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ABSTRACT
the corrosion resistance of plasma coatings made of composite powders based on feal intermetallics in different corrosive 
environments was investigated. for deposition of coatings, powders based on feal intermetallics were used, which were pro-
duced by mechanochemical synthesis with the introduction of additional alloying elements of titanium and magnesium into 
their composition. electrochemical tests of plasma coatings were performed by a potentiostatic method in a 3 % nacl solution 
and in a 10 %` h2SO4 solution. It was revealed that the rate of the corrosion process of plasma coatings of the feal system 
depends on the nature of electrolyte and the mechanism of electrochemical process. electrochemical studies of plasma coatings 
of the feal system showed that corrosion resistance in a 3 % nacl solution is by an order higher than in a 10 % h2SO4 solution. 
It was found that introduction of alloying element of titanium to the composite coating based on feal intermetallics results in a 
2–5 times increase in corrosion resistance of the coatings in a 10 % h2SO4 solution. It was shown that the plasma coatings based 
on feal intermetallics on a scale of corrosion resistance in a 3 % nacl solution are in the “resistant” group. electrochemical 
studies showed the ability of these protective coatings to operate in salty neutral solutions.

KEYWORDS: intermetallics, iron, aluminium, composite powder, plasma coatings, corrosion resistance

INTRODUCTION
Iron aluminides belong to the intermetallics that are 
the most studied and used in industry due to their 
properties, such as low specific weight, high wear 
and corrosion resistance, etc. [1]. In recent years, iron 
feal intermetallics have been widely used as materi-
als of protective coatings due to high heat resistance 
(up to 600‒700 °C) and corrosion resistance in differ-
ent aggressive environments. the main advantage of 
these coatings is, first of all, the possibility of replac-
ing expensive heat-strength and heat-resistant coat-
ings based on nickel aluminide [2].

Studies in the field of thermal spraying of inter-
metallic FeAl-coatings have been considered in [3–8]. 
most of the works are aimed at studying processes 
occurring in composite powders produced by the 
method of mechanical alloying or mechanochemical 
synthesis (mchS).

In [9‒11] it was noted that FeAl-based coatings 
significantly increase the corrosion resistance of steel 
products during long tests in the solutions of a sulfuric 
acid and seawater. an additional increase in corrosion 
resistance of feal-based intermetallics is possible by 
introducing alloying elements, such as chromium, 
copper, etc. into their composition [12, 13]. Thus, the 
additional introduction of chromium into feal inter-
metallics reduces the corrosion current, accelerates 
the beginning of passivation in a 3.5 % nacl solu-
tion. The introduction of 3‒5 wt.% of copper to the 

composition of feal-coatings causes the formation of 
a dense passive film on the surface of the electrode, 
which allows 2‒3 times increase in the corrosion re-
sistance during long-term tests in a solution of sulfu-
ric acid.

at the pwI for thermal spraying of protective coat-
ings based on feal intermetallics, composite powders 
(cp) were developed and plasma spraying technology 
of protective coatings was mastered [14, 15].

the aim of this work was to study the corrosion resis-
tance of plasma coatings based on feal intermetallics, 
the effect of alloying elements on corrosion resistance of 
coatings in different aggressive environments.

RESEARCH OBJECTS 
AND EXPERIMENT PROCEDURE
as starting materials for plasma spraying, composite 
powders based on feal intermetallics were used, pro-
duced by the method of mechanochemical synthesis 
[14] (Table 1).

The coatings with a thickness of 500 ± 50 μm were 
deposited on the specimens of St3 steel in the upu-
8m installation using the following modes: I = 600 A, 
U = 40 V, QAr+N2

 = 50 l/min, spraying distance is 
80 mm.

the studies of electrochemical properties of plas-
ma coatings were carried out by the potentiostatic 
method in the potentiostat p-5827m at a scanning 
rate of 2 mV/s at a temperature of 18‒20 °C with the 
use of a clamping cell. the stationary potentials were 
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measured relative to the chlorine silver electrode, 
platinum served as an auxiliary electrode. as an elec-
trolyte for corrosion studies, a 3 % nacl solution and 
a 10 % Н2SO4 solution were selected. the selection of 
the mentioned acid was predetermined by its wide use 
in the chemical industry, the selection of salty solu-
tion — by its use in natural conditions. It is known 
that the presence of chlorine ions in the electrolyte 
(a strong depassivator) is very harmful to metals, the 
corrosion resistance of which is predetermined by the 
passive condition of its surface. chlorine ions lead to 
local destructions of passive film that in turn can lead 
to pitting corrosion [16‒18].

according to the experimental data, cathode and 
anode polarization curves were built in the coordi-
nates Eс = f(lgiс), where the Eс is the potential, V; ic 
is the corrosion current, А/cm2. from the polariza-
tion curves, using the graphic method, the corrosion 
current (ic) and corrosion potential (Eс) were deter-
mined on the extrapolation of tafel tilts at cathode 
and anode curves until their mutual intersection. 
using the values of corrosion currents determined 
from the polarization curves, the mass and deep cor-
rosion indices of the coatings was calculated by the 
following formulas:

 
w

 1000 ,K iA
nF
⋅

 
(1)

where Kw is the weight corrosion index (g/m2∙h); A 
is the atomic weight of metal (iron); n is the valence 
of the metal ion, which has passed into the solution 
(fe2+, n = 2); i is the current density (a/cm2); F is the 
Faraday constant, 26.8 A∙h/mol.
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where Ki is a deep corrosion index, (mm/year); Km is 
the mass corrosion index (g/m2h); ρ is the metal densi-
ty, g/cm3; 8.76 is the coefficient for the transition from 
mass corrosion index Km to deep corrosion index Ki 
up to one year, calculated from the number of hours 
per year (24 h∙365 = 8760 h) and divided into 1000.

for comparative characteristics of corrosion resis-
tance, a ten-point scale evaluation was used based on 
the deep corrosion index (Ki) [16, 18].

RESULTS OF THE EXPERIMENT 
AND THEIR DISCUSSION
examinations of microstructure (figure 1) of the 
sprayed plasma coatings indicate that in the coatings 
based on feal intermetallics, a dense lamellar struc-
ture is formed; the porosity of the coatings does not 
exceed 7 %.

According to X-ray structural phase analysis [15], 
the plasma coating of the Fе3А1 system consists of in-
termetallic Fе3А1 and FеАl phases and contains trac-
es of А12O3 oxide; the coating of the Fe‒AlMg system 
consists of a solid Аl solution in α-Fе and complex 
МgА12O4 and MgFеАlO4 oxides; the coating of the 
Fе‒ТіА1 system in addition to the main Fе3Аl phase 
contains iron Fе2O3, Fе3O4 and FеО oxides, iron and 
FеТі phase.

the studies of the kinetics of electrode potentials 
of plasma FеАl-coatings allowed establishing that the 
value of the electrode potential will stabilize within 
40‒60 min during immersion of specimens with coat-
ings in it. the measurements of stationary potentials 

Table 1. Characteristics of MChS powders based on FеАl intermetallics

System composition, wt.% phase composition
Size of particles

D10, μm D50, μm D90, μm

fe3al 86Fe + 14Al fe3al 3.6 11.2 32.9

fe–almg 86Fe + 14(Al5Mg) Solid solution of mg in fe3al 2.8 14.5 29.8

fe–tial 60.8Fe + 39.2(Ti37.5Al) Solid solution of al in feti (fe1–xtialx) 2.6 8.7 29.7

Figure 1. microstructure of plasma coatings of the feal system: a — fe3al; b — Fe‒AlMg; c — Fe‒TiAl
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Est of the specimens with plasma FеАl-coatings in 
the absence of current in an electrochemical system 
showed that regardless of the coatings composition in 
a 10 % Н2SO4 solution and in a 3 % NаСl solution, the 
values of Est amount to 0.34 and 0.32 V, accordingly.

the studies of electrochemical behaviour of the 
plasma feal-coatings have shown that at anode polar-
ization on the polarization curves in a 3 % nacl solu-
tion in the active region, the current depends linearly 
on the potential on the areas from ‒0.32 to ‒0.22 V 
and in a 10 % Н2SO4 solution — from ‒0.34 to ‒0.2 V, 
and at the further increase in the potential, the sat-
uration current is achieved and the current remains 
almost constant with an increase in potential, the ar-
eas of the passive state on the polarization curves are 
absent (figure 2).

Deposition of plasma coatings of the feal system 
on St3 inhibits the corrosion process in a 3 % nacl 
solution by a one order and in a 10 % h2SO4 solu-
tion — by two orders (see figure 2). a different rate 
of the corrosion process is associated with different 
nature of anions (SO4

2–, cl–) and ph value.
It is known that the nature of anions (SO4

2–, cl–), 
which are present in the solution, significantly affects 
the anode dissolution and the rate of corrosion process 
[16, 17]. In the solution of a sulfuric acid, the corro-
sion process proceeds on electrochemical mechanism 
with hydrogen depolarization, according to which in 

the cathode areas 2h++2e→H2 reaction occurs. the 
rate of the corrosion process of the plasma coatings 
of the feal system in the solution of a sulfuric acid 
(ph 1–2) is associated with a high activity of iron as 
the main component of the coating, which transfers 
into the solution in the form of fe2+. In the neutral 
medium, to which a 3 % nacl solution (ph 7.0–7.5) 
corresponds, the corrosion process for the coatings 
proceeds on electrochemical mechanism with oxy-
gen depolarization. In a 3 % nacl solution, the rate 
corrosion process for coatings is inhibited due to the 
formation of a dense oxide al3+ film, which inhibits 
the transition of iron to the solution [17].

the comparison of corrosion currents in the plas-
ma coatings of the feal system (table 2) determined 
by the method of extrapolation of tafel areas of po-
larization curves also showed that a corrosion current 
in a 3 % nacl solution is by an order of value high-
er (ic = 10–6 А/cm2) than in a 10 % Н2SO4 solution 
(ic = 10–5 А/cm2).

the carried out electrochemical tests indicated that 
introduction of alloying elements (mg, ti) into the 
feal system affects the corrosion resistance in the se-
lected electrolytes in a different way. electrochemical 
tests in a 3 % nacl solution showed that when mag-
nesium is introduced into the feal system, a slight 
shift in the corrosion potential into a negative value, 
inhibition of cathode reaction and acceleration of 

Figure 2. polarization curves of plasma coatings of the feal system: a — in a 3 % NaСl solution; b - in a 10 % H2SO4 solution (1 — 
Fе3Аl; 2 — Fе‒АlMg; 3 — Fе‒ТіАl)

Table 2. results of electrochemical studies of plasma coatings based on feal

number composition 
of coatings

electrolyte

3 % nacl 10 % h2SO4

Est, V Ec, V іс, a/cm2 Est, V Ec, V іс, a/cm2

1 fe3al –0.32 –0.28 2.5·10‒6 –0.34 –0.26 1.5·10‒5

2 fe–almg –0.34 –0.3 3.5·10‒6 –0.28 –0.24 3.3·10‒5

3 fe–tial –0.3 –0.28 1.1·10‒6 –0.22 –0.18 8.9·10‒6

4 Ст3 –0.54 –0.56 6.5·10‒5 –0.28 –0.3 2.5·10‒4
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anode dissolution occur; corrosion current increases 
slightly (from 2.5∙10–6 to 3.5∙10–6 А/cm2) occurs. In a 
10 % h2SO4 solution, the introduction of magnesium 
into the coatings increases the corrosion current (from 
1.5∙10–5 to 3.3∙10–5 a/cm2), accelerates both cathode 
and anode reaction. a decrease in the protective prop-
erties of plasma FeAlMg coatings by 1.5‒2.0 times 
(table 3) is probably associated with the occurrence 
of a galvanic Fe‒Mg couple and intensive dissolution 
of magnesium on the surface of the electrode in the 
process of corrosion studies.

electrochemical studies of coatings in a 3 % nacl 
solution and in a 10 % h2SO4 solution showed that al-
loying of feal intermetallics with titanium shifts the 
corrosion potential towards more positive values, in-
hibits the cathode process, reduces the corrosion cur-
rent to 1.1∙10–6 a/cm2 and 8.9∙10–6 a/cm2, respectively. 
the corrosion resistance in a nacl solution increases 
by 1.2‒1.6 times and in a H2SO4 solution — by 2‒5 
times (table 3). an increase in the corrosion resistance 
is probably related to the formation of feti phase in the 
coatings and a possible formation of the oxide film with 
tiO2 composition on the surface of the electrode.

the values of corrosion currents found from the 
polarization curves allowed calculating the weight 
and deep corrosion index of the coatings (table 3).

corrosion tests have shown, that plasma coatings 
based on FеАl intermetallics, deposited on StЗ in a 
3 % NaСl solution and in a 10 % H2SO4 solution in-
hibit the corrosion process by 8‒13 times and by 2‒5 
times, accordingly.

according to the used ten-point scale evaluation of 
corrosion resistance, the plasma coatings of the fe3al, 
Fe‒Al and Fе‒ТіА1 systems in a 3 % NaСl solution 
and the Fе–ТіА1 system in a 10 % H2SO4 solution can 
be attributed to the “resistant” group and in a 10 % 
h2SO4 solution — the coatings Fе3А1 and Fе–AlMg 
belong to the group of a “decreased resistance”.

CONCLUSIONS
1. the conducted electrochemical studies have shown 
that the corrosion resistance of the plasma FеАl-based 
coatings depends on the composition of the electrolyte 
and рН value. In a neutral environment (3 % NaСl 

solution, рН 7.0–7,5), the corrosion resistance is by 
an order higher than in an acidic environment (10 % 
h2SO4 solution, рН 1–2), which is predetermined by 
different effects of SO4

2– і Cl– anions on the anode 
dissolution of coatings.

2. the introduction of alloying elements into the 
plasma coatings based on feal intermetallics showed 
that introduction of magnesium slightly reduces the 
protective properties of the plasma coatings in the 
studied electrolytes by 1.2‒1.6 times, which is associ-
ated with the occurrence of a galvanic fe–mg couple 
on the surface of the electrode. the introduction of 
the alloying element of titanium to the composition 
of feal increases the corrosion resistance of the coat-
ings in a 10 % h2SO4 solution by 2–5 times.

3. Plasma coatings based on FеАl intermetallics 
increase the corrosion resistance of carbon StЗ steel 
by 8‒13 times in a 3 % NaСl solution and by 2‒5 
times in a 10 % h2SO4 solution.
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DevelopeD in pWi

MICROPLASMA SPRAYING OF BIOCOMPATIBLE COATINGS
PWI developed a method and equipment for microplasma spraying (MPS) of biocom-
patible coatings, both pure titanium and composite coatings, consisting of a titanium 
sublayer and an upper layer based on hydroxyapatite.

Deposition of coatings from titanium wire 
by microplasma spraying

Morphology 
of microplasma biocompatible coating


