
Research Article
CorrosionandMechanicalPropertiesof theFe-W-Wo2andFe-Mo-
MoO2 Nanocomposites

Gulmira Yar-Mukhamedova ,1 Maryna Ved’ ,2 Nikolay Sakhnenko ,2

Ann Karakurkchi ,2 and Iryna Yermolenko 2

1Al-Farabi Kazakh National University, Institute of Experimental and "eoretical Physics, Al-Farabi Av. 71,
Almaty 050040, Kazakhstan
2National Technical University “Kharkiv Polytechnic Institute”, Kyrpychova St., Kharkiv 61002, Ukraine

Correspondence should be addressed to Gulmira Yar-Mukhamedova; gulmira-alma-ata@mail.ru

Received 31 January 2021; Revised 14 April 2021; Accepted 19 May 2021; Published 7 June 2021

Academic Editor: Guoqiang Xie

Copyright © 2021 Gulmira Yar-Mukhamedova et al. +is is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in anymedium, provided the original work is
properly cited.

Analyzing of composition electrolytic coatings’ application for the metal surface protection is considered. It is established that
using different components for coatings’ modification gives possibility to obtain surfaces with expanding exploitation properties,
in particular, with improved wearing and anticorrosion resistance. +e new approach for protecting details which are made from
cast irons by obtaining two kinds of composition coatings from binary alloys iron-molybdenum and iron-tungsten is proposed. It
is found that the modification of iron by refractory metals up to 37 wt. % leads to a noticeable change in the microstructure of the
coatings’ surface. It is established that the incorporation of refractory metals into the iron matrix is a good way to increase the
microhardness of the surface by 2.5–3.5 times and rising of the wear resistance by 40%, as well as decreasing the friction coefficient
by 3-4 times in comparison with the cast iron substrate. +e research results can be used for surfaces hardening and protection in
different industries.

1. Introduction

Treatment technologies with the application of thin-film
coatings, in particular electrochemical, are quite common in
the industry of high-tech countries [1–3]. Recently, con-
siderable attention in the development of renovation,
hardening, and protection of surfaces of parts has been paid
to the processes of formation of electrolytic coatings based
on iron triad metals alloyed with additional components [4].
+e combination of valuable properties of alloying com-
ponents makes it possible to obtain coatings with enhanced
corrosion resistance, microhardness, and wear resistance on
cast iron parts [5–7].

To deposit the Fe-W alloy with tungsten content from 30
to 60% of the citrate-ammonia electrolyte with the rO 8 was
proposed [8]. +e electrodeposition was carried out at the
cathode current density of 5A/dm2 and the electrolyte
temperature of 70°S. +e current efficiency (CE) was in the

interval from 20 to 28%. In the study by Porto et al. [9], Fe-W
alloys with tungsten concentration of 39–69.6 wt. % were
obtained at temperature of 60°C and direct current density of
50mA/cm2 from ammonia-citrate electrolytes based on Fe
(III). It was shown in [10] ammonia-citrate baths to possess
the required buffer capacity for the electrodeposition of
nanocrystalline and smooth Co-W and Fe-W. A qualitative
study of the mechanical behavior of electrodeposited Co-W
and Fe-W alloys was performed by different methods.

Authors of the study [11] have established that iron and
molybdenum are included in the metallic form into the Fe-
Mo deposits obtained from ammonia-citrate. Smoother and
crack-free Fe-Mo coatings with molybdenum content of 54
wt. % were electrodeposited from a highly saturated am-
monium acetate bath at current density of 30mA/cm2 [10].
It was considered that the coatings to be catalysts for the
hydrogen evolution reaction. +e composition and mor-
phology of Fe-Mo alloys electrodeposited from a
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pyrophosphate bath using the ACmode were studied in [11].
However, in these works, no attention was paid to the study
of Fe-Mo electrolytic alloys’ corrosion and mechanical
properties. +e step mechanism of Fe-Mo alloys’ electro-
deposition from an alkaline solution containing Fe (III) ions
and sorbitol was established [12]. +e incorporation of
molybdenum (IV) oxide into the coatings was shown.

In the study by Grgur et al. [13], commercial electrolytic
baths (Ni, Cr, Cu, and Zn) were observed to obtain the
composite coatings based on the metallic matrix incorpo-
rated with the dispersed phase—an insoluble solid with
nanometric particle size. Some theoretical models of the
electrodeposition of composite coatings considering the
adsorption and electrophoretic migration of particles before
the incorporation were given in [14].+e composite Fe/ZrO2
coatings with increased microhardness were obtained from
the iron electroplating baths containing the particles of
zirconia stabilized by 3mol% yttria [15]. Nanocrystalline Fe-
W alloy and Fe-W/Al2O3 composite coatings with sub-
microsized alumina particles have been obtained by elec-
trodeposition from Fe(III)-based electrolyte with the aim to
produce a novel corrosion and wear resistant material [16]. It
was found that the wear rate decreases by a factor of 10 as
compared to Fe-W in presence of 12 vol% of Al2O3 in
deposits, but alumina particles slightly increase the corro-
sion resistance of the coatings. All above investigations were
made in suspension electrolytes which need additional
procedure for stabilization, and thus, the service life of such
electrolytes is limited.

+e goal of this work is to obtain Fe-W-WO2 and Fe-
Mo-MoO2 nanocomposite coatings from stable electrolytes
and to study their mechanical properties and corrosion
behavior.

2. Materials and Experimental Methods

Electrochemical coatings by nanocomposites were applied
on the substrate made of gray cast iron (GCI) widely used for
manufacturing piston rings and other machine parts.
Coatings with an alloy of iron-molybdenum or iron-tung-
sten were deposited at a temperature of 18–40°C from a
complex electrolyte of the composition, mol/dm3: iron (III)
sulfate—0.1–0.15; sodium molybdate—0.06–0.08 (sodium
tungstate—0.04–0.06); sodium citrate—0.2–0.3; boric
acid—0.1; the pH was in the range of 3.0–4.5 [17, 18].

+e coatings were formed in two modes: by direct
current (dc) with varying current density i in the range of
2.5–6.5A/dm2, and by unipolar pulse current (pc) with an
amplitude of 2.5–8.5A/dm2 with a pulse duration ton of 5ms
and pause time toff of 20ms [19, 20]. +e dc polarization was
carried out with a stabilized dc source of the B5-49 series.
Pulse electrolysis and determination of the corrosion be-
havior of the coatings were carried out using a PI-50-1.1
potentiostat with a PR-8 programmer.

+e chemical composition of the coating surface was
studied on an INCA Energy 350 energy dispersive spec-
trometer. +e coating composition (wt.%) is calculated in
terms of the metal components of the alloy, and the content
of nonmetallic adsorbed impurities (oxygen) was taken into

account when assessing the surface topography. +e surface
morphology of the coatings was studied using a ZEISS EVO
40XVP microscope.

+e corrosion rate for coated samples was defined using
the method of polarization resistance [21] in the environ-
ment of different composition: 0.001M NaOH (rO 10)
against the background of 1M Na2SO4; 0.001M H2SO4 (rO

3) against the background of 1M Na2SO4; 3% NaCl solution
(rO 7). To define the corrosion resistance, the polarization
measurements were taken in the potentiostatic mode at the
potential scanning rate within 2mv/s. In the article, the
values of the corrosion potential are indicated relative to a
standard hydrogen electrode (SHE). +e corrosion current
density icor and the corrosion potential Fcor were defined
using the graphic method at the point of intersection of the
linear sections of the anode and cathode polarization de-
pendences in the semilogarithmic coordinates of lgi−∆F.
+e depth index of corrosion kh was calculated based on icor
as in [22].

+e adhesion quality of coatings with the substrate
material was studied by polishing using pastes based on
chromium oxide, bending at an angle of 90°, and heating to a
temperature of 150–200°C, followed by cooling in air. +e
microhardness of the coatings was determined on a PMT-3
microhardness meter with a load of 50–100 g. +e investi-
gations were carried out after the coatings were endured
during 24 hours following the application. +e thickness of
coatings taken for the studies ranged from 25–30 μm.

+e tribo-technical properties of coatings on gray cast
iron were evaluated by the friction coefficient ffr. In addition,
wear resistance was also determined during tests on a 2070
SMT-1 serial friction machine with gradual loading of
conjugated samples from 0.2 kN to 0.8 kN according to the
“piston ring-cylinder liner” scheme and a reciprocating
friction machine.

3. Results and Discussion

3.1. Composition and Surface Morphology of Composites.
An influence of the electrolysis mode on the character of the
alloy surface can visually be traced for Fe-Mo(W) coatings
deposited onto the substrates made of gray cast iron. At the
dc mode (Figures 1(a) and 1(c)), a very inhomogeneous
surface is formed with a high quantity of the burrs of an
irregular shape. +e content of molybdenum or tungsten is
higher on coating hills in comparison with the entire surface.
And, the concentration of oxygen is in the range of 18–21 wt.
%; this allows us to consider coatings as composite Fe-
Mo(W)-MOx where M is Mo or W, respectively. +e for-
mation of incompletely reduced oxides of refractory metals
in situ in the cathode process follows from the mechanisms
of electrodeposition of alloys proposed in [23]. In addition,
their incorporation into the Fe-Mo(W) matrix is described
in [12].

+e use of pulse electrolysis (Figure 1(b)) contributes to
the leveling of surface relief; the number of burrs is con-
siderably decreased, and the coating becomes a little bit
brighter. +e coatings contain 5 wt. % more refractory metal
and less oxygen at the level of 10–12 wt. %. It should be noted
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that the surface of molybdenum-containing composites is
globular spheroids up to 100 nm alternate with islands of
agglomerates of larger size up to 1-2 μm. Tungsten-con-
taining composites are finely crystalline, with crystallite sizes
being smaller compared to Fe-Mo based coatings. Con-
sidering the obtained data, we can draw a conclusion that
more uniform and lower porosity Fe-Mo(W) based coatings
with higher molybdenum (tungsten) content deposited by
the pc mode will have more perfect functional properties.

3.2. Corrosion Resistance. +e studies [23, 24] showed that
the corrosion of iron-based coatings with refractory metals
proceeds mainly with hydrogen depolarization in the acidic
solution due to the presence of iron, while in neutral and
alkaline environments, it proceeds with the oxygen
depolarization.

As was established, the pc deposition mode enables the
formation of composite coatings Fe-W-WO2 and Fe-Mo-
MoO2 with a more perfect surface morphology and a higher
content of alloying components that contributes to an in-
crease in the corrosion resistance of coatings obtained
through the pulse electrolysis. +ese assumptions are totally
confirmed by the corrosion indices of the substrate material
and those of Fe-Mo(W) based composites formed on cast
iron (Table 1).

It should be noted that Fe-Mo alloy coatings have a high
corrosion resistance in the corrosive environment of a
different acidity independently of deposition conditions as
compared with Fe-W. Of particular note is the increase in

the corrosion resistance of these alloy composites in acidic
environments and in the presence of Cl−, which is ensured
by the presence in coatings of the alloying component (Mo),
which increases both the resistance to pitting corrosion and
the tendency to passivation.

3.3. Microhardness and Tribotechnical Properties of Coatings.
+e use of citrate Fe (III)-based electrolytes and the elec-
trolysis conducted at recommended pH and current density
enable the formation of uniform coatings that have a high
adhesion to the substrate material with a minimum content
of unwanted admixtures that can degrade the hardness
indices of electrolytic alloys. +e microhardness of Fe-Mo-
MoO2 composite coatings deposited by the dc mode is 4
times higher in comparison to that of the substrate material
(gray iron cast) (Figure 2(a)). Such phenomena may be
explained by the coatings’ composition and the specific
features of morphology formed during the electrodeposi-
tion. +e presence of refractory components in alloys
contributes to the amorphization of the coating surface,
which leads to an increase in microhardness. In addition, the
incorporation of molybdenum and tungsten oxides into a
metal matrix during electro crystallization also has a positive
effect on microhardness indicators. It is obvious that the
electrolysis mode has an effect on the microhardness of
coatings.

Hence, the iron and molybdenum alloy composites that
were applied in the pulse electrolysis mode are characterized
by higher microhardness indices (Figure 2(a)) due to a
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Figure 1: +e surface morphology of the Fe-Mo (a, b) and Fe-W (c, d) coatings deposited on the cast iron at dc (i)� 3.5A/dm2 (a, c); at pc
(i)� 5.5A/dm2; (t)on/(t)off � 5/20ms (b, d).
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higher content of alloying components, more perfect surface
relief, and a lower number of adsorbed admixtures as was
established for similar coatings [20, 25–29].

At the same time, Fe-W-WO2 composites are charac-
terized by a higher microhardness in comparison with
molybdenum-containing ones due to the presence of
tungsten as well as a higher content of oxide hardening

phase in the coatings, as evidenced by the higher oxygen
content in the tungsten-containing thin films [30, 31]. +e
results obtained for the microhardness indicators of
coatings containing tungsten and molybdenum correlate
with the data obtained for similar coatings by other re-
searchers [32], which confirms the correctness of the
studies performed.

Table 1: +e corrosion indices of the cast iron, and Fe-W-WO2 and Fe-Mo-MoO2 coatings deposited by different modes.

rO of test
medium

Cast iron
dc mode pc mode

Fe-Mo-MoO2 Fe-W-WO2 Fe-Mo-MoO2 Fe-W-WO2

Fcor (V)
Kh

(mm/year) Fcor (V) Kh (mm/year) Fcor (V) Kh (mm/year) Fcor (V) Kh (mm/year) Fcor (V) Kh (mm/year)

3 −0.34 1.980 −0.30 0.038 −0.22 0.045 −0.31 0.030 −0.24 0.040
7 −0.55 1.150 −0.47 0.040 −0.33 0.042 −0.49 0.035 −0.35 0.039
10 −0.35 0.300 −0.58 0.028 −0.03 0.032 −0.60 0.021 −0.037 0.028
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Figure 2: Mechanical characteristics of Fe-Mo(W) based composites: (a) microhardness; (b) friction coefficient; (c) wear resistance.
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+e studies of the dependence of the friction coefficient
and the disposition of appropriate materials to scuffing at the
stepwise loading showed that the ffr value of studied coatings
is 3.0 to 4.0 times lower in comparison to that of cast iron
(Figure 2(b)) and it is indicative of the high antifriction
properties of formed coatings. In addition, the specific
features of morphology cathode deposits and their porosity
are the additional factors of the improvement of antifriction
properties due to the additional confinement of lubricant
materials in the cavities and pores of the coatings.

It is established that the electrolytic composite coatings
Fe-Mo(W)-MO2 obtained in the proposed electrolysis
modes have high adhesion to the substrate and retain it
during mechanical (bending, polishing, and cross section
with subsequent grinding) and temperature influences
(heating up to 150–200°S).

+e wear resistance of samples with coatings was eval-
uated by the change in mass Δm on the testing samples of a
conjugate friction pair “piston ring-cylinder liner” coupling
(Figure 2(c)). A decrease in the mass of samples indicates the
wear of the surface of the parts and can serve as a quanti-
tative characteristic of the wear resistance of the material.
Investigations on a serial machine 2070 SMT-1 with a step
load of conjugated samples from 0.2 kN to 0.8 kN according
to the “piston ring-cylinder liner” scheme showed that the
wear resistance of the surface of cast iron with Fe-Mo(W)-
Mo(W)O2 coatings exceeds 1.7-1.8 times the wear resistance
of cast iron samples (Figure 2(c)). +e research results
confirm that the wear resistance of tungsten-containing
composites, like other mechanical properties, is higher than
that of composites based on molybdenum (Figure 2).

Hence, a set of the corrosive characteristics and the
physical and mechanical properties of galvanic composite
coatings based on the Fe-Mo(W) alloys allows us to view
them as the promising materials for the technologies used
for the hardening of the parts made of cast iron and low-
carbon steel, and these can also be used by the maintenance
services to repair and upgrade worn out surfaces that are
operated in the environment of a different corrosiveness.

4. Conclusions

+e composite coatings Fe-W-WO2 and Fe-Mo-MoO2 were
deposited on the cast iron substrate by different electrolysis
modes from citrate Fe(III)-based bath. +e hardening phase
of refractory metal oxides is formed directly in the cathode
process and is included in the alloy matrix, which helps to
increase the uniformity of the distribution of components
over the thickness of the coating and its surface.

+e use of pulse current electrolysis allows obtaining
more uniform coatings enriched with alloying components
with a smaller amount of adsorbed nonmetallic impurities.

Composite Fe-Mo-MoO2 has a higher corrosion resis-
tance due to the chemical stability of molybdenum and its
oxides in environments of various aggressiveness including
chloride-containing solutions.

+e physic-mechanical properties such as microhard-
ness, friction coefficient, and wear resistance of Fe-W-WO2

composites surpass not only the base material but also the
molybdenum-containing coatings.

Combination of higher strength characteristics and in-
creased corrosion resistance of composite coatings Fe-W-
WO2 and Fe-Mo-MoO2 in comparison with cast iron allows
us to consider them as promisingmaterials in the technology
of surface hardening and restoration of worn surfaces of
parts.
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[12] E. Vernickaitė, O. Bersirova, H. Cesiulis, and N. Tsyntsaru,
“Design of highly active electrodes for hydrogen evolution
reaction based on Mo-rich alloys electrodeposited from
ammonium acetate bath,” Coatings, vol. 9, no. 2, p. 85, 2019.

[13] B. N. Grgur, N. V. Krstajic, N. Elezovic, and V. Jovic,
“Electrodeposition and characterization of Fe-Mo alloys as
cathodes for hydrogen evolution in the process of chlorate
production,” Journal of the Serbian Chemical Society, vol. 70,
no. 6, pp. 879–889, 2005.

[14] M. G. Zacarin, M. M. de Brito, E. P. Barbano, R. M. Carlos,
V. R. Mastelaro, and I. A. Carlos, “Investigation of the Fe-Mo
electrodeposition from sorbitol alkaline bath and character-
ization of the films produced,” Journal of Alloys and Com-
pounds, vol. 750, pp. 577–586, 2018.

[15] V. Tseluikin, “Composite electrochemical coatings: prepara-
tion, structure, properties,” Protection of Metals and Physical
Chemistry of Surfaces, vol. 45, no. 3, pp. 312–326, 2009.

[16] C. T. J. Low, R. G. A. Wills, and F. C. Walsh, “Electrode-
position of composite coatings containing nanoparticles in a
metal deposit,” Surface and Coatings Technology, vol. 201,
no. 1-2, pp. 371–383, 2006.

[17] Protsenko, E. A. Vasil’eva, I. V. Smenova et al., “Electrode-
position of Fe and composite Fe/ZrO2 coatings from a
methanesulfonate bath,” Surface Engineering and Applied
Electrochemistry, vol. 51, no. 1, pp. 65–75, 2015.

[18] A. Nicolenco, A. Mulone, N. Imaz et al., “Nanocrystalline
electrodeposited Fe-W/Al2O3 composites: effect of alumina
sub-microparticles on the mechanical, tribological, and cor-
rosion properties,” Frontiers in Chemistry, vol. 7, p. 241, 2019.

[19] Sakhnenko, A. V. Karakurchi, and S. I. Zyubanova, “Elec-
trodeposition of iron-molybdenum coatings from citrate
electrolyte,” Russian Journal of Applied Chemistry, vol. 87,
no. 3, pp. 276–282, 2014.

[20] A. V. Karakurkchi, M. V. Ved’, I. Y. Yermolenko, and
N. D. Sakhnenko, “Electrochemical deposition of Fe-Mo-W
alloy coatings from citrate electrolyte,” Surface Engineering
and Applied Electrochemistry, vol. 52, no. 1, pp. 43–49, 2016.

[21] M. Ved, M. Glushkova, and N. Sakhnenko, “Catalytic
properties of binary and ternary alloys based on silver,”
Functional Materials, vol. 20, no. 1, pp. 87–91, 2013.

[22] G. S. Yar-Mukhamedova, M. V. Ved’, A. V. Karakurkchi, and
N. D. Sakhnenko, “Mixed alumina and cobalt containing
plasma electrolytic oxide coatings,” IOP Conference Series:
Materials Science and Engineering, vol. 213, Article ID 012020,
2017.

[23] M. Ved, N. Sakhnenko, N. Tkachenko, and T. Bairachnaya,
“Structure and properties of electrolytic cobalt-tungsten alloy
coatings,” Functional Materials, vol. 15, no. 4, pp. 613–617,
2008.

[24] M. D. Sakhnenko, A Karakurkchi, I. Y. Ermolenko, and
L. P. Fomina, “Functional properties of Fe-Mo and Fe-Mo-W
galvanic alloys,” Materials Science, vol. 51, no. 5, pp. 701–710,
2016.

[25] A. V. Karakurkchi, M. V. Ved’, N. D. Sakhnenko,
I. Y. Yermolenko, S. I. Zyubanova, and Z. I. Kolupayeva,
“Functional properties of multicomponent galvanic alloys of
iron with molybdenum and tungsten,” Functional Materials,
vol. 22, no. 2, pp. 181–187, 2015.

[26] G. Yar-Mukhamedova, M. Ved’, N. Sakhnenko, and
M. Koziar, “Ternary cobalt-molybdenum-zirconium coatings
for alternative energies,” Applied Surface Science, vol. 421,
pp. 68–76, 2017.

[27] G. Yar-Mukhamedova, M. V. Ved’, N. Sakhnenko, and
T. Nenastina, “Electrodeposition and properties of binary and
ternary cobalt alloys with molybdenum and tungsten,” Ap-
plied Surface Science, vol. 445, pp. 298–307, 2018.

[28] G. Yar-Mukhamedova, M. V. Ved, N. Sakhnenko,
A. V. Karakurkchi, and I. Yermolenko, “Iron binary and
ternary coatings with molybdenum and tungsten,” Applied
Surface Science, vol. 383, pp. 346–352, 2016.

[29] M. Ved’, N. Sakhnenko, I. Yermolenko, G. Yar-Mukhame-
dova, and R. Atchibayev, “Composition and corrosion be-
havior of iron-cobalt-tungsten,” Eurasian Chemico-
Technological Journal, vol. 20, no. 2, pp. 145–154, 2018.

[30] Y. I. Sachanova, I. Y. Ermolenko, M. V. Ved’,
M. D. Sakhnenko, T. O. Nenastina, and G. S. Yar-Mukha-
medova, “Influence of the contents of refractory components
on the corrosion resistance of ternary alloys based on iron and
cobalt,” Materials Science, vol. 54, no. 4, pp. 556–566, 2019.

[31] G. Yar-Mukhamedova, M. Ved’, I. Yermolenko,
N. Sakhnenko, A. V. Karakurkchi, and A. Kemelzhanova,
“Effect of electrodeposition parameters on the composition
and surface topography of nanostructured coatings by
tungsten with iron and cobalt,” Eurasian Chemico-Techno-
logical Journal, vol. 22, no. 1, pp. 19–25, 2020.

[32] M. H. Allahyarzadeh, M. Aliofkhazraei, A. R. Rezvanian,
V. Torabinejad, and A. R. Sabour Rouhaghdam, “Ni-W
electrodeposited coatings: characterization, properties and
applications,” Surface and Coatings Technology, vol. 307,
pp. 978–1010, 2016.

6 Advances in Materials Science and Engineering


