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4. Particle size distribution 
It is assumed that the Gaussian normal 
distribution function provides a mathematical 
description of the probability density, fn(dp), for 
the particle size and describes more or less 
exactly the measured values. With fn and the 
particle volume density, np, the particle volume 
fraction, v, is given by: 

pppn

d

d

3
pp Vn

6
ddfdn

6
v

max,p

min,p





  .  

The particle diameters lay between the limits 
dp,min and dp.max and the number of particles of a 
special size is given by: pnpj ddfnn  .  

 
5. Energy of plastic voiding, crack resistance 
The yielding energy is derived by the product of 
applied force, F0, with displacement, u , at the 
matrix shell of radius, r0: 
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This displacement was calculated in [3] to be  
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yielding energy of the matrix shell around one 
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density of yielding energy is now given by:  
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The value of the lower limit of particle 
diameter, dp(s), results from Eq. (3) to be: 

)s)1/((EG8)s(d 222
mymmdp  .  

 
Inserting this into Eq. (2) and then into Eq. (1) 
provides the composite toughness to be: 
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with 3/)v~1(2smin  and 3/v~ln2smax  . 

 
 
 
 

6. Results 
The proposed model is applied for glass-
sphere-filled polyethylene with the following 
material properties for the spheres: Ep= 64 
GPa, p= 0.2. The elastic properties of the 
polyethylene matrix are: Em= 520 MPa, m= 0.35 
and the matrix yield stress: MPa27my  .  

As can be seen in Fig. 2 the composite 
toughness increases at lower mean particle 
sizes and remains constant for larger values. 
 

 

 

 

 

 

 

 

 

 

 
For particle size distributions with larger 
standard deviations, sN, fracture toughness 
becomes rather independent of mean particle 
size. This behaviour is caused by the fact that 
smaller particles demand higher stresses for 
debonding and subsequent matrix yielding. The 
fraction of particles that do not debond do not 
induce matrix yielding in the neighbourhood. 
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Fig. 2: 

Fracture toughness (crack 

resistance) as a function of 

mean particle diameter for 

different standard de-

viations, sN, of a Gaussian 

normal distribution of 

particles of the size 
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extracted from the fits and are found to 
correlate well with the actual values for the S-
SBR copolymer used in the studied samples. 
So, we extract the molar mass of the Kuhn 
segment Ms   300 g/mol, which is in close 
agreement with the value Ms = 353 g/mol, 
obtained from the mathematical analysis of the 
chemical structure of S-SBR [5]. 
 
The newly proposed multiscale approach 
allows to fit and to describe the dynamic 
moduli of unfilled S-SBR rubbers over 16 
frequency decades with a limited set of 
parameters (relaxation times, scaling 
exponents). All parameters have a clear 
physical meaning and obey the relations 
motivated by the statistical−physical theory of 
polymer melts and polymer networks. The 
multiscale approach can be generalized for the 
case of filled polymer networks, which is of 
extraordinary importance for the tire 
applications in automobile industry. 
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