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Аннотация. Известно, что хром в составе металлических композиций формирует плотные пассивирующие пленки, 

замедляющие коррозию. Новое Fe–Cr–Cu-покрытие осаждено на сталь Ст3 электроискровой обработкой в анодной смеси, 
состоящей из медных и титановых гранул с добавлением порошка хрома в количестве от 4,85 до 13,26 мас. %. Привес 
катода увеличивался почти двукратно с ростом добавки порошка хрома в анодную смесь. Структуру покрытий исследовали 
методами рентгенофазового анализа, сканирующей электронной микроскопии и энергодисперсионной спектрометрии. 
Фазовый состав покрытий представлен феррохромом и медью. Показано, что предложенная методика электроискровой 
обработки позволяет получать Fe–Cr–Cu-покрытия со средней концентрацией хрома от 55 до 83 ат. %. Среднее содержание 
меди в приготовленных покрытиях находилось в диапазоне от 5 до 16 ат. %. Наибольшая концентрация хрома наблюдалась 
в покрытии, приготовленном с добавкой 13,26 мас. % Cr в анодную смесь. Коррозионное поведение покрытий исследовали 
методами потенциодинамической поляризации и импедансной спектроскопии в 3,5 %-ном растворе NaCl. Поляризационные 
испытания показали, что нанесение Fe–Cr–Cu-покрытий на сталь Ст3 позволяет повысить ее коррозионный потенциал 
от 12 до 19 % и снизить ток коррозии от 1,5 до 3,4 раза. Микротвердость поверхности покрытий составляла от 3,08 
до 4,37 ГПа, а коэффициент трения – от 0,75 до 0,91. Максимальная твердость и наименьший коэффициент трения 
наблюдались у покрытия с наибольшим содержанием хрома. Показано, что Fe–Cr–Cu-покрытия позволяют улучшить 
износостойкость поверхности стали Ст3 от 1,5 до 3,8 раз.  

Ключевые слова: покрытия Fe–Cr–Cu, электроискровое легирование, сталь Ст3, плотность тока коррозии, коэффициент трения, 
твердость, износ
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Abstract. It is well-known that chromium in metallic compositions forms dense passivating films that slow down corrosion. The new 

Fe–Cr–Cu coating was applied on St3 steel through electrospark deposition in an anode mixture consisting of copper and titanium 
granules, with the addition of chromium powder ranging from 4.85 to 13.26 wt. %. The weight gain of the cathode increased 
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IntroductionIntroduction
The economic damage caused by corrosion is esti-

mated at approximately US$ 2.5 trillion, which is equi-
valent to 3.4 % of the world’s gross domestic product [1]. 
This figure does not include indirect losses associated 
with negative environmental impacts and the poten-
tial for emergency incidents [2]. As of 2014, China’s 
total spending on anti-corrosion measures reached 
US$ 152 billion, with the majority allocated to coat-
ings (66.15 %) and surface treatment (13.24 %) [3]. In 
the Russian Federation, the annual loss of metals due 
to corrosion amounts to up to 12 % of the total mass 
of the metal stock, which corresponds to a loss of up 
to 30 % of the metal produced annually [4; 5]. 

It is well-known that the corrosion resistance of steels 
can be significantly improved by applying protective 
coatings [6]. Currently, the most widely used methods 
involve electroplating with chromium or nickel-chro-
mium compositions. However, electroplated coatings 
exhibit poor adhesion and are susceptible to damage 
under harsh operating conditions, often resulting in 
local peeling of the chromium coating at the interface 
with the substrate [7]. Moreover, hexavalent chromium, 
which is used in electroplating, is classified as a hazard-
ous substance. Air pollution from hexavalent chromium 
can lead to fatal diseases among plant employees, and 
severe wastewater contamination poses environmental 
risks, prompting several governments to restrict the use 
of electroplating [8]. 

Widespread magnetron sputtering methods are not 
well-suited for use with ferromagnetic materials due 
to poor plasma stability. In contrast to electroplating, 
electrospark deposition (ESD) offers superior adhe-
sion of coatings because of the metallurgical bond-
ing between the deposited material and the substrate. 
Chromium is commonly used to coat steels because it 

forms a passive Cr2O3 oxide on its surface, contribu-
ting to corrosion resistance [9; 10]. Moreover, Cr–Ti 
composite coatings show higher corrosion resistance 
compared to pure chromium or titanium coatings [11]. 
Furthermore, Cr–Ti composite coatings exhibit enhanced 
corrosion resistance when compared to pure chromium 
or titanium coatings [11]. However, it is known that even 
corrosion-resistant chromium alloys can experience 
loca lized corrosion due to bacteria-induces ennoble-
ment [12]. On the other hand, the addition of more 
than 5 wt. % Cu to the alloy has been found to confer 
sustained antibacterial properties [13]. Consequently, 
adding copper to the Cr–Ti composite should provide 
it with antimicrobial capabilities and reduce the risk 
of corrosion caused by microbially induced ennoble-
ment. Previously, we developed an automated ESD 
technique using a nonlocalized electrode, potentially 
mat ching the performance and energy efficiency of chro-
mium plating [14; 15].

The objective of this study was to assess the suitabi-
lity of ESD with a nonlocalized electrode for applying 
protective Fe–Cr–Cu coatings to St3 steel. Additionally, 
we aimed to investigate the impact of the con-
centration of chromium powder in the anode mixture 
on the structure, corrosion resistance, and tribological 
characteristics of the coatings.

ExperimentalExperimental
Copper and titanium granules were used in a molar 

ratio of 3:2 (Cu60Ti40 ) along with chromium powder 
with a purity of 98.5%, as the anode mixture. Cu60Ti40 
granu les was chosen as the sources of copper and tita-
nium. These granules were created by cutting copper 
(M0) and titanium (VT-00) wires with a 4 mm dia meter 
into pieces that were 4 ± 0.5 mm long. The chromium 
powder was pre-ground using a Retsch PM400 plane-

nearly twofold with the addition of chromium powder to the anode mixture. The structure of the coatings was analyzed through 
X-ray phase analysis, scanning electron microscopy, and energy dispersive spectrometry. The phase composition of the coatings 
consists of ferrochrome and copper. It is demonstrated that the proposed method of electrospark processing allows for the creation  
of Fe–Cr–Cu coatings with an average chromium concentration ranging from 55 to 83 at. %. The average copper content in 
the prepared coatings varied from 5 to 16 at. %. The highest concentration of chromium was observed in the coating prepared with 
the addition of 13.26 wt. % Cr to the anodic mixture. The corrosion behavior of the coatings was investigated using potentiodynamic 
polarization and impedance spectroscopy in a 3.5 % NaCl solution. Polarization tests have shown that applying Fe–Cr–Cu coatings 
to St3 steel can increase its corrosion potential by 12 to 19 % and reduce the corrosion current by 1.5 to 3.4 times. The microhardness 
of the coating surface ranged from 3.08 to 4.37 GPa, and the coefficient of friction ranged from 0.75 to 0.91. The maximum hardness 
and the lowest coefficient of friction were observed in the coating with the highest chromium content. It has been demonstrated that Fe–
Cr–Cu coatings can enhance the wear resistance of the surface of St3 steel by 1.5 to 3.8 times. 

Keywords: Fe–Cr–Cu coatings, electrospark deposition, St3 steel, corrosion current density, coefficient of friction, hardness, wear
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tary mill (Retsch GmbH, Germany) in alcohol and 
an argon atmosphere at a speed of 250 min–1 for 80 min. 
The average size of chromium particles after grinding 
was 1.90 ± 0.98 µm. The amount of chromium added 
to the anode mixture varied from 4.85 to 13.26 wt. % 
(Table 1). The substrate (cathode) was made of St3 steel 
in the shape of a cylinder with a diameter of 12 mm and 
a height of 10 mm. The facility for depositing coatings 
using a nonlocalized anode with the addition of Cr3C2 
powder is described in detail in [16]. The IMES-40 dis-
charge pulse generator (Institute of Materials Science, 
Khabarovsk) generated rectangular current pulses with 
an amplitude of 110 A, 100 μs, 1000 Hz, and 40 V. 
To prevent oxidation of the sample surfaces, argon was 
supplied to the working volume of the container at a rate 
of 5 l/min.

The kinetics of mass transfer were studied by alter-
nately weighing the cathode every 2 min using ESA 
on a Vibra HT120 analytical balance (Shinko Denshi, 
Japan) with an accuracy of 0.1 mg. The total processing 
time for one sample was 8 min. To ensure reproducibi-
lity of the results, the cathode weight gain was studied 
for three samples from each series. 

The phase composition of the prepared coatings 
was analyzed using a DRON-7 X-ray diffractometer 
(NPP “Burevestnik”, St. Petersburg) with CuKα radia-
tion in the angle range 2θ = 20÷90°. The microstructure 
of the coatings was examined using a Vega 3 LMH 
scanning electron microscope (SEM) (Tescan, Czech 
Republic) equipped with an X-max 80 energy disper-
sive spectrometer (EDS) (Oxford Instruments, UK). 

The roughness of the coatings was measured using 
a TR 200 profilometer (TIME GROUP Inc., China). 

Polarization tests were conducted in a three-elect-
rode cell using a 3.5 % NaCl solution. A P-2X galva-
nostat (Electro Chemical Instruments, Chernogolovka) 
with a scanning speed of 4 mV/s was employed. A stan-
dard silver chloride electrode served as the reference 
electrode, and a paired platinum electrode ETP-02 was 
utilized as the counter electrode. Before recording, 
the samples were allowed to stabilize in the open circuit 
current for 30 min. The corrosion current density was 
determined from the plots using the Tafel extrapola-

tion method. Impedance studies were carried out using 
a Z2000 device (Elins LLC, Moscow) within a fre-
quency range of 100,000 to 1 Hz.

The hardness of the coatings was measured 
using a PMT-3M microhardness tester (JSC LOMO, 
St. Petersburg) with a load of 0.5 N, employing the 
Vickers method. The wear resistance and coefficient 
of friction of the samples were assessed following 
the ASTM G99-17 procedure, involving dry sliding 
friction at a speed of 0.47 m/s under a load of 25 N. 
The testing time was set at 10 min, and high-speed steel 
M45 disks with a hardness of 60 HRC were employed 
as the counterbodies. Wear was evaluated gravimetri-
cally, with each sample type subjected to at least 
three times.

Results and discussionResults and discussion
As the electrospark treatment time increased, 

the St3 steel cathode continuously gained weight, and 
the rate of weight gain significantly increased with 
the content of chromium powder in the anode mixture 
ranging from 4.85 to 9.25 wt. % (Fig. 1, a). With a larger 
quantity of Cr powder (from 9.25 to 13.26 wt. %), 
the weight gain of the substrates increased slightly, con-
sidering the margin of error. This observation suggests 
that the chromium powder content in the anode mixture 
is approaching an optimal value. In general, the cathode 
weight gain indicates that chromium powder can be suc-
cessfully deposited on St3 steel using the ESD method 
with a Cu60Ti40 anode mixture.

X-ray diffraction patterns of the prepared coatings 
are displayed in Fig. 1, b. Reflections of ferrochrome 
Fe–Cr (#34-396 PDWin base) and copper (#4-836) 
are evident in the X-ray spectra of the coatings. Based 
on the intensities of the reflections, it is evident 
that the composition of the coatings was predominantly 
ferrochrome, which is a solid solution of chromium 
substituting for iron. This finding aligns with data 
from [17], where M50 steel was treated with the ESD 
method using a chromium electrode. The relative inten-
sity of copper reflections in the X-ray spectra decreased 
with an increasing addition of chromium to the anode 
mixture, indicating a reduction in the copper concentra-
tion within the coatings.

The average thickness of the coatings increased 
within the range of 38.1 to 48.6 μm with an increasing 
addition of chromium to the anode mixture (Table 2). 
Figure 2, a displays an electron image of the cross-
section of the Cr5 coating in the back-reflected elect-
ron mode. Within the coating’s microstructure, there 
are light inclusions rich in copper (Fig. 2, b). These 
inclusions are likely the ones identified in the X-ray dif-
fraction pattern. The coating exhibits a dense structure 
with a minimal number of small pores and inclusions 

Table 1. The composition of the anode mixture  
and the designation of coatings 

Таблица 1. Состав анодной смеси  
и обозначение покрытий

Designation
Ratio of metallic granules, 

at.%
Powdered 
chrome, 
wt. %Cu Ti

Cr5
60 40

4.85
Cr9 9.25
Cr13 13.26

Powder Metallurgy аnd Functional Coatings. 2023;17(4):51–58 
Burkov A.A., Kulik M.A. Electrospark deposition of Fe–Cr–Cu coatings on St3 steel



54

of copper oxides. The presence of copper oxides is 
a result of copper’s high affinity for oxygen, even with 
the supply of argon to the container containing the gra-
nules. A significant accumulation of copper was found 
at the interface between the coating and the substrate 
(as shown in Fig. 2, c). This accumulation likely formed 
when a discharge occurred between the substrate and 
the copper granule at the outset of the ESD process.

The average chromium concentration in the coating 
composition ranged from 55 to 83 at. %. As the chro-
mium content in the anodic mixture increased, its 
con centration in the coating exhibited a non-mono-
tonic trend, with a minimum for the Cr9 sample and 
a maximum for the Cr13 sample (Fig. 3). Consequently, 
the average copper concentration in the coatings 
decreased from 16 to 5 at. %, reaching its maximum in 
the Cr9 sample.

The discrepancy between the data from X-ray phase 
analysis and energy dispersive analysis regarding 
the trend of changes in copper content with the addi-
tion of chromium to the anode mixture can be attri-
buted to the fact that the concentration of chromium in 
the ferrochrome phase can vary widely. Additionally, 
the results obtained through the EDS method are gener-
ally considered more accurate compared to X-ray phase 
analysis. The average titanium content in the coatings 
ranged from 0.6 to 4 at. %. A comparison of copper and 
titanium data reveals that copper from the granules is 

Table 2. Characteristics of coatings 
Таблица 2. Характеристики покрытий

Sample Thickness, 
μm

Roughness Ra , 
μm

Microhardness, 
GPa

Cr5 38.1 ± 12.2 3.82 ± 0.79 3.46 ± 0.44
Cr9 47.9 ± 6.0 4.63 ± 0.85 3.08 ± 0.26
Cr13 48.6 ± 5.4 4.04 ± 1.24 4.37 ± 0.46

Fig. 1. The kinetics of cathode weight gain during the electrospark deposition of coatings (a)  
and X-ray diffraction patterns of the deposited coatings (b) 

Рис. 1. Кинетика привеса катода при электроискровом нанесении покрытий (а)  
и рентгеновские дифрактограммы осажденных покрытий (b)

Fig. 2. The SEM images of the Cr5 coating sample  
cross-section (a), its microstructure (b),  

and the EDS spectrum of a light inclusion (c) 

Рис. 2. СЭМ-изображения поперечного сечения 
покрытия Cr5 (а), его микроструктура (b)  

и ЭДС-спектр светлого включения (c)
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much more actively transferred into the coating during 
ESD than titanium. This can be attributed to the higher 
melting point of titanium (1660 °C) when compared 
to copper (1083 °C). 

An increase in the corrosion potential of St3 steel 
after coating indicates a reduction in its suscepti-
bility to spontaneous corrosion (Fig. 4, a). To pro-
vide a detailed description of the corrosion behavior 
of the samples, the corrosion current density Icorr was 
calculated. The values of Icorr are in the range from 
43.7 to 101.1 A/cm2, as shown in Table 3. The corro-
sion current density varied inversely with the chromium 
concentration in the coatings, with a minimum for 
the Cr9 sample and a maximum for the Cr13 sample, 

mirroring the trend observed in the corrosion poten-
tial. The corrosion current density of the coatings was 
1.47 to 3.39 times lower than that of St3 steel, despite 
the coatings’ higher actual metal-to-electrolyte interface 
formed by the roughness of the coatings (see Table 2) in 
comparison to steel. 

The electrical impedance spectra in a 3.5 % NaCl 
solution at room temperature are presented in Fig. 4, b. 
In this representation, the Im and Re axes represent 
the imaginary and real components of electrical imped-
ance, respectively. The Nyquist diagrams for all coa-
tings feature similar semicircular capacitive contours 
in the high-frequency region. Typically, a larger radius 
of the capacitive arc indicates higher corrosion resis-

Fig. 3. The EDS analysis of elemental distribution along the coating cross-sections  
of samples Cr5 (a), Cr9 (b), and Cr13 (c)

1 – Cr, 2 – Fe, 3 – Ti, 4 – Cu 

Рис. 3. Типичное распределение элементов по поперечному сечению  
покрытий Cr5 (а), Cr9 (b), Cr13 (c) согласно ЭДС-анализу

1 – Cr, 2 – Fe, 3 – Ti, 4 – Cu

Fig. 4. The potentiodynamic polarization curves (a) and Nyquist plot (b) of Fe–Cr–Cu coatings and St3 steel
1 – steel St3, 2 – Cr5, 3 – Cr9, 4 – Cr13 

Рис. 4. Потенциодинамические поляризационные кривые (а) и импедансные графики  
в координатах Найквиста (b) Fe–Cr–Cu-покрытий и стали Ст3

1 – сталь Ст3, 2 – Cr5, 3 – Cr9, 4 – Cr13
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tance of the material [18]. The radius of the capaci-
tive circuit for all coatings was relatively close, but 
there was a tendency for it to increase with the addi-
tion of more chromium to the anode mixture. This 
implies that the corrosion resistance of Fe–Cr–Cu coa-
tings improved with higher chromium concentrations. 
The radius of the capacitive circuit for St3 steel was 
notably smaller than that of the coatings, aligning with 
the potentiodynamic polarization data.

The microhardness measured at the surface 
of the coatings was consistent among all samples, 
ran ging from 3.08 to 4.37 GPa (as shown in Table 2). 
As it is well-known, the microhardness of a coating 
is influenced by the phase composition and the distri-
bution of residual stresses [19]. Chromium is known 
for its greater hardness compared to iron or cop-
per. Consequently, the Cr9 coating with a low chro-
mium concentration exhibited the lowest hardness, 
while the Cr13 coating with the highest chromium 
content displayed the highest hardness (see Fig. 3). 
Additionally, the increased hardness of the coatings 
was influenced by the refinement of the structure due 
to high cooling rates of the material after the ESD 
discharge completion [20]. Given that the hardness 
of St3 steel was 1.09 ± 0.2 GPa, the electrospark depo-
sition of chromium can enhance the surface hardness 
by up to four times.

The average values of the coefficient of friction (COF) 
for the coatings ranged from 0.75 to 0.91 (Fig. 5, a). 
These higher COF values are in line with data from Fe–Cr 
coatings prepared through induction surfacing, where 
COF = 0.9 [21]. The coefficient of friction for the coa-
tings was higher than that of St3 steel (COF = 0.63). 
Despite the relatively elevated COF level, the wear rate 
of the Fe–Cr–Cu coatings was 1.5 to 3.8 times lower 
than that of uncoated steel (Fig. 5, b). With an increas-
ing chromium concentration in the anodic mixture, 
the wear of the electrospark coatings steadily increased 
from 1.88·10–5 to 4.61·10–5 mm3/(N·m). This is likely 
due to the embrittlement of coatings as they become 
enriched with chromium, resulting in increased fluc-
tuations in the friction force in the coefficient of fric-
tion curves for the Cr6 sample (Fig. 5, а).

ConclusionsConclusions
The method for depositing Fe–Cr–Cu coatings 

on St3 steel through electrospark treatment with a non-
localized electrode in an anode mixture has been pro-
posed. The anode mixture, consisting of copper and 
titanium granules supplemented with chromium powder 
ranging from 4.85 to 13.26 wt. %, allows for the produc-
tion of coatings with chromium concentrations between 
55 and 83 at. %. The coating with the highest chromium 
content was obtained when 13 wt. % of chromium was 

Table 3. Corrosion potential  
and corrosion current density of coatings 
Таблица 3. Коррозионный потенциал  

и ток коррозии покрытий

Sample Ecorr , V Icorr , μA/cm2

St3 –0.80 148.3
Cr5 –0.69 64.9
Cr9 –0.65 43.7
Cr13 –0.70 101.1

Fig. 5. The coefficient of friction (a) and wear (b) of coatings  
in comparison with St3 steel at a load of 25 N

1 – Cr2, 2 – Cr4, 3 – Cr6, 4 – steel St3 

Рис. 5. Коэффициент трения (а) и износ (b) покрытий  
по сравнению со сталью Ст3 при нагрузке 25 Н

1 – Cr2, 2 – Cr4, 3 – Cr6, 4 – сталь Ст3
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added to the anode mixture. The average copper content in 
the coatings varied from 5 to 16 at. %. Polarization tests 
revealed that applying Fe–Cr–Cu coatings to St3 steel 
can increase its corrosion potential by 12 to 19 % 
and reduce the corrosion current by 1.5 to 3.4 times. 
The microhardness of the coating surface ranged from 
3.08 to 4.37 GPa, while the coefficient of friction fell 
within the range of 0.75 to 0.91. The highest hardness 
and the lowest coefficient of friction were observed in 
the coating with the highest chromium content. It’s worth 
noting that wear of the coa tings increased with the addi-
tion of chromium powder to the anode mixture.
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