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1. Introduction 

Polymer composite materials (PCM) and coatings on their basis have recently found their 

effective application: 

- in friction junctions due to good tribotechnical characteristics [1-3]; 

- in protection of the surface layers of hydroforming alloys from oxidation [4]; 

- as thermoresistant protective coatings that are able to prevent from oxidizing the 

active surface of metals and to endure temperatures necessary to activate intermetal compounds 

[4]; 

- as composite coatings to increase durability and corrosion resistance of 

magnesium, titanium, aluminum alloys that are widely used in aviation, automobile and 

electronic industries [5, 6]; 

- to extend the exploitation period of metallic surfaces, to improve their corrosion 

resistance and to protect the metal from the negative environment influence [7, 8]. 

The intensity of wear of PCM depends greatly on mechanical properties, nature, structure 

and sizes of particles of matrix and fillers, composite material structure, its hardness, toughness, 

elasticity, level of the external force effect on the contact «composite – counterbody».  

The composite wear depends on the fact how effectively the composite material 

microstructure can resist different processes of the material separation during the deformation. 

The main contribution into the amount of wear is made by the chain of plastic deformations and 

break in the thin surface layer. The distribution of the energy absorbed by the active layer 

determines the kinetics of accumulating damages and breaks and change of friction processes. 

A polymer material should have high resistance to viscoplasticity and plastic 

deformations, hardness and fluidity limit and at the same time it should be plastically 

deformable. Thus, there appears a task to calculate mechanical characteristics of three-

component polymer composites with a binary filler according to the properties of the initial 

ingredients. 



   
 

   
 

The authors of the article [9] suggest that the characteristics describing the ability of the 

material to be worn during friction should be the correlation of its hardness H to the elasticity 

modulus of E, in the paper [10] the hardness is substituted with the viscosity.  

One of the ways to solve the given task is to establish functional dependence of 

composite material physico-mechanical properties on spatial distribution, arrangement scheme, 

geometrical forms and physico-mechanical characteristics of components of which it consists. 

Such investigations require solving some boundary value problems of composite material 

mechanics that describe these or those deformation processes. Another approach that is applied 

in this paper allows to employ variation principles of mechanics of a solid body and formulate 

boundary value problems as the condition of minimality of functionality () on the set of 

possible shifts  or their velocities [11, 12]. Such an approach is the reflection of the 

fundamental energetic principle which states that some functionality of an energetic type takes 

the minimal value only on the values of variables that are solutions of a boundary value problem. 

The basic structures for investigation are three-component composite materials whose 

structure is constituted by the matrix (PTFE) that is statistically homogeneously reinforced with 

the inclusions of different geometrical forms (Fig. 1). 

The paper studies the possibilities to create three-component tribotechnical materials on 

the basis of PTFE whose fillers can be carbonic and basalt fibers as well as dispersed particles – 

kaolin or coke. The starting data were physico-mechanical and geometrical characteristics of the 

material components. 

The task consists in designing composite materials of different structure that combine 

necessary properties of elasticity, viscosity, plasticity with high wear resistance that enables the 

application of these materials for the products of tribotechnical purpose. 

The relations of coherence of elastic and plastic properties are taken as the criteria that 

describe the ability of the composite material to abrasive wear resistance: 

Т = k*/E*,     (1.1) 

where k* – the limit of the composite material plasticity, E* – the modulus of elasticity. 

Then the task to design wear-resistant materials will consist in determining such 

structures of composites under which this criterion takes the maximal value. The basic variable 

parameters are spatial concentrations of fillers. 

 

2. Choice of a model and methods of investigation 

Let us deal with the two-phase composite material of an occasional structure that consists 

of the continuous polymer matrix reinforced with the random distribution of discrete inclusions 

in it (Fig. 2). 



   
 

   
 

The choice of a two-phase material as an object of investigation somehow simplifies (in 

comparison with a three-component composite) mathematical presentations and at the same time 

contains all the hypotheses and starting assumptions of further investigations. 

In such a formulation a three-component composite can be presented as a hierarchical 

structure [10, 11]: 

- the first level – matrix conglomerate – the matrix with the inclusions of the first 

type; 

- the second level – the structure of a composite -  the matrix conglomerate with the 

inclusions of the second type. 

We design inclusions with the ellipsoid of revolution with the half-axes a and b that 

allows us to show different geometrical forms – both the inclusions in the form of dispersed 

spherical particles (a=b) and the matrix reinforced with short fibers (the correlation of half-axes 

a/b of the ellipsoid determines the ratio of the fiber length to the diameter – а/b  l/d, where l is 

the average length of the fibers, d is their diameter). 

Let us apply the hypothesis of ergodicity according to which averaging the random 

variables as to the material volume V coincides with the statistical averaging (as to the ensemble 

of realizations) and average values as to the volume will be marked V 
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The geometrical structure of the material is described with indicator random functions of 

the coordinates that take the value of one around the inclusions of the n-direction and a zero – 

otherwise. In this case 
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where cn – concentration of the inclusions oriented in the n-direction. 

Random fields of tensions, deformations, shifts and indicator functions will be presented 

as a sum of mathematical expectations and fluctuations: 
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In accordance with the consistent variation approach we investigate the deformation of a 

composite material within elasticity and viscoplasticity, determine macroscopic properties and 

determine the material structure based on the assumed criterion of wear-resistance. 

 

 



   
 

   
 

2.1 Calculation of elasticity properties 

Let us consider both phases (matrix and inclusions) in the composite material isotropic, 

tightly connected along the interface (continuous shifts during transition across the interface) and 

we will indicate the elastic deformation energy correlated with the volume V as  

,    (2.4) 
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Let us go over to the markers of the average values accepted above and introduce some 

limitation to the field of possible kinematic deformations making the following assumption in the 
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The variation of the functionality on the independent fluctuations of the shifts  iи  

contributes to the minimality of functionality condition 
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The acquired system of differential equations determines fluctuations of the field of 

composite deformations. After multiplying by /

m  and averaging of the acquired value according 

to the volume V its answer determines the necessary functional connection. 

When there is some spatial statistically homogeneous reinforcement one can apply the 

procedure of the transition to isotropic properties, then the obtained formulae of module of 

elasticity are given below. 

The modulus of elasticity of the composite E* for the structure of a composite material 

with short fiber inclusions is defined by the formula 

E*=E / [1+(1 – cf) / (Qcf)+E / (Ef – E)],   (2.7) 

where E, Ef   – modulus of elasticity of the matrix and fiber inclusions, cf  – volume content of 

fibers in  the composite material, Q – function of geometrical parameters of fibers that is defined 

through the parameter 
l

d
zz =−= ,21  where d – the fiber diameter, l – its length. 

Q = 2{1+0,1 / [6R2+ E / (Ef – E)]},    (2.8) 
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For the structure of the composite material whose matrix is reinforced with inclusions of 

the spherical form the modulus of elasticity of the composite E* is defined by the formula 

E*=E {1+Q1cs/(1-cs)},    (2.9) 

Q1 = 1 / [E / (Es –E)+0,4],    (2.10) 

where E, Es– modulus of elasticity of the matrix and dispersed inclusions, cs – volume content of 

dispersed inclusions, Q1 – the function of elastic properties. 

 

3.2 Calculation of viscoplasticity properties 

Let us formulate the variation task of defining viscoplasticity properties of a two-

component composite material as the condition of the extremity of the functionality W* that 

represents the dissipative function [12-14] 
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where the index 1 marks values that belong to inclusions, k – the limit of material plasticity,  – 

the material viscosity, ij – deformation rate. 

The functionality minimization according to (2.11) along fluctuations ij under the fixed 

valuesij lead to the parameter W*(ij) calculation that will finally determine the value of 

tensions ij=∂W*/∂ij. 

Depending on the tensions ij  the deformation process is possible when the inclusions 

behave as stiff particles. For such a state of deformation (I1 = 0) we have 

,)/1/()1(
5

2

,
/1

)1(
5

2
,

2

1
1*

2
1

2
111

2
0

2

1

1
10

2
1

IckkccII

Ick

k
cIIIckW

−+−+=

−+
−=+−=






  (2.12) 

Let us assume for the purpose of simplifying that the inclusions (both fibers and 

dispersed particles) are absolutely solid in comparison with the matrix (PTFE). Then the 

functional dependency of the plasticity limit of the composite with the dispersed particles will 

acquire such a type 

S1,5c1k = *k + ,     (2.13) 

and in the case of short fiber inclusions 
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The method of viscoplasticity analogy by Walter allows obtaining the correlation that 

defines the viscosity of a composite material. In view of the condition of absolute stiffness of 

inclusions in comparison with the matrix we obtain for the composite material of the first level 

(the matrix reinforced dispersedly with inclusions of the spherical form): 

* = (1+2,5cs / (1-cs)) , к = *(1+Qcf / (1-cf)),  (2.15) 

where  – the matrix viscosity, cs – volume content of the dispersed particles, cf – volume 

content of the fiber filler, Q is defined through the correlation (3.7). 

 

2.3 The criterion of abrasive resistance 

Regarding the complexity of the polyfactorial process of wear that is influenced by 

material elasticity, viscosity and plasticity properties we suggest the following algorithm to 

analyze the structures of composite materials that ensure high antifriction properties: 

1) study possible achievements of the necessary physico-mechanical parameters by 

the composite material by means of correlations (2.7), (2.9), (2.13), (2.14), (2.15) that makes 

them reliable in the usage; 

2) introduce the criterion of the composite material coherence in the form of the 

relation of the material plasticity to its elasticity Т=k*/ E* or in the dimensionless form 

       = Т / T0 = (k*E) / (kE*);    (2.16) 

3) find volume contents of inclusions that ensure the optimal criterion values (2.16). 

We assume that the obtained structure of the composite material is optimal and it ensures the 

high wear-resistance. 

 

3. Results and discussion 

The three-component composite structure is investigated. Its constituents are PTFE-

matrix that has the modulus of tension Em = 410 MPa; carbon fibers with the ratio d/l = 0,085 and 

the modulus of tension Ef = 35 GPa; dispersed particles of coke with the diameter (10-50)µm and 

the modulus of tension Es = 500 MPa.  

Figure 3 shows the calculations of tension and viscoplasticity of the three-component 

structure under investigation. 

The calculation choice of structure components that ensures high wear-resistance 

according to the criterion of coherence of properties is shown on Figure 4. In this research fiber 



   
 

   
 

composite content is fixed (the values are given in the legend on the charts), depending on the 

content of dispersed particles (coke) the maximum of the criterion of coherence of properties is 

searched. 

The data analysis (Fig. 4) has shown that while designing the three-phase structure of a 

composite material on the basis of PTFE reinforced with the volume content of carbonic fibers in 

quantity сf = 0,2 (20 wt %) або сf = 0,1 (10 wt %), another component (dispersed coke particles) 

should be taken in quantity сs = 0,2 as to the volume content (20 wt %) that will ensure the 

maximum of wear-resistance according to the accepted criterion. 

The methodology was approbated on the calculations of the real three-component 

materials of the tribotechnical purpose that are used in friction junctions. 

 

4. Conclusions 

The model and algorithm to search structures of three-component composite materials 

with the polymer matrix based on PTFE are suggested that ensure high wear-resistance 

indicators according to the criterion of coherence of plasticity and elasticity properties. The basis 

of the calculation of properties is the consistent variation approach. It is calculated that in the 

process when a three-phase structure of the material based on PTFE reinforced with the volume 

content of CF (10 – 20) wt % is designed, another component (dispersed coke particles) should 

be taken in quantity (20 – 22) wt % that will ensure the wear-resistance maximum in accordance 

with the accepted criterion. 
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