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Abstract. A simplified approach to estimation of changes in the properties of filled polymers operating in aggressive 
media is proposed. The method of filled polymer image conversion into a binary pattern has been developed that allows 
special features of the composition to be detected. This, in turn, determines the operational efficiency of the filled 
polymers in aggressive media. Suitability of the parameter “Minkowski dimension” for estimation of the properties of 
filled polymers is experimentally substantiated. The technology of transferring the image of the structure of a filled 
polymer into a binary one is performed using the models UYV and Otsy. This allows us to take into account a wide range 
of grayscale gradients on the microphotography of the structure of the filled polymers. The appearance of such a 
spectrum is associated with physicochemical interactions in a multicomponent medium: the interaction “filler–matrix”, a 
significant change in the degree of compaction of the filler in the matrix, the features of the agglomerated filler existing 
in the matrix in the form of a cluster of particles of different density, individual particles, etc. Because the material 
structure can vary significantly, the binarization threshold is calculated automatically for each image separately. 

INTRODUCTION 

Filled polymers are widely used for manufacture of various technical devices: resistors, grounded devices, 
antistatic products, etc. [1–3]. An urgent problem here is the development of method(s) of a priori determination of 
a relationship between their structure and properties. To describe nano- and microscale structural inhomogeneities 
and to elucidate the relationship between the composition and properties of the filled polymers, the fractal approach 
is actively used. Its efficiency was experimentally confirmed in [4, 5]. The fractal characteristics were determined 
that allowed the volume electric resistance of various compositions under the action of main operational factors to 
be determined. However, for application of the filled polymers in electric installations, other physical properties (for 
example, mechanical strength, resistance to aggressive media, etc.) are also important. They are determined not only 
by the filler concentration and type, as in the case of electric resistance, but also by the interaction region, 
conformational set of macromolecules on the solid surface, molecular mobility, etc. [6]. 

The present work is aimed at finding and substantiation of a simplified approach to estimation of changes in the 
properties of filled polymers operating in aggressive media.  

To achieve this goal, the following problems were solved: 
– The technology of conversion of the filled polymer image into a binary pattern was developed that allowed 

special features of the pattern determining the polymer operational efficiency in aggressive media to be established, 
– A fractal parameter was chosen that made simplified estimation of the influence of physical and chemical 

properties of the filled polymer compounds on their structural characteristics possible, 
– Experimental tests of suitability of the parameter suggested for estimation of the operational efficiency of the 

filled polymers in aggressive media were performed. 
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OBJECTS OF RESEARCH AND RESULTS OBTAINED 

The conversion into the binary image applied in [4, 5] requires experimental selection of the truncation 
parameter. Unlike program realizations developed before in which the procedures were written completely for 
specific targets, it is of interest to minimize labor expenditures using the possibilities provided by application of 
frameworks, well-known models of image analysis, and simplified fractal characteristics.  

Elastomers filled with technical carbon were chosen as objects of research. Crystal butil rubber IIR according to 
the Designation System of the American Society for Testing and Materials (ASTM) or BK-2055 according to the 
Russian Designation System and acrylonitrile butadiene rubber (NBR according to the ASTM or SKH-40 according 
to the Russian Designation System) were used as matrices. Technical carbon P-234 IIR according to the ASTM was 
used as electrically conductive filler. 

To choose a model of conversion of images of rubber macrostructures filled with technical carbon into a binary 
pattern to solve problems formulated in the present paper, attention was paid to the following. One of the special 
features of polymers filled with technical carbon is the agglomerated filler encountered in the matrix in the form of 
particle pileups with different densities, single particles, etc. [7]. As is well known, for the value of electrical 
conductivity it is important that the filler particles were built into pass-through circuits of electrically conductive 
mesh. The particle pileups that do not participate in pass-through circuits of electrically conductive mesh do not 
practically influence on the electrical conductivity [7]. As to other properties of interest for us, the presence of the 
filler both in the electrically conductive meshes and beyond them is important, because the filler typically interacts 
with the matrix forming an occluded layer [6, 7]. Considerable change of the filler density in the matrix leads to the 
fact that the filler in a photomicrograph can have a very wide scale of gradation of grey color. The result of the 
“filler-matrix” interaction can also be traced from the photomicrograph as a specific scale of gradation of grey color. 

For a more complete allowance for a wide scale of gradation of grey color in the photomicrograph, the well-
known digital signal models used for computer image recognition and processing were analyzed. The YUV model 
used to separate a brightness signal [8] was chosen. The binarization threshold was calculated by Otsu’s method 
employing the algorithm of calculating the binarization threshold used for computer image recognition and 
processing [9]. According to the method, the threshold was determined that reduced the variance on the class 
defined as the weighed sum of variances of two binarization classes. This method was chosen for the following 
reasons: 

– The image histogram that allows the entire scale of gradation of grey color (sample values from 0 to 255) to be 
taken into account was used for threshold calculation. 

– The threshold was automatically calculated for each image separately. 
For simplification and reduction of the time of experiment, the fractal parameter—the Minkowski dimension 

(designated by D below)—was chosen, and the mesh of spheres of identical radii was used [10]. 
The computer program was written using the jupyter notebook in the python programming language. The 

program can work under any operating system; it is possible to change the magnification and the width of the 
program window used for estimation of the parameters. The image dimension is set in pixels. 

Numerical experiments were performed in which the multiplicity of image dimension took the following values: 
2, 1, 0.75, and 0.5. For each multiplicity, four widths of windows were considered. For example, for a multiplicity of 
1, the window widths were 200, 160, 120, and 80 pixels with subsequent displacement by one pixel. The calculation 
was carried out starting from the upper left corner. The experiments were carried out using electron-microscopic 
images shown in Fig. 1. Then images with identical magnifications were compared. 

Electron microscopic images of BK-2055 and PM-234 filled polymers with 5, 10, 30 and 50 weight parts of the 
filler per 100 weight parts of the polymer were investigated [5]. 

Experiments have shown that 
– the Minkowski dimension is independent of the chosen width of the window; 
– change of the multiplicity (magnification) influences on the Minkowski dimension. 
Since the mechanical and electrophysical characteristics of the filled polymers depend significantly on the 

concentration of the filler, the sensitivity of the Minkowski dimension to the composition of the material was 
evaluated at the first stage of the study [7]. The values of the Minkowski dimension were compared to the swelling 
characteristics measured by the well-known techniques. The parameters which served the criteria of the swelling 
intensity were chosen: the maximum increase of the volume (swelling degree max) and the constant of the rate of 
increase of the material’s volume (the swelling constant Kv).  
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FIGURE 1. Microphotographs of polymers BK-2055, PM-234 filled with carbon at concentrations  
of 5, 10, 30 and 50 parts by weight per 100 parts by weight polymer, respectively 

 
As aggressive media, carbon tetrachloride and toluene representing classes of organic compounds that differed 

by solubilities  were chosen. An analysis of the results of experiments has shown the following. 
The Minkowski dimension monotonically increased with filler concentration exceeding 10% (Fig. 2). This 

allowed us to consider that the suggested parameter was sensitive to the electrical conductivity and the 
physicomechanical characteristics.  

There is a correlation between D and characteristics max and Kv: the influence of the aggressive medium 
increases with decreasing Minkowski dimension. These regularities are shown in Figs. 3 and 4. 

Based on the existing representations on the processes of polymer filling, among the properties determining the 
contribution of the polymer to the physical and chemical characteristics of a composite material is the polymer 
viscosity influencing on the filler structurization in the matrix, i.e. on the intensity of interphase processes. In this 
connection, photomicrographs of BK-2055 (ν = 49) and CKN-49 (ν = 110) materials with P-234 filler that differed 
by the matrix viscosity were analyzed. A correlation was revealed between the parameters being analyzed. The 
Minkowski dependence increased with viscosity. This gives us grounds to believe that when choosing elastomers 
filled with technical carbon highly resistive to aggressive media from photomicrographs, materials with larger 
values of the Minkowski dimension should be preferred. 

 

 

FIGURE 2. Dependence of the Minkowski dimension on the concentration of the P-234 filler (BK-2055 matrix) 
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FIGURE 3. Dependence of the constant of rate  
of increase of the material’s volume (the swelling  

constant Kv) on the Minkowski dimension 

FIGURE 4. Dependence of the Minkowski dimension  
on the value of maximal increase of the volume  

(swelling degree max) 
 

CONCLUSION 

The method for estimation of the properties of filled polymers operating in aggressive media has been developed 
that is simple for implementation. The UYV and Otsu models allowed the conversion to be performed into the 
binary image reflecting the special features of the composition characteristic for the formation of the physical and 
chemical properties of rubbers filled with technical carbon and influencing their operation in an aggressive medium. 

The suggested parameter—the Minkowski dimension—has allowed us to estimate the operating efficiency in 
aggressive media: an increase in the Minkowski dimension means the increase of the operating efficiency of the 
filled polymer in aggressive media. 
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