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SUMMARY 
This literature survey presents a brief but concise review of the current research efforts on 
nanocomposites fabrication, testing and characterization. Review focuses on 
nanocomposites based on all three types of multifunctional fillers: nanotube/fiber-
reinforced composites, nanoplatelet-reinforced composites, nanoparticle-reinforced 
composites. Different processing techniques for manufacturing the nanocomposites and 
their mechanical, thermal, electrical, barrier and flammability properties are discussed in 
detail. Also, ordered mesoporous nanosensors - photoluminescent and electroluminescent 
materials that are capable of producing fast photon emissions with practical applications 
for military body armor, aircraft and ship hull penetration detection is discussed.  
 
Survey indicates that a new area of composites research has emerged in the last two 
decades that utilizes nanoparticle fillers to alter the properties of polymers and other 
matrices. Definitive results have not yet been achieved, but trends show that when 
processed properly, small amounts (≤ 5 wt.%) of nanoparticle fillers can increase the 
modulus, strength, toughness, resistance to chemical attack, gas impermeability, 
resistance to thermal degradation, and dimensional stability of polymeric materials. A 
point worthy of note in this study of nanoparticles and nanocomposites is the 
flammability resistance effect of nanoparticles. The intumescent model [NIST, NMAB 
[113] and others] indicates that the flame retardancy mechanism involves a high-
performance carbonaceous-silicate char; this char build-up insulates the underlying 
material. Understanding this char build-up mechanism presents a challenge and area of 
research interest in the effort to develop blast resistant materials and structures.  
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 INTRODUCTION 

The mechanical and thermal properties of polymers and composite structures can be 
altered through the use of various kinds of fillers. The dimensions of these fillers 
typically fall on a macroscopic (1 μm–1 mm) length scale. Fillers of this type increase the 
stiffness and heat distortion temperature of a polymer, primarily because the filler makes 
up a significant proportion of the total mass [10 – 40%]. However, presence of 
macroscopic fillers can cause reduction of other properties such as strength, impact 
resistance, and processability. Current research efforts focus on the use of nano-fillers to 
alter the properties of polymers. Definitive results have not yet been achieved, but trends 
indicate that when processed properly small amounts (≤ 5 wt.%) of nano-fillers can 
increase the modulus, strength, toughness, resistance to chemical attack, gas 
impermeability, resistance to thermal degradation, flammability resistance, and 
dimensional stability of polymeric materials. Inorganic nanoparticles have gained 
acceptance as possible reinforcing structures because of their low cost and ease of 
fabrication. Nanoclays and inorganic reinforcements have been shown to be effective 
reinforcements in neat polymeric structures, but very little work has been done to 
examine advanced fiber-reinforced composites that utilize nanocomposite matrices [1]. 
 
Nanotechnology is broadly defined as: the creation, processing, characterization, and 
utilization of materials, devices, and systems with dimensions on the order of 0.1–200 
nm, exhibiting novel and significantly enhanced physical, mechanical, chemical, and 
biological properties, functions, phenomena, and processes due to their nanoscale size. 
Current interests in nanotechnology encompass nano-biotechnology, nano-systems, nano-
electronics, and nano-structured materials, of which nanocomposites are a significant 
part. A morphological characteristic that is of fundamental importance in the 
understanding of the structure–property relationship of nanocomposites is the surface 
area/volume ratio of the nano-reinforcement materials. The change in particle diameter, 
layer thickness, or fibrous material diameter from micrometer to nanometer, changes the 
surface area/volume ratio by three orders in magnitude. At this scale, there is often 
distinct size dependence of the material properties. In addition, with the drastic increase 
in interfacial area, the properties of the composite become dominated more by the 
properties of the interface or interphase. Particulate composites reinforced with micron-
sized particles of various materials are perhaps the most widely utilized composites in 
today’s structures. Particles are typically added to enhance the matrix elastic modulus and 
yield strength. By scaling the particle size down to the nanometer scale, it has been 
shown that novel material properties can be obtained [2]. 
 
In nanocomposites, at least one dimension of the dispersed particles is in the nanometer 
range. One can distinguish three types of nanocomposites, depending on how many 
dimensions of the dispersed particles are in the nanometer range. When the three 
dimensions are in the order of nanometers, we are dealing with isodimensional 
nanoparticles (or simply nanoparticles). Carbon black, silica, aluminum oxide, titanium 
dioxide, zinc oxide, silicon carbide, polyhedral oligomeric sislesquioxanes (POSS) are 
examples for nanoparticle fillers. When two dimensions are in the nanometer scale and 
the third is larger, forming an elongated structure, we speak about nanotubes or whiskers 
or nanofibers. Examples are Carbon nanotubes, carbon nanofibers, cellulose whiskers, 
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boron nitride tubes, boron carbon nitride tubes, gold or silver nanotubes, cellulose 
whiskers. The third type of nanocomposites is characterized by only one dimension in the 
nanometer range. In this case the filler is present in the form of sheets of one to a few 
nanometer thick to hundreds to thousands nanometers long. This family of composites 
can be gathered under the name of nanoplatelet based nanocomposites. Layered silicates, 
layered graphite flakes and layered double hydroxides are examples for layered 
nanofillers. Figure 1 shows all three types of nanofillers. 
 

 

                

At the end 

Along the length 

MWCNT  Bundle of SWCNTs 

 

                 Silica Nanoparticles Graphite flakes  
Figure 1. Different types of Multifunctional Fillers 

  
Scope of Survey 
This literature survey presents a brief but concise review of the current research efforts on 
nanocomposites fabrication, testing and characterization. Review focuses on 
nanocomposites based on all three types of multifunctional fillers: nanotube/fiber-
reinforced composites, nanoplatelet-reinforced composites, nanoparticle-reinforced 
composites. Different processing techniques for manufacturing the nanocomposites and 
their mechanical, thermal, electrical, barrier and flammability properties are discussed in 
detail. Also, ordered mesoporous nanosensors - photoluminescent and electroluminescent 
materials that are capable of producing fast photon emissions with practical applications 
for military body armor, aircraft and ship hull penetration detection is discussed.  
 

NANOTUBE/FIBER-REINFORCED POLYMER NANOCOMPOSITES 

Carbon Nanotube/Polymer Nanocomposites 
Since the discovery of carbon nanotubes (CNTs) in 1991 by Iijima [3], CNTs have been 
looked at extensively by researchers in various fields such as chemistry, physics, 
materials science and engineering. They have exceptional material properties. CNTs can 
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be produced by an array of techniques, such as arc discharge, laser ablation and chemical 
vapor deposition. Although there are varying reports in the literature on the exact 
properties of CNTs, some results have shown very high elastic modulus ~ 1 TPa and 
strengths as high as 200 GPa. In addition to the exceptional mechanical properties, they 
also have superior thermal and electrical properties. They are thermally stable up to 
2800°C in vacuum. They have thermal conductivity about twice as high as diamond and 
electric current carrying capacity of about 1000 times higher than copper wires. These 
exceptional properties of CNTs have motivated researchers worldwide to study the 
fundamentals of this novel material as well as to explore their applications in different 
fields [4] and also develop composites with multifunctional properties. 
 
Carbon nanotubes can be visualized as a sheet of graphene rolled into a tube. CNTs exist 
as either single-walled or multi-walled structures, and multi-walled carbon nanotubes 
(MWCNTs) are simply composed of concentric single-walled carbon nanotubes 
(SWCNTs). Schematic of CNTs are shown in figure 2 [5]. It has been revealed that the 
conducting properties of carbon nanotubes depend dramatically on their helicity and 
diameter.  

                        SWCNT MWCNT  
Figure 2. Schematic of Carbon Nanotubes 

 
 

 
                          Figure 2b: Multiwall nanotubes (“telescopic antenna” or “wound arpet” 

structures) 
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Figure 2C: (i). Semispherical end of nanotubes; (ii). Buckyball; (iii). Multiwall 
nanotubes structure (connections between single nanotubes by very weak Van der 
Waals forces). 

 

Processing 
Some of the challenges involved are dispersion, interfacial bonding, alignment of fillers, 
purity of fillers, etc. There are number of approaches investigated towards solving these 
problems which includes covalent/non-covalent interactions with nanotubes, plasma 
polymerization/surface treatment of nanofillers, optimizing the processing parameters 
and aligning fillers using techniques like magnetic, high shear, electrospinning, etc. 
 
CNTs exist as ropes or bundles because of strong van der Waals interactions that result in 
entangling. Purification and disentanglement of these tubes are usually done by acid 
treatments. Generally less reactive nanotubes are converted active by oxidation reaction. 
During oxidation, the nanotubes are treated with proper ratio of sulfuric and nitric acids 
wherein the end caps are opened and hydroxyl, carboxyl and carbonyl groups are 
introduced [6]. This increases their solubility in water, ethanol etc. Moreover these 
oxidized CNTs can easily react with other solvents to covalently bond other functional 
groups. For example, esterification or amidation of oxidized CNTs where in carboxylic 
groups are activated with thionyl chloride and subsequently reacted with amines [7]. This 
increases their miscibility with polymers. Covalent side-wall functionalization can be 
done through fluorination [8]. Fluorinated CNTs are soluble in DMF, THF, alocohol etc. 
In fluorination, SWNTs are partially fluorinated and then by pyrolizing, fluorine was 
driven off leaving behind chemically cut SWNTs which are disentangled and chemically 
active on their side walls. Plasma functionalization of nanotubes is widely used to deposit 
very thin and uniform layer of monomer on their surface as shown in figure 3. For 
example plasma coating of Carbon Nanotubes with styrene monomer improved their 
dispersion and overall mechanical properties of the composite [9]. These coated 
nanotubes could be used with various polymers. Also, optimizing the plasma and 
subsequent processing parameters helps to achieve optimum dispersion and properties. 
All these techniques help for improving the dispersion of CNTs and their interface 
reaction with the polymer matrix.  
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Figure 3. HRTEM images showing (a) the interface between the coated CNT and the 

matrix, and (b) the un-coated CNT and the matrix 
 

Because the interaction of the CNTs with the matrix is important to understand the 
mechanical behavior of CNT composites, a number of researchers have studied the 
efficiency of interfacial stress transfer [10]. Stress transfer has also been investigated by 
spectroscopy [11,12]. Ajayan et al. suggested that the tube sliding inside the bundles of 
CNTs led to the poor load transfer between the nanotubes [12]. For similar reasons, 
Schadler et al. obtained higher modulus in compression than in tension for 
MWCNT/epoxy composites [13]. Even with improved dispersion and adhesion, micro-
mechanical characterization of these composites is difficult because of random 
distribution of CNTs. It is critical to process model systems with controlled structure and 
alignment so that the axial load-carrying efficiency of the nanotube can be utilized. A 
micro-scale twin-screw extruder was used to achieve dispersion of multi-walled carbon 
nanotubes in a polystyrene matrix. Highly aligned nanocomposite films were produced 
by extruding the polymer melt through a rectangular die and drawing the film prior to 
cooling. Randomly oriented nanocomposites were produced by achieving dispersion first 
with the twin-screw extruder followed by pressing a film using a hydraulic press. The 
tensile behavior of the aligned and random nanocomposite films with 5 wt.% loading of 
nanotubes was characterized. Addition of nanotubes increased the tensile modulus, yield 
strength and ultimate strengths of the polymer films, and the improvement in elastic 
modulus with the aligned nanotube composite was five times greater than the 
improvement for the randomly oriented composite [14]. Recently, electrospinning is 
widely used for producing aligned polymer nanofibers and carbon nanofibers after 
carbonization. Frank Ko et al. demonstrated co-electrospinning of SWNT/PAN 
nanofibers (figure 4) [114]. PAN/CNT nanofibers had improved properties like high 
modulus ~ 2.0 GPa (compared to PAN fiber ~ 1.0 GPa) and high decomposition 
temperature at 325°C (compared to PAN fiber at 308°C). 

 

Modeling 

Structural mechanics approach to model the deformation of carbon nanotubes was 
presented by Li and Chou [4]. Fundamental to the proposed concept is that a carbon 
nanotube is a geometrical frame-like structure and the primary bonds between two 
nearest-neighboring atoms acted like load-bearing beam members, whereas an individual 
atom acted as the joint of the related load-bearing beam members. By establishing a 
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linkage between structural mechanics and molecular mechanics, the sectional property 
parameters of these beam members can be obtained. The accuracy and stability of the 
present method was verified by its application to graphite. Computations of the elastic 
deformation of single-walled carbon nanotubes reveal that the Young’s moduli of carbon 
nanotubes vary with the tube diameter and are affected by their helicity. With increasing 
tube diameter, the Young’s moduli of both armchair and zigzag carbon nanotubes 
increase monotonically and approach the Young’s modulus of graphite.  
 
  

 
 

Figure 4. Co-electrospinning of PAN/SWCNT 
  
The molecular structural mechanics approach originally developed for simulating single 
walled carbon nanotubes was extended to simulate the elastic behavior of multi-walled 
carbon nanotubes under tension and torsion. The individual tube layer was simulated as a 
frame-like structure. The van der Waals forces between tube layers were taken into 
account by introducing a nonlinear truss rod model. Results indicate that the tube 
diameter, tube chirality and number of tube layers have some noticeable effects on the 
elastic properties of multi-walled carbon nanotubes. Furthermore, it has been 
demonstrated that the inner layers can be effectively deformed only through the direct 
application of tensile or shear forces, not through van der Waals interactions [15]. 
 
A critical review on the validity of different experimental and theoretical approaches to 
the mechanical properties of carbon nanotubes for advanced composite structures was 
presented by Lau et al. [16]. Special attention was paid to the measurement and modeling 
of tensile modulus, tensile strength, and torsional stiffness. Theoretical approaches such 
as molecular dynamic simulations, finite element analysis, and classical elastic shell 
theory were frequently used to analyze and interpret the mechanical features of carbon 
nanotubes. Due to the use of different fundamental assumptions and boundary conditions, 
inconsistent results were reported. Molecular dynamic simulation is a well-known 
technique that simulates accurately the chemical and physical properties of structures at 
atomic-scale level. However, it is limited by the time step, which is of the order of 10−15s. 
The use of finite element modeling combined with molecular dynamic simulation can 
further reduce the processing time for calculating the mechanical properties of nanotubes.  
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Nanotubes have very large aspect ratio, and the elastic rod or beam models can be 
adequately used to simulate their overall mechanical deformation.  

 
Properties  

Mechanical Properties: 
A number of recent research efforts have used nanotubes as reinforcements in polymer 
composites. Most nanotube composite research has utilized thermoplastic matrices. 
Significant property improvements were observed when adding SWCNTs to 
polypropelene by solution processing [17]. The solvent was removed and then the fibers 
were melt spun and post drawn. At 1wt%, the tensile strength and modulus were 40 and 
55% higher than neat PP fibers and properties degraded at higher concentrations because 
of difficulty in spinning. The tensile stress increased by 25% when 1 wt% MWCNTs 
were added to polystyrene [17]. Safadi et al. found that at less than 1vol% of nanotubes, 
the strength increased by 40% for PS/MWCNT composites [18]. Significant increase in 
stiffness was found at high temperatures for MWCNT/PMMA composites, from 5-27 
times depending on the nanotube loading [19]. Epoxies have been the most commonly 
used thermosetting matrix for nanotube research. Gong et al. used surfactants as wetting 
agent to improve dispersion and observed an improvement in both the mechanical and 
thermal properties of CNT-epoxy composites [20]. The use of functionalized nanotubes 
for epoxy composite fabrication was reported by Tiano et al [21]. With the 1wt% load of 
functionalized nanotubes in the epoxy, an improvement in mechanical properties by an 
11% increase in stress and 21% increase in modulus was observed. Zhu et al. used the 
combination of acid treatment and fluorination for proper dispersion of SWCNTs in 
epoxy matrix [22]. Also, this provided efficient interaction with the matrix and the 
overall mechanical properties improved (29% increase in tensile modulus and 14% 
increase in tensile strength). Wang et al. showed that the amino functionalization of 
nanotube mixed in epoxy improved the storage modulus of matrix by 25% with only 
0.5%wt loading [23]. Also, the results showed that glass transition temperature lowered 
because of the reduced cross-linkage for the composite (figure5). 

 
Electrical and Thermal Properties: 

Significant improvement in electrical properties is obtained for both intrinsically 
conducting polymers and conjugated polymers, without degradation of other properties. 
CNT/PmPV composite exhibited an increase in electrical conductivity by about 8 times 
than that of neat polymer, without impairing the photo- and electro- luminescent 
properties of the polymer [24]. 
 
Biercuk et al. showed that SWCNT/epoxy composites with 1 wt% loading increased the 
thermal conductivity by 70% at 40K and by 125% at room temperature [25]. The 
coefficient of thermal expansion (CTE) of the samples of 1 wt% mechanically chopped 
nanotubes composites were reduced by 31.5% compared to the pristine epoxy resin [26]. 
Coefficient of thermal reduction enables reduced cure shrinkage and hygrothermal 
instability. 
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p-SWNT = pristine SWCNT 
g-SWNT = functionalized SWCNT 

Figure 5. DMA results of SWNT/epoxy composite 
 

 
Flammability Properties: 

Kashiwagi et al. were the first to study the flammability properties of CNTs in polymer 
matrix. They showed significant improvement in flame retardant property of 
PP/MWCNT composites [27] and also in PMMA/SWCNT composites [28]. Beyer 
demonstrated a small improvement in flammability of EVA/MWCNT composite [29]. 
The mechanism of flame retardation was investigated and explained using PP/MWCNT 
composite by Kashiwagi et al. [30]. They explained that the MWCNT network layer 
shields resin from external radiation and heat feedback from flame and also acts as an 
excellent thermal insulation layer. Similar conclusions were obtained by Schartel et al. in 
polyamide-6 (PA-6)/MWCNT composites [31]. They also suggested that the melt 
viscosity of the nanocomposite goes up and can prevent dripping and flowing. 

 
Carbon Nanofiber/Polymer Nanocomposites 
Vapor grown carbon nanofibers (CNF) are high-quality carbon based, nanometer sized 
particles which have received a lot of attention in recent years because of their excellent 
mechanical, thermal and electrical properties. They have moduli of about 400-600 GPa, 
and strengths of 3-7 GPa. They have diameters of 100-200 nm and lengths up to 10μm. 
The surface treatments and processing of CNFs involve same/similar techniques as used 
for CNTs. Several studies showed improved mechanical properties by incorporating 
CNFs in different types of matrices [32, 33, 34]. Addition of small amount of CNFs to 
epoxy adhesive provided thermal conductivity comparable to that of commercially 
available Masterbond adhesive [35]. More importantly, there was no significant reduction 
in lap shear strengths for CNF/Epoxy adhesives. Silver-coated CNFs provided best lap 
shear strength of 25.0 MPa compared to 27.6 MPa for baseline epoxy and 17.2 MPa for 
commercial masterbond adhesive. 
 
Other Nanotubes 

Cellulose whiskers were also studied as reinforcing nanofillers [36, 37]. Boron Nitride 
Nanotubes and Gold or Silver Nanotubes are less commonly used than CNTs. All these 
nanotubes have excellent mechanical properties, better than any other material, very good 
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electrical and thermal conductivities. Boron Nitride nanotubes have better oxidation 
resistance than CNTs while Gold or Silver nanotubes have unique electrical and optical 
properties.  
 
These nanotubes are still not widely being used as reinforcements in polymer matrices. 
Zhi et al. fabricated boron nitride nanotube (BNNT) based nanocomposite for the first 
time by incorporating them in PS matrix [38]. The composite films exhibited good 
transparency. Tensile tests indicated that the elastic modulus of the films was increased 
by ~21% when a ~1 wt% soluble BNNT fraction was in use. The experimental results 
and simple theoretical estimates indicate that BNNTs is a promising additive material for 
polymeric composites.  
 

NANOPLATELET-REINFORCED POLYMER NANOCOMPOSITES 

Layered Silicate/Polymer Nanocomposites 
Amongst all the potential nanofillers, layered silicates have been more widely 
investigated probably because the starting clay materials are easily available and because 
their intercalation chemistry has been studied for a long time. Owing to the nanometer-
size particles obtained by dispersion, these nanocomposites exhibit markedly improved 
mechanical, thermal, optical and physico-chemical properties when compared with the 
pure polymer or conventional (microscale) composites as firstly demonstrated by Kojima 
and coworkers [39] for nylon/clay nanocomposites. Improvements can include, for 
example, increased moduli, strength and heat resistance, decreased gas permeability and 
flammability. 
 

Structure of layered silicates 
Montmorillonite (MMT) clay, a type of layered silicate, naturally forms stacks of plate-
like structures, or platelets (figure 6). Stacking of layers leads to a regular van der walls 
gap between them called interlayer or gallery. The cations are attracted to the net 
negative charge within the clay platelets.  The cations can be shared by two neighboring 
platelets, resulting in stacks of platelets that are tightly held together.  

 
Figure 6. Structure of MMT layered silicate 
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Montmorillonite are naturally hydrophillic. This makes them poorly suited to mixing and 
interacting with most polymer matrices. These clays must be treated before they can be 
used to make a nanocomposite. Clay platelets are much larger than one nanometer in 
every dimension. Making a composite out of untreated clay would not be a very effective 
use of material, because most of the clay would be stuck inside, unable to interact with 
the matrix. This leads to particle agglomeration and tends to reduce strength and produce 
weaker materials. In contrast, favorable interactions between the polymer and clays lead 
to dispersed nanocomposite with improved properties. MMT clays have large active 
surface area of 700-800 m2/g and moderate negative surface charge (Cation Exchange 
Capacity) (CEC). Upon treating with surfactants the pristine silicate layers attain 
hydrophobic/organophillic character and results in a larger interlayer spacing. As the 
negative charge originates in the silicate layer, the cationic group of surfactants resides at 
the layer interface and the aliphatic tail will radiate away from the surface. So the spacing 
between the layers depends on both the charge exchange capacity (CEC) and the chain 
length of the cation. 
 
Layered silicates have tensile modulus of ~ 175 GPa, tensile strength of ~ 1 GPa and 
surface area of ~ 750 m2/g. Vermiculite has high charges on its surface and shows more 
homogenous and regular expansion in contrast to MMT, when it is treated with cations. 
However VMT is not as widely used as MMT. A nice brief review of VMT structures 
and their surface treatment was given by Abdul Abokarm [40].  
 

Processing  
The preparation of layered silicates nanocomposites requires extensive delamination of 
the layered clay structure and complete dispersal of resulting platelets throughout the 
polymer matrix. Strong interfacial interaction between the polymer matrix and the clay in 
order to generate shear forces of sufficient strength is required during processing. 
Common methods to synthesize thermoset polymer nanocomposites are: 1) In-situ 
polymerization, in which the monomer migrates into the galleries of the layered silicate 
so that the polymerization can occur within the intercalated sheets. The polymerization 
reaction can be carried out using heat, radiation or a suitable initiator. 2) Solution 
processing, in which the organoclays are added to the polymer solutions and mixed. Also, 
polymer solutions can be mixed with the organoclays that are already expanded using 
polar solvent. The solvent may be removed using vacuum, and it is a critical issue. 3) 
Melt intercalation, in which the layered silicate is mixed with the polymer matrix in the 
molten state. A thermoplastic polymer is mechanically mixed by conventional methods 
such as extrusion and injection molding at an elevated temperature. All the methods aim 
in achieving the optimum dispersion of nanoclays.  
 
Normally, three different types of composites are evolved depending on the chemistry 
and processing conditions [41]. When the polymer is unable to intercalate between the 
silicate sheets, a phase separated composite is obtained (conventional composite). When 
a single (and sometimes more than one) extended polymer chain is intercalated between 
the silicate layers resulting in a well ordered multilayer morphology built up with 
alternating polymeric and inorganic layers, intercalated nanocomposite is obtained.. 
When the silicate layers are completely and uniformly dispersed in a continuous polymer 
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matrix, an exfoliated or delaminated nanocomposite is obtained. These structures are 
shown in figure 7. 

 

 
Figure 7. Different types of layered silicate/polymer composites 

 
 

 
Figure 7b: Another perspective of intercalated and exfoliated nanocomposites 
from layered silicates and polymers. 

 
There are number of studies showing the importance of surface treatment, curing agents, 
curing conditions, processing methods etc on the morphology of resulting thermoset 
based nanocomposites. Yucai et al. showed that the organoclay is easily intercalated by 
the epoxy precursor during the mixing process, but the pristine clay is not even during the 
curing process [42]. The results showed that addition of promoter helps in the formation 
of exfoliated nanocomposite and this mechanism is discussed on the thermodynamic and 
kinetic point of view. Yebassa et al. placed emphasis on the synthesis of the surfactant 
and the role of the reactive, surfactant-modified clay over the non-reactive, surfactant-
modified clay in promoting clay-platelet separation in clay vinyl ester nanocomposites 
[43]. They showed improvement in MMT clay-platelet separation by using partially 
reactive onium salt and improving the processing methods. 
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Two techniques are widely used in order to characterize nanocomposites. XRD is used to 
identify intercalated structures. In such nanocomposites, the repetitive multilayer 
structure is well preserved, allowing the interlayer spacing to be determined. The 
intercalation of the polymer chains usually increases the interlayer spacing, in 
comparison with the spacing of the organoclay used (figure 8), leading to a shift of the 
diffraction peak towards lower angle values. As far as exfoliated structure is concerned, 
no more diffraction peaks are visible in the XRD diffractograms either because of a much 
too large spacing between the layers (i.e. exceeding 8 nm in the case of ordered 
exfoliated structure) or because the nanocomposite does not present ordering anymore. In 
the latter case, transmission electronic spectroscopy (TEM) is used to characterize the 
nanocomposite morphology. Besides these two well defined structures, other 
intermediate organizations can exist presenting both intercalation and exfoliation. In this 
case, a broadening of the diffraction peak is often observed and one must rely on TEM 
observation to define the overall structure [41]. Shivakumar et al. developed an air 
plasma etching followed by SEM technique for 3D visualization of dispersion of 
inorganic nanoparticles [48]. Recently super critical CO2 has been used for processing of 
polymer nanocomposites. Manke et al. recently patented two methods to produce PP/clay 
nanocomposites by the assistance of SCCO2 [116]. 

 
Figure 8. XRD patterns of: (a) phase separated microcomposite (organo-modified 
fluorohectorite in a HDPE matrix); (b) intercalated nanocomposite (same 
organomodified fluorohectorite in a PS matrix) and (c) exfoliated nanocomposite 
(the same organo-modified fluorohectorite in a silicone rubber matrix) [115]. 
 

Properties 

Tensile Properties: 
Park et al. [51] tested a nanocomposite made of a mixture of epoxy and 
polymethylmethacrylate (PMMA) and nanoclay as reinforcement. Tensile tests were 
performed at room temperature. PMMA-nanoclay composites show a reduction of both 
maximum stress and strain at break by 30 and 50% respectively for 4% content of 
nanoclay, while the Young’s modulus increased by 33%. All results seemed to have 
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linear correlation with the clay content. Epoxy-nanoclay composites behaved differently. 
The tensile strength increased by up to 150% for 15% of clay. Tensile strain at break 
decreased by 20% for 15% of clay, and the Young’s modulus almost doubled. The blend 
obtained by mixing PMMA, epoxy in 80-20 ratio, and nanoclay showed no improvement 
of maximum tensile stress on account of the addition of nanoclay and a significant 
reduction of the tensile modulus (50%) for 6% of clay. 
 
Poly(hydroxy ether of bisphenol A (Ph) based polymer nanocomposites (PN) reinforced 
with a layered clay (montmorillonite) were studied by Gurmendi et al [52]. The clays 
used were three different kinds of organically modified montmorillonite (Cloisite 20A, 
30B and Cloisite Na modified in laboratory). The Young’s modulus improved for each of 
the three clays, up to 40% increase for 4% of Cloisite 30B. A more modest improvement 
was found for the yield stress (17% for 4% of Cloisite 30B). The elongation at break also 
increased; by 50% for 4% of Cloisite 20A, while Cloisite Na did not show any change. 
 
The effect of nanoclay modified with polyol and mixed into an epoxy matrix system was 
studied by Isik et al. [53]. The materials used were diglycdyl ether of bisphenol A as 
matrix system and montmorillonite Cloisite 30B modified with polyether polyol, which 
bonds well with epoxy. The tensile strength decreased with increasing amount of clay and 
constant content of polyol. The polyol appear to have a beneficial effect on tensile 
strength by increasing its content. This is due to the higher level of crosslinking induced 
by the polyol. The Young’s modulus increased with increasing amount of nanoclay and 
constant amount of polyol. The extension at break was smaller for the clay 
nanocomposite than for the virgin polymer. 
 
Shivakumar et al. [47] used three different processing techniques for montmorillonite, 
vermiculite, and CNT fillers with epoxy and vinyl ester matrices. They also developed an 
air plasma etching followed by SEM technique for 3D visualization of dispersion of 
inorganics nanoparticles [48]. The method has been successfully applied for different 
composites. Measured tensile modulus of the nanocomposites showed modest 
improvement and both strength and failure strain deteriorated. 
 
The relationship between morphology and the mechanical properties of thermoplastic 
olefin materials that are reinforced with organoclay fillers and prepared by melt 
processing was reported by Lee et al. [54]. The nanocomposites were prepared by melt 
compounding and mixing of PP, an ethylene–octene based elastomer, with a master batch 
material containing equal parts of maleated PP and an organically modified 
montmorillonite. The Young’s modulus increased with increasing clay content, up to 
60% for 7% clay. The Yield strength increased initially with clay content up to 6% 
(increase of 7%) and then it dropped to below the value of virgin polymer. However, the 
changes were very contained. The elongation at break gradually diminished with 
presence of nanoclay, reaching about 66% decrease for 7% of clay content. The relative 
content of elastomer produced a decrease in Young’s modulus and yield strength. The 
elongation at yield and the elongation at break increased instead. In this extend, the clay 
content did not have a comparable effect on Young’s modulus and yield stress, but it 
lowered sensibly the value of elongation at break and at yield.   
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Zhang et al. [50] studied a styrenic polymer nanocomposite based on oligomerically-
modified nanoclay. The styrenic polymer was made with acrylonitrile-butadiene-styrene  
copolymer (ABS), high-impact polystyrene (HIPS), styrene-acrylonitrile copolymer   
 
 (SAN), sodium montmorillonite, vinylbenzyl chloride (VBC), styrene (St), lauryl 
acrylate and 2, 2’ -azobisisobutyronitrile (AIBN). The tensile strength increased for 
nanocomposites with ABS, and PS while it did not change for HIPS. The effect of clay 
was very limited, with less than 20% increase for 10% of nanoclay. The Young’s 
modulus increased for all the three kinds of nanocomposites with major effect on PS one 
(40% increase for 10% clay content). The elongation at break slightly changed for PS 
nanocomposite (50% decrease) while a bigger effect was found for HIPS and ABS 
nanocomposites, with values that dropped from 36 and 39% respectively to 2-3%. Table 
1 summarizes the references on tensile properties.  
 

Flexure Properties: 
High temperature thermoset polyimide was mixed with unmodified and modified 
montmorillonite (layered silicate) clay. Dynamic mechanical analysis results showed a 
significant increase in the thermomechanical properties of clay loaded nanocomposites in 
comparison with the neat polyimide. Also higher glass transition temperature was 
observed and flexural properties measurements showed a significant improvement in the 
modulus and strength, with no loss in elongation. Doubling the clay loading percentage 
resulted in degradation of nanocomposite flexural properties [59]. 
 

Impact Properties: 
The impact behaviors and properties are mainly improved by small particles with low 
aspect ratio, since large particles can be crack initiation sites. The particles that possess 
high aspect ratio induce large stress concentrations near their edges. It also should be 
pointed out that the interfacial interaction between fillers and polymer matrix 
significantly influence the mechanical properties of particulate filled polymers. 
Furthermore, since the nature of the particle–matrix interface influences the toughness of 
filled polymer, amorphous nature of the interface is more effective to enhance the 
toughness of the filled polymer than crystalline interface. The observation of higher 
crystallinity in the nanocomposite is expected to have a negative effect on toughness. The 
study of impact toughness at high strain rates is of particular interest and relevance 
because yield stress increases with strain rate, promoting brittle mode of fracture. High 
tensile toughness may not necessarily mean high impact toughness. 
 
Experimental results for the response of nanocomposites impacted at low velocities by a 
rigid semi-sphere impact tester have been presented by Lin at al. [60]. Two types of 
nanocomposites prepared from modified montmorillonite (cloisite 30B) and titanium 
dioxide with unsaturated polyester resin matrix were investigated. Figure 9 shows the 
impact strength of the epoxy nanocomposites for cloisite 30B and titanium dioxide with 
nanoparticles loading from 2 to 10 vol%. The impact strength of the nanocomposites is 
significantly improved by the nanoparticle level. For nanoparticles of cloisite 30B, the   
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Table 1. Comparison of Tensile Properties of Clay based Nanocomposites 

Ref. Nanoclay Nanoclay 
content Polymer matrix Mechanical behavior*

30% reduction at stress break
51 Cloisite 30B 4% PMMA 50% reduction of strain at break

33% increase of Young's modulus
150% increase at stress break

51 Cloisite 30B 15% Epoxy 20% reduction of strain at break
100% increase of Young's modulus

51 Cloisite 30B 6% 80% PMMA + 20% Epoxy 50% increase of Young's modulus
52 Cloisite 30B 4% Epoxy PhEBA 40% increase of Young's modulus
52 Cloisite 20A 4% Epoxy PhEBA 50% increase of strain at break
52 Cloisite Na - Epoxy PhEBA no change

decreasing tensile strength
53 Cloisite 30B - Epoxy increasing Young's modulus

smaller extension at break
60% increase in young's modulus

54 MMT 7% PP modest increase in tensile strength
66% decrease in elongation at break

increase in tensile strength
50 Na MMT - ABS increase in Young's modulus

big decrease in elongation at break
40% reduction at stress break

50 Na MMT 10% PS 50% reduction of strain at break
40% increase of Young's modulus

30% reduction at stress break
55 Na MMT - HIPS 50% reduction of strain at break

33% increase of Young's modulus
no change in tensile strength

56 Cloisite 30B 7% Nylon 6 increase in Young's modulus
90% reduction of strain at break

26% increase in Young's modulus
57 Nanomer 1.44P 4% HDPE no change in tensile strength

50% reduction of strain at break
44 MMT 1% - 3% PVC 20% increase in tensile strength
44 Na MMT 5% PVC 20% increase in tensile strength

no change in tensile strength
58 Na MMT 10% PCL decreasing in strain at break

10% increase of Young's modulus
50% reduction at stress break

58 Cloisite 25A 10% PCL reduction of strain at break
42% increase of Young's modulus

50% reduction at stress break
58 Cloisite 30B 10% PCL reduction of strain at break

54% increase of Young's modulus
45 Cloisite 15A 9% sPS 70% increase in tensile strength

* compared to the values of pure resin  
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increased content levels (up to 7%) yield higher impact strength due to the nanoparticle 
interface reaction and formation of a tortuous fracture path. 
 
 

 
Figure 9:  Impact Strength of Epoxy Nanocomposites  

 
Ratna et al. [61] manufactured and tested a nanocomposite made of epoxy resin, nanoclay 
particles, and an epoxy functionalized hyperbranched polymer. The epoxy resin used was 
liquid diglycidyl ether of bisphenol A, the nanoclay was the commercially available and 
treated Nanocor I.30E, and the functional dendritic branched polymer (HBP) used was a 
branched aliphatic polyester backbone with 11 reactive epoxy groups per molecule. The 
results show encouraging improvement of impact strength compared to the pure epoxy. 
Both HBP (15% by weight) and nanoclay (5% by weight) improve the impact strength by 
a factor of 3 and 1.5 respectively. The two compounds combined show an intermediate 
result with only a factor of 2. This is due to the fact that the introduction of clay affects 
the uniformity of dispersion of HBP lowering the impact strength with respect to epoxy + 
HBP. 
 
Park et al. [51] tested a nanocomposite made of a mixture of epoxy, 
polymethylmethacrylate (PMMA), and nanoclay as reinforcement. The manufacturing 
procedure uses melt blending technique where two epoxies (one aromatic and one 
aliphatic) were mixed with nanoclay (Cloisite 30B). Izod impact tests were performed on 
notched samples at room temperature. For PMMA-nanoclay composites the impact 
toughness was reduced as a result of the presence of clay, with values dropping up to 
20% for clay content of 6%. The impact toughness also seemed to be linearly correlated 
to the clay content. A different behavior was observed for epoxy-clay nanocomposites, 
where the impact toughness was increased by 10% through addition of 15% of nanoclay. 
The blend produced by mixing 80 parts of PMMA and 20 parts of epoxy with various 
percentage of nanoclay show an increase of impact strength by 15% for 2% content of 
clay and then a drop in properties, until the value of the impact strength was the same as 
of pure resin for a nanocomposite with 6% content of clay. 
 
Polyhydroxy ether of bisphenol-A based polymer nanocomposites reinforced with 
layered clay (montmorillonite MMT) was studied by Gurmendi et al. [52]. Three 
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different types of organically modified montmorillonite clay (Cloisite 20A, 30B and 
Cloisite Na modified in laboratory) were used. Only the Cloisite 20A-epoxy exhibited an 
increase in impact strength and no practical changes were observed for the other two 
nanoclay systems studied. The improvement in impact strength for Cloisite 20A was 
outstanding with order of magnitude three times higher than that of pure polyhydroxy 
ether of bisphenol-A resin.  
 
The effect of nanoclay modified with polyol and then mixed into an epoxy matrix system 
was studied by Isik et al. [53]. The materials used were diglycdyl ether of bisphenol-A as 
matrix system and montmorillonite Cloisite 30B, modified with polyether polyol which 
bonds well with epoxy and serves as a reactive diluent for epoxy. The impact strength of 
the epoxy with no nanoclay increased with increasing content of polyol, up to 160% 
increase with 7% content of polyol. However, the impact strength decreases with clay 
content. The optimal result was found with the combination of 1% nanoclay and 1% 
polyol, with 130% increase in impact strength compared to that of the pure epoxy resin.  
Meng and Hu evaluated the impact properties and the fracture morphology of 
bismaldeide-organoclay nanocomposites [62]. 4,4’ bismaleilmidodiphenil-methane 
(BMPM) was used as matrix system and a reactive diluent (dyallibisphenol A) was used 
to help the intercalation of the organically modified clay (I.30TC and 30B). Charpy tests 
were performed on the nanocomposites manufactured by melt intercalation. The tests 
show that the impact strength increased for 1% and 3% clay content and remained 
unchanged for 5% clay content. Bigger increment was observed for 30B nanoclay. 
Intercalated nanoclay showed a drop of impact strength with respect to the virgin 
polymer. 
 

 
Figure 10: Izod Impact Strength of Polypropylene (PP) and 4 wt% Clay–Reinforced PP 

Nanocomposite as a Function of Temperature. 
 
The impact behavior of thermoplastic nanocomposites was also investigated. Recent 
work on polypropylene-4 wt% nanomer I.44P, Nanocor clay nanocomposites indicated 
an increase in toughness in the temperature range of -40 to +70 °C [63]. Figure 10 depicts 
these results. It is noted that the addition of clay to PP significantly increases the impact 
strength in the temperature range of 0 to +70°C, while the toughness remains unaffected 
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below 0°C. Figure 11 shows the Izod impact strength for polyethylene and PE–4 wt% 
clay nanocomposite for tests conducted under identical conditions [57]. The addition of 
clay to polyethylene copolymer results in a decrease of impact strength for the entire 
temperature range of Izod impact tests, though the toughness values continue to be high 
even at -40°C (10 kJ/m2). 
 

 
Figure 11:  Izod Impact Strength for Neat PE Copolymer and 4 wt% Clay–
Reinforced PE Copolymer Nanocomposite as a Function of Temperature. 

 
In Comparison with PP–clay nanocomposite system, the decrease in impact strength with 
the addition of clay to polyethylene [HDPE] copolymer for the entire temperature range 
of Izod impact tests may be ascribed to the interaction between nanoclay particles and 
polymer matrix. During mechanical deformation,   in the nanocomposite, the micro-voids 
from the presence of clay nanoparticles trigger large scale plastic deformation with 
consequent tearing of matrix ligaments between micro-voids and result in stretching of 
fibrils (fibrillation) interdispersed with micro-voids. Thus, there is a clear relationship 
between the fracture mode and impact strength of neat HDPE copolymer and clay–
reinforced nanocomposites. 
 
The relationship between morphology and the mechanical properties of thermoplastic 
olefin materials that are reinforced with organoclay fillers and prepared by melt 
processing was reported by Lee et al. [54]. The nanocomposites were prepared by melt 
compounding and mixing of PP, an ethylene–octene based elastomer, with a master batch 
material containing equal parts of maleated PP and an organically modified 
montmorillonite. The Izod impact strength was decreased by about 25% for all 
percentage of nanoclay with respect to the virgin polymer. The relative content of 
elastomer had a beneficial effect on Izod impact strength, with an increase that reached 
40 times the value for virgin polymer with 40% content of elastomer. In this extent the 
nanoclay contributed for half of the effect with no difference between all percentages of 
nanoclay. 
 
Rubber toughening of nylon 6 nanocomposite was investigated by Ahn and Paul [56]. 
The samples were prepared by melt compounding of nylon 6 and nanoclay (Cloisite 30B) 
and then melt compounding with rubber, an ethylene–propylene random copolymer 
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grafted with maleic anhydride. The rubber particles’ size and inter-distance played a key 
role in determining the impact strength. The impact strength was determined at different 
temperatures for different rubber and clay contents. Without the rubber, the 
nanocomposite showed a brittle behavior under 50°C and a ductile behavior above 50°C 
(corresponding to the glass transition temperature). The addition of clay increased the 
temperature of the brittle-ductile transition. The addition of rubber decreased the 
transition temperature to -5°C, increasing the toughness of the material at room 
temperature. The nanoclay contributed through increasing the transition temperature, 
decreasing the value of impact strength in the temperature range of 0-40°C, and 
increasing it for higher temperature when compared to the polymer with nylon and rubber 
only.  
 
Wan et al. [44] studied three kinds of nanocomposites made of polyvinyl chloride and 
three different nanoclays; Na-MMT and two surface modified MMT. The two organic 
MMTs were modified by trimethyloctadecyl ammonium and dimethyldioctadecyl 
ammonium respectively, and they were denoted as MMT-C18 and MMT-2C18. Izod 
impact tests were performed on samples with content of clays between 0 and 5%. The 
impact strength was generally enhanced through the addition of clay for all three kinds of 
nanocomposites. The curve of impact strength vs. nanoclay content seemed to have a 
maximum for 3% clay content. 
 
A study on poly(ε-caprolactone) (PCL)-clay nanocomposites was made by Lepoittevin et 
al. [58]. Commercially available PCL and MMT nanoclay were mixed by melt 
intercalation. Three different MMT were used: Na-MMT and two surface modified 
MMT; MMT-Alk (Cloisite 25A) and MMT-(OH)2 (Cloisite30B). Izod impact tests were 
performed on samples with 1, 3, 5, and 10% clay content. The impact strength decreased 
for all three nanocomposites continuously with increasing clay content. The reduction 
was around 50% for 10% clay content for all three nanocomposites. 
 
The fabrication of syndiotactic polystyrene (sPS) organophilic clay composite was done 
by Park et al. [45]. using melt intercalation technique. Various amorphous styrenic 
polymers were introduced to improve the dispersion and two different mixing methods 
(stepwise and continuous) were used. The organophilic clay employed was Cloisite 15A 
in percentages 3, 6, 9%. The Izod impact tests showed slight decrease in impact strength 
with increasing clay content. The decrease in impact strength was contained within 20% 
for nanocomposites containing sPS and SMA (styrenic maleic anhydride random 
copolymer) and 9% of clay. Reductions of up to 35% were observed for nanocomposites 
containing SEBS-MA (maleic anhydride grafted styrene-ethylene-butylene-styrene block 
copolymer). Table 2 summarizes the references on impact properties. 
 

Gas Permeability Properties: 
Clays are believed to increase the barrier properties by creating a maze or ‘tortuous path’ 
that retards the progress of the gas molecules through the matrix resin (figure 12). The 
direct benefit of the formation of such a path is clearly observed in polyimide/clay 
nanocomposites by dramatically improved barrier properties, with a simultaneous 
decrease in the thermal expansion coefficient [64]. 
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Nanocomposites can reduce the hydrogen permeability through the composite, without 
introducing a CTE mismatch, offering the potential for the development of linerless PMC 
tanks. Isothermal aging in air results in a surface layer of oxidized polymer, which cracks 
with further aging. Cracking within the oxidation layer increases the surface area 
available for oxidation and allows permeation of oxygen into the bulk of the sample, 
furthering oxidative degradation. Dispersion of layered silicate nanoparticles in the 
polymer should decrease permeation of oxygen into the composite, thereby enhancing 
thermal stability. Montmorillonite clay was organically modified and dispersed into a 
thermoplastic and a thermosetting polyimide matrix [55]. The barrier properties of the 
neat resins and the nanocomposites were evaluated. Reductions in gas permeability and 
water absorption were observed in thermoplastic polyimide nanocomposites. The 
thermosetting polyimide showed a reduction in weight loss during isothermal aging at 
288°C. 
 

Table 2. Comparison of Impact Properties of Clay based Nanocomposites  

Ref. Nanoclay Nanoclay 
content Polymer matrix Impact strength 

variation*
61 Nanomer 1.30E 5% Epoxy 50% increase
51 Cloisite 30B 6% PMMA 20% decrease
51 Cloisite 30B 15% Epoxy 10% increase
51 Cloisite 30B 2% 80% PMMA + 20% Epoxy 15% increase
51 Cloisite 30B 6% 80% PMMA + 20% Epoxy no change
63 1.44P 4% PP 30% increase
52 Cloisite 20A - Epoxy PhEBA 300% increase
52 Cloisite 30B and Na - Epoxy PhEBA no change
53 Cloisite 30B - Epoxy decrease
54 MMT - PP 25% decrease
62 1.30TC and 30B 1% and 3% BMPM increase
62 1.30TC and 30B 5% BMPM no change
56 Cloisite 30B - Nylon 6  increase
57 Nanomer 1.44P 4% HDPE 33% decrease
44 MMT 1%-5% PVC  increase
58 MMT 10% PCL 50% decrease
45 Cloisite 15A 9% sPS + SMA 20% decrease
45 Cloisite 15A - sPS + SEBS MA 35% decrease

* compared to the values of pure resin  
 

  Thermal Stability: 
The thermal stability of polymeric materials is usually studied by thermogravimetric 
analysis (TGA). The weight loss due to the formation of volatile products after 
degradation at high temperature is monitored as a function of temperature. When the 
heating occurs under an inert gas flow, a non-oxidative degradation occurs, while the use 
of air or oxygen allows oxidative degradation of the samples. Generally, the 
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Figure 12. Formation of tortuous path PLS nanocomposites 

 
  incorporation of clay into the polymer matrix was found to enhance thermal stability by 
acting as a superior insulator and mass transport barrier to the volatile products generated 
during decomposition [80]. 
 
Blumstein [64, 65] first reported the improved thermal stability of a PLS nanocomposite 
that combined PMMA and MMT clay. These PMMA nanocomposites were prepared by 
free radical polymerization of MMA intercalated in the clay. He showed that the PMMA 
that was intercalated (d spacing increase of 0.76 nm) between the galleries of MMT clay 
resisted the thermal degradation under conditions that would otherwise completely 
degrade pure PMMA. TGA data revealed that both linear and cross-linked PMMA 
intercalated into MMT layers have a 40–50 8C higher decomposition temperature. 
Blumstein argues that the stability of the PMMA nanocomposite is due not only to its 
different structure, but also to the restricted thermal motion of the PMMA in the gallery. 
 
Recently, there have been many reports concerned with the improved thermal stability of 
nanocomposites prepared with various types of OMLS and polymer matrices [66, 67, 68, 
41]. Zhu et al. studied the thermal stability of PS matrix after incorporating different 
types of nanoclays [69]. Even with as little as 0.1 wt% of clay present in the 
nanocomposite, the onset temperature was significantly increased. The role of clay in the 
nanocomposite structure is very important. The clay acts as a heat barrier, which 
enhances the overall thermal stability of the system, as well as assist in the formation of 
char after thermal decomposition. In the early stages of thermal decomposition, the clay 
would shift the decomposition to higher temperature. After that, this heat barrier effect 
would result in a reverse thermal stability. In other words, the stacked silicate layers 
could hold accumulated heat that could be used as a heat source to accelerate the 
decomposition process, in conjunction with the heat flow supplied by the outside heat 
source [64]. 
 

Flammability Properties: 
Nanocomposites appear to be a new class of flame retardant systems. Of recent they have 
attracted great interest because of their exhibit of remarkable improvements in 
mechanical and material properties. These improvements include a higher modulus and 
increased strength. Furthermore, they exhibit increased heat resistance, decreased gas 
permeability and enhanced flammability resistance [70]. The interface at the surface of 
particle inclusions plays a key role in the structure property relationship.  
 
The work of Zammarano et al. [71] presents the use of layered double hydroxides as 
alternative to commonly used cationic clays to formulate epoxy nanocomposites with 
high flame retardant properties. It is reported that layered double hydroxides contribute to 
flame retardancy of the polymeric matrix, producing a refractory oxide residue on the 
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surface of the material and releasing aqueous vapor and carbon dioxide during the 
decomposition. The endothermic nature of these processes and the dilution of 
combustible gases of pyrolysis increase the ignition time and reduce the heat release 
during the combustion. With regards to flame retardancy properties, epoxy 
nanocomposites based on the organic-modified layered double hydroxide exhibit: 

• a unique self-extinguishing behavior in UL94HB test, never before observed in 
pure resin 

• a higher reduction in the PHRR (peak of heat release rate) compared to 
montmorillonite based nanocomposites, 

• an increase in the reduction of PHRR for the thin sample compared to the thick 
sample, 

• the formation of an intumescent compact char with an intercalated nanostructure, 
and 

• a synergistic effect with ammonium polyphosphate. 
 
There were two reasons for combining the synthesized phosphorous compounds with 
nanoparticles under this study [72]: (1) montmorillonite nanoplatelets were expected to 
compensate for the softening effect of the flame retardants, and (2) phosphorous flame 
retardants intercalated between the nanolayers were recently found to be very efficient in 
polypropylene and it was reasonable to try utilizing the same effect in epoxy resin.  
 
The incorporation of the nanoparticles did not create the desired flame retardant effect, 
which can be explained by the increased heat conductivity and lower mobility of the 
nanoparticles due to the crosslinked structure.  Chigwanda et al. [73] prepared vinyl ester 
nanocomposites using both clay and polyhedral oligosilsesquioxanes (POSS) as the nano-
dimensional material. From the cone calorimeter data it was observed that both clay and 
POSS helped to reduced the PHRR. To further improve the flame retardancy, the 
nanocomposite was combined with phosphorous containing fire retardants. The 
organically modified clay used was Cloisite 15A. Three different vinyl esters, bisphenol-
A/novolac epoxy, bisphenol A epoxy, and brominated bisphenol-A epoxy were used. A 
reduction of PHRR and no change in total heat release were observed. Ignition time is 
lower for the nanocomposites compared to the pure resin. The addition of phosphorous 
containing fire retardants did not improve the time of ignition but a significant reduction 
in PHRR, MLR, and the total heat release was observed. The reduction of the total heat 
release shows that   the presence of the phosphate reduces the amount of polymer burnt. 
 
Valera-Zaragoza et al. [46] studied the thermal stability and flammability behavior of 
polypropylene-(ethylene-propylene) copolymer (PP-EP)/poly(ethylene vinyl acetate) 
(EVA)/montmorillonite nanocomposite. Nanocomposites, according to concentration and 
dispersion of nanoclays, show flame retardation properties. The nanoclay used was 
Cloisite 20A, an organically modified nanoclay with dimethyl di(hydrogenated tallow) 
quaternary ammonium chloride. The EVA/C20A and PP-EP/EVA/C20A exhibit flame 
retardation and thermal stability with absence of dripping in the burning phase compared 
to the non nano-modified copolymer. 
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Morgan et al. [74] studied the effect of organoclay Soxhlet extraction on the flammability 
properties of polypropylene nanocomposites. The typical synthesis of an organoclay can 
result in excess of organic treatment which can hinder mechanical and flammability 
benefits. In the presence of excess of organic treatment, the time of ignition was 
shortened even though the peak of HRR was reduced. As Soxhlet burning time increases, 
the time of ignition increases as well but the HRR oscillates. The total heat produced 
follows the trend of the HRR. 
 
The thermal and flammability properties of polyamide 6/clay nanocomposites were 
measured by Kashwagi et al. [75]. The matrix system used was PA6 with 2 and 5% by 
weight of MMT. The addition of nanoclay slightly increases the ignition time and reduces 
the HRR. There is no evident change in the total heat release, indicating that the 
nanocomposites burn slowly, but completely. The slow burning can be also seen in the 
Mass Loss Rate (MLR) curve. The specific heat of combustion obtained from dividing 
the HRR by the MLR does not change either for the pure resin or for the nanocomposite, 
suggesting that reduction in HRR and mass burning rate tend to be an effect of chemical 
and physical processes mainly in the condensed phase. In order to prove this, the samples 
were exposed to the same external flux as that in the cone calorimeter but in a nitrogen 
atmosphere to avoid any gas phase effects.   
 
Ibeh et al studied the flammability and processing characteristics of extrusion-infused 
[75a] nanoclay-ABS/PC nanocomposites. The 50:50 ABS:PC - 1.30E nanocor clay 
nanocomposite exhibited a torque decrease at the constant shear strain rate (RPM = 50) 
with increase of nanoclay level at small concentrations up to  the 4 PHR level. An 
increase in torque level was experienced at  the 5 PHR nanoclay level, suggesting that  
only small concentrations of nanoclay are reasonable for processability enhancement. 
The burn test data show that the materials are classified as 94HB and 94V-0.  The 0 – 3 
PHR nanoclay blends drip only while subjected to the test flame but completely 
extinguish after the flame is removed.  The 4.0 and 5.0 PHR nanoclay-ABS:PC blends 
showed no dripping indicating enhanced flammability resistance with increased nanoclay 
levels.  Though AFM and plasma etching-SEM data [48] indicated minimal or no 
exfoliation of these blends, peak tensile modulus, tensile stress at max load and tensile 
toughness of 382 psi, 6090 psi and 59 psi respectively were obtained at the 3.0 PHR (part 
per hundred resin) nanoclay loading level. 
 
Cone calorimeter is one of the most effective bench-scale methods for studying the fire 
retardant properties of polymeric materials. Fire-relevant properties such as the heat 
release rate (HRR), HRR peak, smoke production, and CO2 yield are vital to the 
evaluation of the fire safety of materials. Various types of nanocomposite materials were 
found to have significant reductions in flammability. In general, the nanocomposites’ 
flame retardancy mechanism involves a high-performance carbonaceous-silicate char that 
builds up on the surface during burning. This insulates the underlying material, slows the 
mass loss rate of decomposition products and serves as a barrier to both mass and energy 
transport. As the fraction of clay increases, the amount of char that can be formed 
increases and the rate at which heat is released decreases. The decrease in the rate of heat 
release corresponds to:  (1) a decrease in mass loss rate and the amount of energy 
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released by the time resin has ceased burning, and (2) a modest increase in the time at 
which the peak heat release is reached.  
 
The production of a char barrier must serve to retain some of the resin, and thus both the 
energy released and the mass loss rate decrease. The amount of smoke evolved and 
specific extinction area also decrease with the formation of the nanocomposites. There is 
some variability in the smoke production. Although it is observed that the formation of 
the nanocomposites reduces smoke production, the presence of additional clay does not 
continue this smoke reduction [64].   
 
Recently, cone calorimetric experiments have demonstrated that the flame retardancy of 
many polymer/clay nanocomposites, including polyamide 6, polyamide 66, 
polypropylene, polystyrene, and polyethylene-co-vinyl acetate were improved; 
concretely, PHRR decreased significantly during the combustion. Studies of flammability 
of polyethylene/clay nanocomposites, which were prepared by melt intercalation using 
several organoclays, showed reduction in peak heat release rate of 30-40% by adding 3 
wt% organoclay, but the mechanical properties were not reported [76].  Poly(styrene-co-
acrylonitrile) (SAN) nanocomposites were made by melt compounding and tested for 
flammability, exhibiting reduced flammability, by Chu et al. [49]. Cloisite 15A in 5% by 
weight and organic treatments were used in this research. The micro-cone calorimeter 
was used as test equipment measuring the Heat Release Capacity (HRC) as most 
significant parameter. 20-45% of HRC reduction was observed. 
Sodium MMT was modified with a polymeric surfactant by Zhang et al. [77]. Na-MMT 
(Cloisite) was used with PAE and Isotactic PP. PP and PE showed similar behavior in 
terms of peak of HRR (PHRR) reduction when modified with nanoclay. The total heat 
release and the time of ignition did not change for the polymer and their corresponding 
nanocomposite. The smoke extinction area (SEA) increased with increasing amount of 
clay. The PHRR decreased by 20% for 1% of clay, and it reached 50% reduction with 5% 
of clay.  Another research by Chigwanda et al. [73] examined nanocomposites containing 
MMT modified with pyridine and quinoline-containing salts. Polystyrene (PS) and 
Cloisite were used in this study. The time of ignition is shorter in presence of nanoclay 
showing easier ignition for the nanocomposite compared with the virgin PS. The MLR 
and the PHRR decreased and the total heat release remained the same as expected.  
 
Zheng et al. [78] studied the flammability properties of nanocomposites made of a methyl 
methacrylate oligomerically-modified nanoclay and high impact polystyrene, 
acrylonitrile–butadiene–styrene terpolymer, polypropylene, and polyethylene, prepared 
by melt blending. The different percentages mixed were 1, 3, and 5% of MMT in PS, 
HIPS, ABS, PE, and PP. For all kinds of nanocomposites, the ignition time seemed to 
diminish with clay content. The peak of HRR diminished for all nanocomposites and the 
reduction was more visible as the clay content increased. For 5% clay content the 
reduction was between 50% (ABS nanocomposites) and 71% (PS nanocomposites). The 
total heat release behaved similarly to the one of PHRR, with values decreasing with 
increasing clay content. The reduction was between 20-30% for 5% clay content. The 
Mass Loss Rate followed the trend of the HRR. Table 3 summarizes the references on 
flammability properties. 
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Table 3. Comparison of Flammability Properties of Clay based Nanocomposites 

Ref. Nanoclay Nanoclay 
content Polymer matrix Impact strength 

variation*

46 Cloisite 20A - PP-EP/EVA copolymer Flame retardation and
thermal stability

76 Na-MMT - HDPE 54% HRR reduction
74 Organoclay FSM - PP Peak of HRR reduction

75 MMT 2% and 5% PA6 Ignition time increase
and HRR decrease

49 Cloisite 15A 5% SAN 20-45% HRC reduction

79 Na-MMT 1%-5% PP and PE 20%-50% PHRR decrease
and no change in ignition time

73 Cloisite 15A - various types of vinyl ester PHRR reduction 

80 Cloisite - PS Decrease in PHRR and 
shorter time of ignition

78 MMT 1%, 3%, 5% PS, HIPS, ABS, PE, PP Lower PHRR and THR
* compared to the values of pure resin  

 
Layered Graphite/Polymer Nanocomposites 
Graphite flakes are composed of graphite nanosheets (graphene), where carbon atoms in 
the same plane are held together by covalent bonds and those in the adjacent layers are 
held by weak van der Waals forces. This weak force between layers allow for 
intercalation between the layers by different atoms, molecules and ions [81]. Thus 
interlayer distance can be increased. Unlike nanoclays, graphite layers don’t have any net 
charge and hence ion exchange processes are not possible. Graphite nanosheets have 
superior mechanical properties (tensile modulus ~ 1 TPa, tensile strength is 10-20 GPa), 
huge surface area (2600 m2/g) and excellent electrical conductivity. 
 

Processing  
The common method of preparing expanded graphite (EG) is by treating with 
combination of concentrated sulfuric acid (intercalant) and concentrated nitric acid 
(oxidizer). The acid treatment is followed by thermal treatment at elevated temperature 
(above 600°C) to form exfoliation [82].The structure of EG was strongly affected by 
experimental conditions such as temperature, oxidizer’s concentration, intercalating time. 
By choosing the right intercalant and optimizing experimental conditions, it is possible to 
produce graphite nanosheets with surface area of 2600m2/g and a thickness of 1nm. It is 
also reported that the acid treatment generates oxygen containing functional groups (-OH 
and –COOH) that promotes adsorption of polymers and monomers [83,84,85]. These 
expanded graphite flakes could be further treated to form exfoliation of expanded 
graphite. Chen et al. achieved nanodispersion of graphite in PMMA [86] and PS [87] via 
insitu polymerization technique. Pan et al. observed that expanded graphite could be 
equilibrated with monomer resulting in further exfoliation of graphite and dispersed 
within PA-6 matrix [88]. Du et al. used H2O2-H2SO4 combination for acid treatment 
instead of HNO3-H2SO4 to avoid the formation of poisonous NOx vapors [89]. 
Fukushima et al. used O2 plasma treated graphite nanoplatelet in acrylamide/benzene 
solution [90]. After heat treatment they produced grafted graphite which was 
incorporated into epoxy matrix for improved mechanical and thermal properties. Still 
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graphite based nancomposites are very much under development and there is not much 
literature available for graphite nanocomposites, particularly for thermoset matrix based 
systems.  
 

Properties  
The greatly enhanced electrical conductivity of polymeric material with the addition of 
small amount of graphite platelets has found many practical applications [88,91].  They 
have high stiffness and better electrical and thermal conductivity than nanoclays. Zheng 
et al. studied the transport behavior of PMMA/expanded graphite nanocomposites and 
concluded that the electrical conductivity showed the transition from an insulator to a 
semiconductor [92]. They needed only 0.6 vol% of filler to reach the percolation 
threshold of transition in PMMA/EG nanocomposite. Fukushima et al. studied the 
thermal conductivity of Nylon 6/EG nanocomposite and reported an increase of about 10 
times at 20 vol% loading [93]. Hung et al. also reported an increase in thermal 
conductivity for EG/Epon 862 nanocomposite [94]. Fukushima et al. showed that 
incorporation of chemically functionalized graphite fillers improved the flexural and 
tensile properties, electrical conductivity along with the reduction of CTE [90]. Yasmin et 
al. studied the processing of EG/epoxy nanocomposite using different techniques and 
their effects on mechanical properties [82]. They observed a 15% improvement of elastic 
modulus in 1 wt.% EG/epoxy nanocomposite over pure epoxy. They also did a separate 
study on EG/Epoxy system and reported an increase in storage modulus, glass transition 
temperature, better thermal stability, high char formation and lower CTE [83]. At 30°C, 
the 2.5 and 5 wt% EG/epoxy composites showed about 8 and 18% higher storage 
modulus than the pure epoxy. At 150°C, the 2.5 and 5 wt% EG/epoxy composites 
showed about 34 and 53% higher storage modulus, respectively, than the pure epoxy, a 
much higher increase than observed at room temperature. 

 
Figure 13. DMA properties of pure epoxy and its composites 

 
Layered Double Hydroxide/Polymer Nanocomposites 
Another emerging new class of nanocomposites that include layered materials is based on 
Layered Double Hydroxides (LDH). LDH have exchangeable anions in-between the 
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layers. This system of nanocomposite is still not explored much. Leroux et al. briefly 
summarized the structure of LDHs, synthesis of LDHs and their particular properties 
suitable to form nancomposites [95]. They also discussed about certain basic principles 
and methods of obtaining LDH/polymer nanocomposites, and highlighted some potential 
applications and perspectives.  
 

NANOPARTICLE-REINFORCED POLYMER NANOCOMPOSITES 
Nanoparticles have diameter of less than 100nm. They have been made from different 
sources and include the following types [96]: 

• Al, FE, Au, Ag, etc. 
• ZnO, Al2O3, CaCO3, TiO2, etc. 
• SiO2 
• SiC, Carbon black, Polyhedral oligomeric silsesquioxanes (POSS) 

 
Processing  

Most of the nanoparticles have metal-OH groups on their surface. Common method of 
surface treatment for them is by using silane coupling agent which has a bifunctional 
nature of one end capable of reacting with the silanol groups on nanoparticle surface and 
the other end compatible with polymer. Also, nanoparticles can be modified using graft 
polymerization technique. The monomers can easily penetrate and react with activated 
sites of the nanoparticles. The surface of the nanoparticles will become hydrophobic and 
this is beneficial for filler/matrix miscibility. 
 
Carbon blacks contain chemisorbed oxygen on their surfaces in the form of phenol and 
carboxylic acid functional groups. The amount of these functional groups can be 
increased by further oxidation [97]. This functionalization helps for different surface 
treatments to be compatible with polymers. Yong and Hahn used a dispersant and 
coupling agent in SiC/vinyl ester nanocomposite system to improve the dispersion quality 
and strength [98]. Emulsion polymerization technique has been for grafting monomers 
onto the nanopartciles. Luo et al. used silane treated SiC nanoparticles for graft 
polymerization of glycidyl methacarylate (GMA) on the surfaces of nanoparticles [99]. 
Liao et al. performed graft polymerization of butyl methacrylate (BMA) on the surfaces 
of Al2O3 nanoparticles in the presence of sodium dodecyl sulfate (SDS) surfactant [100]. 
Yin et al. used solution blending technique to prepare and study TiO2/LDPE 
nanocomposite [101]. Chloroform was used as solution for dispersing TiO2 and 
paraxylene was used for dissolving LDPE. The solutions were later volatilized. Tong et 
al. developed a sol-gel approach to prepare and study polyimide/TiO2 hybrid films from 
soluble polyimides and a modified titanium precursor [102]. Zhang et al. prepared High-
impact PS (HIPS)/nano-TiO2 nanocomposites by surface pretreatment of nano-TiO2 with 
special structure dispersing agent (TAS) to study the impact properties [103].Polyhedral 
oligomeric silsesquioxanes (POSS) are typical molecular nanobuilding blocks used to 
reinforce the polymer organic matrix. Functionalized POSS monomers are covalently 
bound to the polymer leading to reinforcement of the system on molecular level [104]. 
 

Properties  
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Nanoparticle based polymer nanocomposite system have shown improvement in 
mechanical, thermal and electrical properties. In nylon-6/5 wt% silica nanocomposite, an 
increase in tensile strength by 15%, strain-to-failure by 150%, Young’s modulus by 23%, 
and impact strength by 78% were reported [105]. Ma et al. reported an improvement in 
electrical properties for PE/TiO2 nanocomposite system [106]. Ng et al. prepared nano-
TiO2 infused epoxy nanocomposites and compared it with micron-TiO2 infused system at 
same loading levels of fillers [107]. At 10 wt% level, nanosized particles increased both 
the modulus and strain-to-failure of epoxy. Micron-sized particles increased the strength, 
but reduced the strain-to-failure. They also reported higher scratch resistance for nanosize 
filled systems than micron-size filled systems. Petrovicova et al. reported an 
improvement in mechanical and barrier properties for nanoreinforced polymer coatings 
deposited using HVOF combustion spray process [108]. The largest improvements in 
scratch resistance, 30% and 35%, were exhibited by 15% hydrophobic silica and 15% 
carbon black reinforced nylon-11 coatings. The increased wear resistance represented 
48% and 67% improvements relative to pure nylon-11 coatings. Water Vapor 
Transmission Rate (WVTR) of reinforced coatings was lower than those of pure coatings. 
15% silica reduced WVTR by 22.5% in 60μm sized-nylon-11coatings and by 50% in 
30μm sized-nylon-11coatings.  
 
Tong et al. reported high thermal stability, high optical transparency, good mechanical 
properties and high dielectric constants for polyimide/TiO2 nanocomposites than pure 
polyimide [102]. Cao et al. prepared ternary composites by the addition of nanoalumina 
particles in the binary matrix of epoxy modified by polyester [109]. Also, the 
nanoparticles were previously absorbed and dispersed in the polyester phase. Maximum 
impact and tensile strengths were obtained with 8 phr nanoparticles. Also, the elastic 
modulus increased linearly with the addition of nanoparticles. The ternary composite 
showed excellent dielectric properties. The heat resistance of the ternary composite was 
improved and its glass transition temperature was 8°C higher that that of unmodified 
epoxy resin. Addition of nano-TiO2 to high impact PS (HIPS) reduced the rate of burning 
of HIPS to ~30%, and improved the impact and tensile properties [103]. Huang et al. 
reported higher (by ~ 120°C) glass transition temperature for PI/POSS nanocomposite 
than pure PI [131]. They also reported significant increase in CTE and improved thermal 
stability.   Mahfuz et al. modified polyurethane foam by infusing 3% TiO2 nanoparticles 
through ultrasonication [110,111]. They found that nanophased foams are thermally 
stable and their strength and stiffness are greatly improved. It also showed higher 
absorbed energy. Mahfuz et al. impregnated SiC nanoparticles in continuous prepreg 
tapes by the solution impregnation method [112]. These partially cured tapes were used 
to fabricate nanophased unidirectional laminates using filament winding machine. They 
achieved improved strength and stiffness of ~ 32% and 20% respectively, on nanophased 
laminate. 
 

NANOSENSORS 
There has been an increasing interest in recent years in ordered mesoporous materials for 
use as nanosensors for chemical and optoelectronic sensors.  Nanosensors, which are 
photoluminescent and electroluminescent materials capable of producing fast photon 
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emissions with practical applications for military body armor, aircraft and ship hull 
penetration detection, and blast resistance, was the objective of this study.  
 
Type 1 Nanosensors 
Type 1 nanosensors can be made in either of two forms: (a) Thin films or (b) Powders.  
Although powders may be used [124], films are generally preferred because of their 
flexibility and homogeneity.  One type of film produced requires growing a precursor 
mesoporous silica film using an organic surfactant and an inorganic silicate, while 
rigorously controlling the acidity, temperature, stirring time and quiescent time.  It is 
subsequently treated with disilane and heated thereby allowing silicon atoms to be 
deposited into the mesopores of the film, forming nanoclusters of two nanometers or less 
and capable of emitting fast photons.   
 
Stabilized clusters of silicon atoms that are 2 nanometers or less in the form of a film, 
composed of mesoporous silica materials are required for electroluminescence and 
photoluminescence to occur.  If the appropriate current or voltage is applied, fast photons 
with nanosecond lifetimes are emitted [117].  Although both electroluminescence and 
photoluminescence have been demonstrated in many electronic devices that utilize 
porous silicon, only 5% quantum efficiency has been reached for photoluminescence and 
only 0.05% efficiency has been reached for electroluminescence. Other serious problems 
have been encountered, including fragility, short degradation times and integration into 
microelectronic circuitry [118].  Also the large size of the silicon units in porous silicon 
(2-50 nanometers) produce emission times in the millisecond to microsecond range, 
which is too slow for use in LED's [119].  By producing silicon clusters of 2 nanometers 
or less, significantly different electronic properties are achieved in terms of much faster 
photons for photoluminescence and electroluminescence and related photoelectronic 
applications. 
  
Mesoporous silica thin films have been produced and characterized, after which they 
were treated with disilane to produce silicon nanoclusters of 2 nanometers or less. They 
used organic templates or surfactants such as cetyltrimethyl ammonium chloride 
(CTACl) and inorganic silica molecules such as tetraethyl orthosilicate (TEOS), which 
provides silica for the 1nm thick walls (such as marked 18 or 20 in FIG. 14 and 15 [117] 
[147].  The diameter of each channel is 4 nm and inside each channel is a series of 
CTACl surfactant molecules (such as marked 22, clear circles with coiled tails) whose 
hydrophilic heads are attached to the walls 18 or 20.  Interspersed between the surfactant 
molecules are silicon nanoclusters (such as marked 24, larger circles with solid lines) of a 
size not greater than 2 nm.  Since there are two oppositely attached surfactant molecules 
in each of the 4nm wide channels and they are attached to the silica walls 2 nm apart, the 
silicon nanoclusters cannot grow larger than 2 nm.  
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Figure 14. Side view of channels 

Figure 14 is a side view of the channels and Figure 15 is a front view. Both show that the 
hydrophilic heads are attached to the silica walls and the hydrophobic tails point to the 
center of each channel.  Since the silicon nanoclusters are 2nm or less in diameter, they 
should emit photons in the nanosecond range and should therefore exhibit the property of 
electroluminescence.  This can be demonstrated (figure 16) by attaching the thin film 
produced (marked as 10) onto a silicon semiconductor (marked as 30) which is then 
overlaid by a thin sheet of gold foil (marked as 32) and finally attaching a metal electrode 
(marked as 34) below the silicon semiconductor.  If the appropriate voltage or current is 
applied across gold foil and metal electrode, electroluminescence from the thin film is 
produced.  
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Figure 15. Side view of channels 

 

Figure 16. Film as a fiber optic 
The synthesis of oriented films of mesoporous silica from organic templates and 
inorganic precursor molecules on the surface of mica substrates [134], and at the air-
water interface [135] has been attempted by researchers.  Some were studying 
morphogenesis, including the polymerization, curvature and growth of liquid silicate 
crystals and self-assembled monolayers [136], and some others were determining the 
effects of acidity and mixing conditions on the thickness of silica films [137].  In this 
patent article, the authors cite nine different synthesis methods for producing mesoporous 
silica thin films. It involves the previously mentioned organic surfactant and inorganic 
silica source, mixing conditions, quiescent periods and treatment with disilane to produce 
silicon nanoclusters of approximately 2 nanometers or less, that are capable of room 
temperature photoluminenescence and also electroluminenscence. This has been 
undertaken several times by this author and his assistant, with additional changes made in 
acidity, water and stirring times. 
 
In a parallel study, HY zeolite, treated with disilane, was characterized for 
photoluminescence and electroluminescence, produced by the silicon nanoclusters in the 
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zeolite supercage.  This produced strong photoluminesces in the yellow wavelength range 
(Figure 17).  

 

 
Figure 17. Photoluminesces of HY Zeolites in the Yellow Wavelength Range 

 
In another patent article, Kuroda has produced tubular mesopores arranged on a polymer 
surface and oriented in a single direction parallel to the surface [142].  After treatment 
with disilane, it also appears to strongly photoluminesce in the yellow-orange region of 
the spectrum, making it suitable as a nanosensor.  This is shown in Figure 18.  

 

 
Figure 18. Photoluminesces Disilane-Treated Tubular Mesopores on a Polymer 

Surface 
  
The photoluminescence of siliceous MCM-41 nanotubes has also been studied (143) due 
to their high pore volume, large surface area and narrow pore size distribution. Using 
chemical vapor deposition (CVD) of disilane on mesoporous form of silica called MCM-
41, researchers noted that the samples showed broad visible luminenescence at intense 
room temperature when excited anywhere in the wavelength region of 350 to 550 
nanometers.  Synthesis of MCM-41 by the Regev method [148] results in an intense 
yellow photoluminescence when treated with disilane.  This is shown in Figure. 19. 
Producing MCM-41 nanotubes by the Simonutti method [147] resulted in a much less 
intense photoluminescence (Figure 20). 
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                 Figure 19: MCM-41 – Regev Method         Figure 20: MCM-41 … Simonutti Method 
  
Goncalves et al. [146] found that the reason for obtaining powders while actually trying 
to produce mesoporous films is because the solution medium is biphasic and not 
homogenous.  They recommend that to achieve a homogenous solution, surfactant 
concentrations must be greater than 30% by weight.  They also recommend a dip-coating 
method whereby a material to be coated is lowered into the solution for 1 minute and then 
slowly removed and then cured in an oven at 40o C for 5 days.  It is then calcined at 450o 
C for 12 hours.  This experimental approach is now being attempted by this author. 
 
Some researchers have examined the blue-green photoluminescence of MCM-41 
nanotubes [143] while another researcher has studied clusters of elongated micelles 
which appear at the very early stage of hexagonal mesophase formation [148].  And one 
researcher has assembled tubular mesopores oriented parallel to the surface using higher 
temperatures and longer quiescent periods [142].  Two researchers have found a way to 
regulate pore size and mechanical strength of the pores using a block copolymer, such as 
Brij-76 [144], while others have used a diblock copolymer, such as PS-b-PEO, to control 
the pore orientation normal to the film surface [145].  Two other researchers, using high 
surfactant concentrations, were able to obtain films having cubic, hexagonal or lamellar 
organization [146]. They are flexible enough to be incorporated into optoelectronic 
devices such as fiber-optic transmission systems. If placed on a silicon semiconductor 
and overlaid by an optically transparent diode, application of the appropriate current and 
voltage will cause electroluminescence from the film.  Also the addition of germanium to 
the silicon can fine tune the band gap of the silicon and increase the efficiency of the light 
emitting process.  They may be attached to body armor, an aircraft or ship’s hulls and 
function as a sensor for penetration as well as a sensor for blast resistance.  For example, 
this colorimetric transduction concept has been investigated in many chemical and 
physical based sensor designs [133, 134].  Other attempts have been undertaken to study 
polymer incorporation in nano-engineered structures in the areas of optical and electronic 
performance [135]. 
 
Type 2 Nanosensors 
The second type of nanosensor film does not require silicon nanoclusters using disilane, 
or an electric current to produce electroluminescence.  Instead, this uses newer 
surfactants such as triethylene glycol 10.12-pentacosadiynoic acid that contain certain 
polydiacetylenes which undergo polymerization via 1,4 addition, and upon exposure to 
UV radiation, become a dark blue in color.  Having extended conjugation of p-orbitals, 
disturbance by thermal, mechanical or chemical environmental stimuli will cause a partial 
twist of these orbitals and consequently a color change from dark blue to bright red [132]. 
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This type of nanosensor could be embedded into the nanocomposite matrix of a ship or 
submarine hull as a stress indicator. 

By using CTABr (Cetyltrimethylene bromide) as a surfactant, TEOS (Tetraethyl 
orthosilicate) as a silica source, H2O to form a presilica gel with the TEOS, and HCl to 
control condensation of silica polymers and Methanol, evaporation of volatiles allowed 
hydrophobic segregation of surfactant oligomers to form micelles and micelles into 
tubular arrangements at the air-water interface. This is called Evaporation Induced Self 
Assembly (EISA) [136,137,138-149]. More recently it was found that control of 
environmental variables such as relative humidity controls film thickness and structure, 
when volatiles have evaporated and the Dry Line (or start of the Modular Steady State 
(MSS)) is reached.  This is called the Evaporation Controlled Self Assembly (ECSA), in 
which the thickness of the film would be around 300 nm at 20% humidity and 12µm at 
70% humidity [140, 141].  

 

 

 

 

 

 

 
 
  

CONCLUSIONS 
Nanofillers have shown great potential for producing composite materials with multi-
functional properties using thermoplastic polymers but their potential for thermoset 
polymers has not been fully realized. Thermosets are high-performance materials that are 
widely used in structural applications. Despite their increasingly widespread usage, their 
role in nanocomposites is not fully understood because of their complexity in curing. 
Though the addition of nanofillers to thermoset resins has improved the properties, there 
is no consistency of results, efforts put far outweighs the amount of improvement 
achieved, and the potential of nanofillers are not yet fully realized. Center for Composite 
Materials Research (CCMR) of NC A&T SU is one of the groups actively working on 
thermoset based nanocomposites. Shivakumar et al. [47] briefly summarized the 
experiences in processing of thermoset based nanocomposites. They concluded that the 
success achieved by using nanofillers in thermoset resin system is limited because of 
poor dispersion of nanofillers. They also reasoned that the interference of curing agents 
with filler and matrix interface plays a major role in determining the success. This was 
confirmed by XRD analysis of clay/epoxy nanocomposites at various stages of 
processing using IKA high shear mixer. They concluded that the amount of nanoclay 
affects the extent of intercalation/exfoliation. And also, even though the nanoclays were 
exfoliated before curing, they collapsed back to layered tactoids after curing in some of 
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the nanocomposite systems. More fundamental work is needed to understand the surface 
chemistry and kinetics at nanolevel to achieve superior properties. 
 
Nanocomposites have attracted great interest in industry and in academia because of their 
remarkable improvement in material properties. Nanosized fillers pose challenges in the 
processing and characterization techniques for composites. Also, it is a great challenge to 
understand the mechanics at the nanolevel. Fundamental work in processing, 
characterization and modeling is needed to obtain fully optimized nanocomposites. 
 
Nanoparticles, such as layered silicates and carbon nanofibers, dispersed in polymer 
matrix systems produce flame retardancy due to an intrinsic intumescent process. The 
nanoparticles absorb part of the energy produced in the combustion process and dissipate 
it through chemical reaction with neighboring particles. These chemical reactions also 
create   a layer of char which further helps to protect the material from in-depth 
combustion. The result is higher energy dissipation and a protective layer that lead to 
longer and less severe burning process and occasionally to self extinction. 
 
Nanosensor research in the future should entail additional treatment of films with 
different amounts of disilane at different temperatures.  By adding digermane with the 
disilane, the silicon band gap can be fine tuned to increase the efficiency of photon 
emission.  The use of low angle X-ray powder patterns (PXDR) and Photoluminescence 
Wavelength Spectroscopy (PWS) should be employed for characterization.  Also 
different surfactants should be used, such as Brij-76 for better control of pore size and 
mechanical strength, and newer mesoporous materials, such as MCM-48, with higher 
pore volume and larger surface size.  For polydiacetylene surfactants, it is advisable to 
use penta ethylene glycol for the formation of a superior hexagonal morphology and 
different side group attachments, such as thiophene and phenylenevinylene.  Finally, in 
forming hexagonal cylinders, employing alternating layers of oppositely charged micelles 
for the creation of a molecular wire is preferred. 
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