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Summary. Epoxy diane oligomer ED-20, polyethylene polyamine PEPA hardener, powdered synthesized
iron/titanium carbide mixture with dispersion of 10...12 um, and the filler of plant origin with dispersion of 0.4...0.6
um were used to form anticorrosive coatings. The investigation of the change in the value of resistivity and specific
capacity in the diesel fuel environment was carried out, taking into account the rational ratio of differently
dispersed fillers in the epoxy binder. The decrease in the resistivity of protective coatings by 1.5...1.6 times relative
to the epoxy matrix was achieved. At the same time, the correlation with the value of the capacitance, which
decreases by 1.8...2.0 times, respectively was established. Additionally, visual analysis of the surface of the
developed coatings was carried out. They were kept for 6552 h in the river water at variable temperatures —
T = 263...293 + 2 K. For coatings containing the rational combination of two fillers, no defects in the form of
cracks, peeling, and swelling were observed.

Key words: epoxy binder, adhesion, filler, mathematical design of the experiment, corrosion, defect
analysis.
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Statement of the problem. Corrosion destruction is a serious problem in the operation
of machine parts and mechanisms of vehicles. Corrosion can cause damage and loss of
functionality of metal structures and vehicle parts, resulting in the need for repair or
replacement of elements. This represents a significant economic cost, especially in industries
where special materials or expensive equipment are used. Localized corrosion is particularly
dangerous because it can cause significant weakening of the metal in limited areas of the surface
(even when a small surface area is affected). This can result in the appearance of cracks,
chipping or peeling of the material layer, which affects the strength and reliability of the units
or vehicle surfaces as a whole [1-3].

Analysis of the available investigation results. In order to counteract the above
mentioned negative factors, the application of epoxy-based composite coatings is important [3—
6]. While choosing epoxy composite protective coatings and their components, a number of
factors, particularly: the ability of the coating to adhere reliably to the metal substrate; stability
of its properties at elevated or low temperatures; type of environment with which the coating
will be in contact (fuels and lubricants, acid solutions, salts, alkalis, river or sea water) should
be taken into account [4-6]. Therefore, it is important to choose ingredients that will make it
possible to improve adhesion and cohesive strength. Their combination will increase the anti-
corrosion properties.

The objective of the paper is to determine the optimal content of two fillers with
different physical and chemical nature to ensure improved anticorrosive properties of epoxy
coatings.
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Materials and methods of the investigation. Epoxy resin ED-20 was used to form
epoxy composites. For the epoxy binder crosslinking, cold hardening solidifier polyethylene
polyamine (PEPA) was used.

The following fillers were used to improve adhesion strength and corrosion resistance:

- synthesized powdered iron-carbide-titanium charge (ICTC) withd = 10...12 pum
dispersion was used. The final fraction of the filler was produced by high-voltage
electrodischarge (HVED) synthesis according to the method described in papers [5, 6].
The starting material is the mixture of powders with the following initial composition:
Fe (75 %) + Ti (25 %). After HVED treatment, the following composition was obtained:
70% Fe + 5% Ti + 20 % TiC + 5 % FesC.

- filler of plant origin (FPO), dispersiond = 0.4...0.6 um. The additive is obtained as
the result of thermal decomposition of pressed plant material.

The formation of epoxy composite materials was carried out according to the methods
given in papers [7, 8].

In order to optimize the content of fillers, orthogonal central compositional planning by
STATGRAPHICS® Centurion XVI application package was used. The content of the main
filler was chosen based on the previous results of adhesive properties [9] of epoxy composites
investigations. The choice of the additional filler is related to its availability and cost in Ukraine.

The corrosion resistance of the protective coatings was determined by two methods. The
first method involved experimental investigations under laboratory conditions, and as the result
the change in the resistivity and specific capacitance of samples over time under the influence
of aggressive environment was analyzed. RCL meter type E7-22 was used to measure the
resistance and capacitance of protective coatings. The device was connected to the measuring
cell where samples in the form of coatings applied to the metal base were placed. For 30 days
at temperature 7= 293 + 2 K, the resistivity and specific capacitance of the coatings were
measured, and their values were calculated by the following formulas:

p =p-S, omm? ¢ = ¢S, n®/m?; S = zD*/4, m? Q)

To obtain the average values of the coatings resistance and capacitance, 5 samples with
20 cm?. working area were used.

When investigating corrosion resistance of the developed coatings in the laboratory,
diesel fuel that meets the requirements of Euro 5 EN 590 with the following characteristics:
cetane index — 51; polyaromatic hydrocarbon content — 11 %; sulfur content — 0.001 % was
used as aggressive medium.

The second method involved experimental investigations of samples in natural
conditions under the influence of river water and variable temperatures. The duration of
exposure of samples with dimensions of 90x90x2.0 mm in the aggressive environment of river
water was t = 6552 h (9 months) at the temperature of 7= 263...293 + 2 K. The coating with
h =700...800 um thickness was applied to the samples made of structural steel — St 2 by
mechanical method.

For visual analysis of defects, 4 coatings (each of which was applied to 4 sample plates),
with 20 cm?working area were used.

Results of the investigations and discussions. Based on the results of the investigation
of composite materials adhesive strength [9], where ICTC as the main filler and FPO as
additional one were used, we presented the main levels of change in the content of protective
coating components in Table 1.

According to the experiment planning scheme, 9 experiments (N = 9) were carried out [10].
To exclude systematic errors, each experiment was repeated five times (p = 5) [11]. The extended
planning matrix of the complete factor experiment and its results are shown in Table. 2.
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Table 1

Levels of variables in conditional and natural scales

Values of variable levels
Intermediate level, | Variation step, | (wt. p.), corresponding to
Components | Factor q, wt. p.. Ag, wt.p. conventional units
-1 0 +1
ICTC X1 0.050 0.025 0.025 | 0.050 | 0.075
FPO X2 20 10 10 20 30
Table 2

Adhesive strength of the coating with two-component filler

N Component content, Adhesive strength at breakaway (o),
Investigation
g, wt.p. MPa
No
x1 X2 Vi

1 0.025 10 59.3
2 0.075 10 49.8
3 0.025 30 58.3
4 0.075 30 49.4
5 0.050 20 61.2
6 0.075 20 52.4
7 0.025 20 51.3
8 0.050 30 55.8
9 0.050 10 60.1

Coefficients of the regression equation (Table 3) were determined according to
papers [10-11].

Table 3

Coefficients of the regression equation

bo b1 b, b11 b2 b12
58.87 -2.97 -1.07 -5.70 0.50 0.28

At the same time, the following regression equation was obtained:
y=58,87-2,97x, —1,07x, -5, 70)(?12 +0, 50x§ +0,28x,x, .

For statistical processing of the obtained experimental results, the reproducibility of the
experiments was checked according to Cochrane criterion G [10, 11]. In this case, to define the
calculated value of Cochrane criterion, it is necessary to predetermine the values of adequacy
dispersions (Sui?) and of reproduction dispersions (S? {y}i) according to the methods given in
paper [10] (Table 4).

After performing mathematical calculations, it was found that the condition
G =0.273<Gs3:8: 0.95= 0.478 (for the adhesive strength at breakaway) is met.

Further, we determined the significance of the regression equation coefficients by
analyzing the results according to the experimental plan (Table 4). The calculated values of
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Student's criterion top, tip,t2, ti2p, tiip, t22, are greater than tabular ones tr, so it was considered
that all the regression equation coefficients are significant. Taking into account the above
mentioned conditions, the regression equation remains unchanged:

y =58,87-2,97x, —1,07x, -5, 70x12 +0, 50x22 +0,28x,x,

Table 4

Experimentale results of the investigations of adhesive strength at breakaway

o Adhesive strength at breakaway Average value of Adequacy | Reproduction
Investigation (02), MPa adhesive strength| dispersion | dispersions
No 2 S{y}i, MPa
1 2 3 4 5 (04), MPa S. , MPa Ysis

1 59.8 | 60.0 | 59.5 | 59.9 | 59.3 59.3 0.023 0.047

2 495 | 50 |49.9|49.9 | 49.7 49.8 0.013 0.027

3 585 | 58 | 584 |58.2 | 584 58.3 0.013 0.027

4 49.2 | 49.3 | 495|494 | 496 49.4 0.010 0.020

5 61.6 | 614 | 61.6 | 61.5 | 61.1 61.2 0.003 0.007

6 52.2 | 52.1 | 52.5 | 52.6 | 52.6 524 0.003 0.007

7 51 | 512|515 |514|514 513 0.003 0.007

8 56 | 55.9 | 557|556 | 558 55.8 0.010 0.020

9 60.4 | 60.1 | 60.5 | 60.1 | 60.2 60.1 0.030 0.060

The adequacy of the obtained model was tested by Fisher's criterion [10, 11]:

SZ
_ U max
Fp_ 82 = (0,05;f_;fy) )
y

The calculated value of Fisher's criterion is less than the tabulated one, which at 5 %
significance level is F) = 3.25. That is, condition (2) is met. It can be assumed that the equation
adequately describes the composition.

The conversion of coded values into natural ones was performed according to the
formula [10, 11]:

Qi — Qi
X =——" &)
AqQ;
After performing mathematical transformations using formula 3, we obtained the
following regression equation with natural values of the variable parameters:

o, =70,069—141,196q, —0,363q, — 0,03607 + 0,0050? +1,12,q,

On the basis of the mathematical planning of the experiment (Table 4), it was found that
polymeric materials containing the following components: ED-20 binder — 100 wt. p, PEPA
hardener — 10 wt. p, basic filler (ICTC) (d = 10...12 um)— 0.050 wt.%; additional filler (FPO)
(d=0,4...0,6 pm)— 20 wt. p. were characterized by the maximum adhesive strength. Such
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composition is reasonable to use for the formation of protective coatings with improved adhesive
properties, as well as for the formation of coatings resistant to aggressive environments.

When developing coatings resistant to corrosion destruction, their ability to preserve their
properties under the influence of external factors such as humidity, temperature, and aggressive
media is taken into account. In addition, the rate of the aggressive medium penetration through
the polymer coating to the metal base is an important characteristic of corrosion-resistant coating.
This makes it possible to assess the manufacturability of the coating and its reliability during
operation. If the coating provides rapid penetration of the aggressive medium to the metal base,
this can result in the weakening of protective effect and accelerated exfoliation of such materials.
Therefore, based on the mathematical planning of the experiment and the results of the adhesion
strength investigation, four coatings containing different content of components were identified
and tested under conditions of exposure to the aggressive environment — diesel fuel:

- Coating 1 — matrix (coating without filler);

- Coating 2— (ICTC (0,025 wt.p.) + FPO (10 wt.p.)).

- Coating 3 (ICTC (0,050 wt.p.) + FPO (20 wt.p.));

- Coating 4 — (ICTC (0,050 wt.p.) + FPO (10 wt.p.));

Experimental tests of the resistance of the developed protective coatings to aggressive
environments were carried out in the following sequence:

1) Metal test specimens, 20%x20%2.0 mm in size, coated on all sides with protective
coating, were glued to the bottom of the plastic container (Fig. 1) using Loctite 5923 fuel-resistant
sealant. A hole was made on one side of the coating and in the bottom of the container. A hole
was made in the coating on one side in the bottom of the container. The hole was made in such a
way that the contact of E7-22 type RCL-meter device could be connected to the metal base.

2) The tightness of the container was checked for 48 hours.

3) Containers with coatings were filled with aggressive medium (diesel fuel that meets
the requirements of Euro-5 EN 590 standard).

4) The resistance and capacitance of the coatings were measured by E7-22 type RCL
meter for 30 days at the test temperature 7= 293 + 2 K.

5) The obtained values were calculated according to formulas (1) and graphs of the
obtained dependencies were built.

Figure 1. Investigation of the corrosion resistance of the developed coatings in the laboratory for 30 days at test
temperature 7=293 + 2 K: a— Coating 1 (epoxymatrix); b — Coating 2 (ICTC (0.025 wt.p.) + FPO (10 wt. p.);
¢ — Coating 3 (ICTC(0.050 wt. p.) + FPO (20 wt. p.)); d — Coating 4 (ICTC (0.050 w. p.) + FPO (10 wt. p))
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Thus, based on the dynamics of changes in the resistivity and specific capacitance, it was
determined experimentally that the epoxy matrix is characterized by the lowest corrosion resistance
in the aggressive environment (Fig. 2). During 30 investigation days the resistance of the developed
coatings to the effects of the aggressive environment is: the value of resistivity —
p=0.155...0.175 Ohm-m? (Fig. 2, a, curve 1) and the specific capacitance — ¢ = 35...40 pF/m?
(Fig. 2, b, curve 1). It should be noted that the values of resistivity and specific capacitance stabilize
on the 10th day of testing, which the inhibition of the diffusion process. For the developed coatings,
no changes in the resistivity and resistivity values were observed during 20 days of experimental
studies (Fig. 2, a, b, curves 2-4). This indicates the complication of the electric current passage
through the developed polymer coatings. At the same time, coating 4 is characterized by the highest
value of resistivity (p =0.240...0.250 Ohm-m?). It was believed that the obtained investigation
results indicate the maximum compaction of the polymer's spatial grid, which ensures the
slowdown of electrochemical reactions on the substrate surface. That is, the maximum compaction
of the polymer structure contributes to the formation of hydrophobic surface, which reduces the
penetration of moisture into the polymer, and, consequently, increases its hydrophobic properties.
After the 20th day of experimental studies, insignificant changes in resistivity within the range of
p = 0,05 Ohm-m?were observed for the developed coatings. within the range of p = 0,05 Ohm-m?,
This fact additionally confirms the previously put forward provisions about creating the barrier to
the penetration of aggressive water molecules into the base.
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Figure 2. Change in resistance (a) and capacitance (b) over time of the developed epoxy protective coatings at
frequency of 1 kHz under conditions of exposure to the aggressive environment (diesel fuel) for 30 days at test
temperature of 7=293 =2 K: 1 — Coating 1 (epoxymatrix); 2 — Coating 2 (ICTC (0.025 wt. p.) + FPO (10 wt. p.));
3 — Coating 3 (ICTC (0.050 wt. p.) + FPO (20 wt. p.)); 4 — Coating 4 (ICTC(0.050 wt. p.) + FPO (10 wt. p.))
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However, the obtained values of the specific capacity of coatings makes it possible for us
to state that coatings 4 containing the following components: epoxy binder ED-20 — 100 wt. p;
polyethylene polyamine PEPA hardener — 10 wt. p.; basic filler (ICTC) - 0.050 wt. p.; additional
filler (FPO) — 10 wt. p. are characterized by improved anticorrosive properties That is, coating 4 is
characterized by the lowest value of the specific capacitance - ¢ = 20...24 pF/m?. At the same time,
for such polymeric coatings (coating 4), the value of the capacitance increases in the interval of
10...15 days of testing, while for coatings 1-3, the specific capacitance increases at the beginning
of the experiment.

Simultaneously, we carried out the experimental investigations of the corrosion
resistance of the developed coatings in natural conditions under the influence of river water and
variable temperatures (7 =263...293 + 2 K) for t =6552 h. (9 months). The coating was
applied to metal plates made of structural steel — St 2 (90 x 90 x 2.0 mm) by mechanical method
on one side (Fig. 3, a). To accelerate the course of physicochemical processes of corrosion
destruction and to examine defects on the surfaces of the formed coatings, «T»-shape cuts were
made (Fig. 3). The protective coatings applied to the metal sample-plate were immersed to the
depth of 2.0...2.5 meters into the river water environment (Dnipro River, Kherson).

Figure 3. Thegeneral view of coatings that were tested under thei nfluence of river water and variable
temperatures (7= 263...293 + 2 K): a — developed coatings before testing; b — developed coatings that were
tested under the influence of river water for t = 6552 h and variable temperatures (7 = 263...293 + 2 K)

Based on the data obtained from the visual image of the surface of the applied protective
coatings, which were kept in natural conditions under the influence of river water and variable
temperatures for t =6552 h (9 months), the following was determined: the surface of the
coating, which does not contain fillers (matrix), is characterized by significant defects in the
form of cracks and exfoliation (Fig. 4, a, b).
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g h

Figure 4. General view of surface defects of the developed coatings, which were tested under the influence of
river water and variable temperatures (7 = 263...293 £ 2 K) during t = 6552 h: a, b — coating 1;
¢, d — coating 2; d, e — coating 3; f — coating 4
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It was considered that the formed defects were associated with a slight degree of
polymer cross linking, resulting in the sorption of aggressive environment. Similar defects
(cracking and exfoliation) were observed for coating 3 (Fig. 4, e, f). It was believed that the
swelling and subsequent exfoliation of such materials was associated with the course of the
sorption process, which indirectly indicated the structural heterogeneity of the coating. Taking
into account the content of fillers present in the protective coatings, it was assumed that the
heterogeneity of the polymer structure was caused by the oversaturation of the filler of plant
origin, the content of which is the maximum value among the developed coatings — 20 wt. p.
Obviously, at the stage of forming the protective coating, the viscosity of the polymer system
increases, and this, in turn, creates conditions for incomplete wetting of fillers with epoxy
binder.

Analysis of the surface of coating 2 (Fig. 4, ¢) revealed its continuity with the presence
of small crack, which could indicate the technological aspects of the application. This indicates
sufficiently high protective ability of the developed coating. Simultaneous comparison of the
same coating, but with «T»-shape cut, revealed minor cracks on the surface as well. However,
it should be noted that in «T»-shape cut (Fig. 4, d), no swelling or exfoliation of the coating,
but traces of corrosion damage to the substrate were observed. Coating 4 (Fig. 4, f, g) is worthy
of attention. Visual analysis of such coating showed no signs of exfoliation, cracking, or
swelling of the coating, which was consistent with the results of the corrosion resistance
investigation conducted in the laboratory.

Conclusions. By the method of mathematical planning of the experiment using the
STATGRAPHICS® Centurion X VI application package, the content of additives with different
physical and chemical nature in the epoxy binder was optimized in order to obtain protective
coatings with improved performance characteristics. It has been proved that the introduction of
the synthesized powdered iron-carbide-titanium charge (d = 10...12 um) with the content of
g =0.050 wt. p. and the filler of plant origin (d = 0.4...0.6 um) with the content of q = 20 wit.
p. per 100 wt. p. of ED-20 oligomer and 10 wt. p.of PEPA hardener ensures the formation of
the material with adhesive strength at breakaway o, = 61.2 MPa. That is, optimization of the
content of fillers with different physical and chemical nature in the epoxy binder provides the
increase in adhesive strength of the composite by 2.4 times (compared to the unfilled matrix),
which makes it possible to use such materials in the formation of protective coatings for
functional purposes.

On the basis of the investigation of the corrosion durability of the developed protective
coatings in the river water environment (Dnipro River, Kherson) and diesel fuel (meets the
requirements of Euro-5 EN 590), it was found that the coatings with the following composition
of components were characterized by improved corrosion durability: epoxy binder ED-20 —
100 wt. p., polyethylene polyamine PEPA hardener — 10 wt. p.; the main filler of synthesized
powdered iron-carbidotitanium charge — 0.050 wt. p.; additional filler of plant origin —
10 wt. p. Such coatings are characterized by the maximum (among the investigated materials)
value of resistivity —— p = 0.240...0.250 Ohm- m? and the lowest value of specific capacitance —
¢ = 20...24 pF/ m?. Additionally, the visual analysis of the surface of the developed coatings did
not reveal any defects after testing for t = 6552 h and exposure to variable temperatures —
7=263...293+2K.
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AHTHUKOPO3IVHI TOJIMEPHI IOKPUTTSI IJISI BAXUCTY
3ACOBIB TPAHCIIOPTY

Ousexcanap Canponos!; Cepriii 3inuenxo®; Imurpo Haroscbkmii';
Birauiii Haymos?; Osexcanap I'oaorenko?; Auna Canponosa’;
Cepriii HKymechol; Birauniii Comnenko?

Xepconcvka depacasna mopcoka axademis, Xepcon, Yipaina
2Tepuoninbcorutl HayionanoHull mexuiunuti yuieepcumem imeni leana Ilynios,
Tepnoninw, Ykpaina

Peztome. J[na (popmysanns anmuxopo3iiHuX NOKPUMMIE SUKOPUCMAHO eNOKCUOHUU OiaHo8ull onicomep
mapxu EJ[-20, meeponux noniemunennoniamin IEIIA, cunme3oeany nopoukogy 3anizo-Kapoioomumanogy wuxmy
Oucnepcricmio  10...12 MKkm, HANOBHIO8AY POCIUHHOZO NOX00XNceHHs Oucnepcricmio 0,4...0,6 mxym.  Memoodom
MameMamuyHo20 NIAHYBAHHA eKChepUMenmy 3 euxopucmantam npukiaonoeo naxkema STATGRAPHICS® Centurion
XVI onmumizosaro emicm pisuux 3a Qizuxo-XiMiuHOW BPUPOOOd 006ABOK Y eNOKCUOHOMY 36 'A3Y8aHi OJisk OMPUMAHHSL
3aXUCHUX NOKPUMMIE 3 NOMNUWEHUMU eKCRIyamayitihumu xapakmepucmuxkamu. Ha ocnoei mamemamuurozo
NIAHYBAHHS eKCREPUMEHNY BUSHAUEHO 4 DI3HUX 3AXUCHUX NOKPUIMMIS, SKI 8UNpob08y6aiu Ha CIINIKICMb 00 a2PecugHUx
cepedosuuy: piuxoeoi soou (p. [ninpo, m. Xepcon) i ouzenvhozo namwnozo (8ionogioac eumozam cmamnoapmy €epo-5
EN 590). Bunpobosysanmns po3pobnenux 3aXucHuUx ROKpUMmMIe NpoGoOWI 3a 080OMA HE3ANEHCHUMU MemOOaMU.
THepwuii memoo nepeddbauas GUSHAYEHHSI NUMOMO20 ONOPY U NUMOMOI EMHOCMI ) 1aOOPAMOPHUX YMOBAX 3
suxopucmannam npunady RCL-memp muny E7-22. Takum uunom, npogedeno 00CIiOHCen A 3MIHU 3HAYEHHSI RUMOMO20
onopy U NUMoMoi EMHOCI y cepedosulyi OU3ETbHO20 NAILHO20 3 YPAXYBAHHAM DAYIOHANLHO20 CNIBBIOHOWIEHHS
DI3HOOUCNEPCHUX HANOBHIOBAUI8 V) eNOKCUOHOMY 38’°A3yeayi. J[0CieHYMO 3MeHuleHHs 3HAYEHHS NUMOMO20 ONopy
saxucHux noxpummie y 1,5...1,6 pazu 6ionocno enokcuonoi mampuyi. Ilpu yvomy 6CcmanoeneHo Kopensayitiny
3a/IeACHICMb 3HAYEHHs. EMHOCHI, sKe 3meHwyemvces y 1,8...2,0 pasie eionosiono. [pyeuii memoo nepedbauas
BI3VAILHULL AHATI3 NOBEPXHI PO3POOIEHUX NOKPUMMIG, SIKI UMPUMYBAU 81P0006ic 6552 200. y cepedosuiyi piukogoi
600u npu sminnux memnepamypax — T = 263...293 +2 K. /{1 nokpummie, wjo mMicmsams y c60€my CKIAOL PAYIOHATbHE
NOEOHAHHS 080X HANOBHIOBAYIE, CNOCMEPI2au GiOCYmHicmb edhekmia y 8uisaol mpiujuH, 8IOUapy6anHsi il HAOYXAHHS.

Knrouosi cnoea: enoxcuonuii 36’a3yeay, aozesis, HANOGHIOBAY, MAMEMAMUYHe NIAHY8AHHS eKCNEPUMEHINY,
KOpO3isi, ananiz oegexmis.
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