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To increase the corrosion resistance of stainless steel from local types of corrosion, chromium oxide coatings
obtained from electrolytes modified with SiO,-nH,O were applied to its surface. It has been established that the
coatings obtained from the electrolyte with the addition of SiO,-nH,O are continuous, without cracks, and finely
crystalline compared to the coating obtained from the base electrolyte. Elemental analysis did not show the presence
of silicon in the composition of the coating obtained from the modified SiO2-nHO electrolyte, however, it showed
the presence of a larger amount of chromium compared to the coating obtained from the base electrolyte. On the
polarization curves, there is a complication of the release of hydrogen at the cathode and oxygen at the anode, which
indicates a decrease in the electrical conductivity of the obtained coatings. The results obtained make it possible to
recommend the use of SiO,'nH,O additives to the electrolyte to obtain chromium oxide coatings on steel with

enhanced corrosion protection properties.

INTRODUCTION

Alloys based on iron, nickel and chromium are widely
used in industry, instrumentation and medical
technology. However, power engineering requires high-
quality alloys with a unique combination of chemical and
phase composition, surface micro- and nanostructure, as
well as sufficient hardness, wear resistance, and heat
resistance [1-3]. Stainless steels are highly resistant to
corrosion; however, under harsh conditions, this
characteristic is improved by additional passivation, the
formation of oxide films of a special composition and
structure. This protective film is usually formed as a
result of the interaction of the surface layer of steel with
oxygen, acids and salts. Special requirements are often
placed on the composition of the oxide film, such as
corrosion resistance, high temperature oxidation
resistance, and the like [4, 5].

The high demand for coatings with increased
resistance to highly corrosive environments is a
consequence of the growing demand for a safe service
life of industrial facilities. Electrodeposition of
composite oxide coatings is a valuable new surface
intensification technology that allows co-deposition of
inorganic and organic particles in coatings to improve
surface properties. Such coatings have excellent
properties of abrasion resistance, corrosion resistance
and high temperature oxidation resistance, and the like
[6-9]. In metal matrix composite coatings, different
concentrations of second phase reinforcement (oxides,
carbides, metal particles, etc.) are used to obtain specific
properties [10].

Compared with other types of electroplated black
plating, black chrome plating has excellent wear
resistance, hardness and durability. The chromium oxide
coating is considered to be stable at high temperatures,
which demonstrates high selectivity of solar radiation,
since black chrome has a low light reflectance [11-15].
In terms of corrosion resistance, chromium oxide
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coatings are not inferior to the properties of electrolytic
chromium deposits. Studies show that black chrome
coatings are highly resistant to a wide range of oxidizing
and reducing environments [16]. The deposition of a
coating with the inclusion of a dispersed phase makes it
possible to reduce the required deposit thickness while
improving the physicochemical properties. Modification
of such coatings with SiO»'nH,O particles can lead to a
decrease in the crystal size and an increase in
microhardness, wear resistance, and high-temperature
oxidation resistance [17-20].

MATERIALS AND METHODS

The electrodeposition of chromium oxide coatings
was carried out from an electrolyte of the following
composition, g/L: CrO; — 150...250; H3BO3 — 15...20;
NaN03 —4.. .5; Ba(OH)z -1.. .2; SiOz~nH20 —5...20. As
a substrate, AISI 304 steel was used with a composition,
%: C—0.08; Cr—19.14; Ni—10.73; Si—0.58; Mn—0.19;
Fe —69.28, which had the form of rectangular plates with
a total working surface area of 4 cm?. A platinum wire
was used as the anode.

Table 1
The composition of electrolytes for the deposition of
chromium oxide coatings

Electrolyte number and concentration

Component of components, g/L
1 2

CrOs 150...250 150...250
H3sBOs 15...20 15...20
Ba(OH), 1...2 1...2
NaNO3 4...5 4..5
Si0y'nH,0 — 5...20

The process was carried out at a current density of
40...50 A/dm?> for 20...40 min with continuous
convection at a temperature of 18...25 °C.
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The surface morphology and elemental composition
of the resulting coatings were studied using a ZEISS
EVO 40XVP scanning electron microscope (SEM) with
an INCA Energy 350 microanalysis system
manufactured by Carl Zeiss (Germany) and Oxford
Instruments (England). The surface image was obtained
by detecting secondary electrons (SE) by scanning the
electron beam over the surface. The secondary radiation
was excited by irradiating the samples with an electron
beam with an energy of 15...20 keV. The SMARTSEM
software environment was used for image processing.

Anticorrosion properties were studied on samples
without and with chromium oxide coatings after 1 h
exposure in 3% NaCl solution. The change in the
potential of the sample (E) was evaluated with respect to
the silver chloride electrode, and its value was listed to
normal hydrogen electrode. The polarization curves were

recorded from a stationary potential set for an hour using
the IPC-Pro potential. A platinum grid served as the
counter electrode.

RESULTS AND DISCUSSIONS

In this work, coatings were deposited from
chromium-containing  electrolytes  modified  with
SiOz'nH,O (Table 1). The resulting chromium oxide
coatings have a black matte color (Fig. 1) and are strongly
adhered to the base.

The surface morphology and structure of the coating
will have a significant impact on the corrosion behavior,
determined by the level of porosity and defects.

Earlier [21], by changing the parameters of
nonstationary electrolysis, we established changes in the
morphology of chromium oxide coatings on steel.

2 1 3

Fig. 1. Surface of samples of AISI 304 steel without coating (1) and with coatings obtained from basic (2),
modified SiO2:nH,0 (3) electrolytes
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Fig. 2. SEM images and EDX — surface spectra of coatings obtained from base (1)
and modified SiO,'nH20 (2) electrolyte
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Fig. 3. SEM images of coatings obtained from base (1) and modified SiO2-nH,0 (2) electrolyte

Table 2
Elemental composition of the resulting coatings

Coating derived from Element (mas.%)

electrolyte 0 Cr
without SiO, nH,O 66.10 33.90
with SiO,-nH,0 59.48 40.52

The coating obtained from the modified electrolyte
differs in that there are no cracks on its surface compared
to that obtained from the chromium-containing
electrolyte without the addition of SiO,-nH,O (Fig. 2).
The structure of the coating shown in Fig. 2,2 is more
continuous than that shown in Fig. 2,1. The surface of
both samples has protrusions in the form of pyramids and
other irregularities.

The deposition of modified SiO,-nH,O electrolytes
leads to the formation of a finer crystalline structure. On
Fig. 3,1 it can be seen that the Cr-CrOx coating consists
of crystals 340...500 nm in size (see Fig. 3,1), and the
coating obtained from the modified electrolyte has
smaller crystals 80...300 nm in size on its surface (see
Fig. 3,2). On the surface of both samples, petals of
crystals with different orientations are formed.

Using SEM, the presence of oxygen and chromium in
large quantities in the obtained coatings was confirmed,
which indicates the presence of oxygen-containing
chromium compounds. Analyzing the data in Table 2, it
is obvious that the proportion of oxygen in the
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sample formed from the electrolyte with the addition of
SiO2-nH,0 is reduced, and the proportion of chromium
slightly increased compared to the coating obtained from
the base electrolyte. According to the results of the
analysis of coatings of the element, silicon was not found,
although the morphology changed significantly, which is
confirmed by a comparison of micrographs of coatings
(see Fig. 3) deposited from an electrolyte with and
without the addition of SiO,-nH;0.

Fig. 4 shows micrographs of the surfaces formed
from the electrolyte with the addition of SiO,-nH,0 with
the positions of the points at which the elemental
composition was analyzed. Table 3 shows the elemental
composition of the chromium oxide layer obtained from
the electrolyte modified with SiO,-nH,0. According to
the results of the SEM analysis at four points, the
probable compounds were calculated (see Table 3). As is
known from [22], the most heat-resistant is chromium
(111) oxide — Cr,0s. Its melting point is 2329 °C. The
lowest melting point of the listed substances is
demonstrated by CrO, — it decomposes at a temperature
of 427°C to Cr;0Os. Importantly, it also has high
corrosion resistance. The oxide of the composition Cr3O.
has a melting point of 1705 °C and has a spinel structure.
Among all compounds, Cr,O3 is the hardest, since the
Cr,05 crystal has a hexagonal corundum-like structure.
CrO; crystallizes into a rutile type structure.
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Chromium oxide (II) when heated above 100 °C  disproportionation reaction occurs with the formation of
CrO oxidizes to Cr,03, when heated above 700 °C, a  Cr,O3 and other products.

Table 3
Elemental composition of the coating obtained from the modified SiO,-nH,O electrolyte
according to the results of the SEM analysis at four points

0,
Point number R Element, mas.% Cr Probable oxide
1 58.34 41.66 Cr,03
2 54.01 45,99 CrO
3 64.24 35.76 CrO,
4 56.80 43.20 Cr304

20 um

20 pm

Fig. 4. Micrographs of the coating samples obtained from the electrolyte modified SiO.-nH>0 according to the
results of the SEM analysis at four points (according to Table 3)
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Fig. 5. Polarization curves of steel without (1) and with coatings obtained from base (2)
electrolyte and modified SiO,-nH-0, g/L: 5 (3), 10 (4), 15 (5), 20 (6)
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Fig. 5 shows the polarization curves obtained in a 3%
NaCl solution. The evolution of hydrogen at the cathode
and oxygen at the anode on AISI 304 steel occurs at
potentials of — 1390 and 630 mV, respectively. When
applying chromium oxide coatings, the processes of
evolution of both hydrogen and oxygen become more
complicated and proceed at potentials of —
1600...1750 mV for the cathode, 1130...1200 mV for
the anode, depending on the concentration of SiO2-nH0O
in electrolytes.

Based on these data, it can be concluded that the
application of modified chromium oxide SiO2-nH;O
coatings contributes to an increase in the shift in the
potential for the onset of evolution of both hydrogen and
oxygen, so such coatings can be recommended to protect
steel from corrosion.

CONCLUSIONS

It is shown that Cr-CrOy coatings have cracks, and the
introduction of SiO,-nH,O into the electrolyte promotes
the formation of a continuous coating. Although silicon
was not found in the composition of the coating, the
morphology changed significantly, the structure of the
coatings obtained from modified SiO,-nH0O electrolytes
is more finely crystalline than from what was obtained in
the base electrolyte.

The composition of the coatings contains chromium
and oxygen in the amount of 40.52 and 59.48%,
respectively, which indicates the presence of chromium
oxides of different oxidation states. Most likely, these are
oxides Cr,03, CrO, CrO;, Cr30a.

The polarization curves indicate that the reactions of
hydrogen and oxygen evolution are hindered at the
cathode and anode, respectively. When applying
chromium oxide coatings obtained from electrolytes
without and with the modification of SiO,-nH,O on steel,
the potential for the onset of hydrogen evolution is
shifted by 220...350 mV to the electronegative side,
depending on the concentration of SiO,-nH,O. The
potential for the onset of oxygen evolution after the
deposition of chromium oxide coatings is shifted to the
electropositive side by 500...600 mV. The obtained
results make it possible to recommend the use of the
addition of SiO,'nH,O to the electrolyte to obtain
chromium oxide coatings on steel with increased
protective properties against corrosion.
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EJIEKTPOOCAJKEHHA XPOMOKCHU/IHUX IIOKPUTTIB 3 EJIEKTPOJIITIB,
MOAUPIKOBAHHUX SiO2-nH.0

B.B. llImegan, H.C. baramym, H.O. Kauynnixoea, A.C. llJonokosa, B.A. 3yiiok,
B.B. I'pyonuyvkui, P.JI. Bacunenko

JLtst i gBUIIeHHS KOPO3iiHO1 CTIKOCTI HEepKaBiFOYO1 CTall Bij] TOKATHHAX BU/IIB KOPO3ii Ha T TOBEPXHIO HAHECIIH
XPOMOKCHUJIHI MOKPHUTTSI, OTPUMAaHi 3 eJEeKTPOiTiB, 1m0 moaudikosani SiOz NH;O. BeranoBneHo, 110 TOKPUTTS 3
enekrpority 3 momaBanusaMm SiO.-NH,O e cymiabuuMu, Ge3 TpiluH, Ta APIOHOKPUCTATIYHUMH Y TIOPIBHSHHI 3
OTPHMAaHUM TIOKPHTTSAM 3 0a30BOr0 €NeKTpoNiTy. EneMeHTHH aHali3 He MOKa3aB HAasBHOCTI CHIIIIIO y CKIIAAi
MOKPUTTS, KW oTpuMmanuii 3 MozaudikoBanoro SiO,'NH;O enexTpomiTy, MpoTe MOKa3aB HASBHICTH OLIBIIOT
KIJIBKOCTI XpOMY B MOPIiBHSIHHI 3 HOKPUTTSIM, OTPUMAHUM 3 6a30BOr0 enekTpoiiTy. Ha nmonspusamniiHux 3a1exHOCTSIX
CIIOCTEPIraeThcsl YCKJIAJHEHHS BHIUICHHS BOJHIO HAa KaToO[l, Ta KUCHIO Ha aHOl, IO CBIJYUTH NMPO 3HMKECHHS
€JIEKTPOIIPOBITHOCTI OTPUMAHUX NOKPUTTIB. JlaHi pe3ysnbTaTi 103BOJISIIOTh PEKOMEHAYBaTH BUKOPUCTAHHS JOOABKU
SiO'NH20 1o enekTpomiTy M OTPUMAHHS HA CTali XPOMOKCHIHUX MOKPHTTIB 3 IMiJBHIICHUMH 3aXHCHUMH
BJIACTUBOCTSIMH BiJI KOPO3ii.
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