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ABSTRACT 
 
We undertook the investigation of fire resistant nanocomposite fibers by: (1) in situ polymerization of 
monomer/ nanoparticle mixture through the formation of in situ intercalated inorganic-organic hybrid 
composite, (2) melt mixing and melt intercalation of nanoparticle and fiber forming polymers in Brabender 
single screw extruder, and (3) processing of RTP company nylon 6 based nanocomposite granules through 
fiber formation and their characterization in terms of their fire resistance and thermal stability. We also 
synthesized polypropylene-based nanosilica and nano ZnO reinforced composites via utrasonication of 
solution and by melt mixing. Our research effort focuses on obtaining in situ intercalated inorganic-organic 
hybrid from ε-caprolactam polymerization of nylon 6 within the intercalated laponite and montmorillonite 
nanoparticles and develop fibers from commercially available nylon 6 based nanocomposite granular 
masterbatch. Nylon 6-clay hybrid is a molecular composite of nylon 6 and uniformly dispersed silicate 
monolayers of the clay. Fire resistance of in-situ polymerized nylon 6/Laponite (n6/LP) and nylon 
6/montmorillonite (n6/MMT) was investigated. The effect of layered silicates on the heat release rate 
(HRR) and mass loss rate  (MLR) of nylon 6 was studied using cone calorimeter. We observed that the 
peak HRR and MLR of MMT nanocomposites were slightly lower than that of LP nanocomposites and in 
both the cases HRR is drastically reduced as compared to neat nylon 6. Flame retardant mechanism was 
supported with the temperature profile data of multi polymer layered slabs measured during burning. 
Thermal insulation of the nanocomposite char formed on top of the neat polymer dramatically reduces heat 
release rate of the underlying material. In an another effort we investigated ZnO nucleated spherulitic 
morphology and thermal stability of PP based nanocomposite. Nano ZnO increased the heat of fusion value 
of PP by 15%. 
 
 
GOAL STATEMENT 
 
The objective of the research is to obtain a molecular understanding of thermal stability and degradation of 
heat and fire resistant polymeric composite fibers embedded with nano-scale hard particles. Heat 
transmittance through polymer (e.g. nylon6, polypropylene, polyester etc) rich composites under exposed 
flame or high temperature is complex due to the various modes of heat transfer. These research addresses 
issues related to the mechanisms of heat/flame propagation through polymer-filler assemblies via overall 
structural investigation and interfacial interaction between nanoparticle and polymer phases. Hence, we are 
in the process of establishing the link between microstructural parameters and fire resistance behaviors by 
experimental flammability studies of nanocomposites and developing heat penetration model that takes into 
account various modes of heat supply and their influence on final fiber geometry. 
 
 
INTRODUCTION 
 
The ever-increasing use of flammable materials in equipment and furnishings places emphasis on research 
into improving their fire retardant properties. Nanocomposites are showing great promise as effective fire 
retardants for some types of materials. As a result interest in this area of research has recently increased. 
Many different types of nanocomposite materials are now available. They all share two defining features: 
they are made by combining two or more materials and these materials intermingle on a nanometer scale 
[1]. To achieve reasonably good fire resistant property of nanocomposite materials it is essential to have 
clear enough understanding of their decomposition behavior. Polymer decomposition is a highly complex 
process. The role of the thermal stabilizers especially the nanosized fillers is to increase the resistance of 
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the polymeric material under high temperature conditions. Introduction of fillers into polymers may either 
accelerate or inhibit different stages of the decomposition process, and also may change the mechanisms of 
these reactions.  
 
Thermal stability of the polymers can be improved by the introduction of chemically active or inert fillers. 
In the later case only physical factors, such as mobility of the macromolecules in the boundary layer or 
orientating influence of the filler surface, contributes to overall thermal stability, whereas, in the former 
case, interplay of both physical and chemical factors determines the filler activity on polymer thermal 
stability. Introduction of chemically active fillers improves thermal and thermal-oxidative stability of 
polymers by the formation of thermally stable chemical bonds between polymer and the filler. In this case, 
chemical bonds of the polymer-filler interface are considered to be more stable than the unfilled polymer. It 
is believed that formation of cross-linking bonds and of a three-dimensional polymer-filler network 
increases the thermal stability of the polymer. Besides, chemically active filler may promote the 
decomposition of thermally unstable groups present in the polymer to form more thermally stable bonds or 
these filler may play an important role in breaking the kinetic chain of radical decomposition. Also, 
relatively higher thermal conductivity and thermal capacity of filler is supposed to dissipate the heat 
energy, and improve the thermal stability of the polymer-filler composite [2]. 
 
Thermal stability of polymers is not only a function of repeat unit structure, macromolecular chain 
conformation, or above mentioned chemical and physical factors; but also, it is associated with the presence 
of chemically active components in the environment, such as oxygen additives and fillers. In the following, 
some of the cases where chemically active fillers may reduce the thermal stability of the polymer are 
outlined. 

 
 The presence of adsorbed water and oxygen on the surface of the chemically active fillers. 
 Formation of relatively weak polymer-filler bonds 
 Formation of polymer-filler reaction products which propagate the decomposition process 
 Presence of admixtures acting as oxidizers of polymers or catalysts for the chain scission of 

polymer molecules   
 Some fillers, which either depolymerize polymers or inhibit the solidification of the oligomers.   

 
Degradation of filled polymers differs from unfilled polymers with some specific features. Particularly, 
some of the process variables, such as temperature, concentration, intensity of mixing, environment, 
presence of adsorbed moisture and oxygen have to be considered in dispersing fillers into polymers. 
Especially, the bound water plays an important role in the initiation of the thermal degradation of 
hydrolysis-sensitive polymers (polyamides, polyesters etc.) filled with hydrophilic and high specific surface 
area possessing fillers (clays, silica etc.). Researchers find that the water molecules tightly bound to the 
filler surface show acidic properties due to its polarization in the field of coordination bond between 
unsaturated atoms of metals or exchanged cations. This leads to the acceleration of hydrolysis of the 
macromolecules and to their acidolysis at elevated temperatures [3].  Thus, the simplest way to remove the 
water from the surface of the filler is vacuum drying the filler at temperatures not below 400-500 K. In 
addition to water, removal of adsorbed oxygen from the surface of the filler is relevant when studying the 
thermal – oxidative stability of the polymer composites. This can be achieved by mixing the filler with the 
polymer in an inert atmosphere.  Thermal oxidative degradation of filled polymers is more complicated 
than thermal degradation process, because in the former case the number of components controlling the 
general behavior of the system is increased. Thus, due to complex chemical processes occurring during 
thermal and thermal-oxidative degradation, it is meaningful to examine the thermal behavior of principal 
components of polymer composite separately first and then the influence of the composition of both in a 
unique structure in the aspect of thermal stability and flammability. 
 
EXPERIMENTAL MATERIALS AND METHODS 
 
Materials and Sources 
1. Laponite (LP, RD)  and montmorillonite (Cloisite Na+) were supplied by  Southern Clay Products, 

Gonzales, TX 
2. Nylon 6 and nylon 6/clay composite- supplied by RTP company, Winona, WN 
3. ZnO (NanoTek® ZnO particles) and silica powders were obtained from Nanophase Technologies 

Corporation. 



 

National Textile Center Annual Report: November 2003 

NTC Project: M02-MD08 (formerly M02-D08) 
3 

4. Polypropylene pellets supplied by Phillips Sumika Polypropylene Company, under the brand name of Marlex 
(high performance polypropylene) 

5. ε-caprolactam- supplied by  ACROS, NJ 
 
Equipment and Services Used 
1. Brabender-plasticorder single screw extruder (intellitorque) , Brabender, Hacknshack, NJ (ATMC, 

UMD) 
2. Thermo-gravimetric analyzer (TGA) Q-500, TA Instruments, (UMD)  
3. Differential scanning calorimeter (DSC) Q-1000, TA Instruments (UMD) 
4. Scanning electron microscope (SEM ) JEOL, JSM 5610 (ATMC, UMD) 
5. Polalized light microscope, Leica Model MPA60, Leica ,Deerfield, IL (UMD) 
6. Ultrasonic processor (UMD) 
7. Cone Calorimeter (WPI) 
8. X-ray diffractometer (Rigaku, 300) (MIT) 
9. Transmission electron microscope and electron diffraction (JEOL, TEN, 2010F field emission, 200kV) 

(Boston College) 
 
RESULTS AND DISCUSSION  
 
We have used Laponite (LP) and Montmorillonite (MMT) in the in-situ polymerization process of nylon 6. 
MMT is the mostly utilized nanoparticle reinforcement. The layered structure of MMT, which is a natural 
clay, consists of octahedral alumina sheets sandwiched between two tetrahedral silica sheets. However in 
LP, which is a synthetic clay, the octahedral layer in the middle contains magnesium. As shown in the TEM 
pictures and electron diffraction pattern, that MMT platelets are uniformly stacked, while that of LP is 
much disordered even in powder form.  
In both LP and MMT isomorphous substitution takes place in the octahedral layer, because of this reason, 
both clays have moderate cation exchange capacities and they are referred as the swelling clays.  
One of the main reasons of selecting LP and MMT is the difference of the diameter of the platelets. LP 
contains extremely small platelets. The diameter of the individual platelets are in the range of 10-15 
nanometers, while in MMT the variation in the platelets size is higher and very high aspect ratio platelets 
can be found, depending on its origin. 
 
Table 1. Structure and properties of the layered silicates 
   

 Laponite (LP) Montmorillonite (MMT) 

Unit structure   

Diameter (nm) 10-15 50-175 

Thickness (nm) ∼1 ∼1 

Surface area (m2/g) ∼900 600-800 

CEC (meq/100g) 60 92 

Color Colorless Beige 

 
Bright field 
TEM and electron 
diffraction  
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We analyzed our primary fillers, LP, MMT, and MMT pre-intercalate, by x-ray diffraction. In x-ray, we 
observed that LP did not give any sharp peak corresponding to its 001 plane. This indicated its amorphous 
structure in powder form. However, due to the crystalline and ordered structure of MMT, the 2-theta 
reflection at 8.8 degrees was observed and attributed to the 001 plane. In the case of MMT pre-intercalate, 
the layer distance was increased to 1.6 nm as shown in Figure 1. The increase in the layer distance of MMT 
indicated the swelling of layers by monomer insertion.  

 
 

Figure 1. WAXD pattern of LP and MMT powder, and MMT pre-intercalate.  
 
 
After polymerization, we observed that the order of the primary particles are disrupted, resulting a 
nanoscale arrangement of primary particles in the polymer matrix. Small and wide angle x-ray patters in 
Figure 2, and TEM micrographs in Figure 3 indicated that (i) due to the naturally disordered structure of 
LP, nylon 6/LP nanocomposite is defined as an ideally exfoliated arrangement. (ii) nylon 6/MMT 
nanocomposite, on the other hand,  contain both individual layers and layered aggregates reminiscent of the 
original MMT crystallites.  
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Figure 2. WAXD and SAXS patterns of nylon 6/LP, nylon 6/MMT and nylon 6/LP/MMT nanocomposites 
 

 
Figure 3. TEM micrographs of LP and MMT nanocomposites 
 
Flame retardancy of polymer layered silicate nanocomposites has been studied various times in the 
literature. In Building and fire research laboratory of NIST, several polymer-clay combinations were 
analyzed in detailed, and it became apparent that introduction of clay particles reduce the heat release rate 
and mass loss rate of polymers dramatically. The reductions in the heat release rates are mostly attributed to 
the formation of a thermal insulator and mass barrier char. [4] But several other mechanisms, such as 
viscosity effect in free radical transport during vigorous burning [5], or the influence of increased tortuous 
path retarding the transport of decomposition products [6] are also proposed. But still the main reason or 
reasons of the reduced heat release rate and mass loss rate are not specifically clarified. We have carried out 
our flammability tests using cone calorimeter in Worcester Polytechnic Institute. Cone calorimeter is 
accepted to be only instrument that gives data comparable with the real fire situations. In cone calorimeter, 
standard samples (4*4 in2) are mounted on a load cell and are heated with a cone heater. The heat release of 
the burning material is calculated based on its theoretical correlation with the oxygen consumption. From 
the cone test of neat nylon 6 and nylon 6 nanocomposite samples, we have observed the improvement in 
flame resistance of the nanocomposites and one of the several reasons would be the char formation of the 
nanocomposites, as shown in Figure 4.  
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Figure 4. Cone experiment: comparison of char formation behaviors. 
 
We quantitatively compared the flammability of the neat nylon 6 and nylon 6 nanocomposite by measuring 
the heat release rate, the mass loss rate, and the time to ignition. The heat release rate versus time graphs 
(Figure 5) of neat nylon 6 and nylon 6/MMT nanocomposite shows the reduction in the peak heat release 
by 58%. However, the ignition time is reduced. This graph also shows that the combustion of nylon 
6/MMT nanocomposite takes place in a longer time period, with a slower rate. Instead, neat nylon 6 burns 
in a shorter time period with a higher burning rate.  
 

 
Figure 5. Heat release rates of neat nylon and MMT nanocomposite at 35kW/m2 heat flux. 
 
Differential scanning calorimetry was performed on the polypropylene-based nanocomposites, using the 
heat/cool/heat method. Figure 6 shows the graphs obtained as a result of rapid cooling and cooling at a 
specified rate. In both the graphs, we noticed a shift in the recrystallization peak to a higher temperature. 
Also, the overall crystallinity of the nanocomposite samples was found to increase. An increase by 12-15% 
in the heat of fusion of the nanocomposite samples was also observed. The graphs indicated the possibility 
of a nucleating action of nano-ZnO particles on polypropylene. To further understand the morphological 
change induced in the polypropylene matrix, polarized light microscopy was used. Figure 7 shows some of 
the polarized light micrographs obtained for the polypropylene nanocomposite. As is evident from the 
pictures, we observed an extensive network of spherulites [7] in the nanocomposite, seen from the presence 
of the characteristic Maltese crosses (four symmetrically disposed sectors of high extinction). Spherulites 
represent the crystalline portions of the sample, which grow at the expense of the non-crystalline regions, 
and their appearance is a direct evidence of crystallinity. In the case of the nanocomposite, the spherulitic 
growth thus could be attributed to the presence of ZnO nanoparticles acting as nucleating agents and 
initiating crystal growth as observed. To evaluate and characterize the thermal and decomposition behavior 
of the nanocomposite, thermal gravimetric analysis was performed on the samples. The samples were taken 
to a temperature of 600°C at a constant rate and their decomposition behavior was observed. Figure 8 
shows the overlaid DSC graphs for the nanocomposite as compared to the neat polypropylene. As is 

Nylon 6/MMT (RTP) 

 

 

Nylon 6 

58% Reduction in 
Peak HRR 
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evident from the graphs that the samples prepared via the melt mixing technique showed an increase in the 
decomposition temperature by 20-30 degrees and thus better thermal stability.  
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Figure 6: (a) DSC graph obtained by heating and rapidly cooling the samples. (b) Graph obtained by heating and cooling the samples at 
5°C/min 
 
 

                      
                               (a)                                                                                       (b) 
Figure 7(a) and (b): Polarized light micrograph pictures of the nanocomposite obtained at 100X magnification 
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Figure 8: Thermo-gravimetric graph for nanocomposite prepared via the melt mixing method as compared to neat polymer 
 
Heat Transfer Modeling 
There are several approaches to heat transfer modeling of nanocomposites. In our model, we assumed the 
composite as a continuum. The finite element method (FEM), finite difference method (a special attitude of 
FEM) and boundary element methods are the common techniques used for continuum. FEM is a numerical 
method that allows us to describe the physical problem by using usually partial differential equations. In the 
FEM, the problem is divided into sub-parts (elements). These elements could be different shapes like 
triangular, quadrilateral, tetrahedrons or cubes. It depends on the dimensions and the structure. An 
important thing in modeling is to consider the best shape for the model. A nanocomposite fiber was 
modeled in order to get the thermal properties by finite element package program ‘ANSYS’. The basis for 
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thermal analysis in ANSYS is a heat balance equation obtained from the principle of conservation of 
energy. The finite element solution one performs via ANSYS calculates nodal temperatures, and then uses 
the nodal temperatures to obtain other thermal quantities. In this study, 200*200 nm rectangle was taken as 
a model specimen. This rectangle containing different size of nanofibers in both axial and radial directions 
was analyzed thermally. Fiber radius is taken between 50 nm and 1 nm. In order to avoid computer 
capacity problems, most of the models were considered as 2-D model.  

 
Solution Procedure: 

 
The first step: Nanofibers in the composites could be either aligned or random.  In our modeling phase we 
consider our composite as aligned in order to use symmetry in modeling.   
 
The 2nd step; Model 
 

In figure 1, the shapes used in ANSYS are given for both plane and 3D models.  
 

 
Figure 8. Radial, axial and 3-D nanocomposite models 

The 3rd step; Material properties  
 

Thermal Conductivity was taken around 0.2 W/mK and polymer around 1.2 W/mK.  
 
The 4th step; Meshing: 
 
In 2-D model, PLANE55 and in 3-D model SOLID90 was taken as the element type. PLANE 55 is a 
quadratic type of element. Although it is rectangle it allows us also to mesh the model as close as to the real 
shape.   
 
The 5th step; Boundary conditions: 
 

In this study, temperature distribution and heat flux variation were found. The good thing in ANSYS 
7.0 is that it allows us to use heat up to 10,000 ºC. Applying boundary loads are important.  

The 6th step; Analysis Type 

As an analysis type, steady state heat transfer was applied. By using  steady-state thermal analysis it 
could be possible to determine temperatures, thermal gradients, heat flow rates, and heat fluxes in an object 
that are caused by thermal loads that do not vary over time such as convection, radiation, heat flow rates, 
heat fluxes (heat flow per unit area), heat generation rates (heat flow per unit volume), constant temperature 
boundaries. After determining the analysis type, the solution was done. The initial modeling was started by 
developing a nanosized cylinder. In order to make a cylinder in ANSYS, the direct volume could not be 
generated due to nanosize. As a first step, 9-12-18 and real sized areas were generated and then the area 
was extruded in the z direction to get a volume element. The heat values for the constant temperature 
coefficients were determined. The effect of fiber radius for temperature distribution was found.  We started 
by modeling 50 nm radius fiber put into matrix and then decreasing the radius size of the fiber. The 
temperature distribution was taken along the X-axis, in the center of the composite. A composite, which has 
two nano-sized fiber was modeled next. The measurement was done on the X-axis and from the centerline. 
The fibers were put symmetrically. The temperature difference was seen in 1 nm radius of fiber. This gives 
us the sensitivity of the finite element.  Thermal conductivity differs in axial and radial directions. To 
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understand the behavior of the particle, the axially placed fiber was considered. The results were taken 
from the center axis.  It showed much bigger difference according to radially placed fiber. Boundary 
conditions play an important role to reach the correct value. In order to understand the radially placed fiber 
behavior, boundary conditions were included. After boundary conditions, the fiber acted as a barrier. In this 
part, according to polymer’s deflection temperature (HDT), which is around 450ºC, the maximum 
applicable heat flux was found for all the different radius of nanofiber. Constant heat flux was applied in 
order to reach HDT. Thermal conductivity plays an important role in heat transfer. The thermal 
conductivity of the matrix was taken constant and the fiber’s heat conductivity was changed as km (thermal 
conductivity of the matrix) / kf (thermal conductivity of the fiber): 100,10 and 1. In addition, the thermal 
conductivity was taken as time dependent. The heat flux before deflection for these kind of situations is 
shown in Figure 2. 
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Figure 9. Heat flux dependence on thermal conductivity of nanofiber 

Maximum heat flux values according to maximum allowed temperature (450 ºC) for the composites, which 
have 25 nm radius fiber, four fibers (radius 6.25nm) whose total area is equal to the 25 nm radius fiber and 
four hollows instead of nanofibers, are solved. The difference of the heat flux was reported. Finally, 3-D 
nanocomposites were modeled and temperature differences were obtained. 

 
CONCLUSIONS AND FUTURE CONSIDERATION 
 
CONCLUSIONS 
Heat release rate of in-situ polymerized nylon 6/MMT and nylon 6/LP nanocomposite is reduced by 56% 
from that of the neat polymer. Nanocomposite ceramic char thermally insulates the underlying materials. 
Char formation in nanocomposite reduces the mass loss rate appreciably than the neat polymer. ZnO acts as 
nucleating agent in PP based nanocomposite resulting in an extensive spherulitic network throughout the 
polymer matrix. Nano ZnO increases the heat of fusion and decomposition temperature of polypropylene. 
 
FUTURE CONSIDERATION 
 
Synergistic effect of nanofillers on flame retardancy mechanism is under way. Effect of nanosilica and 
ATH and several other fillers on flame retardancy of polypropylene and polyester is in progress.  We have 
hired two more new graduate students to address some of the issues towards free radical entrapping and to 
study various modes of flame/heat/mass transport in polymer nanocomposites. 
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