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The usage of the method of mathematical statistics in the process
of optimization of the content of antifriction composite materials

The optimum content of microtalc (dispersion d = 7...10 µm) and silver carbonate (dispersion d = 0,5 µm)
fillers in polymeric materials was determined by the method of mathematical statistics to form an adhesive
and functional layers of protective coatings. The mathematical models of physicomechanical and thermophysical
characteristics of composites were obtained by the method of statistical processing of the results of the
investigation materials.
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Introduction

Statement of the problem
The formation of constructional materials, including polymer ones, with the necessary complex of improved

properties is an important problem for today [1–12]. This problem is solved by selecting a range of fillers content
in materials, which is achieved using the method of mathematical statistics. Experimental studies related to the
optimization of the composition of protective coatings are, as a rule, multifactorial (optimization of composites
properties and fillers content). Methods of mathematical statistics allow to adequately assess the content of
several fillers of different dispersion, taking into account technological factors, a complex of physicomechanical,
thermophysical properties and reliability indicators [13–19].

Analysis of recent researches and publications
The input of fillers of various nature and dispersion into the binder is one of the methods for improving

the properties of composite materials (CM) based on an epoxy matrix. Previously, we investigated the
influence of fillers of different nature and dispersion on the physic-mechanical and thermophysical properties
of CM [20–23]. The optimum content of microdispersed (7...10 µm) and nanodispersed (100...500 µm) fillers
particles of various nature was established to form coatings of different functional purpose with increased
exploitation characteristics.

The results of the experimental studies were statistically processed using the Statgraphics application
package to predict the properties and optimize the content of each filler in the PCM.

The purpose of the work is to determine the most optimal mass part of the filler, using multicriteria selection
methods for each type of filler.

Experimental results and their discussion

During the experiment, the influence of two factors (the content of microtalc (MT) and silver carbonate (SC))
on physicomechanical (modulus of elasticity under bending, destructive bending stresses) and thermophysical
(heat resistance (by Martens), temperature of the start of the destruction process) properties of PCM were
studied.

Output data for statistical processing of the research results of PCM 2, consisting of the epoxy diane resin
ED-20 grade (q = 100 wt %), hardened by polyethylene polyamine (q = 10 wt %) and filled with particles of
MT and SC, are given in Table 1.
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Tab l e 1

Output data for statistical processing of the research results of PCM properties

The level of variation Variable factors
Microtalc content, Silver carbonate content,

q1, wt % q2, wt %
Upper 80 0,7
Lower 60 0,3

Output data and results of the implementation of the mathematical model in accordance with the study of
PCM properties are given in Table 2.

T a b l e 2

Output data and results of the implementation of the mathematical
model in the experimental research of PCM properties

Number of experiment
Factors Response

q1 (A) q2 (B) E σb T T0

wt % wt % GPa МPа К К
1 70 0,78 7,2 32,8 376 624
2 84 0,5 6,8 22,6 370 618
3 55 0,5 6,6 32,5 369 617
4 70 0,5 6,3 27,8 371 621
5 80 0,7 6,9 24,9 374 620
6 80 0,3 6,9 26,3 375 620
7 70 0,22 6,4 29,2 372 620
8 60 0,3 5,9 27,4 361 617
9 60 0,7 5,8 29,8 362 618
10 70 0,3 6,4 28,1 372 620

Note. A and B denote the content of the factors q1 and q2 (Fig. 1).

To determine the significance of the factors, we used Pareto maps (Fig. 1, a-d) and graphs of normal
probabilistic distribution (Fig. 1, e-h).

It is shown on Pareto maps (Fig. 1, a-d) that those factors and their combinations (columns corresponding to
them on Pareto maps) that cross the vertical line with 95 % confidence probability have statistically significant
effects.

Also, the analysis of the obtained graphs of diagnostic of prediction values errors (Fig. 1, e-h) shows that the
factors and their combinations, which are substantially deviating from the straight of normal distribution, are
significant in the mathematical model, in contrast to other factors located directly at the distribution straight
line. These results confirm the conclusions of the significance of the factors of mathematical model, which were
made using the Pareto map (Fig. 1, a-d).

Excluding insignificant factors and their combinations, we received surfaces of responses for physicomechani-
cal (E, σb) and thermophysical (T, T0) properties of PCM (Fig. 2, a-d), as well as contour graphs (Fig. 2, e-h).

Mathematical models of physic-mechanical (E, σb, W ) and thermophysical (T, T0) properties of PCM are
given in Table 3.
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Figure 1. Pareto maps (a-d) and graphs of diagnostic of deviation of prediction values errors
of the output parameter from the normal distribution (e-h) for the responses E, σb, T i T0
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Figure 2. Response surfaces (a-d) and contour graphs (e-h)
for the response E, σb, T and T0, shown in Table 4
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Figure 3. Surface of advisability (a), contour graph of advisability (b)

and contour graphs (c) for the responses E, σb, T and T0

The optimum values of indicators of physicomechanical and thermophysical properties of PCM at the
corresponding content of the fillers (microtalc – q1 and silver carbonate – q2) according to the data of statistical
processing are given in Table 4.

T a b l e 3

Mathematical models of physicomechanical and thermophysical properties of PCM

Regression model
Determination Adjusted
coefficient coefficient
R2, % R2

adj , %
E = 11, 59− 0, 153 · q1 − 4, 52 · q2 + 0, 00126 · q2

1 + 0, 0125 · q1 · q2 + 4, 25 · q2
2 99,8 89,6

σb = 7, 61 + 0, 740 · q1 + 7, 78 · q2 − 0, 0054 · q2
1 − 0, 475 · q1 · q2 + 29, 22 · q2

2 99,8 93,1
T = 275, 7 + 2, 346 · q1 + 3, 589 · q2 − 0, 0135 · q2

1 − 0, 25 · q1 · q2 + 16, 75 · q2
2 99,9 90,4

T0 = 525, 1 + 2, 596 · q1 + 5, 219 · q2 − 0, 0176 · q2
1 − 0, 25 · q1 · q2 + 7, 83 · q2

2 99,9 96,1
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After obtaining polynomial regression equations (Table 3), connecting dependent and independent variables,
the mathematical model was optimized with the simultaneous consideration of all response – indicators of
physicomechanical and thermophysical properties of PCM for the purpose to determine the optimum content
of fillers. The function of advisability (preferred use) was evaluated throughout the range of this model. The
results of optimization are given on Figure 3 and in Table 5.

T a b l e 4

The optimum values of indicators of physicomechanical and thermophysical properties of PCM

Optimum values Content of fillers

q1, wt % q2, wt %
Eopt, GPa 7,49 84 0,78
σb opt ,MPa 35,5 55 0,78
Topt, K 374,1 79,4 0,78
T0 opt, K 622,6 70,9 0,78

Note. q1 – the content of microtalc in PCM; q2 – the content of silver carbonate in PCM.

When optimizing the combination of experimental factors was determined for all given responses by maximizing
each of them.

The maximum value of the generalized advisability of Dopt = 0,798 (corresponding to the permissible and
good quality level on the scale of advisability) was obtained as a result of the optimization performed for PCM,
at which the content of fillers in PCM is:

q1 = 72,3 wt % – the content of microtalc;
q2 = 0,78 wt % – the content of silver carbonate.
The values of responses for the specified content of the fillers in the PCM are:
Е = 7,19 GPa – modulus of elasticity under bending;
σb = 34,1 MPa – destructive bending stresses;
T = 373,7 K – heat resistance (by Martens);
T0 = 623 K – temperature of the start of the destruction process.
Comparing the values obtained as a result of optimization, with the values given in Table 4, it can

be argued that the relative error will be: for modulus of elasticity under bending – 4,0 %; for destructive
bending stresses – 3,9 %; for heat resistance (by Martens) – 0,2 %; for temperature of the start of the destruction
process – 0,1 %. This allows us to confirm about the adequacy of the received data and their consistency with
the results of optimization by the criterion of advisability.

T a b l e 5

Optimization results for PCM

№

Simultaneous combination of responses Partial advisability for the appropriate Generalized
to determine advisability optimization parameter advisability

Yj di D = n
√∏n

i=1 di
E σb T T0 d1(E ) d2(σb) d3(T ) d4(T0) –

GPa MPa K K – – – – –
1 0,692 0,692 0,692 0,692 0,798 0,692 0,692 0,692 0,798
2 0,521 0,066 0,441 0,130 0,385 0,521 0,066 0,441 0,385
3 0,420 0,677 0,392 0,066 0,472 0,420 0,677 0,392 0,472
4 0,264 0,375 0,488 0,420 0,551 0,264 0,375 0,488 0,551
5 0,569 0,177 0,619 0,316 0,548 0,569 0,177 0,619 0,548
6 0,569 0,268 0,657 0,316 0,589 0,569 0,268 0,657 0,589
7 0,316 0,475 0,534 0,316 0,570 0,316 0,475 0,534 0,570
8 0,095 0,346 0,066 0,066 0,258 0,095 0,346 0,066 0,258
9 0,066 0,516 0,093 0,130 0,303 0,066 0,516 0,093 0,303
10 0,316 0,397 0,534 0,316 0,554 0,316 0,397 0,534 0,554
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Conclusions

The mathematical models of physicomechanical and thermophysical characteristics of composites were
obtained by the method of statistical processing of the results of the study materials. As a result of
optimization the property metrics for the material with particles of microtalc (q = 70. . . 80 wt %) and silver
carbonate (q = 0,7. . . 1,0 wt %) are: modulus of elasticity under bending – E = 7,2 GPa; destructive bending
stresses – σb = 34,1 MPa; heat resistance – T = 373,7 K; temperature of the start of the destruction process –
T0 = 623 K.
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Математикалық статистика әдiсiмен композиттiк
материалдар құрамын оңтайландыру

Мақалада математикалық статистика әдiстерiмен қорғаныс жабындарының адгезиялық және функ-
ционалдық қабаттарын қалыптастыру үшiн полимерлiк материалдар толтырғыштары микротальктiң
(дисперсиялығы d = 7...10 µm) және күмiс карбонатының (дисперсиялығы d = 0,5 µm) тиiмдi құра-
мы анықталған. Материалдарды зерттеу нәтижелерiн статистикалық өңдеу әдiстерi арқылы ком-
позиттердiң физика-механикалық және жылуфизикалық сипаттамаларының математикалық моделi
алынды.

Кiлт сөздер: композит, математикалық статистика, серпiмдiлiк модулi, деструкция, оңтайландыру.

Д.А. Зинченко, A.В. Акимов, M.В. Бабий

Оптимизация состава композитных материалов
методом математической статистики

В статье методом математической статистики определено оптимальное содержание в полимерных ма-
териалах наполнителей микроталька (дисперсностью d = 7. . . 10 мкм) и карбоната серебра (дисперс-
ностью d = 0,5 мкм) для формирования адгезионного и функционального слоев защитных покрытий.
Методом статистической обработки результатов исследования материалов получены математические
модели физико-механических и теплофизических характеристик композитов.

Ключевые слова: композит, математическая статистика, модуль упругости, деструкция, оптимизация.
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