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INTRODUCTION 

Stainless steel is one of the most popular construction materials in the 

energy and manufacturing industry due to its low cost. In aggressive 

environments, stainless steel lends itself to local types of corrosion, which in 

just a few days destroy constructions without noticeable structural changes. In 

many cases, it is hard to identify such a corrosion on early stages of expansion. 

Generally, it shows up when the construction has already been badly damaged. 

To increase corrosion resistance and durability of stainless steel it is 

reasonable to apply black chromium coating on its surface1,2. 

Black chromium coatings represent chromium oxide layers, which, as we 

have previously investigated, have in their composition CrO3, Cr3O4, Cr2O3
3. 

The black chromium layers produced by electroplating, in comparison to other 

types of black coatings, have excellent wear resistance, rigidity and durability. 

Also, black chromium is thought to be a high temperature coating with high 

solar selectivity because black chromium has low luminous reflectivity4,5.  

For black chromium coatings, the use of Cr(VI) compounds is not 

recommended because they are toxic, carcinogenic and can cause irreversible 

genetic changes. It is not recommended to use Cr(VI) compounds, because of 

their toxicity, carcinogenicity and possible development of irreversible 

genetic changes. To overcome these deficiencies, chromium coatings are also 

prepared from solutions of trivalent chromium salts. These compounds do not 

 
1 Snyder D. L. Decorative chromium plating. Metal Finishing. 2000. V. 98. P. 215-222. 
2 Pettit R., Sowell R.R., Hall I.J. Chrome solar selective coatings optimized for high 

temperature applications. Solar Energy Materials. 1982. V. 7. P. 153-170. DOI: 
https://doi.org/10.1016/0165-1633(82)90081-8. 

3 Shtefan V.V., Kanunnikova N.A., Balamut N.S. Structure and properties of chromium 

oxide coatings obtained by stationary and non-stationary electrolysis. Resource– and energy-
saving technologies in the chemical industry: Scientific monograph. Riga, Latvia: «Baltija 

Publishing». 2022. P.72-84. DOI: https://doi.org/10.30525/978-9934-26-219-7-3. 
4 Zajac G., Smith G. B., Ignatiev A. Refinement of solar absorbing black chrome 

microstructure and its relationship to optical degradation mechanisms. Journal of Applied 

Physics. 1980. V. 51. P. 5544–5554. DOI: https://doi.org/10.1063/1.327475. 
5 Fontanesi C., Giovanardi R., Cannio M. et al. Chromium electrodeposition from Cr(VI) low 

concentration solutions. Journal of Applied Electrochemistry. 2008. V.38. P.425-436. DOI: 

https://doi.org/10.1007/s10800-007-9455-5. 
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pose the same risk for humans and environmental health6. Unfortunately, the 

coatings produced in Cr(III) solutions are unsatisfactory, as Cr(III) ions form 

highly resistant water complexes in aqueous solutions. To reduce this 

problem, it is possible to use suitable ligands that can form Cr(III) complexes 

with optimum chemical and electrochemical reactivity7,8. However, the 

corrosion and wear resistance of coatings produced from electrolytes based on 

trivalent chromium is lower than for coatings produced from electrolytes 

based on Cr(VI)9. 

 

1. Analysis of chromium coatings production methods 

The study of chromium electrodeposition is of great practical interest, as 

chromium coatings are used in various industries to give metal parts certain 

mechanical properties and decorative finishes. Thus, the authors10 studied the 

production of chromium coatings from an electrolyte containing 200 g/l CrO3, 

0.2 g/l NaNO3 and 0.2 g/l Na2SiF6 protect metal base against local corrosion. 

The process was carried out at a current density of 10-20 A/dm2. As a result, 

it was found that when the sediment thickness rises from 0.9 μm to 1.5 μm, 

the surface roughness increases. The coatings produced at a current density of 

20 A/dm2 have on their surface a more developed network of cracks than those 

obtained at 10 A/dm2. Anode polarization measurements of black chromium 

coatings have shown that electrodeposition at 10 A/dm2 reduces the tendency 

of local corrosion to affect coatings.11. This is probably the result of the 

formation of a thin layer of black chromium on the steel surface. 

 
6 Nunes R. A. X., Costa V. C., Sade W. et al. Selective Surfaces of Black Chromium for Use 

in Solar Absorbers. Materials Research. 2018. V. 21. DOI: https://doi.org/10.1590/1980-5373-

MR-2017-0556. 
7 Штефан В.В., Баламут Н.С., Кануннікова Н.О., Смирнов О.О. Структура та 

елементний склад хромових оксидних покриттів сформованих на сталі 08Х18Н10. 

Електрохімія сьогодення: здобутки, проблеми та перспективи: колективна монографія. – 

Київ: МПБП «Гордон», 2021. – 191 с. Київ: МПБП «Гордон». 2021. С. 64-65. 
8 Aguilar-Sanchez M., Palomar-Pardave M., Romero-Romo M. et al. Electrochemical 

nucleation and growth of black and white chromium deposits onto stainless steel surfaces. Journal 
of Electroanalytical Chemistry. 2010. V. 647. P. 128-132. DOI: 

https://doi.org/10.1016/j.jelechem.2010.06.012. 
9 Oje A. M., Ogwu A. A. Chromium oxide coatings with the potential for eliminating the risk 

of chromium ion release in orthopaedic implants. R. Soc. open sci. 2017. 4:170218 DOI: 

https://doi.org/10.1098/rsos.170218. 
10 Surviliene S., Cesuniene A., Juskenas R. et al. The use of trivalent chromium bath to obtain 

a solar selective black chromium coating. Applied Surface Science. 2014. V.305. P.492-497. 

DOI: https://doi.org/10.1016/j.apsusc.2014.03.122. 
11Shtefan V.V., Kanunnikova N.A., Leshchenko S.A., Balamut N.S. Anodic dissolution of 

stainless steel in acid solutions. Записки Таврійського національного університету  

ім. В.І. Вернадського. Сер.: Технічні науки. 2019. Т. 30(69). С. 136-141. 
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In the research12 chromium coatings, based on Cr(VI) and modified with 

MoS2 were produced. The increase in the MoS2 concentration in the 

electrolyte leads to a decrease in the cathode output by current from 14.84% 

to 12.19%. As it is shown, the presence of 0.5 g/l MoS2 in the electrolyte 

allows to get coatings without cracks. This may be due to the large number of 

nucleation centers provided by MoS2 particles temporarily attached to the 

substrate surface during electrodeposition. In fact, the MoS2 concentration and 

surface area will influence the morphology of electrodeposition of chromium 

coatings, thus affecting the hydrogen release reaction. The elevated 

concentration of MoS2 particles on the cathode’s surface increased the 

hydrogen release reaction, which led to a decrease in the number of cathode 

sites available for nucleation and chromium layer growth. The resistance of 

coatings produced from modified with MoS2 electrolytes is 8 times higher 

than for chromium coatings made without any additions, so it indicates 

corrosion protection. 

It is also possible to obtain chromium coatings from electrolytes modified 

with Al2O3
13 at current densities from. 2 to 5 mA/dm2. In such conditions, it 

is possible to obtain coatings with nodule morphology, with the size of 

nodules increasing with the growth of current density. The thickness of the 

resulting coatings ranges from 3.7 μm to 10.7 μm. The apparent influence of 

current density on the number of Al2O3 particles in the coating was not 

observed. It was shown by the authors14, that Al2O3 particles were effectively 

introduced into the electrodeposited matrix, which allowed to obtain coatings 

with a finer and compact microstructure. The corrosion rate decreased in 5 

times compared to coatings without Al2O3. 

 
12 Sadeghi-dehsahraee M., Najafisayar P. Electrodeposition and Characterization of Cr-MoS2 

Composite Coatings. Journal of Materials Engineering and Performance. 2019. V. 28.  
P. 5674–5690. DOI: https://doi.org/10.1007/s11665-019-04310-w. 

13 Kumar R., Saha A. K., Usmani B., Dixit A. Optimization and structure-property correlation 

of black chrome solar selective coating on Copper and Nickel plated copper substrates. Materials 
Today: Proceedings. 2018. V. 5. P. 23423-23427. DOI: https://doi.org/10.1016/ 

j.matpr.2018.11.082. 
14 Alejo-Guerra D., Leon-Patino C.A., Aguilar-Reyes E.A. et al. Effect of Current Density 

on the Microstructure and Adhesion of Ni-Co/Al2O3 Composite Coatings. MRS Online 

Proceedings Library. 2016. V. 1820. DOI: https://doi.org/10.1557/opl.2016.67. 
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Electrodeposition of coatings from trivalent chromium solutions was 
carried out by pulse electrolysis15,16,17. The anode polarization time ta has been 
found to be one of the factors necessary to achieve a free from cracks coating; 
with the reduction of ta coatings have no cracks and adhesion is improved. The 
thickness is also decreased18. 

Application of chromium coatings modified with phosphorus shows that 
chromium forms a stable oxide on the surface and phosphorus increases its 
amorphous19. Both of these effects slow down the corrosion rate in acidic 
environments. 

Composite chrome coatings20 are successfully applied to steel surface. 
Addition of boron nitride significantly improved morphology, mechanical 
properties, corrosion and wear resistance of coatings. The introduction of 
boron nitride also significantly reduced cracking of the coatings, and provided 
a more homogeneous surface due to heterogeneous nucleation. Boron nitride 
in concentrations under 20 g/l increased the hardness of the coating, but after 
20 g/l hardness and modulus of elasticity decreased due to agglomeration and 
reduced adhesion21. 

Kiran G.K. described in his work22 electrodeposition of perovskite-
chromium coatings MCrO3 (M = La, Pr, Nd, Gd, Dy и Y) at constant current 
density 2,5 mA/cm2. 

 
15 Saravanan M., Devaraju A., Venkateshwaran N., Krishnakumari A., Saarvesh J. A review 

on recent progress in coatings on AISI austenitic stainless steel. Materials Today: Proceedings. 
2018. V. 5. P. 14392-14396. DOI: https://doi.org/10.1016/j.matpr.2018.03.024. 

16 Oje A. M., Ogwu A. A., Ur Rahman S. et al. Effect of temperature variation on the 

corrosion behaviour and semiconducting properties of the passive film formed on chromium 
oxide coatings exposed to saline solution. Corrosion Science. 2019. V. 154. P. 28-35. 

DOI: https://doi.org/10.1016/j.corsci. 2019.04.004. 
17 Surviliene S., Orlovskaja L., Biallozor S. Black chromium electrodeposition on electrodes 

modified with formic acid and the corrosion resistance of the coating. Surface and Coatings 

Technology. 1999. V. 122 P. 235-241. DOI: https://doi.org/10.1016/S0257-8972(99)00254-6. 
18 1. Zeisig, J., Shtefan, V., Giebeler, L., Kühn, U., Gebert, A., & Hufenbach, J. K. A Newly 

Designed High-Strength Tool Steel with High Wear and Corrosion Resistance. Materials. 2023. 

V. 16(5). Р. 1996-1944. DOI: https://doi.org/10.3390/ma16051941. 
19Chanda U. K., Behera A., Roy S., Pati S. Evaluation of Ni-Cr-P coatings electrodeposited 

on low carbon steel bipolar plates for polymer electrolyte membrane fuel cell. International 

Journal of Hydrogen Energy. 2018. V. 43. P. 23430-23440. DOI: 
https://doi.org/10.1016/j.ijhydene.2018.10.218. 

20 Demir M., Kanca E., Karahan İ.H. Characterization of electrodeposited Ni–Cr/hBN 

composite coatings. Journal of Alloys and Compounds. 2020. V. 844. DOI: 
https://doi.org/10.1016/j.jallcom.2020.155511. 

21 Zuyok V., Rud R., Tretyakov M., Rud N., Kushtym Y., Dykyy I., Shevchenko I.,  

Rostova H., Shtefan V. Assessment of the corrosion resistance of the main alternative materials 
for light water reactors tolerant fuel rod cladding. Problems of atomic science and technology. 

2022. V. 4. P. 89-96. DOI: https://doi.org/10.46813/2022-140-089. 
22 Kiran G. K. Electrodeposition and structural characterization of MCrO3 (M = La, Pr, Nd, 

Gd, Dy and Y) perovskite oxide coatings on stainless steel substrates. Materials Chemistry and 

Physics. 2021. V. 267. DOI: https://doi.org/10.1016/j.matchemphys.2021.124677. 
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Fig. 1. SEM images of (a) PrCrO3, (b) NdCrO3, (c) GdCrO3, (d) DyCrO3 

and (e) YCrO3 – coatings produced as part of the work.20 

 

Deposited under the same condition these coatings have different 

morphology with various M in MCrO3. SEM-image in fig. 1 (a) shows a 

globular morphology, where like NdCrO3 large scales of several micrometers 

in size are visible, and within these scales tiny crystals are evenly distributed 

(fig. 1, b). On the other hand, microphotographs of GdCrO3 and DyCrO3 

coatings show plate and spherical morphology respectively (fig. 1, c and d). 

SEM-images of the YCrO3 coating demonstrates an unusual rhomboid 
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morphology (fig. 1, e). Addition of Y2O3 in electrolyte allows to receive tight 

coatings with mass part of yttrium 3.72%23. 

Also, in research24,25 coatings containing titanium oxides were produced 

on stainless steel. When titanium dioxide is added to the electrolyte, the 

morphology becomes more homogeneous and ordered perpendicular to the 

surface, the size of the plate decreases, and a more compact structure is 

formed. Electrochemical tests have shown that such coatings increase 

corrosion resistance and durability of the substrate. 

Analyzing this information, we can conclude that chromium coatings are 

specific in the process of obtaining but required. Application of chromium 

coatings can solve a number of important technological problems in various 

industries, particular in the energy industry26. 

However, there is ongoing discussion about the mechanism of black 

chromium deposition, both from Cr(VI) and from Cr(III) based electrolytes. 

Discussions on ways to reduce the negative impact of chromium plating 

electrolytes on workers’ health and the environment also continue. Remains 

as a problem the relatively low efficiency of the process. 

The task of this work is electrochemical deposition of black chromium 

coatings on steel AISI304 and investigation of their composition and 

morphology. In further work we will study their anticorrosive properties under 

high temperature conditions and the effects of an aggressive environment on 

the sample material. 

The solution of the claimed problem will increase the service life and the 

efficiency of use of structural materials used for operation in high temperature 

conditions in complex technological installations, that require special 

structural reliability due to the high level of potential danger. 

 
23 Tongtong Wu, Menglei Ma, Kewen Ding et al. Effect of Y2O3 Nanoparticles on the 

Microstructure and Corrosion Resistance of Electrodeposited Ni-Mo-Y2O3 Nanocomposite 
Coatings. International Journal of Electrochemical Science. 2023. 

DOI: https://doi.org/10.1016/j.ijoes.2023.100095. 
24 Штефан В.В., Баламут Н.С., Кануннікова Н.О. Корозійні характеристики сталі 

08Х18Н10/Cr·CrOX·МOY (М= Ti, Al, Si). Colloquium-journal. 2022. С. 27-30.  
25 Poorraeisi, M., Afshar, A. Synthesizing and comparing HA–TiO2 and HA–

ZrO2 nanocomposite coatings on 316 stainless steel. SN Applied Sciences. 2019. V. 1 DOI: 
https://doi.org/10.1007/s42452-019-0168-2. 

26 Yousefi E., Irannejad A., Sharafi S. Electrodeposition and characterization of 

nanocrystalline Fe-Ni-Cr alloy coatings synthesized via pulse current method. Transactions of 
Nonferrous Metals Society of China. 2019. V. 29. P. 2591-2603. DOI: 

https://doi.org/10.1016/S1003-6326(19)65166-6. 
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We have expressed suggestion that while chrome coatings are known to 

be heat-resistant27 the addition of Al(NO3)3 will contribute to a significant 

increase in its operating temperatures. 

It is believed that when a certain amount of chromium or aluminium is 

introduced into a steel composition during the oxidation process on the surface 

of the workpiece, these elements are capable of forming dense oxide films. 

These films make it difficult for oxidants to diffuse, thus preventing corrosion 

of the workpiece during the influence of aggressive environments28. 

 

2. Materials and methods 

Electrolytes, the composition of which is presented in table 1, were used 

to form the black chromium coating. Al(NO3)3 crystals were completely 

dissolved in the electrolyte. 

The process was carried out in a two-electrode cell with a working volume 

of 200 ml with a continuous mixing system. The coating was precipitated on 

AISI 304 steel the following composition, %: C – 0.08, Cr – 19.14, Ni – 10.73, 

Si – 0.58, Mn – 0.19, Fe – 69.28; produced by Italinoks Industri (Ukraine) 

with a rectangular surface area of specimens of 4 cm2. Platinum wire was used 

as a counter electrode. The process proceeded at room temperature, at a 

current density of 50 A/dm2. 

 

Table 1 

Composition of electrolytes for coating deposition 
№ CrO3 NaNO3 H3BO3 Ba(OH)2 Al(NO3)3 

1 2.5 0.06 0.3 0.01 - 

2 2.5 0.06 0.3 0.01 0.05 

3 2.5 0.06 0.3 0.01 0.1 

4 2.5 - 0.3 0.01 0.1 

 

Surface morphology and elemental composition of the resulting coatings 

was investigated using the scanning electron microscope (SEM) ZEISS EVO 

40XVP with the microanalysis system INCA Energy 350 produced by Carl 

Zeiss (Germany) and Oxford Instruments (England)29. 

 
27 Edy J.E., McMurray H.N., Lammers K.R., deVooys A.C.A. Kinetics of corrosion-driven 

cathodic disbondment on organic coated trivalent chromium metal-oxide-carbide coatings on 
steel. Corrosion Science. 2019. V. 157. P. 51-61. DOI: https://doi.org/10.1016/ 

j.corsci.2019.04.037. 
28 Shtefan V.V., Kanunnikova N.A. Oxidation of AISI 304 Steel in Al– and Ti-Containing 

Solutions. Protection of Metals and Physical Chemistry of Surfaces. 2020.V. 56. P. 379-384. 

DOI: https://doi.org/10.1134/S2070205120020239. 
29 Shtefan V., Kanunnikova N., Pilipenko A., Pancheva H. Corrosion Behavior of AISI 304 

Steel in Acid Solutions. Materials Today: Proceedings. 2019. V. 6. P. 150-157. DOI: 

https://doi.org/10.1016/j.matpr.2018.10.088. 
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The image of the surface was obtained by recording secondary electrons 

(SE) by scanning the electron beam over the surface. Secondary radiation was 

excited by irradiating the samples with a beam of electrons with an energy of 

15-20 keV. SMARTSEM software environment was used for image 

processing30. 

 

3. Results and discussing 

Morphology of the resulting coatings. The resulting coatings are matt 

black31. An example of the appearance of formed coatings is given in fig. 2. 

Visual examination of the samples did not reveal any damage to the integrity 

of the layers. 

 

 

Fig. 2. The appearance of steel AISI 304 samples before (a) 

and after applying black chromium (b) 

 

Figure 3 shows microphotographs of the AISI304 steel surface with 

coatings derived from electrolytes № 1-4 (table. 1). The images show that 

cracks in the layers, obtained from aluminium-modified electrolytes, are 

larger. Also, when considering photo (b) and (c) fig. 3 it can also be observed 

that areas of the coating, bounded by cracks, in a sample, formed in an 

electrolyte with the addition of 0.1 mol/l Al(NO3)3, have a bigger size than a 

black chromium coating precipitated from an electrolyte with the addition of 

0.05 mol/l Al(NO3)3. When comparing images (a), (b) and (c) fig. 3, it can 

also be  

 
30 Shtefan V., Kanunnikova N., Balamut N. Anodic oxidation of AISI 304 steel in acidic 

solutions. Proceedings of Odessa Polytechnic University. 2018. V 56. № 3. P. 89-94. DOI: 
https://doi.org/10.15276/opu.3.56.2018.09. 

31 Патент на корисну модель 147835 Україна, МПК С25D 11/34. Спосіб формування 

захисних оксидних покриттів на нержавіючій сталі / В.В. Штефан, О.Ю. Смирнова, Н.О. 
Кануннікова, Н.С. Баламут; заявник та власник патенту НТУ «ХПІ». № u2020 08156; заявл. 

21.12.2020; опубл. 16.06.2021; Бюл. № 24. 
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Fig. 3. SEM images and EDX spectra of black chromium coatings 

formed in: a) non-modified electrolyte and electrolyte with addition 

of: b) 0.05 mol/l Al(NO3)3; c) 0.1 mol/l Al(NO3)3; d) 0.1 mol/l Al(NO3)3 

without NaNO3 

 

seen that layers obtained from aluminium-added electrolytes have a more 

compact crystalline structure. 

The coating formed in the electrolyte with the addition of 0.1 mol/l 

Al(NO3)3 and without the addition of NaNO3 (fig. 3) has the biggest cracks of 

all the referenced samples. The crystal structure of the coating is similar to 

that of the specimen in fig. 3 (c) (0.1 mol/l Al(NO3)3) with the addition of 

NaNO3. 
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Fig. 4. SEM images of black chromium coatings formed in:  

a) non-modified electrolyte and electrolyte with addition of: b) 0.05 mol/l 

Al(NO3)3; c) 0.1 mol/l Al(NO3)3; d) 0.1 mol/l Al(NO3)3 without NaNO3 
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Thus, it can be concluded that an increase in the Al(NO3)3 electrolyte 

contributes to a finer crystalline structure of the sediment layer, but also 

contributes to an increase  

in cracks32. The presence of NaNO3 in electrolyte also affects the size of 

cracks of the coating33. 

According to the microphotographs shown in the fig. 4, it can be seen how the 

crystalline structure of the layers changes with the including of Al(NO3)3 to the 

electrolyte composition. Fig. 4 (a) depicts a coating obtained from electrolyte 

without addition of Al(NO3)3. As it is seen, the average grain size is 150-200 nm. 

Coating specimens formed in electrolytes with the addition of Al(NO3)3 appear to 

differ in crystal configuration, and their grain size is about 100 nm. 

Thus, it can be concluded that the size of the coating crystals may depend 

on the presence of Al(NO3)3 in the composition of the electrolyte, so the 

addition of its greater amount leads to a reduction in the size of the crystals. 

Fig. 4 (d) shows a layer of black chromium formed in the electrolyte with the 

addition of 0.1 mol/l Al(NO3)3 and without the addition of NaNO3. The coating 

has similar to the samples obtained from electrolytes with the addition of 

Al(NO3)3, (fig. 4 (b, c)) size and configuration of crystals. But there is the presence 

in the structure of inclusions of crystals of greater size, visually similar to those 

that form the structure inherent to the sample (a) on fig. 4. Such inclusions are also 

typical for coating, obtained from electrolyte with the addition of 0.1 mol/l 

Al(NO3)3 (fig. 4 (c)). The size of these inclusions exceeds 100 nm. 

Elemental composition. Table 2 shows the elemental composition of the 

coatings formed in electrolytes with the addition of 0.05 mol/l Al(NO3)3, 

0.1 mol/l Al(NO3)3 and without the addition of Al(NO3)3. 

When comparing the data in table 2, the atomic part of oxygen in the 

composition of the coatings formed in modified electrolytes is slightly smaller 

than in the black chromium layer produced from the non-modified electrolyte. 

In contrast, the atomic fraction of chromium is correspondingly larger, so that 

promotes the protective and mechanical properties of the coating, since 

 
32 Li Xue Lei et al. Experimental Research on Hard and Crack-Free Electrodeposited 

Chromium Coatings. Advanced Materials Research. 2014. V. 1044-1045. P. 47-52. 

DOI: https://doi.org/10.4028/www.scientific.net/AMR. 1044-1045.47. 
33 Akhtar K., Khan Z.U., Gul M. et al. Electrodeposition and Characterization of Ni-

Al2O3 Nanocomposite Coatings on Steel. Journal of Materials Engineering and Performance. 

2018. V. 27. P. 2827-2837. DOI: https://doi.org/10.1007/s11665-018-3346-2. 
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chromium is a metal with high hardness and protective properties34,35. During 

the analysis of coating composition, no aluminum was found. However, the 

effect of the additive on surface morphology is obvious, so the mechanism of 

modification’s influence on the structure of the crystalline layer requires 

further study. 

 

Table 2 

Elemental composition of the resulting coatings 

Element 

(a.p. %) 

Coating, obtained from electrolyte with addition of Al(NO3)3, 

mol/l 

0 0,05 0,1 
0,1 (without 

NaNO3) 

O 66,10 62,28 63,64 63,35 

Cr 33,90 37,71 36,36 36,65 

 

Fig. 5 shows image of the examined coatings, indicating the points at 

which the SEM analysis was performed. The achieved data and associated 

estimated oxides are presented in table 3. 

The highest melting point among the estimated oxides has the compound 

Cr2O3 (2435°C)36. The least heat-resistant oxide is CrO2. It oxidizes to Cr2O3 

at 427°C37. In addition, this compound exhibits high corrosion resistance. 

Cr3O4 melts at a temperature of 1705°C. The most solid is Cr2O3, because its 

crystal has a hexagonal structure, characteristic of the corundum38. CrO2 has 

a rutile-type structure and Cr3O4 has a spinel-type39. 

 
34 Патент на корисну модель 150138 Україна, МПК С25D 11/34. Спосіб нанесення 

захисних хромвмісних покриттів на нержавіючу сталь / В.В. Штефан, Н.С. Баламут,  

Н.О. Кануннікова; заявник та власник патенту НТУ «ХПІ». № u2021 04222; заявл. 

19.07.2021; опубл. 05.01.2022; Бюл. № 1. 
35 Shtefan V.V., Balamut N.S., Kanunnikova N.A. et all. Electrodeposition of chromoxide 

coatings from electrolytes modified with SiO2·nH2O. Problems of Atomic Science and 

Technology(PAST). 2022. V. 140. P. 131-136. DOI: https://doi.org/10.46813/2022-140-131. 
36 Kharissova O. V., Torres-Martínez L. M., Kharisov B. I. Handbook of Nanomaterials and 

Nanocomposites for Energy and Environmental Applications. Springer Nature Switzerland AG 
2021. 3786 р. DOI: https://doi.org/10.1007/978-3-030-36268-3 

37 Патент на винахід 119022 Україна, МПК С25D 11/34. Спосіб електрохімічного 

оксидування нержавіючої сталі / В.В. Штефан, Н.О. Кануннікова, Н.С. Баламут, О.В. 
Кобзєв; заявник та власник патенту НТУ «ХПІ». № а2018 07699; заявл. 09.07.2018; опубл. 

10.04.2019; Бюл. № 7. 
38 Shtefan V.V., Kanunnikova N.A., Goncharenko T.Ye. Analysis of the Structure and 

Anticorrosion Properties of Oxide Coatings on AISI 304 Steel. Mater Sci. 2021. V. 57. P. 248-

255. DOI: https://doi.org/10.1007/s11003-021-00539-w. 
39 Shtefan V., Kanunnikova N., Bulhakova A. et al. Structural and Phase Analysis of 

Composites Based on TiO2. Surf. Engin. Appl.Electrochem. V. 58. P. 598-603 DOI: 

https://doi.org/10.3103/S1068375522060138. 
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Fig. 5. Image of the coatings samples obtained from the a) non-modified 

electrolyte and electrolyte with addition of: b) 0.05 mol/l Al(NO3)3; 

c) 0.1 mol/l Al(NO3)3; d) 0.1 mol/l Al(NO3)3 without NaNO3, according 

to the results of the SEM analysis at four points (shown in table 3) 

 

For a coating sample precipitated from an electrolyte with the addition of 

0.05 mol/l Al(NO3)3, it is most likely that CrO2 oxide forms a coating near 

cracks (fig. 5 (b)). Cr2O3 and Cr3O4, on the contrary, form the crystalline layer 

on areas far from cracks. This observation suggests the conclusion that the 

resulting coating consists mainly of Cr2O3 and Cr3O4. The conclusion that 

CrO2 oxide is present near cracks is also valid for a coating obtained from 

non-modified electrolyte. It is also confirmed with the data of layer 

composition of sample, formed in electrolyte without Al(NO3)3 in point 2.  

Similarly, the analysis of the elemental composition found that the surface 

of the sample formed in the electrolyte with the addition of 0.1 mol/l Al(NO3)3 

probably consists of Cr2O3 and CrO2. Chromium oxide (III) appears mainly 

within crack-limited areas (in the pictures on fig. 5 (c) areas with a 

predominance in Cr2O3 are most likely to have a darker color). CrO2 

predominates in cracks and more lighter areas. So, it can be assumed that the 

coating of the sample formed in the electrolyte with the addition of 0.1 mol/l 

Al(NO3)3 consists mainly of Cr2O3 with some CrO2 included. 
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Table 3 

Elemental composition of coatings obtained from electrolytes 

with different concentrations of Al(NO3)3 (shown in fig. 5) 
Concentration of 

Al(NO3)3 in 

electrolyte, mol/l 

Studied point 

number 

Element (a.p. %) 
Probable 

oxide O Cr 

0 

1 59.93 40.07 Cr2O3 

2 66.65 33.35 CrO2 

3 69.29 30.71 Cr2O3 

4 65.12 34.88 CrO2 

0,05 

1 65.48 34.52 CrO2 

2 66.87 33.12 CrO2 

3 60.59 39.41 Cr2O3 

4 56.93 43.07 Cr3O4 

0,1 

1 60.26 39.73 Cr2O3 

2 60.59 39.40 Cr2O3 

3 66.71 33.29 CrO2 

4 66.21 33.79 CrO2 

0,1 (without NaNO3) 

1 62.48 37.52 Cr2O3 

2 66.40 33.60 CrO2 

3 59.71 40.29 Cr2O3 

4 59.16 40.84 Cr2O3 

 
From the analysis of the elemental composition, it can be concluded that 

the black chromium layer obtained from the electrolyte with the addition of 
0.1 mol/l Al(NO3)3 and without the addition of NaNO3 probably consists 
mainly of Cr2O3 with CrO2 inclusion. In microphotographs presented in the 
fig. 5 (d), Cr2O3 oxide looks like small dark crystals, which mainly made the 
coating, while CrO2 inclusions are much bigger in size and lighter. 

 
CONCLUSIONS 
During the work electrochemically obtained black chromium coatings on 

steel AISI304 from studied electrolytes. Based on the results of visual 
inspection, analysis of surface morphology and elemental composition by 
SEM and EDX, the following conclusions were made: 

1. All coatings obtained from the studied electrolytes have a matte black 
color. During the visual inspection any violation of the coating integrity was 
not detected. 

2. It is obvious that the surface morphology changes with an increase in 
the concentration of Al(NO3)3 in the composition of the electrolyte ‒ the 
coating acquires a finer crystalline structure, but the size of the cracks and the 
areas limited by them increases. 

3. Oxygen and chromium were found in the composition of coating. 
According to the evaluation of the ratio Cr:O, oxides of the following 
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composition are proposed: CrO2, Cr2O3, Cr3O4. It is likely that these 
compounds make up a layer of black chromium. No aluminum was found in 
the coating composition. 

4. With the exception from the composition of the electrolyte NaNO3 the 
cracks have become larger and, accordingly, cover larger areas compared to 
coatings obtained from electrolytes with the addition of NaNO3. The size of 
the crystals did not change significantly. 

5. The coating formed from the electrolyte without the addition of NaNO3 
may consist mainly of Cr2O3, with some inclusion of CrO2. 

 
SUMMARY 
The widespread use of stainless steels in the energy industry is explained 

by its low cost and corrosion resistance in certain environments. Due to the 
exposure of AISI304 to local types of corrosion, black chromium coatings are 
applied to the surface, which increases corrosion resistance in aggressive 
environments. In this study, the influence of Al(NO3)3 and NaNO3 on the 
morphology and elemental composition of black chromium coatings was 
examined. It is found, that the structure of coatings produced from the 
electrolyte modified by Al(NO3)3 is finer than that obtained from the non-
modified electrolyte. With an increase of the concentration of Al(NO3)3 in the 
electrolyte, the size of cracks and areas limited by them increases. The 
morphology of coatings produced from an electrolyte without the addition of 
NaNO3 has a similar structure to coatings obtained from electrolytes with the 
addition of NaNO3, but bigger cracks. Based on the ratio of Cr:O in the 
coating, oxides of CrO2, Cr2O3, Cr3O4 are proposed as most likely to form a 
black chromium coating. 
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