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ABSTRACT 
 

Nano composites have unique properties which 

depend to a large extent on the quality of the nanoparticle 

dispersion. Different types of solid materials and solutions 

with nano-fillers are developed for many applications. An 

outstanding issue is the quantitative measure of fillers that 

are actually dispersed to dimensions below a particular 

aggregate size by the mixing processes. This is particularly 

important in dispersion of carbon nanotubes, which tend to 

form large scale aggregates. 

We have developed two variants of a method for 

evaluating the content of dispersed nano-sized particles 

using small angle X-ray scattering (SAXS).  
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1 INTRODUCTION 
 

Nanotechnology is the study of manipulating matter on a 

scale significantly smaller than a micrometer, and. deals 

with developing materials, devices, or other structures 

possessing at least one dimension sized from 1 to 100 

nanometers, where Quantum mechanical effects may be 

important. 

Nanotechnology is very diverse, ranging from extensions of 

conventional device physics to completely new approaches 

based upon molecular self-assembly. Many physical 

properties (mechanical, electrical, optical, etc.) can change 

as compared to bulk systems when the building blocks are 

on the nano-scale. A particular case of extensive interest in 

recent years is the carbon nanotube.  Both single- and 

multi-walled carbon nanotubes exhibit unique properties, 

far superior to bulk carbon materials, such as high tensile 

modulus and ability to absorb high impact energies, 

ballistic electron conductance leading to very high current 

density and high heat conduction. They are therefore of 

immense interest for application in composite materials 

where addition of a small amount of nanotubes can impart a 

significant increase in the desired physical property.  

An outstanding issue is the quantitative measure of the 

quantity of fillers that are actually dispersed to nano size 

(especially for mechanical properties of composite). This is 

particularly difficult for carbon nanotube dispersions as 

they have a large tendency to form large-scale 

agglomerates.   

The concept of the Porod integral [1] of scattered intensity 

in the interval of scattering angles 0.1 < 2< 3 degrees is a 

function of quantity of particles with size in interval 2 – 100 

nm. When the scattered intensity calibrated to absolute 

units, its value is proportional to the content of dispersed 

fillers in a low-content composite in an otherwise 

homogeneous matrix. We have used this concept, together 

with the fact that the scattering from larger inclusions is 

mostly at very small angles that are blocked by the beam-

stop and thus not included in the Porod integral, to define a 

“nano-scale dispersion index” (NSDI)  accounting for the 

fraction of particles successfully dispersed to below a 

particular limit of about 100nm [2]. In this work we seek to 

provide a SAXS-based method to evaluate the success in 

dispersing multi-walled carbon nanotubes (MWCNT) – in a 

polymer composite. 

 

2 EXPERIMENTAL 
 

2.1 Materials preparation 

 MWCNT (supplied by Nanocyl Ltd) were dispersed in 

epoxy resin (technical type, C20O4N2H28, density - 1.135 

g/cm
3
) at a loading of 0.5 and 1% (wt) by intensive shear 

mixing, and in Poly(methyl methacrylate) (PMMA) at a 

loading of 2% (wt) by a compounding twin-screw extruder.  

  

2.2 Methods 

Ultra pluss Zeiss Cemini Electron microscope was used 

to obtain images from brittle fractures (in liquid nitrogen) 

of sample plates. 

Small angle X-ray scattering (SAXS) was performed using a 

small-angle diffractometer (Molecular Metrology SAXS 

system with Cu Kα radiation from a sealed microfocus tube 

(MicroMax-002+S), two Göbel mirrors, and three-pinhole 

slits. Generator powered at 45 kV and 0.9 mA). The 

scattering patterns were recorded by a 20 x 20 cm two-

dimensional position sensitive wire detector (gas filled 

proportional type of Gabriel design with 200 µm resolution) 

that is positioned 150 cm behind the sample. The resolution 

of the SAXS system is about 3
-2

 nm
-1

. 

The scattered intensity I(h) was recorded in the interval 

0.07 < h < 2.7 nm
-1

, where h is the scattering vector defined 

as h = (4π / λ) sin(θ), where 2θ is the scattering angle, and λ  

is the radiation wavelength (0.1542 nm).  
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The plane samples (with thickness about 1.5 mm) were 

glued on 2D plane holder, and measured under vacuum at 

ambient temperature. I(h) was normalized to the following 

parameters: time, solid angle, primary beam intensity, 

sample thickness, transmission, and the Thompson factor 

[1] [I(h)] = nm
-3

. Scattering of matrix and electronic noise 

were subtracted.  

 

3 RESULTS  
 

We have developed two variants of a method for 

evaluating the content of dispersed nano-sized particles 

using small angle X-ray scattering (SAXS).  

The simplest variant relies on the fact that the 

accessible range of scattering angles limits the dimensions 

of objects that contribute significantly to the intensity 

measured in a particular set-up. In our experiments the 

range of scattering vectors h is from 0.1 to 3 nm
-1

 

(dimensional range of about 2 – 100 nm). We therefore use 

the well known Porod integral of the measured intensity 

defined by equations (1, 2) with conventional 

extrapolations beyond the limits of the observed pattern [1]. 

 

     (1) 

 

 

     (2) 

 

 

Figure 1:  (a) SEM images of Epoxy 1% of CNT 

composites. The scale is 1 m and (b) neat Epoxy. The 

scale is 2 m. 

 

here Q is Porod’s integral, WF is the filler volume fraction,  

ρF and ρm are the electron densities of filler (F) and matrix 

(m), respectively. The ratio of the WF calculated by (1) and 

(2) to the actual filler volume fraction (WD) provides a 

quantitative estimation of the quality of the nano-scale 

dispersion process, as the fraction of nano-fillers that were 

successfully dispersed to a scale below about 100 nm.[2] 

 

 

 

Figure 2: (A) Black line- SAXS pattern of Poly(methyl 

methacrylate) (PMMA)  composite with 2% Multi-walled 

carbon nanotubes (MWCNT, outer diameter 11.6 nm), after 

subtraction of neat polymer scattering; Red line- calculated 

pattern of cylinder model at the same CNT content. (B) 

SAXS of Epoxy – MWCNT composites and neat epoxy. 

  

In the case of significant impurities in the composite 

matrix (Fig. 1), this calculation may be incorrect. If the 

particle shape is known and the SAXS pattern has a 

distinctive peak (Fig. 2), the quantitative estimation of the 

dispersion quality (nano index: WF/WD) can be estimated by 

another variant. As shown in Figure 1, we define the peak 

area using a tangent baseline, indicated as (a) in Fig. 2. Its 

value is obtained by integration using Porod’s law (eq. 2) of 

the hatched region only. The proposed index (nano index) is 

the ratio between area (a) calculated from the data to area 

(b) obtained by a similar integration in the simulated model 

of a single nanotube. This model takes into account the 

nanotube as a cylinder of known density, volume fraction 

determined from the actual CNT content assuming total 

dispersion (WD), and diameter as determined by fitting of 

the peak position.  
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For small amount of CNT (that typically is used in 

composites) the equation 1 can be symplifided as: 

 

     (3) 

 

 

 

Matrix WD, % WF/WD r, nm , nm 

Epoxy 0.5 0.26 6.2 0.26  

Epoxy 1 0.25 6.2 0.26 

PMMA 2 0.27 5.8 0.069 

 
Table 1: Composite structure parameters that were obtained 

by fitting of SAXS peak only.   
 

 

and mass fraction (w) dipendence on volume fraction 

can be symplifided as (additional index m points to the 

mass density, eq. 4): 

 

 

      (4) 

 

 

      (5) 

 

 

Thus, the ratio between real /initial volume fraction is 

equal to ratio between real /initial mass fraction and Porod 

integrals of real scattering / calculated scattering of fully 

dispersed CNT (eq. 5). 

Table 1 shows the nano index and MWCNT parameters 

calculated by peak (Fig 2) fitting. The calculation assumes 

that the CNT density is 2 g/cm
3 

(as graphite), normal 

distribution in size of the external radius and are of a very 

long (L > 500nm) and straight cylinder form with negligible  

internal diameter (eq. 6, [1]) 

 

 

 

 

     (6) 

 

 

 

 

 

 

 

 

 

 

 

          

 

 

 

where J1(x) is the first order Bessel function of the first 

kind and dnor(x,R,) returns the probability density for the 

normal distribution with mean R and standard deviation .        
In case of absence of a distinctive peak, the rough 

estimation of dispersed nano-sized particles can be obtained 

by fitting only the low-angle part of the experiment pattern 

(0.1 < h < 0.4 nm). The ratio of Porod integral of fitting 

curve (eq. 2) to that calculated for the initial concentraton 

(by eq. 3) give a rough estimation of the nano index. 

In case when additonal information is available (from 

producer or/and from electron microscope patterns) about 

CNT density, internal radius and short straight length of 

CNT we need to use formula for a hollow cylinder with 

heigh H, outer radius R1 and inner radius R2 [3].  

 

4 CONCLUSIONS 
 

 In the simple case (especialy in case of liquid 

dispersion) the simple ratio of Porod’s integrals of 

composite/solution to Porod’s integrals of full dispersed 

filler provides the real fraction of the filler that is 

successfully dispersed as nano-sized particles. 

 The presence of voids and inhomogeneities in the 

composite and due to the neat polymer matrix and its 

compounding results in additional intensity. This 

additional scattering hampers calculation of the 

presence of individual filler paarticles. A modified  

method is introduced based on fitting of a distinctive 

SAXS peak due to the shape of an individual filler unit. 

This method can be used for MWCNTs with a narrow 

distribution in outer radius, which show a peak in the 

SAXS pattern. 

 In the absence of a distinctive peak, a rough estimation 

of dispersed nano-sized particles can be executed by 

fitting of a part of the experiment profile  
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