNTs 
during the polymerization process of PU considerably enhances the thermal stability 
[96]. Figure 6.7(b) shows the thermogravimetric analysis (TGA) curves of PU/CNT 

Figure 6.7 TGA curves of polyurethane and its nanocomposites in the presence of different 
types of nanoparticles. (a) In the presence of alumina powder [84], (b) in the presence of 
CNTs [96], (c) in the presence of clay (here a, b, c, d, e, and f represent 0, 1, 2, 3, 4, and 5 wt% 
of clay in PU matrix) [14], and (d) in the presence of zeolite [81].
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composites. Incorporation of 1 wt% of MWCNTs in the PU matrix enhances the ther-
mal degradation from 215 to 275 °C and the degradation temperature further increases 
with the increasing amounts of MWCNT in the PU matrix [97]. A comparison of the 
thermal stability of PU/CNT composites reveals that more stable dispersions result 
in better thermal stability [98]. LDH as a filler in PU matrix also enhances the ther-
mal stability of the composites. Degradation patterns of the LDH composites were 
very similar to those of pure PU [44]. Similarly, composites of organically modified 
nanoclay–PU composites show better thermal stability than pure PU and the stability 
was further increased with nanoclay content due to the thermally insulating behavior 
of the nanoclay (Figure 6.7(c)) [14]. Different types of nanoclays exhibit a range of 
thermal stability. Nanocomposites having aromatic amine-modified clay exhibit bet-
ter thermal stability than quaternary alkyl ammonium salt-containing nanocompos-
ites [91]. Composites having graphene or modified graphene as filler exhibit better 
thermal stability than pure PU due to the tortuous path created by two-dimensional 
graphene sheets, which prevent the elimination of the volatile products along with the 
formation of char [99]. Incorporation of 2 wt% of graphene in PU matrix during the 
polymerization (in situ) leads to the improvement in thermal stability of 40 °C com-
pared to the pure PU [13]. TGA of pure PU and its composites with zeolite 13X shows 
the effect of zeolite on thermal stability. The degradation temperature increases with 
increase of the zeolite content in composite, indicating good heat resistance and heat 
transfer properties of the zeolite filler (Figure 6.7(d)) [81,100]. CNTs exhibit thermal 
conductivity ∼3000 W/m/K at room temperature and this property has been utilized to 
prepare thermally conductive composites [101]. Xia and Song observed a significant 
improvement of thermal conductivity of 21% and 42% for composites containing 1% 
of MWCTs and SWNTs, respectively [86]. Further increases of CNT reduce the ther-
mal conductivity due to the large interfacial thermal resistance between the CNTs and 
the polymer matrix [102]. Similar results were also obtained in the case of MWNT/
water-based PU composites prepared through the latex method [103].

Differential scanning calorimetry (DSC) thermograms of PU–Au nanocomposites 
are presented in Figure 6.8(a). Nanocomposites having 6.5 × 10−2 wt% gold particles 
in the matrix do not show an endothermic soft segment melting peak while com-
posites with less than the amount of Au particles show a sharp melting endotherm. 
The disappearance of the peak at a higher content of Au particles is possibly due to 
gold–polyol interactions, which inhibit crystallization [104]. SWCNTs do not alter 
the glass transition temperature of composites of PCL-based PUs while the nanofiller 
strongly influences the melting behavior of the soft and hard segments. The melting 
temperatures of the soft and hard segments decrease slightly with increasing amounts 
of SWCNT (Figure 6.8(b)) [80]. In contrast the melting temperature of the soft seg-
ment increases in PU–nanoclay composites prepared through in situ polymerization 
where the nanoclay was incorporated before prepolymer formation. Interestingly a 
decrease in melting temperature is noted for the hard segment compared to the pure 
PU, indicating a strong interaction between the nanoclay and the hard segment of the 
aliphatic-based PU (Figure 6.8(c)). This suggests that the organically modified nano-
clay disrupts the urethane interactions of the polymer chain, which causes a decrease 
in the melting temperature [9].
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6.8   Flame retardancy

PUs can be used as coating materials for the improvement of flame retardant proper-
ties [105,106]. Initially, halogen and phosphorous-based materials were used in these 
applications [107]. Layer by layer nanocoating is an important process that can enhance 
the flame retardant activity of highly flammable materials like nylon [108], PET fabric 
[109], polycarbonate [110], and cotton [111,112]. PU coating with cationic boehmite 
and anionic vermiculite filler material exhibits considerable improvement in flame retar-
dant activity. PU melts and ignites when a hand-held butane torch is focused on the 
uncoated PU sample for 10 s while a coated clay-filled PU is not influenced by the torch 
and retains its original shape [113]. Incorporation of a few percent of clay in a PU matrix 
enhances its the thermal stability and flame retardant properties due to the formation of 
a protecting clay layer on the polymer surface [114]. Patel and Patel have used different 
types of diisocyanate for the preparation of PU nanoclay composites and compared the 
flame retardant properties in terms of limiting oxygen index value. Nanocomposites 
show better flame retardant properties compared to the pure PU [115].

6.9   Antimicrobial activity

Nanoparticles, especially silver ions (Ag+), are frequently used for their antibacterial 
activity. Ag+ ions prevent the replication of the microbial DNA, which in turn suppress 
the expression of the ribosomal protein as well as the enzymes for ATP hydrolysis [116]. 
Liu et al. have prepared composites of MDI and H12MDI-based PU using small, medium, 
and large sizes of silver nanoparticles to study the effect of nanoparticles size on bacterial 
activity (Escherichia coli and Staphylococcus aureus). The smaller size silver nanopar-
ticles in composites show better response in comparison to the composites with larger 
particles [117]. PU composites using nanoscale silicate platelets (NSP) and AgNPs in 
different ratios also exhibit strong antibacterial activity. Figure 6.9 shows the bactericidal 
LIVE/DEAD analysis of the growth of S. aureus (after exposure for 12 h), indicating 

Figure 6.8 DSC curves of polyurethane and its nanocomposites in the presence of different 
types of nanoparticles. (a) PU–Au nanocomposites, 1 for pure PU, 2, 3, and 4 indicate 1.74, 4.35, 
and 6.5 × 10−2 wt% of Au nanoparticles [104], (b) PU–CNT composites [80], and (c) PU- nanoclay 
composites [9].
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full inhibition for the composition of AgNP:NSP of 1:1 in a PU composite [118]. Zvekić 
et al. performed antimicrobial tests against bacteria and fungi (pour plate method) with 
nano-ZnO-containing PU varnishes. The colonies of Pseudomonas aeruginosa and Sac-
charomyces cerevisiae are not observed in the ZnO-containing varnishes in comparison 
to pure PU varnishes. Further, PU composites with 0.4 and 0.7 wt% ZnO inhibit growth 
of S. aureus by more than 85% and 95%, respectively [119].

6.10   Biomedical application of nanocomposites
6.10.1   Drug delivery

Controlled drug release and its application in the biomedical arena have received much 
attention from 1995 to 2015. Materials used as a vehicle for drug delivery should be 
safe, biocompatible, and nontoxic in nature and must not be the basis of an excess 
immune response. Other criteria such as suitable mechanical strength, easy  processing/
manufacturing, and a highly porous structure also must be met [120]. Large surface 
area along with the presence of different functionalities on the surface of CNTs pro-
vides an advantage for the loading of different kinds of drugs. Release of drug from 
polymer composites depends on several factors such as interactions between the drug 
and the polymer matrix, pH, and temperature of the medium [121]. Prolonged efficient 
drug release can also achieve a minimization of side effects [122]. Figure 6.10 shows 
the drug release profile of gentamicin sulfate in PU composites containing different 
types of nanoparticles. Albumin nanoparticle composites release drug at a faster rate 
in comparison to pure PU [123]. Similarly, CNT-based hyperbranched PU composites 
also exhibit slower release compared to pure PU and the release rate decreases with 
increasing amounts of CNTs in the matrix [124]. Two-dimensional nanoclay also sus-
tained the release rate of drugs by controlling the diffusion mechanism through a tor-
tuous path caused by the fine dispersion of the nanoclay in the PU matrix [42,125]. In 
summary, nanoparticles play an important role in drug release either by enhancing the 
interaction between the drug and the nanoparticles or by creating a tortuous diffusion 
path. Nanoparticles also appear to suppress the burst release of the drug from the PU.

Figure 6.9 Bactericidal LIVE/DEAD analysis. Growth of Staphylococcus aureus (after 12 h 
exposure) on AgNP/NSP-PU-coated stainless steel. Greens are viable cells and reds are nonvi-
able cells, where 1/1 and 1/9 are the ratios of AgNP/NSP in PU composites [118].
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6.10.2   Tissue engineering

PUs have received considerable attention for engineering applications [126]. These 
include the construction of different types of structures for blood vessels, skin repair, 
and nerve reconstruction as well as bone growth [127]. Cell adhesion and proliferation 
on these structures are considered to be important in addition to their biocompatibility 
[128]. Different types of organically modified nanoclay have been used to prepare 
composites of PU for biological applications. Cell viability on composites was shown 
to be better than the PU matrix after 3 days of incubation [129] (Figure 6.11). Mishra 
et al. have also reported on the biocompatible nature of the PU/clay nanohybrid films 
in terms of cell viability, adhesion, and proliferation [9]. Recently, organically modi-
fied graphene has been used in tissue-engineering applications [130].
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Figure 6.10 Sustained drug release profile of polyurethane composites with different types of 
nanoparticles. (a) In the presence of albumin nanoparticles [123], (b) in CNTs [124], the  number 
indicates the percentage of CNT, and (c) in the presence of clay [125].

Figure 6.11 The viability of ECs grown on the surface of PU/NSQa (nanosilicate platelet 
exchange with cationic surfactant; A30 and A50; surfactant and reduced surfactant,  respectively) 
and PU/Qa nanocomposites at 1 and 3 days. * indicates P < 0.05, significantly greater than pure 
PU and ** indicates P < 0.05, significantly greater than all other samples [129].
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6.10.3   Implant materials

There are several polymers such as collagen, silicone rubber, and poly(tetrafluoro-
ethylene) as well as PUs that are available for implant applications [131–133]. The 
basic requirement for implant material is that material should be mechanically strong 
to serve as a substrate for cell attachment and proliferation and be easily  removable/
bioadsorbable after the newly generated tissue restored the natural function [134]. 
Kannan et al. prepared PU (polycarbonate as soft segment) nanocomposites using 
polyhedral oligomeric silsesquioxanes (POSS) as the filler and used them as a bio-
stable and biocompatible material [135]. POSS is responsible for the better resis-
tance against oxidative and hydrolytic degradation for the PU–POSS composite [136]. 
The nanocomposite is nontoxic and has good thrombo-resistance and is also resistant 
toward degradation in vivo. In vivo experiments demonstrate minimal inflammation, 
capsule formation, and no degradation after 36 months of postimplantation in a sheep 
model compared to control [137]. Another in vivo study involving a vascular graft 
indicates good surface properties, superior biostability, and biocompatibility of the 
nanocomposite compared to the unfilled polymer [138]. Hence, a PU–POSS nano-
composite is an excellent material for tissue implants such as vascular grafts and 
heart valves. Khan et al. have prepared biocellulose nanoparticle-based composites  
(PU–BC) that have strong potential as bone tissue implants in terms of biodegrada-
tion, mechanical strength, porosity, and three-dimensional structure [139]. In sum-
mary, PU nanoparticles have potential in the biomedical arena for controlled drug 
delivery, tissue engineering, and implants and are a very active area of research.

6.11   Conclusions

Composites prepared using different types of nanoparticles can show superior proper-
ties compared to pure PU and have a wide range of applications in structural and bio-
medical fields. The surface morphology of nanocomposites is affected by the nature 
and amount of the nanoparticles embedded in polymer matrix. Different shapes and 
sizes of the nanoparticles play a significant role in enhancement of the mechanical, 
rheological, thermal, and fire retardant properties of the PU nanocomposites. Consid-
erable improvements in antibacterial properties have been reported using nanocom-
posites compared to pure PU. Incorporation of the different kinds of nanoparticles 
in PU matrix alters the biocompatible nature of the composites, suggesting that PU 
composites may have use in biomaterial applications.
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