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Abstract: The method is proposed to protect the carbon steel from corrosion by silicate coatings filled with
powdered zinc and graphene nanoplates obtained by thermal splitting of graphite. The conditions for steel
pre-treatment in an alkaline solution containing citrate ions and a nonionic surfactant, for the production of
potassium liquid glass composition with the addition of zinc and graphene powders are selected. It is shown
that coatings 70-80 um thick, cured at room temperature for three days and containing 80-90 wt. % zinc, 7—
12 wt. % silicon dioxide and 0.2 wt. % carbon have the highest adhesion, water resistance and protective
ability. The study of steel corrosion in 3.5% NaCl solution using methods of voltammetry and the
dependence of open circuit potential on the test duration showed that silicate coatings filled with zinc and
graphene provide cathodic polarization of steel and protect it from corrosion better than twice as thick
coatings obtained by hot galvanizing. Graphene nanoplates enhance the contact of zinc particles with each
other and with steel, promoting its cathodic polarization. Using scanning electron microscopy and X-ray
spectral microanalysis, it has been shown that zinc corrosion products fill the pores of the near-surface layer
of coatings, enhancing their protective ability.
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Introduction

Carbon steels are wide-spread materials
used in mechanical engineering, energetics, and
production of tools, pipelines, building fittings
due to their high strength, resiliency and relative
cheapness. The main drawback of these steels is
low corrosion resistance.

It is known [1] that direct losses are caused
by corrosion of metal products in the developed
countries amounting to 3-4% of the gross
domestic product. However, corrosion can also
cause emergency situations during the operation
of boilers, engines, bridges, etc. Approximately
25-30% of these losses could be avoided in the
case of effective anti-corrosion protection
technologies currently available.

Modern methods of protecting metals from
corrosion can be classified as follows:

1) alloying metals and production of corrosion-
resistant alloys; 2) adding corrosion inhibitors
into the corrosive environment; 3) deposing
barrier and insulating coatings that prevent
metal contact with a corrosive environment; 4)
shifting the protected metal potential either to
the cathode region to reduce the corrosion rate,
or to the anode region to convert the metal to a
passive state [1-3].

The most versatile is the corrosion
protection method using polymer, inorganic
(based on chromates, phosphates, oxides,
silicates, etc.) or metal coatings [1, 4]. The latter
are able to avoid the contact of a substrate with
the corrosive environment, and to provide
electrochemical protection of the base metal due
to its cathodic polarization as well. Of particular
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interest are composite coatings capable of
simultaneously implementing a combined
electrochemical and passive protection, which
release the corrosion inhibitor or contain a self-
healing agent [3-5].

Until today, zinc is the most common
material for obtaining cathodic protective
coatings on steel [2, 6]. Metallic zinc coatings
are usually obtained by electrochemical
deposition from solutions or hot-dip galvanizing
in zinc melt. Specially equipped workshops and
significant energy amounts are required in these
cases. Another way of cathodic protection of
steel against corrosion is the application of
composite coatings consisting of an organic or
inorganic polymer matrix and Zn powder filler
[3-5]. Inorganic silicate matrix coatings
obtained by sol-gel method are especially
promising,  because  they are  more
environmentally friendly, cheaper and more
stable to operate as compared to traditional
polymerization products of acrylates, urethanes
or oligomers containing epoxy groups.

The corrosion protection effectiveness of
compact zinc coatings is determined by their
thickness and strongly depends on the presence
of pores and cracks. To ensure reliable cathodic
protection by composite zinc-rich coatings, it is
necessary to provide electrical contacts of metal
filler particles with each other and with the
protected substrate [7, 8]. In such composites,

the quota of zinc powder should be at least 60—
70 wt. % [9], and the requirements for adhesive
and cohesive strength of coatings are especially
high. A rise of zinc content in coatings leads to
an increase in the number of ohmic contacts
between metal particles and the electrical
conductivity of the composites. However, at the
same time, mechanical properties of coatings
may deteriorate. When the filler content exceeds
96-97 wt. % the polymer matrix loses its
strength and the protective ability of coatings
decreases.

It is possible to create a network of
interconnected particles without increasing the
quota of zinc powder in the matrix by
introducing additional conductive filler [7, 10]
or using lamellar zinc particles instead of
spherical ones. So, zinc lamellar coatings are
known, which include zinc flakes, sometimes
with the addition of aluminum flakes in an
amount up to 10 wt. % [11, 12]. Carbon
nanomaterials, in  particular,  graphene
nanoplates are promising conductive fillers for
composite zinc-rich coatings [13, 14].

The aim of this work is to obtain composite
silicate-matrix coatings filled with zinc and
carbon nanomaterial powders for the protection
of carbon steel against corrosion, to study their
protective ability in 3.5% NaCl water solution
and to reveal its mechanism.

Experimental part

Potassium liquid glasses with SiO,/K,0
molar ratio, or silicate modulus, equal to 3
(PLG-3) and 5 (PLG-5) were prepared by
dissolving an amorphous SiO, powder (silicon
dioxide "Kovelos 35/05", 98 % SiO, in dry
residue) in a concentrated KOH solution at a
temperature of 70 + 10 °C and stirring. The
content of SiO, in the liquid glasses was 20
wt.%.

Compositions for obtaining silicate-matrix
coatings filled with zinc were prepared by
mixing liquid glasses with Zn powder (zinc dust
Fine Zink Powder FH 800, Ever Zinc, Ans,
Belgium; fineness 2.5-4.5 um, zinc content 99
wt. %).

Thermally exfoliated graphite (TEG) was
used as a carbon filler of the silicate matrix

together with zinc. This carbon material
consisted of graphene nanoplates obtained by
the graphite powder processing in the solution
of sodium in the liquid ammonia, followed by
the rapid vacuum heating and washing with
water [15]. The aqueous suspension of TEG
with the addition of dimethyl
alkylbenzylammonium chloride as a cationic
surfactant was sonicated. This suspension was
mixed with the liquid glass containing Zn
powder. The concentration and volume of the
added TEG suspension was selected in order to
obtain about 0.2 wt. % carbon in the solid
composite coatings.

The resulting Zn—PLG or Zn-TEG-PLG
compositions were applied to the surface of the
carbon steel plates (Russia standart — 08KP, EU
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-DD13, USA — A622DQDS) with a brush in
two layers. The first intermediate layer was
dried at 20 + 3°C for 30 min. The final layer
was dried and cured at the same temperature for
24-96 hours. The coating thickness after the
drying was 70—80 um (measurement accuracy 5
um).

The SiO; content in the obtained composite
coatings was 7-12 wt. %. The amount of zinc
powder was selected so that zinc content in the
obtained coatings was 80-90%.

Preliminary preparation of the steel surface
included operations of the grinding, degreasing
and treatment in the developed aqueous
solution, 1 dm® of which contained 150 g KOH,
120 g of citric acid, and 6 g of the surfactant
CAPAO (cocamidopropylamine oxide). Citrate
ions ensured the binding of iron ions into
soluble complex compounds [16] and the
removal of corrosion products, the surfactant
was necessary for wetting the steel surface, and
the hydroxyl groups adsorbed on its surface
provided adhesive interaction with liquid
potassium glass.  After this treatment, the steel
was washed with water and dried at a room

V:

where m; is the initial mass of the sample; m; is
the mass of the sample after immersion in the
oil. The volume of pores was normalized to the
area of each sample.

The protective ability of coatings during
their treatment in a 3.5% sodium chloride
solution was determined by three methods: a)
assessment of the coatings appearance after
their treatment for 20-55 days; b) recording of
anodic and cathodic polarization curves which
illustrate the behavior of coated steel samples in
NaCl solution in semilogarithmic coordinates
and the analysis of the corrosion diagrams
obtained; c) study into the open circuit potential
(OCP) evolution of the samples with an increase
in the duration of their immersion in the
corrosion medium from 1 to 360 hours. For
electrochemical studies, we used Autolab
PGSTAT204 potentiostat-galvanostat.

temperature.

The adhesion of coatings was measured by
applying a grid of scratches with a step of 1
mm, followed by the peeling off with an
adhesive tape and measurement of the area of
the peeled coating as a percentage of the
original one.

The water resistance of composite coatings
was assessed by the change in the weight of the
samples after their immersion into distilled
water for 1 hour and drying at 20 + 3°C to a
constant weight.

The coating porosity was evaluated by the
oil absorption technique, based on the
measurement of the total volume of pores in the
layer available for oil penetration. For this the
samples of steel with coatings were dehydrated
by drying in the silica gel desiccator and
immersed in the mineral oil heated to 150°C
(oot = 0.857 gl/cm®) until the gas evolution
stops. The samples extracted from the oil were
cooled to room temperature and the excess oil
was carefully removed with filter paper. After
that, the volume of pores in the sample was
calculated using the formula:

g~y

Pail

Polarization curves were recorded in the
potentiodynamic mode, potential range from
-1.1 V to +0.1 V; sweep rate was 1 mV/s;
coated steel samples were used as working
electrodes and silver chloride as the reference
electrode.

SEM images of the surface of coatings and
their cross-sections were obtained using electron
microscopes LEO 1420 and LEO 1455VP. X-
ray spectral microanalysis of the samples was
carried out using energy-dispersive nitrogen-
free spectrometer Aztec Energy Advanced X-
Max 80 scanning electron microscope (Oxford
Instruments, UK). The spectra  were recorded
for at least 300 s. Quantitative analysis was
carried out using software calculation of spectra
based on the comparison with reference samples
and the level of bremsstrahlung.
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Results and discussion

Effect of composition and curing time of
coatings on their adhesion, water resistance and
porosity

The research data on the effect of coatings
composition and their curing time on the
adhesion of coatings to steel showed that the
adhesion of coatings based on low modulus
PGL-3 is higher as compared with this
characteristic of coatings obtained from the
PGL-5 with high modulus. The increase in
curing time of coatings from 24 to 96 hours
causes a slight rise of the adhesion. The addition
of TEG into the silicate matrix containing zinc
filler causes a decrease in the adhesion of
coatings. Nevertheless, the adhesion of coatings
based on the PLG-3 matrix filled both with zinc
and TEG cured for 96 h, is rather high. Thus,
the area of peeled off coating is about 7-10 %,
that is down by 5-7 times from the coatings
based on the PLG-5.

One of the criteria for evaluating the
protective ability of composite coatings in a

weight loss, %

1 T T T T

liqguid corrosive medium is their water
resistance. Just applied silicate coatings dissolve
in water, but lose this ability upon curing owing
to the silicate polymerization [17]. Therefore, it
was important to choose the duration of curing
of the coatings sufficient for the loss of
solubility in water.

Curves in Fig. 1 are illustrative of changes
in the weight of steel samples covered with
silicate coatings after their treatment within one
hour in water as a function of curing time. As a
result of partial dissolution of the silicate
matrix, the weight of coatings decreases by 1.5—
4.8% depending on the coatings composition
and the curing time. The most significant
change in the solubility and an appropriate rise
in the water resistance of coatings occur in the
first 48 hours of curing in air at a room
temperature. Further, the curing process slows
down and after 72 hours the mass of samples
almost does not change after their treatment in
water.

——1-PLG-3+Zn
—8— 2-PLG-3+Zn+TEG
—A—3-PLG-5+Zn

- PLG-5+Zn+TEG

T T T T T T T T T T T T
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Fig. 1. Weight loss of coatings (%) after 1 hour water immersion
depending on the curing time:
1-PLG-3+2n,2-PLG-5+2n,3-PLG-3+2Zn+ TEG, 4 —PLG-5+Zn+ TEG

Coatings based on high modulus PLG-5
filled with zinc are more water resistant as
compared to PLG-3 + Zn coatings. The addition
of TEG into PLG-5 + Zn coatings does not
practically affect their water resistance.
However, in the case of PLG-3 + Zn coatings,
the addition of TEG results in a slight increase

in water resistance. The weight loss in water
testing of coatings based on silicate matrix filled
with both zinc and TEG after their curing for 72
hours does not exceed 2.5%. It does not change
with increasing curing time up to 96 hours.

The porosity estimation technique used in
the work provides a measurement of the total
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volume of pores and cracks in coatings available
for the penetration of the heated oil (Table).
Corrosion of zinc in the coating and iron in the
substrate occurs primarily in these pores and
cracks. Experimental data are indicative that the
porosity of coatings based on low modulus
PGL-3 matrix filled with zinc or Zn + TEG is
1.5 times lower compared with their analogues

obtained using high modulus liquid glass PGL-
5. The main reason for this difference is the
presence of cracks in the latter coatings. The
addition of TEG in the silicate coatings filled
with zinc either does not affect the total pore
volume or, in the case of a PLG-3 matrix,
reduces it by about 10%.

Table. The volume of pores and cracks in silicate coatings filled with zinc and TEG measured
by the oil absorption

Sample Pore volume-10°, dm*/cm?
PLG-3 + Zn 1,1+0,2
PLG-5+ Zn 1,5+0,2

PLG-3+Zn+ TEG 1,0+0,3
PLG-5+7Zn+TEG 15+04

Corrosion study

The change in the appearance of coatings
on steel after their treatment in 3.5% NaCl
solution was evaluated. In the case of steel
corrosion, red-brown spots of iron oxidation
products appear on the surface of the samples.
Corrosion of zinc filler causes the appearance of
white spots of poorly soluble zinc compounds.
Such observations made it possible to choose a
coating thickness of about 80 pm. Thinner
coatings did not protect steel from corrosion
irrespective of their composition and the curing
time. A further increase in the thickness of the
coatings did not provide an increase in their
protective ability, but sharply worsened their
adhesion and often led to the appearance of
cracks and corrosion of iron through them.

In the absence of the silicate coating, the
entire surface of the steel after 20 days of testing
is covered with a red-brown bloom. In the case
of PLG-5 coatings containing zinc or zinc
together with TEG, no traces of iron corrosion
after treatment in NaCl solution are observed
even if the curing time does not exceed 24
hours. However, white zinc corrosion spots
form on the surface of these coatings. The
curing time of 24 h is not sufficient for PLG-3
coatings with zinc, and after 20 days of testing
in a corrosive medium, not only white, but also
red-brown spots of zinc and iron corrosion
products, respectively, appear on their surface.
When the duration of the curing of these
coatings is increased to 72-96 h, traces of iron
corrosion begin to appear only after 48—52 days

of testing. At the addition of TEG into these
coatings the corrosion of iron becomes
noticeable only after 55 days of testing, while
white spots of zinc corrosion products in the
silicate matrix appear much earlier. These data
allow us to conclude that, firstly, silicate
coatings containing both zinc and TEG have a
better protective ability, and secondly, zinc
corrosion products are formed in the pores of
these coatings and healing them.

Fig. 2 shows the polarization cathode and
anode curves of the samples with silicate
coatings in comparison with the corrosion
diagrams of bare steel or steel containing
coatings obtained by electrochemical zinc
deposition or hot dip galvanizing. The corrosion
potential of the steel covered by any zinc-
containing coating, regardless of its origin, is in
the region of more negative values compared to
the potential of the bare steel, which indicates
the cathodic polarization of steel. The most
noticeable shift of the corrosion potential to
negative values by 0.38 V is observed in the
case of steel with traditional zinc coatings
obtained by electrochemical deposition or hot
dip galvanizing. The studied silicate zinc-rich
coatings have a corrosion potential of 0.23-0.29
V less than that of steel. The cathodic
polarization of steel is most pronounced in the
case of PLG-3 silicate coatings containing zinc
together with TEG. The value of the corrosion
potential shift decreases in the series PLG-3 +
Zn + TEG; PLG-5 + Zn + TEG; PLG-3 + Zn;
PLG-5 + Zn.
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Fig. 2. Corrosion diagrams of the steel protected by zinc or silicate
zinc-rich coatings in 3.5% NacCl solution:
S —initial steel; Zn1 — electrochemical zinc coating, 40 um thick;
Zn2 — hot dip galvanized zinc coating, 150 + 15 um thick;
1-PLG-3 + Zn; 2- PLG-5 + Zn; 3- PLG-3 + Zn + TEG; 4 - PLG-5+ Zn + TEG

The cathodic polarization of steel is more
pronounced when TEG is present in zinc-rich
silicate coatings. This may indicate an
improvement in the conditions for the electric
current transit due to the cross-linked network
which is formed by contacting zinc and
graphene particles, and to their electrical contact
with the steel surface.

Corrosion currents in cases of steel covered
by silicate zinc-rich and electroplated zinc

coatings are of the same order. In the presence
of graphene particles in the coatings, the
corrosion currents are reduced by a factor of 3—
5. This is in accord with the reduced porosity of
such coatings. Low corrosion currents in the
case of silicate zink-rich coatings compared to
the currents characteristic of even thicker hot
dip galvanized zinc coatings may be due to the
sealing of pores in the silicate matrix with zinc
corrosion products.

0 50 100 150
Immersion time, h

200 250 300 350

Fig. 3. Open circuit potential evolution of the steel with hot dip galvanized zinc coating (Zn2)
and silicate zinc-rich coatings during their treatment in 3.5% NaCl solution:
1-PLG-3+2Zn; 2-PLG-5+2Zn; 3-PLG-3+ Zn + TEG; 4-PLG-5+2Zn +TEG
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The results of research of the OCP
evolution for the steel samples covered with
silicate zinc-rich coatings at their treatment in
3.5 % NaCl solution are presented in Fig. 3. The
initial OCP of all samples has close values of —
(0.92-1.00) V. The lowest potential value is
typical for the samples with hot dip galvanized
zinc and PLG-3 + Zn + TEG coatings. This
value does not change within 360 hours of
treatment in the sodium chloride solution.

The OCP of steel with coatings based on
high modulus PLG-5 containing zinc or zinc
together with TEG sharply grows to the values
of — (0.57-0.63) V at 48 hours of the treatment,
following which it stops changing. This
behavior can be explained by the accumulation
of zinc corrosion products in the pores and
cracks of the silicate matrix and their full
sealing by the end of the second day of testing.
The OCP of steel with PLG-3 + Zn coatings
slowly grows, but only by 360 h of testing the
potential approaches the values typical for

samples with coatings based on the PLG-5
matrix. These results confirm the benefits of
coatings based on PLG-3 filled with zinc
together with TEG.

Morphology and elemental composition of
coatings

According to the SEM study, zinc powder
consists of spherical 1-4 um sized particles,
(Fig. 4, a). The angular lamellar TEG particles
have a widely varied lateral sizes from hundreds
of nanometers to 10 pm and the thickness of
15-25 nm (Fig. 4, b). After ultrasonic treatment,
the TEG plates are crushed, the fraction of
particles with sizes above 2 um almost

disappears (Fig. 4, b, insert). In coatings based
on PLG, zinc particles are covered with a
silicate shell and they are in close contact with
each other (Fig. 4, c, d). The silicate matrix in
Fig. 4, cf, looks like a very thin layer between
zinc particles, which differs from them in
contrast.

Fig. 4. SEM images of powders (a, b) and composite coatings surfaces (c—f): a — Zn,
b — TEG before and after (insert) sonication; ¢ — PLG-3 + Zn; d - PLG-5 + Zn;
e—PLG-3+2Zn+TEG; f-PLG-5+2Zn+ TEG
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Coatings based on PLG-5 have many
submicron pores and cracks 10-30 um long and
up to 3 um wide (see Fig. 4, d and f) unlike
coatings based on PLG-3 (see Fig. 4, c and e).
The quantity and size of pores and cracks in
coatings containing TEG (see Fig. 4, e and f) are
much smaller than in their analogues without
TEG (see Fig. 4, ¢ and d). Graphene plates
create additional contacts between zinc
particles. SEM images of the coatings cross-
sections testify to the fact that pores and cracks
are closed and that they do not penetrate
through coatings. Note that the formation of
cracks can occur due to the shrinkage of the
silicate gel during the curing, which is more
significant when using high modulus PGL-5 as
a result of their faster curing.

SEM images of the surface of coatings after
their treatment in 3.5% NaCl solution for 50
days show that at the initial stages of corrosion
the products appear on the surface of zinc
particles as spherical nuclei 100-200 nm in size

and their loose islands. Further zinc corrosion
products form a discontinuous layer of loose
and formless aggregates that are significantly
less contrast compared to zinc particles (Fig. 5).
These aggregates occupy a much larger volume
than the original zinc particles, which ensures
the filling of pores and cracks in the silicate
matrix with corrosion products.

The effect of coating compaction by
corrosion products is especially noticeable in
the near-surface layer of coatings, which can be
seen in the SEM photographs of the cross-
section (Fig. 6, a, b). As a result, the corrosion
resistance of coatings is ensured not only due to
the cathodic polarization, but is also caused by
the isolation from the external environment. In
such coatings, the destruction of the surface
compacted layer filled with zinc corrosion
products will promote the corrosion of zinc
particles in the deeper layers thus providing the
pores healing in the damaged area.

Fig. 5. SEM images of the surface of silicate coatings on steel after their corrosion
in 3.5% NaCl solution for 50 days: a — PLG-3 + Zn + TEG; b — PLG-5 + Zn + TEG

X-ray spectral microanalysis of coatings
composition in their near surface layer up to a
depth of 13-30 um (Fig. 6, c, d) is indicates that
the treatment in NaCl solution leads to the
increase in oxygen content from 9 to 30 wt. %
and the reduction of zinc content from 77 to 47
wt. %. This occurs owing to the oxidation of
zinc. Up to 5 wt. % sodium atoms and about 7
wt. % chlorine atoms are detected in the near-
surface zone of the samples after their
corrosion. This fact can indicate the adsorption

of NaCl, possibly with the partial replacement
of potassium atoms in the silicate matrix by
sodium ions. The chlorine atoms found in the
silicate matrix can comprise into the products of
zinc corrosion.

These results are consistent with the work
[18], which revealed that the corrosion product
of zinc in sodium chloride solution is
ZnCl,-4Zn(OH);.

The iron atoms are present in a quantity of
5 wt. % on the surface of coatings after their
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corrosion test, but their content inside the corrosive medium, following which the pores in
coatings is much less than 1%. This fact the coating are sealed, and iron ions available in

indicates a slight oxidation of iron at the initial NaCl solution are adsorbed on its surface.
moment of coated steel immersion in a liquid
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Fig. 6. SEM images of cross-section in PLG-3 + Zn coating (a, b) and X-ray spectral microanalysis
data on composition (wt. % ) across the marked line of cross section (c, d):
a, ¢ — original coating; b, d — after treatment in 3,5 % NaCl solution for 50 days

Thus, it has been established that the pronounced in the joint presence of zinc powder
silicate coatings obtained by the sol-gel method and graphene nanoplates in the silicate matrix. It
from potassium silicate glass with powdery zinc is shown that during corrosion the pores in the
and graphene fillers protect steel from corrosion  matrix are filled with sparingly soluble zinc
in sodium chloride solution, providing cathodic compounds, which enhances the protective
polarization of the iron. This effect is more properties of the coatings.
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N HAHOIINIACTUHAMMU I'PA®EHA B KAYECTBE HAITIOJIHUTEJIEN
JJIA 3BAIUTHI CTAJIM OT KOPPO3UU

A.B. Koﬁeul, H.A. ABZ[eﬁ‘lI/IKZ, T.H. BOpOﬁbEBal’z, B.II. HoBukos®

YHIUU pusuro-xumuueckux npo6rem Benopycckozo 2ocydapcmeentozo yrusepcumema,
220006 Benapycw, Munck, ya. Jlenunepadckas, 14,
e-mail: kobetsanna@gmail.com; vorobyovatn@gmail.com
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AnHoTauus: IIpennokeH MeTon 3aIIMTHl YIVIEPONUCTOM CTald OT KOPPO3HHM CHUIIMKATHBIMH
MOKPBITHUSIMH C HAMOJNHUTENSIMU M3 IIMHKA W HAHOIJIACTUH rpadeHa, MOJIYYEHHOTO TEPMHUYCCKUM
pacuierienueM rpagura. [lonoOpans! ycinoBus 00pabOTKU CTaNIH B ILEJIOYHOM PacTBOPE, COIEpKaIeM
LOUTpaT-uoOHBl U HenoHoreHHbIl [IAB, a Takke MOMy4eHHS KOMIO3HWIMHM Ha OCHOBE KalHEBOTO
JKHUJIKOTO CTeKJia ¢ Jo0aBIeHNEeM MOPOINKOB IUHKA W rpadeHa. [TokazaHo, 4yTo Hambolee BBICOKYIO
aJIre3ur0, BOJIOCTOWKOCTh W 3alllUTHYIO CIIOCOOHOCTh HMMEIOT TMOKpPBITHs TommmHor 70-80 MKwM,
OTBEpKJICHHBIE IIPY KOMHATHOM TeMIepaType Tpoe CyTok U Bkmrodaronine 80—90 mace. % nuHka, 7-12
Macc. % mmokcuma kpemaus u 0,2 macc. % yramepona. Uzydenne kopposuu cranu B 3,5% pactBope
NaCl wmerogamu BOJBTAMIIEPOMETPUM W 3aBUCHMOCTH MOTCHI[MAla pPAa30MKHYTOH Ienmu OT
JUINTENTHOCTH UCTIBITAHUH TIOKA3aJIM, YTO CHJIMKATHBIC IIOKPHITHS, HATIOJHEHHBIC IMHKOM U IrpadeHoM,
00ecreynBaroT KaTOAHYIO MOJISIPU3ALMIO CTAH U 3aIIMIIAIOT €€ 0T KOPPO3UH Jy4llle, YeM BABoe Oojee
TOJICTBIC TOKPBITUSI TOPSYEro NWHKOBaHWs. HaHoruiacTwHbI rpadeHa yIydlIaloT KOHTaKT YaCTHIL
LUHKA APYT C APYroM M CO CTallblo, o0ecreunBas ee KaTogHylo moisipusanuio. C HCHoIb30BaHUEM
CKaHHUPYIOUIEH SJIEKTPOHHOM MHKPOCKOIHMHM M PEHTICHOBCKOTO CIEKTPAJbHOTO MHUKpPOAHAIN3a
MOKa3aHO, YTO MPOJYKTHl KOPPO3UHU ITMHKA 3alOJIHAIOT MOPHI MPUMTOBEPXHOCTHOTO CIIOSI MOKPBITHIA,
YCHJIUBAs MX 3aIIUTHYIO CTIOCOOHOCTb.

KnroueBble cjioBa: crajib, CHWIMKAaTHBIE MOKPBITHA, LWHK, HAaHOIUIACTHHBI TpadeHa, KOppo3us,
KaTOJHAas NOJIApHU3aLys, 3aJIeUUBaHNE TI0P.
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Qrafitin termiki pargalanmasi naticasinds alds edilon sink va grafen nanolovholor ilo doldurulmus
silikat ortiiklor vasitasilo karbon poladini korroziyadan qorumaq fiigiin bir iisul toklif edilmisdir.
Torkibindo sitrat ionlar1 vo geyri-ionogen sathi aktiv madds olan galovi mohlulda poladin emall,
homginin sink va grafen tozlariin oalave edilmasi ilo kalium maye siisasi asasinda kompozisiya aldo
etmok ticiin sorait segilmisdir. 70 — 80 um galinliginda olan ortiiklor otaq temperaturunda ii¢ giin
qurudulur va tarkibinds 80 — 90 at. % sink, 7 — 12 agirliq. % silisium dioksid va 0,2 at. % karbon.
3,5% NaCl mohlulunda polad korroziyasinin voltamperometriya tisulu ilo todqigi vo agiq dovros
potensialinin sinaq miiddotindon asililigi gostormisdir ki, sink vo qgrafenlo doldurulmus silikat
orttiklor poladin katod polyarlasmasini tomin edir vo onu ikigat istidon daha yaxsi korroziyadan
goruyur. Qrafen nanolévhalar sink hissaciklarinin bir-biri ilo vo poladla tomasini yaxsilagdirir, onun
katod polyarlasmasin1 tomin edir. Skanedici elektron mikroskopiya vo rentgen spektral
mikroanalizlorina asason sink korroziya mohsullari ortiiklorin sstha yaxin tobagasinin masamalorini
dolduraraq onlarin qoruyucu gabiliyyatini artirmisdir.

Acar sozlar: polad, silikat ortiiklor, sink, grafen nanolévhelor, korroziya, katod polyarlasmasi,
mosamoalarin miialicasi.
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