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Abstract: The aim of this study is to develop nanostructured protective coatings with high chemical resistance for metal
surfaces. To modify paints and varnishes, compositions based on carbon nanotubes (CNTs), bismuth oxide nanoparticles,
silicon dioxide, titanium dioxide, magnesium hydroxide and aluminum hydroxide were used. The introduction of
nanomaterials into acrylic paint and varnish material helps to increase the adhesive strength of coatings, so the best effect
was determined with the introduction of CNTs in the amount of 0.1 % — the adhesive strength increased from 2.0-2.2 MPa
to 2.9-3.1 MPa with a change in the nature of the separation of the paint and varnish coating from the substrate from fully
adhesive (100 %) to adhesive-cohesive. Evaluation of the chemical resistance of nanostructured paint and varnish coatings
modified with CNTs showed that when the coatings were exposed to an herbicide solution, they retained their weight
regardless of the concentration of the modifier, while their hardness did not change (H). Evaluation of the equilibrium
swelling rate made it possible to determine that paint and varnish coatings modified with bismuth oxide nanoparticles and
CNTs are resistant to solvents and acquire a more mesh structure in relation to coatings without additives. Scanning of
various sections of the sample surfaces on atomic force microscope (AFM) showed that when modified with bismuth
oxide and CNT nanoadditives, the surface becomes smoother, and the nanometer roughness decreases from 50-60 nm to
20-30 nm. A more significant reduction in protrusions is observed in coatings modified with CNTs, which indicates that
the coating is strengthened by reducing the size of depressions and pores.
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Annoranusi: Llens paboTel 3aritouaercs B pa3pabOTKe HAHOCTPYKTYPHUPOBAHHBIX 3AIUTHBIX HMOKPHITUH C BBICOKOW
XUMHYECKOW CTOMKOCTBIO [UIS METaNTMIeCKUX MoBepxHocTed. s Momumpukamuy JTaKOKPaCOYHBIX MaTepHAIIOB
MIPUMEHSIINCH COCTaBbl HA OCHOBE yriiepoaHbIXx HaHoTpyOok (YHT), HaHOuacTHI OKCHIa BUCMYTa, AMOKCHAA KPEMHHUS,
JUOKCHIAa THTaHA, THAPOKCHIAa MarHus ¥ allOMHHUS. DBBeleHWe B aKpWIOBBIM JIAKOKPACOYHBIH Marepual
HaHOMAaTEPHAJIOB CIIOCOOCTBOBAJIO YBEIWYEHHIO aAT€3HOHHON MPOYHOCTU MOKPBITUH, TaK HAWITYUIIHHA 3P PEKT onpeneiacH
npu BBeAeann YHT, B xommdectBe 0,1 % — aare3noHHas mpodHOCTh moBbimaercs ¢ 2,0...2,2 mo 2,9...3,1 Mlla npu
W3MEHEHHH XapakTepa OTPhIBAa JIAKOKPACOYHOTO IOKPHITHA OT MOUIOKKH C TOJHOCTBIO anresumoHHoro (100 %) mHa
aJre3MOHHO-KOT€3UOHHBIN. OIIeHKa XMMUYECKOH CTOMKOCTH HAaHOCTPYKTYPHPOBAHHBIX JJAKOKPACOUYHBIX MOKphITHi ¢ YHT
MoKasaia, 4yTo IPH BO3JEHCTBUM Ha MOKPBITHS PAacTBOpa repOMIKJIa, OHU COXPAHSIOT CBOIO MAacCy BHE 3aBUCHMOCTH OT
KOHIICHTpaluu MoaudukaTopa, mpu 3TOM UX TBepAocTh He uaMensercs (H). OueHnka paBHOBECHOM cTeleHH HaOyXaHHS
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MO3BOJIMJIA OTPENENNTh, YTO JIAKOKPAaCOYHBIC MOKPBITHA C HAaHOYacTHIAMM OKcupa BucMmyTa u YHT oOmamator
YCTOWYHMBOCTBIO K PACTBOPUTENSIM M HPHOOpETAloT Oojee CeTdaTyr CTPYKTypy IO OTHOIIGHHIO K MOKPBITHAM 0e3
nobaBok. CKaHMpPOBAaHME PA3MUYHBIX yYacCTKOB IMOBEpXHOCTEH 00pa3moB Ha ACM mokaszasio, 94TO NpH MOAM(DUKAIIUN
HaHonoOaBkamMu okcuza BucMyTa n YHT mnoBepxHocTh craHOBHTCS Oojiee TiaJKOH, HAaHOMETPOBAas IIEPOXOBATOCTH
ymensbinaercsi ¢ 50...60 mo 20...30 M. bonee cymiecTBeHHOE yMEHBLIEHHE BBICTYIIOB HAOJIONAETCS Y TMOKPBITHHA
MouduimpoBanHbix YHT, 4T0o roBOpUT 00 YIIPOUHEHUH MOKPBITHS 32 CYET YMEHBILEHUS pa3MePOB YIIIyOJIeHUI U 1op.

KiroueBble c10Ba: HaHOMaTepHalbl; HAHOCTPYKTYPHUPOBAHHBIE TOKPBITHSA; JAKOKPACOYHBIE MOKPBITUS UM MaTEepPHAIIBI;
aJre3MOHHAs] MTPOYHOCTH; XHMHYECKas CTOMKOCTh; METaJUIMUECKHE KOHCTPYKLUH; YTJIEpOJHbIE HAHOTPYOKH; OKCHI
BHCMYyTa.

Jnsa murupoBanmsi: Pchel’nikov AV, Pichugin AP. Chemically resistant nanostructured protective coatings for metal
surfaces. Journal of Advanced Materials and Technologies. 2025;10(2):117-128. DOI: 10.17277/jamt-2025-10-02-117-128

1. Introduction

The surfaces of various metal products and
structures operating in industrial environments are
constantly exposed to aggressive action of various
environments: acids, alkalis, fuels and lubricants, salt
solutions, etc. Thus, one of the most important
properties of protective coatings of metal surfaces is
chemical resistance. The use of chemical-resistant
protective coatings is widespread in the oil and
chemical industries, and is also relevant, for example,
for anti-corrosion protection of structures at mineral
fertilizer production plants [1-3].

The need to address the issues of developing
chemical-resistant protective coatings for metals is
explained by a number of factors [1, 3-5]:

— corrosion damage (active exposure to liquids
and gases in chemical and petrochemical plants,
under the influence of severe temperature loads,
negatively affects the condition of metal structures,
pipes, tanks and other equipment);

—economic losses caused by corrosion damage,
leading to the need to replace or repair parts and
equipment;

— threat to human safety, including in the event
of damage to bridges, oil pipelines, aviation
equipment;

—negative impact on the environmental system
and human health due to uncontrolled destruction,
which can lead to leaks of hazardous substances into
the environment.

Hence, the use of chemically resistant coatings
can increase the service life of individual elements,
reduce the costs of repair work and reduce the
likelihood of the development of corrosion changes
inside structures.

One of the most effective methods for improving
technological and operational characteristics of
materials 1is their nanomodification, which has
become the basis for this study and was discussed in
the works of many researchers, who presented the
results of using nanomodifiers to create highly

effective composite materials for various purposes
[3-17].

Thus, the study aims to develop nanostructured
protective coatings with high chemical resistance for
metal surfaces.

2. Materials and Methods
2.1. Materials

Acrylic and pentaphthalic paints and varnishes
(AC-182, PF-115 — manufactured by LKZ Kolorit
Ltd., Russia) were used in the tests. They are widely
used for painting metal products and structures and
their choice was justified in other studies [3, 18, 19].
The paints and varnishes were modified using
compositions based on carbon nanotubes (CNT)
(Tuball Matrix 203 — Russia, OcSiAl), bismuth oxide
nanoparticles (BO) (Dongguan SAT nano technology
material Co., Ltd. — China), silicon dioxide (SiO;)

(Tarkosil T-20 — Russia), titanium dioxide (TiOy)
(Zhengzhou Kelai Chemical Co., Ltd — China),
magnesium hydroxide (Mg(OH);) and aluminum

hydroxide (Al(OH)3;) (Zibo Aotai New Material
Technology Co., Ltd. — China). The method of
dispersing nanomaterials is mechanical mixing [3].

2.2. Control methods

The chemical resistance of paint and varnish
coatings was assessed in accordance with Russian
Standard 9.403-2022. The adhesive strength of paint
and varnish coatings was determined in accordance
with Russian Standard 32299-2013. The hardness of
the coatings was assessed in accordance with Russian
Standard R 54586-2011.

Also, one of the simple and reliable methods for
determining the chemical resistance, as well as the
topological structure of coatings is the equilibrium
swelling method or the Flory-Rehner method, based on
the swelling of the coating in a solvent, followed by an
assessment of the equilibrium swelling rate [16]:
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where p; is polymer density, g-cmﬁ3; V' is volume of
absorbed liquid, cm3; f is mesh functionality; M, is
average molecular weight of chain segments; x| is
polymer-solvent interaction parameter (known for
different polymer-solvent systems); R7 is the energy
required to transfer one molecule of solvent into the
polymer; ¢ is volume fraction of polymer in the
swollen sample.

The volume fraction of the polymer in the
swollen sample is found using formula (2):

mo/P
o=, (2
my/p+W;

where V7 is volume of solvent absorbed at
equilibrium at the end of the experiment, om’.

The main consequences of the calculations in
accordance with the Flory-Rehner equation and the
tests carried out are [20]:

— mesh polymer swelling is always limited;

—the degree of swelling of a mesh polymer
depends on the thermodynamic affinity of the
components and the density of the mesh;

— increasing the mesh density leads to a decrease
in the degree of swelling.

The tests were carried out by processing the
obtained data by calculating the equilibrium swelling
rate of specimens, excluding the estimation of the
mesh density parameter. Indicators for comparing the
test results of the specimens were carried out by
means of formulas 3 and 4, according to which the
equilibrium swelling rate is calculated.

m—mo
o= 100 %; 3)
my
Vp
oa=——-100 %, 4)
mgy

where m is weight (volume) of swollen specimen, g;
mg is weight (volume) of the initial specimen, g;
V' is volume of absorbed liquid, cm3; p is solvent
density, kg-mﬁ3.

According to the equilibrium swelling method,
the specimens were exposed in the solvent and the
changes in the parameters of mass, thickness, length
and width of the specimens were monitored at regular
intervals. The tests were continued until the

equilibrium state was reached, when the parameters
became unchanged. Based on the Flory-Rehner
theory, an increase in the mesh density leads to
a decrease in the degree of swelling, i.e. the smaller
the equilibrium swelling rate, the more mesh-like the
coating structure.

2.3. Analytic methods

The study of the linear dimensions of the
elements of the micro- and nanorelief surface
structures of the nanomodified coatings was carried
out using an atomic force microscope (AFM) based
on the INTEGRA Aura probe nanolaboratory
platform of NT-MDT company. A semi-contact
(intermittent-contact) method was used to produce
images; to increase the goodness of cantilever
oscillations and, consequently, to increase the
sensitivity, reliability, and wvalidity in the
measurements of weak forces between the probe and
the specimen, the study was carried out under low
vacuum conditions.

3. Results and Discussion

When determining the effect of nanomaterials on
the physical and mechanical properties of the
resulting coatings, it was found that the best adhesion
strength has coatings based on acrylic paint material
(AC-182) than on the basis of pentaphthalic
(PF-115). At the same time, the introduction of
nanomaterials contributes to an increase in the
adhesive strength of the coating. So, the best effect is
determined by the introduction of CNTs, in the
amount of 0.1 % — the adhesive strength increases
from 2.0-2.2 to 2.9-3.1 MPa with a change in the
nature of detachment of the paint coating from the
substrate from fully adhesive (100 %) to adhesion-
cohesive (Table 1).

Tests on the chemical resistance of paint
coatings were carried out by exposing paint coatings
to various chemical media (solvents, fuels and
lubricants, acids, alkalis, etc.). At the first stage of the
research rational concentration of chemical solutions
was determined. So, for example, 40 % aqueous
solution of herbicide (a mixture of dimethylamine,
potassium, sodium salts) was chosen, at which
changes in the properties of coatings occur, at which
it is possible to most adequately trace the different
effects of chemical solution on the coating.
Nanostructured paint coatings based on AS-182
enamel showed the greatest chemical resistance, the
results of the studies of which are presented
in Table 2.
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Table 1. Results of adhesive strength of paint and varnish coatings

Introduced additives

AC-182

PF-115

Adhesion strength, MPa / Detachment character (adhesive (A) — cohesive (K)), %

No additives
BO-0.5%
BO-1%
BO-2%

Si02 - 0.5 %
SiO2 - 1%
Si0 -2 %
CNTs—-0.01 %
CNTs - 0.05 %
CNTs—0.1 %

Mg(OH); — 0.5 %
Mg(OH), — 1%
Mg(OH), —2 %
AI(OH)3 - 0.5 %
Al(OH)3 — 1 %
Al(OH)3 -2 %

1.7-1.9/A100 - KO
2.6-2.8/A30-K70
2.9-3.1/A10-K90
24-2.6/A30-K70
2.0-2.2/A80-K20
2.3-2.5/A80—-K20
2.0-2.2/A80-K20
2.7-2.9/A90-K10
29-3.1/A90-K10
32-34/A50-K50
1.8-2.0/A100-KO0
20-2.2 /A80-KO
1.9-2.1/A90-K10
1.6-1.8/A100-KO0
1.7-1.9/A100 - KO0
1.5-1.7/A100 - KO

1.6-1.8/A100-KO0
24-2.6/A30-K70
2.5-2.7/A10-K90
2.3-2.5/A20-K80
1.9-2.1/A80-K20
2.1-2.2/A80—-K20
1.9-2.1/A20-K80
24-2.6/A70-K30
2.8-3.0/A70-K30
3.0-32/A75-K25
1.6 -1.8/A90 -K10
1.7-1.9/A100 - KO
1.8—-2.0/A100-KO0
1.7-1.9/A100 - KO0
1.6-1.8/A90-K10
1.7-1.9/A100 - KO0

Table 2. Chemical resistance of nanostructured coatings based
on enamel AC-182 when exposed to herbicides

Additive type

Before testing

Weight, g Hardness

A micrograph specimen

Weight, g Hardness

After testing

A micrograph specimen

(X230) (X230)
1 2 3 4 5 6 7
No additives 2.173 HB 2.159 B
1000GRTT L] 130006000
CNTs-0.01% 2.104 H 2.104 H
CNTs—-0.05%  2.063 H 2.063 H

BB 06 A AEARRELD
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Continuation of Table 2

1 2 3 4 5 6 7

CNTs—0.1% 2116 2H 2115 2H
Mg(OHn = 5 169 H 2.162 H
0.5 % ' ‘
Mg(OH)2 = 5 1g9 H 2.186 HB
1%
RERARBAEDNEFT
Mg(OH), -
o 2113 H 2.108 HB
Al(OH); — 5 45 2H 2.143 2H
0.5 % ' '
Al(OH)3 — 5 439 2H 2.136 2H
1%
AAARARRNERTRD f
AI(OH); —
o 2.127 3H 2.120 2H

RARNOAOEANCNE
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Continuation of Table 2

5 6 7

Si02 - 0.5 % 2.084 H

Si02 -1 % 2.126 2H
ﬂ ;

Si02 -2 % 2.160 2H

BO-0.5% 2.191 2H

BO-1% 2.166 2H

BO-2% 2.132 2H

ﬂmmﬁi|hn

2.080 H
\ i fpiz*—“‘f %
EAATAATAANAET
' o
% % 0, P
2.120 H
2.151 H
2.190 H
2.166 H
i
2.132 H

L,

IAAFRAROFEDRT

Table 2 presents data on chemical resistance of
paint coatings with different additives before and
after exposure to herbicide. The results of data
analysis revealed that the mass of the specimen
without additives decreased by 0.014 g, also the
coating became softer, as evidenced by the change in
hardness from HB to B. Nanostructured paint

coatings with carbon nanotubes retain mass according
to the test results, and regardless of the concentration
of the additive.

At the same time the hardness of such coatings
does not change (H), which indicates high chemical
stability of CNTs nanostructured coating. Also
modification of the paint material with bismuth oxide
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nanoparticles leads to chemically stable coatings, as
evidenced by the mass retention of the specimens and
insignificant change in their hardness from 2H to H.
According to the results of studies of the
equilibrium swelling rate (Tables 3, 4, Fig. 1), it was
also determined that the paint coating modified with

bismuth oxide nanoparticles and carbon nanotubes
has resistance to solvents, and also acquires a more
reticulated structure in relation to coatings without
additives, which also depends on the amount of
introduced additives.

Table 3. Results of tests of nanostructured coatings by the swelling method. Part 1

Specimen Soakir}g time of sp§cimens Change i.n specimen Change in specimen thickness,
in solvent, min weight, g mm
0 0.47 1.13
20 0.57 1.21
No additives 40 0.60 1.23
60 0.63 1.23
80 0.63 1.24
0 0.45 1.03
20 0.55 1.12
CNTs 0,05 % 40 0.59 1.17
60 0.60 1.17
80 0.60 1.17
0 0.51 1.23
20 0.62 1.30
CNTs 0,1 % 40 0.67 1.33
60 0.69 1.35
80 0.69 1.35
0 0.59 1.33
20 0.70 1.40
TiO2 0.5 % 40 0.78 1.45
60 0.80 1.47
80 0.81 1.47
0 0.63 1.56
20 0.69 1.64
TiO2 1% 40 0.77 1.66
60 0.79 1.75
80 0.81 1.81
0 0.64 1.46
20 0.74 1.535
BO 0.5% 40 0.79 1.615
60 0.82 1.72
80 0.84 1.72
0 0.42 1.0
20 0.5 1.03
BO 1% 40 0.53 1.07
60 0.54 1.1
80 0.56 1.1
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Table 4. Results of tests of nanostructured coatings by the swelling method. Part 2

Soaking time of specimens Change in specimen

Change in specimen

Volume equilibrium

Specimen in solvent, min length, mm width, mm swelling rate (o)

0 26.30 9.65
20 27.05 9.90

No additives 40 27.60 10.20 0.27
60 27.80 10.35
80 28.20 10.40
0 26.70 9.55
20 27.30 9.80

CNTs 0.05 % 40 27.90 10.50 0.22
60 27.90 10.50
80 27.90 10.50
0 26.50 9.68
20 27.40 9.77

CNTs 0.1 % 40 27.50 10.20 0.21
60 27.50 10.30
80 27.50 10.30
0 26.30 9.83
20 26.60 10.25

TiO2 0.5 % 40 27.65 10.55 0.27
60 27.70 10.80
80 27.70 10.80
0 26.60 9.58
20 27.50 9.64

TiO2 1% 40 28.20 9.81 0.29
60 28.30 10.00
80 28.50 10.00
0 26.55 10.10
20 27.45 10.30

BO 0.5% 40 27.70 10.45 0.24
60 27.80 10.60
80 28.00 10.60
0 26.70 10.18
20 26,8 10,82

BO 1% 40 27,00 11,00 0.24
60 27,6 11,05
80 27,6 11,15
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Fig. 1. The degree of swelling of modified acrylic protective coatings, depending on the duration of swelling:
1 — modification TiO7 1 %; 2 — without modifier; 3 — BioO3 1 % modification; 4 — CNTs modification 0.1 %

When bismuth oxide was added to the enamel,
the meshiness of the coating increased, as indicated
by the volume equilibrium swelling rate, which
decreased from 0.27 to 0.24 at 0.5 and 1 % additives.

A more significant effect on the formation of
dense molecular bonds was exerted by adding CNTs
into the composition, and the index of the volume
equilibrium swelling rate decreased from 0.27 to 0.22
at 0.05 % CNTs and to 0.21 at 0.1 % CNTs in the
enamel composition.

The results of studies on the example of
modifiers introduction into the paint material showed
that nanomodification leads to the formation of
denser mesh structures of coatings, which explain the
increase in their physical and mechanical properties
(adhesion strength, hardness, etc.) (Tables 1, 2)
[3, 18, 19].

Scanning of various surface areas of specimens
of nanostructured paint coatings, before chemical
action on them, on the atomic force microscope
showed that the surface becomes smoother nanometer
roughness decreases from 50-60 nm (Fig. 2a)
to 20-30 nm (Figs. 2b,c¢) when modified with
bismuth oxide and carbon nanotubes. Moreover, a
more significant reduction of protrusions is observed
in CNT-modified coatings.

At the same time, at the joint introduction of
bismuth oxide nanoparticles and carbon nanotubes,
the number and size of protrusions are minimized and
the Ra parameter decreases to 10-15 nm (Fig. 2d),
which indicates a strengthening effect of the joint
introduction and, consequently, hardening of the

coating by reducing the size of depressions and
pores [3].

Thus, microstructural analysis allowed us to
prove the existence of the optimal content of
nanoadditives to enhance the quality parameters of
protective paint coatings.

4. Conclusion

According to the results of this study it was
found that by using nanoscale materials it is possible
to produce effective nanostructured protective
coatings capable of reliably protecting metal surfaces
operating in a variety of aggressive chemical
environments. It is most effective to apply
nanostructured coatings when adding CNT-based
compositions and bismuth oxide nanoparticles.
It is more preferable to use acrylic paint materials to
obtain chemoresistant nanostructured protective
coatings. Thus, adding CNTs and bismuth oxide, the
resulting coating has high adhesive strength (more
than 3 MPa at cohesive detachment character up to
50% and higher), and also increased chemical
resistance that is expressed in decrease of coating
equilibrium swelling rate (from 0.27 to 0.21),
preservation of specimen weight and its hardness
(2H-H) caused by chemical media exposure.
The increase in chemical resistance of such coatings
is justified by the fact that they have a more hardened
mesh structure with a minimum size of recesses and
micropores in the surface.
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(b)

(©

@

Fig. 2. AFM-images of nanomodified coatings:
a — without additives, b — BO 1 %, ¢ — composition with CNTs 0.1 %,
d—-BO 1 % + composition with CNTs 0.1 %
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