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ABSTRACT 

Polymer nanocomposites are composed of a nanofiller 
with a polymer matrix. Typical fillers include nanoclay, 
carbon nanotubes, nanoparticle silver, nanoalumina, etc. 
The materials exhibit unique material properties, such as 
improved barrier properties, flame retardance, and 
mechanical properties, depending on filler choice. A critical 
barrier to obtaining optimal properties is the need for 
excellent dispersion of the nanofiller, coupled with uniform 
distribution throughout the polymer matrix. To create the 
materials in an industrially relevant manner, continuous 
melt mixing processes are necessary. Dispersion is 
dependent on processing parameters, and functionalization 
of the filler to enhance compatibility with the polymer. 
During processing it is critical to provide sufficient energy 
input to the mixture to break up the agglomerated filler. 
Energy input is controlled by melt viscosity, temperature, 
screw speed, etc. Moreover, approaches to quantify the 
dispersion and distribution are needed. This work covers 
our approach to preparing well-dispersed nanocomposites 
using an industrially relevant twin screw process for a wide 
variety of polymer types and nanofillers. The materials 
have application for lighter weight structural parts, barrier 
materials for improved packaging (e.g MREs), EMI 
shielding, and antimicrobial performance. 
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1 BACKGROUND 

Polymer nanocomposites have received ever increasing 
attention for the last two decades since work on 
polyamide/clay nanocomposites was published [1-3]. These 
composute materials materials posses a high interfacial 
surface-area between a polymer matrix and the reinfocing 
nano material. When compared to conventional 
nanocomposites can have a variety of improved properties 
which include higher heat distortion temperatures [4, 5], 
increased strength and modulus [4, 6], improved flame 
resistance [7-9], improved abrasion resistance [10, 11], and 
enhanced barrier properties [4, 12].  

A wide range of materials have been reported as matrix 
materials in polymer nanocomposites; polyethylene oxide 
(PEO) [13-16], poly(dimethyl siloxane) (PDMS) [17], 
polyimide [18-20], poly(methyl methacrylate) (PMMA) 

[21, 22], polystyrene (PS) [23-25], polypropylene (PP) [26, 
27], and polyethylene (PE) [28-30]. Polymer clay systems 
have been widly reported as the clays can be organically 
modified for better compatibility with the polymer matrix 
[12, 24, 31-34]. Another approach is to add polar additives 
into the matrix [35].  

There are many methods of prepairing polymer 
nanocomposites. Solution preperation, in situ 
polymerizatoin, or grafting of functionalized particles to 
polymers have been reported [25, 27-29]. There are three 
methods to prepare nanocomposites in polymer melt: 
internal batch mixing, single screw extrusion and twin-
screw extrusion. Polymer melt mixing has been favored as 
it is a more industrially relevant process and melt 
processing can input more energy into the system in order 
break up agregates. Composite systems using PA6 [36-39], 
PP [30-45], polyester [46, 47] and polycarbonate [48] as 
matrix materials have been described. Favorable dispersion 
through mixing is entropically driven. The local entropy 
increases with increased interaction between the polymer 
chains and the surface filler. Interoclation causes polymer 
chains to lose entropy and for the modifiers to increase in 
entropy. Increasing the temperature enhances these 
processes. Enthalpy describes the inter-molecular 
interactions in the system: nanofiler-nanofiler, polymer-
polymer, polymer-filer, nanofiler-modifier, and polymer-
modifer. Theoratical tools exist which investigate these 
interactions, but reliable data for fillers is very difficult to 
obtain. Crystalinity and multi-phase systems can complicate 
mixing. There is decreased entropy in the crystaline phases 
and there are changes in thermodynamically (or kinetically) 
prefered crystal structures. In multi-phase systems, there is 
a stablization by the nano-filler of fine phase-seperated 
domains. 

2 BATCH MELT MIXING OF 
NANOCOMPOSITES 

The use of melt compounding methods to create 
polymer nanocomposites must strike a balance between the 
various processing parameters to obtain an optimal balance. 
Increased mixing temperature gives polymer chains 
increased mobility, however this lowers the viscosity of the 
polymer and decreases the viscous sheering forces 
necessary to break apart particle agglomerates. Long 
mixing times may serve to enhance mixing, but could cause 
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an the polymer to thermally degrade with the longer 
residance time.  

The use of an internal batch mixer has four relevant 
parameters: rotor speed, temperature, mixing time, and fill 
factor; however, fill factor has been often overlooked [49-
54]. Lertwimolnun et al.[55] reported that higher shear 
stress, longer mixing time and lower mixing temperature 
favor the exfoliation of layered silicates, but concluded that 
the degree of mixing did not affect the mixing process. Kim 
et al. [54] reported that the fill factor was an important 
parameter. They had observed that in PET/alumina 
composites, a fill factor of 0.70 was optomized based on 
TEM micrography and with differential scanning 
calorimitry [54]. Their results that an optomized fill factor 
exists for a particular system. 
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Figure 1: Fill Factor vs. Skewness of PET/Alumina 

Nanocomposits. 

Figure 1, reporduced from Kim et al., shows an 
optimized fill factor at 0.70 for an PET/Alumina 
nanocomposite [54]. Dispersion has been quantified by 
using the quadrat method [56] (described below). Lower 
values of skewess indicate better distribution and 
dispersion. 

3 MELT EXTRUSION OF 
NANOCOMPOSITES 

In contrast to internal mixing, continuous extrusion 
mixing of polymers can be performed at higher rates than 
internal mixing. The efficacy of both process depends on 
the materials’ compatibility for either method. Figure 3 
compares batch mixing and continuous extrusion with a 
counter-rotating twin screw extruder with PET alumina 
nanocomposites. 

The literature regarding the melt extrusion of polymer 
nanocomposites largely has described how processing 
conditions affect the resultant mechanical properties 
without describing the quality of the mixing. A 
comprehensive study of melt extrusion of PET nano 
alumina composite processing and mixing was performed 
by Kim et al. [57]. 

 
Figure 3: TEM comparison of PET/alumina 

nanocomposites by preperation. 

In ther study, three main processing parameters for twin-
screw extrusion were selected: melt temperature, screw 
speed and feed rate. The effects of each parameter on the 
degree of mixing were evaluated using a full factorial 2-
level experimental design. Screw speed was found to have 
the strongest effect on the degree of mixing; with better 
mixing was observed at higher screw speeds. Lower feed 
rates increased residance time in the barrel and provided 
better mixing. While the thermodynamic considerations 
would indicate that higher temperatures wuold enhance 
mixing, the lower viscosities ascociated with higher 
temperatures outweigh this benefit and consequently lower 
temperatures demonstrated better mixing. 

 
Figure 3: Specific Energy Input vs. Skewness of 

PET/Alumina Nanocomposites 

Kim et al. calculated the specific energy input (SEI) for 
all of the trials ran and then measured the skewness using 
the quadrat method for each trial as shown in Figure 3, 
reproduced from [57]. Again, lower values of skewness 
denote better dispersion and distribution. The specific 
energy input correlates with degree of mixing up to a 
limiting value, indicating there may be a critical value for 
optimum dispersion. If there is a critical value for SEI for 
extruded nanocomposites, this information would be 
helpful as any additional input would increase cost and 
could degrade the polymer. The best result was achieved 
with low temperature, high screw speed, and high feed rate 
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and is denotend in Figure 2 as T4. For all of these results, 
higher shear rate and energy are most necessary to produce 
a well-dispersed homogeneous nanocomposites. 

4 DISPERSION QUANTIFICATION 

Few studies have attempted to evaluate nanocomposites 
in terms of the degree of mixing as measured by electron 
microscopy [37, 58-62] or X-ray diffraction [63, 64]. Very 
little prior art links the relationship between degree of 
mixing and processing parameters directly. Dennis et 
al.[58] measured the quality of mixing, however the focus 
was on how extruder type and screw configuration affected 
dispersion rather than the processing conditions. Fasulo et 
al.[65] qualitativly, not quantitativly studied the effect of 
processing conditions, such as temperature, feed rate, and 
screw speed, on mixing using twin-screw extrusion by 
experimental design. Several modeling approaches for the 
mixing of particles into polymers have also been presented 
based on rupture theory, cohesive forces, or fracture 
mechanics, but are limiited to microscale sizes and internal 
mixers [65-69]. 

While there are ASTM test methods for measuring 
particle dispersion in polymers, these are qualitative 
techniques that opperate on the microscale at the smallest. 
For clay nanocomposites, TEM particle density as a 
measure for dispersion has been used but has not adequet 
for distribution characterization. [70-73]. 

To find a qunatitative method to measure both 
distribution and dispersion of melt proecessed 
nanocomposites, Kim et al. [57] performed a study of 
PET/alumina nanocomposites comparing two methods: 
Morisita’s Index [74] and the quadrant method listed in 
Equation 1[75]. Interestingly, the quadrant method was 
originally adapted from ecology for population studies. 
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Kim et al. concluded the Morisita’s Index did not cope 
well with a wide range of particle sizes. However, the 
quadrant method was most consistant with qualitative 
rankings, and the most effective in quantification and 
comparing the degree of mixing. Neither method matched 
well with visual qualitative rankings. The quadrant method 
allows for the calculation of skewness (β), were lower 
values indocate better distribution and dispersion. Use of 
this technique requires that a proper quadrant size be 
selected. 

Polymer nanocomposites can be prepared in melt by 
either batch mixing or continuous extrusion. In either case, 
the processing parameters must be balanced to achieve the 
optimum distribution and dispersion. For extruded 
composites, high screw speeds, low feed rates, and low 
barrel temperatures were the most dominant factor in 

achieving opimal dispersion. A specific energy input exists 
to achieve optimized dispersion. The quadrant method can 
be used as an index to measure and compare distribution 
and dispersion. 
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