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Abstract: The article describes the mathematical modelling results of the dynamics in order to determine the regularity. 
Further development of numerical approaches to taking into account the geometric nonlinearity of composite material on 
the basis of polytetrafluoroethylene with the use of the finite element method for studying the stress-strain state of the 
sealing elements line. Simulation were carried out under combined axial and surface radial loads. It is determined that the 
most "dangerous" from the point of view of the strength of the design are areas around square openings, docking zones 
of spherical, conical and cylindrical parts. 
  
1   Introduction 

One of the trends in the development of modern 
technology is the increasing use of composite materials in 
its production. This allows the material to be reduced in 
design without losing the required strength and stiffness 
characteristics. Promising in this regard are polymer 
composite materials (PCM) based on 
polytetrafluoroethylene (PTFE) due to its unique 
operational properties - the lowest coefficient of friction 
among polymers, high chemical inertia, thermal and cold 
resistance [1,2]. In the process of designing structures on 
the basis of fibrous composites, a preliminary calculation 
of deformation, strength and other structural characteristics 
is made. Analysis of these calculations in the future makes 
it possible to correct structural features by changing the 
mechanical properties of the composite and design 
parameters (size, shape, etc.). 

A number of constructs of modified PCM based on 
PTFE, in particular by mechanical activation and/or the 
introduction of appropriate functional fillers, in geometric 
nonlinear relationships between stresses and deformations 
are have shown in real conditions of operation. The 
specified nature of deformation requires the development 

of conceptually new ways of its consideration [3-7]. There 
is a need for the development of methods for solving such 
problems in three-dimensional formulation, in particular 
the finite element method [2-4,8,9]. 

The aim of this work is to solve the problem of 
determining the stress-strain state of spatial structures of 
composite sealants based on the improvement of elastic 
constancy models and the development of effective 
numerical approaches to the solution of boundary-value 
problems of the mechanics of a deformable solid.  

 
2 Materials and Methods 
2.1 Materials 

The main objective of the work is to develop 
antifriction composite material with high physical and 
mechanical properties for use in heavy wear. The main 
criteria laid down in the development of such materials is 
the ability to work without lubrication, reduced wear and 
tear of the part itself and the combined surface, resistance 
to the chemical impact of aggressive media, reliable work 
at low temperatures. As a polymer matrix that best satisfy 
the above criteria selected PTFE (Figure 1) because of its 
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unique properties. The choice of fillers for the study is 
justified by the following considerations. 

The results of research in the field of PCM based on 
PTFE convincingly proved the effectiveness of the use of 
carbon fiber (Figure 2). Established its optimal content of 
PTFE composites varies over a wide range (5-20) wt. % 
depending on the grade of the filler [3,6,10,11]. The 
prospects of modifying the surface of carbon fibers by 
mechanical activation [3,5,10,12]. Consequently, carbon 
fiber is selected as the main fibrous filler for a series of 
experiments. 

Surface layer carbon fiber is characterized by 
microniveness with the sizes which do not exceed (0,1-0,2) 
microns, formed during carbonization and graphitization of 
hydrate cellulose tissue (Figure 2). 

 

 
Figure 1 Microstructure of industrial PTFE 

 
The presence of such superficial defects of different 

structures and geometric sizes allows us to use 
technological techniques based on the processes of 
deformation of the boundary layers on the surface of the 
filler as a result of their filling with particles  
of PTFE [14]. 

 
Figure 2 Microstructure of the surface of the fragment carbon 

fiber (х7480)  
 

On the basis of experiments, it was found out that PTFE 
used for these studies is the most relevant for the requested 
requirements (Table 1). 

 
Table 1 Characteristics of PTFE − unfilled [15]. 

Characteristic Value of the 

index for the 

material 

Mechanical Properties  

Density, g/cc 2,13 – 2,19 

Tensile strength (Moulding 

direction), MPa 

Elongation at break 

(Moulding Direction), % 

15 – 35 

150 − 350 

Hardness (Shore D)  57 − 64 

Deformation under load, % 

1 hr, 23º C, 14.2 MPa 

24 hrs, 23ºC, 14.2 MPa 

permanent deformation 

1 hr, 150°C, 5 MPa 

 

11,8 

14,3 

7,9 

10,0 

Compressive modulus at 

0.2% off-set, 23ºC, MPa 

600 − 700 

Flexural modulus at 0.2% 

off-set, 23ºC, MPa 

690 

 
High molecular weight carbon fibers are widely sought 

after in the production of composite materials due to the 
unique combination of physical, mechanical and chemical 
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properties (Table 2) such as high modulus of elasticity and 
strength, low density, high electrical conductivity, low 
coefficient of friction and thermal expansion, high 
resistance to atmospheric influences and chemical reagents 
[12]. 

 
Table 2 Main characteristics of carbon–fibers [13,14] 

Parameter  Value  
Carbon content, % 80,0 – 99,5 
Diameter d.10–6, m 4 – 30 
Density, kg/м3 1400 – 2000 
Longitudinal strength, Pa 0,1 – 3,5 
Tensile modulus, hPa 10 – 7000 
Tensile elongation  0,5 – 1,3 
Specific thermal capacity 
λ·103, J/(kg∙К) 0,8 – 1,7 

Conductivity factor, W/(m∙К) 0,8 – 125,6 
Electrical resistivity, Ohm∙m 1∙10–5 – 1∙104 

Thermal expansivity α·106, К–

1 2 – 20 

BET surface area, m2/g 0,3 – 1000,0 
Burning duration, s 3 – 300 
Resistance  К to oxygen under 
an inert or  reducing 
atmosphere 

 to 673 –723, 
to 3273 

 
2.2 Mathematical simulation and optimization of 
composite structures based on 
polytetrafluoroethylene for ensuring high wear-
resistance properties 
 

Consider the two-phase composite material of random 
structure, which consists of a polymer continuous matrix, 
reinforced by the random distribution of discrete inclusions 
in it. The choice of two-phase material as a research object 
somewhat simplifies (in comparison with the three-
component composite) mathematical calculations and, at 
the same time, contains all the hypotheses and the initial 
preconditions for further research. In addition, this 
approach allows us to consider some well-studied two-
component structures - materials with spherical inclusions 
and materials, reinforced with short fibers. In Figure 3 
shows the structure of two-component material, inclusions 
in which there are short fibers. 

 

 
Figure 3 Structure of the two-component material based on 

polytetrafluoroethylene reinforced with carbon fibers 
 
The elastic spring element creates a constant force that 

pushes the sealing edges for sealing along the mating 
surfaces of the groove. 

When modelling the stress-strain state of a rubber ring, 
finite elements were used for which the Mooney-Rivlin 
model (1) was implemented [13,15]: 
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where: C10, C01 and D1 are material constants, ��
∗, ��

∗, ��
∗ 

are reduced strain invariants. 
 
Constants of material can be used to calculate the initial 

shear modulus (2) as follows: 
�� � 2 ∙ ���� 
 ����   (2) 

 
The initial modulus of elasticity for a material is 

calculated (3), (4) as follows: 

�� �
�

��
     (3) 

Use for analysis 

�� �
�

���∙�
    (4) 

where: G is shear modulus. 
 
To take into account the stress relaxation of the sealing 

element made of elastomer in the model (1), the Mooney - 
Rivlin constants were recalculated based on the value of 
the relative residual strain of 0.6; the following values were 
obtained [11,15-21]: C10 = 781178.6 Pa; C01 = 154173.9 
Pa. 

Deformations of PTFE protective rings were 
considered elastic, the surfaces of the cylinders and the 
floating piston were determined to be absolutely rigid. 
Used friction model [9]: 

� � � ∙ �    (5) 
where: τ is the shear stress; µ is friction coefficient; N is 
contact normal pressure. 

 
The seal consists of a polymer shell, which is tightened 

by a metal spring after installation in the seat groove 
(Figure 4). 
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Figure 4 The principle of operation of the sealing 

 
One of the basic calculations for designing seals is the 

static strength calculation. To determine the stress-strain 
state of the elements, apply the momentary scheme of the 
finite element [12]. 

 
3   The results of the simulation performance 
properties of a polytetrafluoroethylene 
composites for sealing 

Conducted simulation in the software package 
SimulationXpress Study. 

The following data were taken as input parameters for 
the simulation model: 

− a geometric model of the sealing  
device (Figure 5); 

− characteristics of physical and mechanical 
properties of materials; 

− pressure (20 МPa). 
 
The design of the sealing ring by finite elements can be 

presented in the next three months by the following 
intermediary processes: 

− preparation of initial data - description of the 
topology of the design, kinematic and force boundary 
conditions, physical and mechanical characteristics of the 
composite material, finite-element sampling of the design 
and others; 

− numerical calculation of finite element model - 
calculation of coefficients of the matrix of rigidity of finite 
elements, formation of a global system of solving 
equations and its solution; 

− processing of the solution results - calculation of the 
parameters of the stress-strain state of the design; their 
visual representation in the form of tables, charts, two-
dimensional or three-dimensional images. 
 
 
 

 
a) 

 
b) 

 
c) 

Figure 5 The research in SimulationXpress Study Stress 
a) 3D CAD model; 
b) Fixed geometry; 
c) Finite elements. 
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For the study of the stress-strain state of structures of 
fibrous composites, the ratios for the stiffness matrix of a 
three-dimensional finite element of composite material 
with transistor components are proposed, taking into 
account the spatial reinforcement of fibers based on the 
momentum scheme of a finite element. The momentary 
scheme avoids the disadvantages inherent in the traditional 
scheme of the finite element, and the consideration of the 
spatial nature of the location of the fibers weakens the 
requirements for the discretization of structures. 

The obtained diagrams of equivalent voltages for the 
sealing element of the device under consideration are 
shown in Figure 6. As can be seen from Figure 6, in the 
sealing element in a static state, the maximum equivalent 
voltage is 2199 Pa, which cannot lead to the destruction of 
the sealing element. After relaxation of the stresses in the 
power element, the equivalent stresses in the sealing ring 
decrease, as well as the decrease of the contact pressure on 
the sealing surface. 

The diagram of equivalent stresses, shown in Fig. 4, 
corresponds to the development of adhesive bonds at the 
point of contact during a long stop of the mechanism. 
According to the literature data, the initial (starting) value 
of the friction coefficient can reach values of 0.2 and more 
[17]. At high values of the friction coefficient, the 
equivalent stresses locally increase, which exceeds the 
tensile strength for the applied group of polymers. The 
initial friction at the time of launch, as well as high values 
of the friction force in the process of movement or rotation 
of the shaft can lead not only to damage the surface of the 
sealing ring, but also to its twisting. 

The nature of the external load and the symmetry 
violation, due to the presence of openings in the structure, 
leads to the fact that radial displacement has both a positive 
and a negative sign, that is, there are zones that are torn, 
and there are zones that bend. Although these 
displacements are in an order of magnitude smaller than the 
axial. 

The values of the axial displacements in the 
intersections perpendicular to the axis of the design are 
close to the steady ones, although they are not such that due 
to the presence of rectangular openings and, accordingly, 
asymmetrical setting of the problem. The analysis of the 
results shows that the most vulnerable in terms of strength 
are areas near rectangular openings, where the intensity 
values of the stresses acquire the maximum values.  

Figure 6 Diagrams of equivalent stresses in a section of a 
sealing ring in a static state 

 
4  Conclusions  

On the basis of established factors of mechanical 
activation, content and properties of fillers, the 
performance characteristics were obtained by antifriction 
material based on PTFE with increased physical and 
mechanical properties for use in conditions of intense wear. 
The developed polymer composite materials are 
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characterized by high wear resistance and relatively low for 
the PTFE composites tensile modulus values (up to 197 
MPa), which increase the area of actual contact of the 
sealing element made of PTFE-nanocomposite and sealing 
surface in the sealing device. This combination of 
properties makes it possible to recommend the developed 
PTFE nanocomposites for the manufacture of sealing 
elements of sealing devices for movable joints of machines 
and technological equipment. 

With the help of developed approaches to 
determination of effective elastic stable composite, matrix 
of rigidity of a finite element and software complex, the 
stress-strain state of sealing structures is determined. On 
the basis of the kinematic and energy conditions of the 
agreement, analytical relations are proposed for 
determining the effective elastic characteristics of the 
fibrous composite material, which allow taking into 
account the transposition properties of the matrix and fiber. 
Simulation were carried out under combined axial and 
surface radial loads. Improving the efficiency of PCM in 
sealing devices is ensured by a rational choice of the 
geometrical parameters of the elements of sealing devices, 
providing the level and distribution of contact pressure on 
the sealing surface necessary for improving their reliability 
(durability) at acceptable values of wear and mechanical 
stresses in the sealing element. 

The obtained ratios for the determination of effective 
characteristics of polymer composites and the developed 
software complex can be applied at designing and 
improving the designs of sealing. The maximum values of 
the compressive stresses at different reinforcement 
schemes take higher values for the case of the internal 
arrangement of the composite layer in comparison with the 
continuous arrangement (up to 30%). 

Thus, the goal set in the work was achieved and the 
stated research objectives were solved. 
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