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Optimization of components in development of polymeric
coatings for restoration of transport vehicles

It is proved, that for improving the performance characteristics of vehicle parts, including their corrosion
resistance and wear resistance, it is advisable to use protective polymeric composite coatings. It is shown that
in order to increase the indexes of physical-mechanical and thermophysical properties in the epoxy binder,
it is necessary to introduce additives: modifiers, plasticizers, dispersed and fiber fillers. The introduction
of dispersed additives into the epoxy binder is actual. It this case, it is effective to use fillers of different
dispersity in the complex. The influence of two-component polydispersed filler on the elasticity modulus in
flexure of the developed epoxy composite is analyzed. The critical content of a two-component polydispersed
filler is found by the method of mathematical planning of an experiment. a mixture of nanodispersed
compounds 1 (d = 20...80 nm) — 0.75...1.0 pts.wt., a mixture of discrete fibers 1 (I = 0.5...1.0 mm,
d = 18...25 pum) — 0.2 pts.wt. by the 100 pts.wt. of the epoxy oligomer ED-20. An introduction of
the two-component polydispersed filler to the epoxy binder allows significantly to increase the values of
the elasticity modulus in flexure of the protective coatings to = 4.8...5.0hPa. Additionally, the effect
of two-component polydispersed filler on the impact resilience of the developed epoxy composite was
determined. It is proved that the critical content of a two-component polydisperse filler is: a mixture
of nanodispersed compounds 2 (d = 30...40 nm) — 1.00...1.25 pts.wt., a mixture of discrete fibers
2 (1 =05...1.0 mm,d = 18...25 um) — 0.1...0.2 pts.wt. by the 100 pts.wt. of epoxy ED-20. An
introduction of the two-component polydispersed filler to the epoxy binder allows significantly to increase
the values of the impact resilience to W’ = 10.0...10.2 kJ/m?. The obtained results allow us to create
polymeric coating with improved indexes of the physical and mechanical properties in complex.

Keywords: composite, epoxy matrix, two-component polydispersed filler, method of mathematical design
of experiment, regression equation.

Introduction

It is known [1-4], that for the protection of metals and alloys from corrosion and to increase physical and
mechanical properties, widely used protective polymer composite materials (PCM). Important for the creation
of PCM with improved properties is the introduction into its composition of various chemical additives. The
content of the fillers can be controlled to influence the properties of the composite material and have a PCM
with predetermined properties in the end. At the same time, the process of the development of the composite
material is costly and takes significant time intervals to obtain reliable experimental data. In order to optimize
the composition of the polymer coating and the effectiveness of its development (decreasing the cost of materials
and time of study) and obtaining of improved properties of the material in the complex, it is relevant to use
the method of mathematical planning of the experiment.

Analyzing the scientific work of leading scientists in the direction of creating polymer materials [5-8], it
has been established that the use of materials based on epoxy resins is effective for the protection of metal
surfaces from corrosion. In the works [3-13| is proved that for the creation of PCM with improved physical
and mechanical properties in the complex, it is necessary to introduce particles of fillers of different chemical
composition and dispersion at the critical content. Taking into account the interaction on the phase boundary
«matrix-fillers, this allows to create of composite materials with improved physical and mechanical properties
in the complex.
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In this context, in order to reduce the number of experimental studies, it is proposed to carry out mathematical
experiment planning. In the previous stage, the authors of the work studied the influence of the number of
dispersed fillers on the base properties of epoxy composite material (CM). It is found the critical content of
the main and additional fillers in the polymeric matrix. In particular, as the main filler, powders which are a
mixture of nanodispersed compounds (MNDC) are used and are characterized by the following composition, %:

— MNDC 1: Si3N4 — 59,5; A1203 — 24,4; AIN - 10,1; TiN - 6,0;

— MNDC 2: Si3N4 — 85; AIF3 — 5; IH — 5; ZrH — 5.

The grains of the particles are: MNDC 1 -d = 20...80 nm, MNDC 2 — —d = 30...40 nm.

As an additional filler, a mixture of discrete fibers (MDF) from the following ingredients is used, %:

— MDF 1: viscose — 37; polyamide — 23; matka silk — 18; rong — 18; cashmere — 4;

— MDF 2: wool — 60; polyacrylonitrile (PAN) — 30; cashmere — 10.

Dimensions of the discrete fibers: I = 0.5...1.0 mm,d = 18...25 um.

However, interesting from the practical point of view is the formation of composites with two-component
filler, which, in our opinion, will allow to improve the properties of the studied CM in complex. In this context,
it is expedient and necessary to use the method of mathematical planning of the experiment, which will allow
to reduce the number of studies conducted and optimize the content of ingredients for obtaining CM with the
maximum indexes of the selected characteristics.

Aim of work — to optimize the content of two-component polydisperse filler for the protective coatings of
the transport equipment by the method of mathematical planning of the experiment.

Results and Discussion

On the first stage, for the optimization of the ingredients content into the material PCM 1 the elasticity
modulus in flexion of composites at the different content of the main and additional fillers (MNDC 1 and MDF 1
in accordance) is studied. For standardization, as well as for simplification of calculations, each component (filler)
is encoded by conditional units taking into account variations (Table 1).

Table 1

Levels of variables on conditional and natural scale for PCM 1

C Average level, | Variation step, Values of variables (PtS'Wt')’
omponents Factor that corresponding
¢, pts.wt. Aq, pts.wt. to conditional units
-1 0 +1
Main filler - MNDC 1 xl 0.75 0.25 0.50 0.75 1.00
Additional filler — MDF 1 x2 0.02 0.01 0.01 0.02 0.03

According to the experiment planning Scheme 9 experiments (N = 9) were conducted, each of which was
repeated three times (p = 3) in order to exclude system errors (Table 2).

Table 2

Scheme of experiment planning

No. of exp. (u) X X1 T2 E3 = E12 —d E4 = E% —d E1E2
1 1] -1 -1 0.33 0.33 +1
2 1 | +1] -1 0.33 0.33 -1
3 1] -1 | +1 0.33 0.33 -1
4 1 | +1]+1 0.33 0.33 +1
) 1 0 0 -0.67 -0.67 0
6 1 ] +1] 0 0.33 -0.67 0
7 1] -1 0 0.33 -0.67 0
8 1 0 | +1 -0.67 0.33 0
9 1 0 | -1 -0.67 0.33 0
SN a2, 91 6 | 6 2 2 4
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In order that planning matrix to be orthogonal [9, 11, 14, 16], the corrected values of E’ level were entered,
which were calculated by the formula:

ZuN—l zz2u (1)
N .

The expanded matrix of planning of complete factor experiment (CFE) and its results are shown in Table 2.
The mathematical model y = f (z1, £2) was formed as a regression equation:

zh = ()" —

Yy = bO +bix1 + boxa + bnxf + b22x§ + biax1To. (2)
The regression coefficients were determined by the formula
N
b' — Zu:l -Tiyi (3)
1 ZN xz .
u—1"iu
Received coeflicients of regression equation are given in Table 3.
Table 3

The coefficients of regression equation

b0 b1 b2 b11 b22 bi2
4.92 0.40 0.35 -0.73 -0.58 0.28

As a result, in the analysis of the elasticity modulus in flexure, the following regression equation was
determined:
y = 4.92 + 0.40x1 + 0.3529 — 0.732% — 0.5823 + 0.28z 5.

For the statistical processing of experiment results, a test of reproducibility of experiments by the Cochran

test was conducted: )

S,
G — U max < G . . (4)
N = Y(0,05; f1;f2)>
Zu:l 5121,
where S2,— dispersion of experiment results on combinations of few factor levels for m=3; m — number of parallel
experiments; S2u mazx — the highest dispersion in design line.

Dispersions of adequacy were determined by the formula

> iy (yi — E)z

S2, =
ur m_].

; (5)
where y;,,,— value, received from each parallel experiment; 7; — average value y, received in parallel experiments.
Mean square error was determined by formula

Zii?g o? {y}L

o {y} = 1) ) (6)

N(m —
where o2 {y}, = S0 (v — 7% 02 {Yau} = ° }{VC}’
S2
Sho = N (7)

Dispersion values are shown in Table 4.
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Table 4
Values of dispersions of adequacy (S2,) and mean square error (o2 {y},)
No. The dispersions of adequacy The mean square error
of exp. | conditional designation | value | conditional designation | value
1 S2 0.07 o? {y}, 0.14
2 S2, 0.01 o2 {y}, 0.02
3 Sz, 0.03 o2 {y}, 0.06
4 S2, 0.09 o2 {y}, 0.18
5 S2. 0.01 o? {y}s 0.02
6 S2. 0.03 o2 {y}s 0.06
7 S2, 0.03 o? {y}, 0.06
8 S2Z 0.03 o2 {y}e 0.06
9 S2 0.01 o? {y}, 0.02
Moreover:

N

> 82 =031

i=1

o? {y} = S = 0.034.
Then the calculated value of the Cochran test at the 5% level of significance:
S2
Gcalc = o ; 8
i ST "
0.09
Geate = —— = 0.290.
7031

Testing the experiment results by the Cochran test [14] for a fixed probability o = 0.05 confirmed the
reproducibility of the experiments. Dispersion of experiment results on combinations of few factor levels:
S2 hax = 0.09. Calculated value of Cochran test: Geale = 0.290.

Table value of Cochran test: Gtab — 0.478.
That is, the condition (7) is fulfilled:

Geate = 0.290 < Giap = 0.478.

Subsequently, the coefficients significance of regression equation was determined by analyzing the results
according to the experimental design (Table 5).

Table 5

The experimental results of study of the elasticity modulus in flexure of PCM 1

No. Content of components, | Elasticity modulus in flexure, | Average value,
of exp. g, pts.wt. E, hPa E, hPa
xl 2 1 2 3
1 0.50 0.01 3.0 1|34 3.5 3.3
2 1.00 0.01 3.2 3.1 3.3 3.2
3 0.50 0.03 3.3 | 3.6 3.6 3.5
4 1.00 0.03 4.2 | 4.8 4.5 4.5
5 0.75 0.02 5.0 | 4.9 5.1 5.0
6 1.00 0.02 51| 4.8 4.8 4.9
7 0.50 0.02 3.3 |33 3.6 34
8 0.75 0.03 4.5 | 4.8 4.5 4.6
9 0.75 0.01 3.9 | 4.0 4.1 4.0
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Then the dispersions of regression coefficients (Table 6) were determined by the formula
SZ
Sp = —>—. (9)
" Zf:/;l xzzu
The significance of the regression coefficients was determined by the Student’s test [14, 15]. Here with the
table (¢tm) and calculated criterion (tcalc) of Student’s test (Table 6) were determined.

Table 6
Dispersion of coefficients of regression (57) and calculated
values of Student’s criterion (tcalc)
No. Dispersion of of exp.coefficients of regression | Calculated values of Student’s criterion

of exp. | conditional designation value conditional designation value

1 S?O 0.004 t0 72.88

2 Sfl 0.006 t1 5.28

3 Si, 0.006 12 4.62

4 an 0.017 t11 5.59

5 5222 0.017 t22 4.45

6 Sfu 0.009 t12 3.0

Depending on freeness: f = N (n- 1) = 9 (3 - 1) = 18 the Student’s test value was calculated, which is
tT = 2.1.
Calculated values of Student’s test (fcalc) and coefficients significance were determined: t0, t1, t2, t11,
t22, t12 > tT.
Moreover: |
ti = o 10
7 Sbi ( )
Calculated values of Student’s criterion 0, t1, t2, t11, t22, t12 are larger than t7T, so it was considered that
all coefficients of the regression equation are significant. As a result of rejection of insignificant coefficients, the
following regression equation was received:

y = 4.92 + 0.40z1 + 0.35z5 — 0.7322 — 0.5823 + 0.28z1 5.
The adequacy of the model was checked by Fisher test [16]:

52
u max
Feale = Tg < F(O.O5;f0d;fy)7 (11)
where S2_ . = 0.09 — calculated value of dispersion of adequacy (Table 4):

G2 _ Liny S
y N
52 = 0.034 — mean square error;

So: Fealc = 2.65.

F(0.05; fou;£.)~ table value of Fisher test in 5% significance level (f = N - (k + 1) =9 - (6 + 1) = 2,
f2=N@n-1)=9(3-1)=18). So: F(t) = 3.55 [14, 15].

Calculated value of Fisher test is less than table one, so the requirement (10) is fulfilled. It is possible to
assume that equation adequately characterizes the composition.

Interpretation process of received mathematical model, as a rule, is not just determination of factors
influence. A simple comparison of absolute value of linear coefficients does not determine the relative degree
factors influence, since there are also quadratic squared terms and paired interactions. In a detailed analysis of
the received adequate model, it is necessary to take into account the fact that for a quadratic model the degree
of factor influence on the change of output value is not constant.

Dependencies that connect normalized and natural values of the variables are as follows:
9i — qio

Ag;

where ¢; — value of i experiment factor; g;o — value of zero level; Ag; — variation interval [14].

; (13)

Ty =
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Substituting these values in accordance with the formula (13) into the regression equation and transforming
it, we receive the following regression equation with the natural values of the variables:

E =10.93 — 12.04q; — 573qo — 11.68¢2 — 5800¢2 + 11201 ¢o.

Given equation in natural values allows only predicting the output value for any point in the middle of
range of factor variations. However, with its help it is possible to construct graphs of dependence of output
value (elasticity modulus in flexure of composites) from any factor (or two factors). Geometric interpretation of
the response surface is shown on Figures 1-3.

Standardized Pareto chart Main effects £
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Figure 1. Standardized Pareto chart (a) and main effects (b)
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Figure 3. Contours of estimated response surface

Based on experimental studies it is set that both factors are significant. It should be noted that the effect
of the additional filler content on the parameters of elasticity modulus in flexure is higher in comparison with
the main one (according to Pareto chart). Analyzing the calculated response surface, it is determined that
the optimum parameters of elasticity modulus in flexure have developed epoxy composite with two-component
polydispersed filler with the following content of particles: MNDC 1 — 0.75...1.0 pts.wt., MDF 1 — 0.2 pts.wt.
(E = 4.8...5.0 hPa).

On the second stage for optimization of the ingredients content in the material PCM 2 the impact resilience
of the composites with different content of the main and additional fillers (MNDC 2 and MDF 2 in accordance)
was studied. For standardization, as well as for simplification of calculations, each component (filler) is encoded
by conditional units taking into account variations (Table 7).
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Table 7

Levels of variables on conditional and natural scale for PCM 2

Components Factor Average level, | Variation step, | Values of variables (pts.wt.), that

q, pts.wt. Aq, pts.wt. corresponding to conditional units
-1 0 +1
Main filler — MNDC 2 xl 1.00 0.25 0.75 1.00 1.25
Additional filler — MDF 2 2 0.02 0.01 0.01 0.02 0.03

Similarly, to the above calculations scheme, the composition of the CM was optimized according to the values
of the impact resilience. The encoding of natural components values and the experimental design scheme are
chosen according to Table 2 and Table 7.

In the process of study results analysis of composites impact resilience, the following values of the regression
coefficients were received (Table 8).

Table 8

The coefficients of regression equation

b0 b1 b2 b11 b22 bi2
9.18 0.42 -0.22 -0.22 -0.12 -0.15

As a result, the following regression equation was found:

y = 9.18 + 0.42x; — 0.22z5 — 0.2227 — 0.1223 — 0.1521x5.

For statistical processing of experiment results, a test of experiments reproducibility was conducted according
to the Cochran test [14].
Dispersions values that were calculated by formula (5-7) are shown in Table 9.

Table 9

2

Values of dispersions of adequacy (S7;

) and mean square error (o2 {y},)

No. The dispersions of adequacy The mean square errors
of exp. | conditional designation | value | conditional designation | value
1 S2, 0.010 o2 {y}, 0.020
2 S2, 0.010 o? {y}, 0.020
3 SZ, 0.010 o2 {y}, 0.020
4 S2, 0.030 o2 {y}, 0.060
5 Sz, 0.010 o2 {y}s 0.020
6 S, 0.040 o2 {y}s 0.080
7 Sz, 0.040 o2 {y}, 0.080
8 S2g 0.010 o2 {y}e 0.020
9 S2, 0.010 o2 {y}, 0.020

Moreover:

N
> 82 =0.170;
i=1

o? {y} = S = 0.019.
Calculated value of the Cochran test at the 5% significance level was determined by formula (8):

0.040
Gcalc = m = 0235

Testing the experiment results by the Cochran test [9, 14, 15] for a fixed probability a = 0.05 confirmed
the experiments reproducibility. Dispersion characterizing dispersal of the experiments results in combination
of few factor levels: S? = 0.040. Calculated value of Cochran test: Gcalc = 0.235.

u max
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Table value of Cochran test: Gtab = 0.478.
So, the requirement is fulfilled:

At the next stage, the coefficients significance of regression equation is determined, analyzing the results

Geale = 0.235 < Gygp = 0.478.

according to the experimental design (Table 10).

The experimental results of study of the impact resilience of PCM 2

No. of exp Content of components, | Impact resilience, | Average value
‘ ‘ g, pts.wt. W’, kJ/m2 W’, kJ/m2
1 x2 1 2 3
1 0.75 0.01 89 | 88 | 87 8.8
2 1.25 0.01 10.3 | 10.1 | 10.2 10.2
3 0.75 0.03 81 | 83 | 8.2 8.2
4 1.25 0.03 89 | 92 | 89 9.0
5 1.00 0.02 10.0 | 10.1 | 9.9 10.0
6 1.25 0.02 89 | 85 | 87 8.7
7 0.75 0.02 82 | 86 | 84 8.4
8 1.00 0.03 88 | 9.0 | 89 8.9
9 1.00 0.01 83 | 85 | 84 8.4

Subsequently, dispersion of regression coefficients is determined by formulas (9-10). The significance of
regression coefficients is determined according to Student’s criterion, which Table value is tT = 2.1 [15, 16].
Calculated values of Student’s criterion are shown in Table 11.

Table 11

Dispersion of coefficients of regression (S?) and calculated values of Student’s criterion (tcalc)

No. Dispersion of coefficients of regression | Calculated values of Student’s criterion

of exp. | conditional designation value conditional designation value

1 Sl%o 0.002 to 198.05

2 Sfl 0.003 t1 7.43

3 ng 0.003 t2 3.86

1 S 0.009 t11 2.23

5 Sy 0.009 122 1.20

6 S, 0.005 t12 2.2

Calculated values of Student’s criterion t0, t1, t2, t11, t12 are larger than t7, so it is considered that
coefficients b0, b1, b2, b11, b12 of regression equation are significant. Calculated value t22, is smaller than ¢T,
so coefficients 022, is insignificant. As a result, the following regression equation is received:

y =9.18 4 0.42x1 — 0.2225 — 0.225(}% — 0.152125.

The adequacy of the model was checked by Fisher’s test [15, 16].

Calculated value of adequacy dispersion: S2 = 0.04 (Table 9).

The mean square error: 55 = 0.019.

So: Floqi. = 0.475.

F(0,05; fw:f,)~ table value of Fisher’s test in 5% significance level (F(t) = 2.77) [15, 16].

Calculated value of Fisher’s test is smaller than table on, so requirement (11) is fulfilled. Consequently, the
equation adequately shows the composition formula.

After transformations in accordance with formula (13), the following regression equation with the natural
values of variables was received:

W' =3.22 + 9.92¢; + 38¢2 — 3.52¢% — 60q1¢s.

126
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Geometric interpretation of response surface is shown on Figures 4—6.
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Figure 4. Standardized Pareto chart (a) and main effects (b)
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Figure 6. Contours of estimated response surface

Received results indicate that both factors of regression equation are significant. In the process of analysis,
it was determined that the impact resilience values show maximum values for the fillers contents: MNDC 2 —
1.00...1.25 pts.wt., MDF 2 — 0.1...0.2 pts.wt. (W’ = 10.0...10.2 kJ/m2). With further increase the content
of particles the decreasing of impact resilience was observed. Therefore, it is advisable to add two-component
polydispersed filler with the aforementioned content into modified epoxy matrix to improve performance in the
repair of marine transport elements.

Conclusions

The critical content of a two-component polydispersed filler is found by the method of mathematical planning
of the experiment: a mixture of nanodispersed compounds 1 (d = 20...80 nm)——0.75...1.0 pts.wt., a mixture
of discrete fibers 1 (I = 0.5...1.0 mm,d = 18...25 um)——0.2 pts.wt.bythel00 pts.wt. of the epoxy oligomer
ED-20. An introduction of the two-component polydispersed filler to the epoxy binder allows significantly to
increase the values of the elasticity modulus in flexure of the protective coatings to = 4.8...5.0 hPa.
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It is proved that in order to create a composite material with improved impact resilience, it is necessary

to introduce: a mixture of nanodispersed compounds 2 (d = 30...40 nm) — —1.00...1.25 pts.wt., a mixture
of discrete fibers 2 (I = 0.5...1.0 mm,d = 18...25 pm) — —0.1...0.2 pts.wt. by the 100 pts.wt. of epoxy
ED-20. At the same time, the values of impact resilience increase to the W’ = 10.0...10.2 kJ/m2. The

obtained results allow us to create materials with improved indexes of the physical and mechanical properties
in complex. These materials can be used in the form of protective coatings to improve the performance and
repair of parts of transport equipment.

The publication contains the results of studies conducted by President’s of Ukraine grant for competitive
projects (Development of polymer nanocomposite coatings for corrosion protection of equipment and military
machinery. Regulation of the president of Ukraine No. 105/2018-rp) of the State Fund for Fundamental Research.

References

1 Xinyu Li. Mathematical modeling and evolutionary algorithm-based approach for integrated process
planning and scheduling / Li Xinyu, Gao Liang, Shao Xinyu, Zhang Chaoyong, Wang Cuiyu // Computers
& Operations Research. — 2010. — Vol. 37. — Issue 4. — P. 656—667.

2 Buketov A.V. Tribological properties of the epoxy composites filled with dispersed particles and ther-
moplastics / A.V. Buketov, M.V. Brailo, O.S. Kobelnik, O.V. Akimov // Materials Science. — 2016. —
Vol. 52. — No. 1. — P. 25-32.

3 Buketov A.V. Impact toughness of nanocomposite materials filled with fullerene C60 particles /
A.V. Buketov, O.0. Sapronov, N.N. Buketova, M.V. Brailo, P.O. Marushak, S.V. Panin, M.Yu. Amelin
// Composites: Mechanics, Computations, Applications: An International Journal. — 2018. — Vol. 9(2).
— P. 157-177.

4 Brailo M. The Investigation of Tribological Properties of Epoxy-Polyether Composite Materials for Using
in the Friction Units of Means of Sea Transport / M. Brailo, A. Buketov, S. Yakushchenko, O. Sapronov,
V. Vynar, O. Kobelnik // Materials Performance and Characterization. — 2018. — Vol. 7. — No. 1. —
P. 275-299.

5 Sandler J. Development of a dispersion process for carbon nanotubes in an epoxy matrix and the resulting
electrical properties / J. Sandler, M.S.P. Shaffer, T. Prasse, W. Bauhofer, K. Schulte, A.H. Windle //
Polymer. — 1999. — Vol. 40. — Issue 21. — P. 5967-5971.

6 Dobrotvor I.G. Automation research of thermal and physical characteristics of particulate-filled epoxy
composites / I.G. Dobrotvor, D.P. Stukhlyak, A.V. Buketov, A.G. Mykytyshyn, R.Z. Zolotyi, O.V. Totosko
// Bulletin of the Karaganda University. Mathematics series. — 2018. — No. 2(90). — P. 93-104.

7 Bykeros A.B. [Ipumenenne MeTo/I0B MATEMATHIECKON CTATUCTUKY JJIsi ONTUMU3AIIE COCTABA 3aIUTHBIX
nokpeituit / A.B. Bykeros, A.B. Akumos, B.Jl. Huranaruii, H.B. Bpauio, Anb-/IxxaBaxepu A Axnan
Mancyp // Becrn. Kaparaun. yu-ra. Cep. Maremarnka. — 2017. — Ne 1(85). — C. 17-27.

8 Manwar Hussain. Mechanical property improvement of carbon fiber reinforced epoxy composites by A1203
filler dispersion / Hussain Manwar, Nakahira Atsushi, Niithara Koichi // Materials Letters. — 1996. —
Vol. 26. — Issue 3. — P. 185-191.

9 Brailo M.V. Optimization of contents of two-component polydispersed filler by applying the mathematical
design of experiment in forming composites for transport repairing / M.V. Brailo, A.V. Buketov, S.V. Yaku-
shchenko, O.0. Sapronov, L. Dulebova // Bulletin of the Karaganda University. Mathematics ser. — 2018.
— No. 1(89). — P. 93-104.

10 Buketov A. Enhancing performance characteristics of equipment of sea and river transport by using epoxy
composites / A. Buketov, P. Maruschak, O. Sapronov, D. Zinchenko, V. Yatsyuk, S. Panin // Transport.
— 2016. — Vol. 31(3). — P. 333-342.

11 Camnponos O.0. Onrumizaliist CKJIa/1y 3aXUCHOIO IOKPUTTS METOJOM MATeMaTHYHOI'O ILJIaHYyBAHHS €KCIIe-
pumenty / O.0. Canponos // 3arajibHomepKaBHAi MizKBIiIOMY1il HayKOBO-TexXHiuHMiA 36ipHuK. Koncrpyo-

BaHHsI, BUPOOHUIITBO Ta EKCILIyaTallisi ClIbcbKorocnogapcebkux marmui. — Kiposorpag: KHTY, 2013. —
Ne 43. — Y. II. — C. 260-267.

128 Bectnuk Kaparanmurckoro yuuBepcurera



Optimization of components in development of polymeric coatings ...

12 Duleba B. Possibility of Increasing the Mechanical Strength of CarbonEpoxy Composites by Addition of
Carbon Nanotubes / B. Duleba, F. Grespkovin, J. Dulebova, T. Jachowicz // Materials Science Forum:
Surface Engineering and Materials in Mechanical Engineering. — 2015. — Vol. 818. — P. 299-302.

13 Buketov A. Investigation of thermophysical properties of epoxy nanocomposites / A. Buketov, P. Maru-
schak, O. Sapronov, M. Brailo, O. Leshchenko, L. Bencheikh, A. Menou // Molecular Crystals and Liquid
Crystals. — 2016. — Vol. — 628:1. — P. 167-179.

14 Bougaps A.I. IlianupoBanue sKcriepuMeHTa B XUMAYECKON TEXHOJIOIMU (OCHOBHOE MOJIOXKEHUE, IIPUMEPBI
u 337a4n): yIeOHUK Jist cTy. Beicil. yueb. 3asen. / A.I.Bounaps, I'A. Crarioxa — Kues: Buma mkoua,
1976. — 184 c.

15 Tlenmenko B.B. Maremarndeckue MeTo/s! tiaHnpoBanus sxcrepumenta / B.B. Ilenenko; mox pes. B.B. Ile-
wenko — HoBocubupck: Hayka, 1981. — 250 c.

16 T'pymko .M. OcHOBbI Hay49HBIX HCCeI0BaHuil: yuebHuk misg texd. By3os / V.M.I'pymko, B.B. Tlomnos
u 1p.; nox, pea. B.M.Kpyrosa, B.B. IlomoBa. — M.: Bercm. k., 1989. — 400 c.

A.B. Bykeros, H.B. Bpaunso, /I.I1. Cryxnak, C.B. Axymenko, O.0. CamnpoHos,
B.B. Yepnusascknii, B.H. I'yces, JI[.A. Ivmutrpues, B.H. Aok, O.M. Bezbax, P.}FO. Herpyma

ABTOKeOJIIKTepai KAJIIbIHA KEeJATIPY VIOIH MOJMMEPJIK >KaObIHIapIbIH
NaMybIHIaFbl KOMIIOHEHTTEP/Ii OHTANJIAHIBIPY

ABTOKeOJIIK KypaJJapbIHbIH, OOJIKTEpiHiH, COHBIH, IIHAE OJAPIBIH KOPPO3UAFa KApPCHl KACHETTEPIH KoHE
TO3yFa TO3IMJIIJINH »KaKCapTy YIIiH, KOPFAHBIII TOJTUMEPJIi KOMIIO3UTTI »KaObIHIAPIbI Al 1aJaHy YChIHbI-
JIaIbl. DIMOKCUATI 6AIAHBICTBIPYIIBI (PU3NKA-MEXAHUKAJIBIK, >KOHE JKBLTYJIBIK, KACUETTEPIH YKAKCAPTY VIIiH
KOCTIAJIAPIbl: MOAUMUKATOPIIAP/IBI, IACTU(MUKATOPIAPIBI, AUCIEPCTI YKOHE TAJIIBIKTHI TOJITBIPFBIIIITAD-
JIbI €HTI3Y KarKeT. JMOKCUATI 6ailIaHbICTBIPFBIIIKA IUCIIEPCT] KOCIAIAP/Ibl €HI13y ©3€KTi OOJIBIIT TaObLIAIbI
JK9He KelleHJe 9PTYPJI JUCIEPCTi TOJITBIPFBINITAPIBI KoJtaHyFa TuiMal. ExikommoneHTTi mosmmucnepc-
Ti TOJTBIPFBINITHIH, JAMBIFAH 3MOKCHATI KOMIIO3UTTIH Uiy Ke3iHZe CepHiMIi MOJIyJbre 9cepi TaIJaHIIbl.
EKiKOMIIOHEHTTI TTOJIUIUCTIEPCTIK TOJITBHIPFBINITHIH, CHIHA Ma3MYHbBI 9KCIIEPUMEHTTIH MAaTEeMaTHUKAJIBIK, KOC-
mapsay SficiMeH aHBIKTAJIbl: HAHOMUCIEPCTI KOCBLIBICTapbly Kocmachl 1 (d = 20 ... 80 um) - 0,75 ...
1,0 macc. BesmekTep, muckperTik TammbikTapasH, kocnackl 1 (1 = 0,5 ... 1,0 mm, g = 18 ... 25 Mxwm) -
0,2 Br.4. 100 BT.4. smokcuari onuromep ED-20. EKikoMIIOHEHTT] TOHAMCIEPCTI TONTHIPFBIIITHIH SITOKCHITI
GailTaHBICTHIPYIIBI KypaJibiaa Kipice E = 4.9 ... 5.0 I'[la geitin kopraHbI KabaTTAP/IBIH, ULITIIT MOTYJIiH
e/Pyip apTThipa anaabl. byman 6acka, eKIKOMIIOHEHTT] MOIUAUCIEPCTI TOATHIPEBINITHIH, JAMBIFAH STTOKCH/I-
TiK KOMIIO3UTTIH COHFBIFa TO3IMILTIriHE 9cepi Oenriieri. EKIKOMIIOHEHTTI HOJIUIUCIIEPCT] TOJTBIPEBIIITHIH,
CBIHM Ma3MYHBI: HAHOAUCIIEPCTI KOChLIbICTapabiH Kocnack! 2 (d = 30 ... 40 am) - 1,0 ... 1,25 maccasusik 6o
IIEKTEp, AMCKPETTIK TAJMBIKTAPABIH Kocrmacet 2 (i = 0,5). .. 1.0 mm, d = 18 ... 25 mxm) - 0,1 ... 0,2 macc. 6.
100 macc. 6. snokcuari osuromep ED-20. EKiKOMIOHEHTTI HOJUAMCIIEPCTI TOMTHIPFBINITHI STOKCUIT] Oaii-
MaHBICTHIPFEINKA errisy W = 10,0 ... 10,2 xJIx / M? feiiin ocep eTy KyIIiH ailTap/IbIKTail apTTHIPA AJIa/IbL.
AutbiHraH HoTHXKENEP Kyp/esl (pu3nKa-MexaHUuKaJIbIK, KacueTTepi 6ap moauMepsi *KaObIHIbI YKacayFa MyM-
KiHJiK Oepe/i.

Kiam cosdep: KOMIIO3UT, SIIOKCUJITI MATPHUIA, EKIKOMIIOHEHTTI TIOJIMIUCIIEPCTIK TOJTHIPFBII, SKCIIEPUMEHTTI
MaTEeMAaTUKAJIBIK YKOCIapJay 9/IiCi, perpeccust TeHIEYi.
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AJIsl BOCCTaHOBJIEHUA CpeACTB TPaHCIIOPTa

OG6oCHOBaHO, YTO JIJIsI TIOBBINIEHUS] IKCILIYATAIMOHHBIX XapaKTEPUCTUK JEeTaJieli TPAHCIIOPTHBIX CPEJICTB,
B TOM YHCJI€ WX AHTUKOPPO3UIHBIX CBOWCTB W M3HOCOCTONKOCTH, IeJIeCO00PA3HO UCIOIB30BATH 3AIUTHBIE
MIOJIMMEPHbIE KOMIIO3UTHBIE TOKPbITUS. [l0Ka3aH0, YTO /15 TOBLIIIIEHNS TOKa3aTes el HU3NKO-MEeXaHTIECKUX
¥ Tenao(pU3NIECKUX CBOWCTB B 3MOKCHUIHOE CBSI3YIOIIee HEOOXOIMMO BBOJIWUTH JIO0OABKM: MOIU(DUKATOPHI,
JIACTU(PUKATOPDI, JUCIIEPCHBIE U BOJOKHUCTHIE HAIOJHUTEIU. AKTYaJIbHBIM sIBJISIETCS BBEJICHUE B JIOK-
CHJIHOE CBS3YIOIee NUCIEPCHBIX T00ABOK, MpudueM 3(PDEKTUBHO HCIOIb30BATH HAIOIHUTEIN PA3TUIHON
JIUCIIEPCHOCTH B KOMILIEKCe. [IpoaHaIn3npoBaHO BJIMSIHUE JBYXKOMIIOHEHTHOTO IOJIUIUCIIEPCHOTO HAIOJI-
HUTEJIS HA MOJLYJ/Ib YIIPYTOCTH TPU U3rube paspabOTAHHOrO SMOKCUIHOTO KoMmmo3nuTa. Meromom mMareMaTn-
YeCKOr'0 IJIAHUPOBAHUS IKCIEPHUMEHTA YCTAHOBJIEHO KPUTUIECKOE COJEPKAHNE JBYXKOMIIOHEHTHOT'O IIOJIN-
JIICIIEPCHOTO HAIIOJIHUTEJIsT: CMeCh HaHoauciiepcHbix coeputennii 1 (d = 20 ... 80 um) — 0,75 ... 1,0 macc. 4.,
cmech auckperHbix Bosokon 1 (1 = 0,5 ... 1,0 mm, d = 18 ... 25 mxMm) — 0,2 macc.a. ma 100 macc.q. In0k-
cugHOoro onmromepa DJ/1-20. BeemeHnue B SMOKCHIHOE CBS3YIOIIEE JIBYXKOMIIOHEHTHOTO IIOJIMIMCIEPCHOTO
HAIIOJTHUTE/IsI TTO3BOJISIET 3HAYUTE/IFHO MOBBICUTH ITOKA3ATE M MOJYJIsl YIPYTOCTH MPW W3rHbe 3alUTHBIX
nokpertuit 70 £ = 4,9 ... 5,0 I'lla. lonmosanTeIbHO YCTAHOBIEHO BIIMSHUE IBYXKOMIIOHEHTHOTO TIOJIU/IHC-
IIEPCHOT'O HAIIOJIHUATENS Ha YIAPHYIO BS3KOCTH Pa3pabOTAHHOTO SIMOKCHUIHOTO KOMIo3uTa. JlokazaHo, 4To
KPUTHUYECKOE COJIEPKAHME JIBYXKOMIIOHEHTHOI'O TOJIUIUCIIEPCHOTO HATIOJHUTENISI: CMECh HAHOMCIIEPCHBIX
coemmuennii 2 (d = 30 ... 40 am) — 1,0 ... 1,25 macc.q., cmech auckperabx Bosokon 2 (1 = 0,5 ... 1,0 v,
d=18... 25 mxm) — 0,1 ... 0,2 macc.4. Ha 100 macc.d. snokcnanoro onuromepa /1 -20. Beenenune B snoxkcn-
HOE CBSI3YIOIIEE JBYXKOMIIOHEHTHOTO TOJIMIUCIIEPCHOTO HATIOJTHUTEIS BEJET K 3HAYUTETHHOMY MOBBIIIIEHUIO
nokazaresneit yaapHoi Baskoctn 10 W = 10,0 ... 10,2 x/Ixx /M2, TlosyueHHbIe Pe3y/IbTATHI TTO3BOISAIOT CO-
3/1aTh ITOJIMMEPHOE ITOKPBITHE C Y1y YIIIEHHBIMU B KOMILJIEKCE ITOKA3ATEIIMU (PUINKO-MEXAHNIECKIX CBONCTB.

Kmouesvie cr06a: KOMIO3UT, SMOKCUIHAST MATPHUIA, IBYXKOMIIOHEHTHBIA MOJIMIUCIEPCHBIN HAIIOJIHUTE D,
MeTOJ, MaTeMaTUIeCKOIo IJIAHUPOBAHUSA 9KCIIEPUMEHTa, yPaBHEHHE PErPeCcCUu.
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