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Abstract. In this paper, the influence of the parameters of the technological process of mechanical activation on 

the physical characteristics of the polytetrafluoroethylene (PTFE) matrix is investigated. The paper presents a math-

ematical model of the dependence of breaking strength on the time of activation and rotating speed of working organs 

of a mill. Mathematical modeling is performed by the method of orthogonal experiment planning. The result of the 

study was a mathematical relation that explains the connection between the technical characteristics of the process of 

manufacturing a fluoroplastic composite and the mechanical characteristics of the material.  
The statistical analysis of the experimental results is performed and the adequacy of the mathematical relations ob-

tained is estimated. On the basis of the analysis of the obtained data, it can be concluded that the theoretical model 
obtained is adequate and suitable for performing the corresponding technological calculations. On the basis of the 
performed calculations, the conclusion is reached on the optimal technological mode of preparing the PTFE-matrix. 
The analysis shows that theoretical calculations confirm the experimental value of technological indicators under op-
timal operating conditions of the mill. Thus, the obtained dependence of breaking strength from the technological pa-
rameters of the activation process can be embedded in the algorithm for selecting the technological mode that ensures 
the output of products with specified quality indicators. 

Keywords: polytetrafluoroethylene matrix, mechanical activation, mathematical modeling, breaking strength, param-
eters.

1 Introduction 

Modern polymers and composite materials based on 
them are widely used in engineering as compositions 
exceeding in some of their characteristics structural steels 
and alloys [1–4]. A characteristic feature of these materi-
als is the dependence of their mechanical characteristics 
on the conditions and modes of production of such struc-
tures. The question of determining the optimal parameters 
of the technological process for fabrication of fluoro-
plastic composites remains a topical issue [5–6].  

The basis of any scientific approach for the optimiza-
tion of technological processes is the application of 
methods of mathematical modelling with subsequent use 
of the obtained models for analysis of the influence of the 
main technological factors and the calculation of the op-
timal conditions for the performance of the technological 
process. 

2 Literature Review 

As shown by the practice of polymer material science 
[7–8], the physical, mechanical and tribotechnical proper-
ties of polymer composite materials (PCM) based on 
polytetrafluoroethylene (PTFE) are equally dependent on 
individual modes of technological production operations 
and on their combination (interaction).  

The most acceptable in the case of PCM with a PTFE 
matrix is the technology of the energy effect on its struc-
ture and properties by mechanical activation [8]. 

A mathematical model of viscoelasticity of polymers 
was proposed in [9], combining the minimum number of 
possible parameters and a high degree of reliability in 
predicting of deformation processes. On the basis of the 
calculated deformation characteristics of polymers, de-
formation processes in the material were predicted. A 
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criterion for the optimality of the choice of such a math-
ematical model is formulated. 

In [10], using the linear differential equations of elastic 
deformation of a thin-walled cylindrical shell of variable 
thickness, an elastically deformed state of the fluoro-
plastic part was investigated. A calculation method for 
determining the value of the contact loading on the fluor-
oplastic element was developed. Recommendations to the 
designer of products from polytetrafluoroethylene at the 
stage of preliminary design of the unit are offered.  

In [11] a simplified approach to the quasilinear viscoe-
lastic modeling of PCM is formulated. It is based on a 
new principle of inclusion of nonlinearity and requires 
considerably fewer calculations when used in comparison 
with existing theories. 

At the same time, the question of the influence of the 
parameters of the technological production process on the 
mechanical characteristics of the obtained PTFE-
composite remains little studied. 

The aim of the paper is to study the results of the me-
chanical activation of PTFE by mathematical modeling 
and optimization. 

3 Research Methodology 

Planning the experiment allows you to vary simultane-
ously all the factors (parameters) of the technological 
process and obtain quantitative estimates of both the main 
factors and the effects of interaction between them. 

As a research material was chosen polytetrafluoroeth-
ylene grade F-4 “O” (GOST 10007-80). 

Testing for breaking strength was carried out on the 
ring samples Ø50×Ø40, height 10 mm, using rigid semi-
disks in accordance with GOST 25.603-82 at the tensile 
machine MP-05-1 at the rate of movement of grippers 10 
mm/min and the load of 100 kgf. Density ρ (kg/m3) of the 
samples was determined by the method of hydrostatic 
weighing in accordance with GOST 15139-69. 

 The influence of the features of the technological re-
gimes of mechanical activation on the properties of the 
composite material was investigated on a high-speed mill 
ɆɊɉ-1Ɇ with a maximum loading of 100 g/min. and a 
power of 1 kW. 

To determine the regularities of the results of the tech-
nological process, the initial plan of the full factor exper-
iment (FFE) type 22 was chosen. Investigation of the 
dependence of the strength characteristics of the matrix 
on the parameters of the activation process was per-
formed by the method of orthogonal experimental design 
[12]. 

4 Results and Discussion 

In studying this issue, as an optimization criterion (re-
sponse function) was chosen the mechanical characteris-
tic of fluoroplastic material – breaking strength  
(ıb, MPa). The dominant factors were: 

 X1 – rotating speed of working organs of a mill  

(n, min-1); 

 X2 – the time of activation (Ĳ, min). 

The task was solved with the help of two-factor re-
gression analysis, as a result of which the optimal levels 
of the main factors and their interactions were deter-
mined. 

The solution of the overall task of the study was divid-
ed into several stages: 

─ calculating the line average of the response function 

and the variance of the response at each point in the 

experiment plan; 

─ checking the homogeneity of line-by-line variances; 

─ determination of the coefficients of the mathematical 

model; 

─ determination of variance of reproducibility; 

─ the estimation of the statistical significance of the co-

efficients of the model; 

─ analysis of the adequacy of the model and experi-

mental data, forming conclusions about the possibility 

of applying the developed model; 

─ determination of optimal parameters optimization of 

mechanical activation using one of the optimization 

methods. 

For a two-factor experiment, the regression equation 
was considered as a complete quadratic polynomial of the 
form: 

 y = b0x0 + b1x + b2x2 + b12x1x2 + b11x1
2+ b22x2

2. (1) 

where bi – the coefficient of regression; x0 – a fictitious 
variable; y – the optimization parameter. 

In order to reduce the number of experiments, a com-
posite (sequential) plan was used [12]. 

The total number of experiments was calculated by the 
formula [13]: 

 N = N0 + 2k + n0. (2) 

The length of the “star shoulder” α was determined 

from the relation: 

 0 0

2

N N N



 . (3) 

Table 1 shows the parameters of the experiment plan-

ning. 

Table 1 – Planning an experiment 

Parameters of the plan FFE type 22 

The number of experiments in the matrix (N0) 4 

The number of star points (2k) 4 

Number of zero points (n0) 1 

Star shoulder 1 

 
Factor space region shown in Table 2. The upper and 

lower levels were established experimentally during pre-
liminary single-factor experiments.  
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Table 2 – The factor variation matrix 

Levels and intervals of variation Code value 
Factors 

X1 X2 

Upper level +1 9000 7 

Zero level 0 7000 5 

Lower level -1 5000 3 

Variation interval ε 2000 2 

 
Based on the values of these parameters, the centre of 

the plan and the variation step were determined. In the 
dimensionless coordinate system, the upper level was 
expressed as (+1), the lower level (–1), the coordinates of 
the centre of the plan were equated to zero. 

On the basis of the composed experimental planning 
matrix, a number of experiments were performed, the 
results of which made it possible to determine the coeffi-
cients of the corresponding dependence. To eliminate 
errors, randomization of experiments in time was used. 

The result of the simulation was the ratio (4) in the 
coded values of the factors. 

        y = 22,943 + 2,217Х1 + 2,167Х2 – 2,175Х1Х2 +  

                       + 0,8435Х1
2 – 7,9065Х2

2 (4) 

For convenience of practical use of the obtained de-
pendence by means of the encoding formulas by the re-
verse transition to natural variables, equation (5) is ob-
tained in the natural values of the factors. 

ıb (n, Ĳ) = –48,348 + 0,000875∙n + 24,656∙Ĳ –  

– 0,00054375∙n∙Ĳ + 0,0000002109∙n2 –– 1,976625∙Ĳ2. (5) 

In work the verification of the results of experiments 
on homogeneity was carried out, the significance of the 
model coefficients was investigated, the hypothesis of the 
adequacy of the model obtained was considered and the 
model was analyzed for informativeness. 

Some statistical results of this work are presented in 
Table 3. 

Table 3 – Results of statistical analysis of the mathematical model 

Statistical Analysis Parameters Symbol Value 

Checking the results  

of experiments  

on homogeneity 

Dispersion of reproducibility  
2
yS

 
0,4616 

Standard deviation  yS
 

4,1540 

Number of degrees of freedom for dispersion of reproducibility f 4,0000 

The experimental value of the G-criterion Gexper 0,2143 

The critical value of the G-criterion G 0,3518 

Level of significance α 0,0500 

Homogeneity of data homogeneous 

Checking the hypothesis  

of model adequacy 

Dispersion of adequacy Sad
2
 

1,8216 

The experimental value of the F- criterion Fexper 3,9500 

The critical value of the F-criterion for adequacy F 4,2800 

Number of degrees of freedom for adequacy f 6,0000 

Level of significance α 0,0500 

Adequacy of the model adequate 

 
The model has excellent information properties, good 

computational stability and satisfactory describing prop-
erties. The mathematical relation was adopted for use, 
since it allows us to predict with sufficient accuracy the 
value of the mechanical characteristic with the corre-
sponding parameters of the technological process. 

Fig. 1 shows the response surface and the level lines of 
dependence of the breaking strength (ıb, MPa) from rotat-
ing speed of working organs of a mill (n, min-1) and the 

time of activation of PTFE-matrix (Ĳ, min). The depend-
ence (5) was constructed using a graphical editor 
SIGMAPLOT 11.0. 

Using the second-order regression equation allows us 
to determine the coordinates of the optimum point of the 
response function. To determine the coordinates of the 
extremum points, the partial derivatives for each of the 
values of the factors were found [13].  
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          a                     b 

Figure 1 – The response surface (a) and the level lines (b) of dependence of the breaking strength (ıb, MPa) of PTFE-matrix from 

rotating speed of working organs of a mill (n, min-1) and the time of activation of PTFE-matrix (Ĳ, min). 

 
We considered a system of equations: 

 

1 2

1

1 2

2

( ; )
0,

( ; )
0.

Y X X

X

Y X X

X

  
 
 

 (6) 

The solutions of the resulting system (6) of equations 
represent the coordinates of the extremum points of the 
function being studied for a given area of investigation. 

Based on the optimization results, the theoretical value 
of the maximum breaking strength of the activated PTFE-
matrix was calculated (Table 4). 

The relative error in determining the breaking strength 
did not exceed 5 %, which indicates the reliability of the 
results of mathematical modeling. 

 

Table 4 – Optimal modes of equipment operation during mechanical activation of the PTFE-matrix 

Parameter Model Experiment 

Breaking strength, MPa 26,0035 24,8000 

Rotating speed of working organs of a mill (n, min-1) 9000 9000 

Time of activation (Ĳ, min) 4,999 5,000 

 

5  Conclusions 

As a result of the experiment, was obtained a two-
factor mathematical model that allows predicting the 
strength characteristics of the PTFE-matrix and optimally 
design it depending on the indicators of the technological 
process.  

Thus, the performed researches and the obtained de-
pendences allow theoretically predict the breaking 
strength of the PTFE-matrix in dependence on the tech-
nological characteristics of the mechanical activation (the 

time of activation and rotating speed of working organs 
of a mill). 

The conducted practical studies show that theoretical 
calculations confirm the experimental value under opti-
mal operating conditions of a mill.  

In addition, the obtained dependence of the value of 
breaking strength from the technological parameters of 
the activation process can be embedded in the algorithm 
for selecting the technological regime that ensures the 
output of products with given quality indicators, and at 
the same time achieving an extreme value of a certain 
efficiency criterion. 
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ɩɚɪɚɦɟɬɪɿɜ ɩɪɨɰɟɫɭ ɚɤɬɢɜɚɰɿʀ ɦɨɠɟ ɛɭɬɢ ɡɚɤɥɚɞɟɧɚ ɜ ɚɥɝɨɪɢɬɦ ɜɢɛɨɪɭ ɬɟɯɧɨɥɨɝɿɱɧɨɝɨ ɪɟɠɢɦɭ, ɳɨ ɡɚɛɟɡɩɟɱɭє 
ɜɢɩɭɫɤ ɩɪɨɞɭɤɰɿʀ ɡ ɡɚɞɚɧɢɦɢ ɹɤɿɫɧɢɦɢ ɩɨɤɚɡɧɢɤɚɦɢ. 

Ʉɥɸɱɨвɿ ɫɥɨва: ɩɨɥɿɬɟɬɪɚɮɬɨɪɟɬɢɥɟɧɨɜɚ ɦɚɬɪɢɰɹ, ɦɟɯɚɧɿɱɧɚ ɚɤɬɢɜɚɰɿɹ, ɦɚɬɟɦɚɬɢɱɧɟ ɦɨɞɟɥɸɜɚɧɧɹ, ɦɿɰɧɿɫɬь 
ɩɪɢ ɪɨɡɪɢɜɿ, ɩɚɪɚɦɟɬɪɢ. 
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