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Abstract: Electrolytic Ni–Re alloy coatings were obtained
in galvanostatic conditions from nickel–rhenium baths with
different contents of ammonium rhenate(VII) (0.5, 1.25, 2.5
and 5 g·L−1). The surface morphology, chemical, and phase
composition of the obtained materials were determined. The
coatings’ corrosion resistance tests were carried out in a 5%
NaCl solution. Based on the tests, it was found that the
highest corrosion resistance characterizes the coating with
the highest rhenium content (37%). This material can be
recommended for practical use as a protective coating. The
density of the deposited Ni–37Re alloy was determined, and
its specific surface area was assessed. The melting point,
hardness, and electrical conductivity were also determined.

Keywords: nickel, rhenium, ammonium rhenate, electro-
deposition, Ni–Re alloy coatings

1 Introduction

The top layer formed in the technological process may
have a positive effect on the functional properties of the
materials, e.g., wear and corrosion resistance, fatigue
strength, etc. Such a coating is harder than the substrate

and thus more resistant to the effects of exploitation.
Currently, several methods of coating deposition are
known and widely used in the industry, for example,
selective laser melting, HVOF technology using micro-
and nano-sized powder, and reactive detonation spraying
[1–3]. Electrodeposition is another method that allows the
production of modern coatings with specific functional
properties. By controlling the electrodeposition para-
meters, i.e., current, voltage, temperature, and bath com-
position, it is possible to influence the structure of the
material obtained and thus its properties. The essence of
this method is the possibility of simultaneous co-depos-
iting of several metals to form an alloy and even incorpora-
tion of metal powders into the structure of the coating
[4–18]. Nickel is one of the metals widely used in various
electrochemical processes as it has good corrosion resis-
tance. Various methods of modification are applied in
order to improve nickel coatings, such as the use of alloys
instead of pure elements [5,6,12]. An interesting additive to
electrolytic nickel coatings can be rhenium, which is one
of the rarest and most expensive metals on earth. The
metallic rhenium resembles platinum and is often classi-
fied as a precious metal. In its pure form, this element is a
silvery, shiny metal of high hardness. It refines metal
alloys, significantly increasing their hardness and corro-
sion resistance. Rhenium dissolves only in oxidizing acids:
nitric acid and hot concentrated sulfuric acid. A significant
amount of Re is used in the production of special alloys
or superalloys, for example, in the aviation industry for
the production of jet engine components. Rhenium is
also used for the production of thermocouples, heating
elements, electrical contacts, electrodes, electromagnets,
vacuum and X-ray lamps, flashlight bulbs, metallic coat-
ings and also can be used as a catalyst in such reactions as
metathesis and epoxidation [19–22]. Since Re belongs to
the group of “resistant metals,” the presence of cations of
the ferrous group is necessary for the formation of electro-
lytic alloy coatings. Research on the electrodeposition of
alloy coatings containing rhenium has been the subject of
many studies. Such materials can be produced by both the
current and electroless deposition methods [23–25].
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Naor et al. attempted to determine the mechanism of
Ni–Re electrodeposition reactions. The studies were car-
ried out with a sulfamic acid bath in the presence of ions
of the ferrous group, mainly nickel [26,27]. The research
of electrolytic Ni–Re coatings was also conducted by Wen
[28]. In Wen’s work, he characterized the dependence
of the rhenium content in the alloy coating on the pH
of the plating bath extensively, determined the mechan-
ical properties and the influence of temperature on the
obtained rhenium coatings. Rhenium–nickel coatings were
also tested for use as a cathode material in the hydrogen
evolution process [24]. The coatings were obtained from a
bath containing nickel(II) sulfate, potassium rhenate(VII),
and citrate ions. The obtained material had a rhenium con-
tent of 55–88%. It has been shown that the increase of
rhenium content in the coating causes an approximately
50-fold increase in the rate of the hydrogen evolution pro-
cess. Rhenium-containing alloys were also tested for their
corrosion resistance. The works concerned inter alia, alloys
of cobalt, molybdenum, and nickel with rhenium [29,30].
The studies on the properties of cobalt–rhenium superal-
loys concerned mainly two- and three-component alloys.
The 5 µm CoRe, CoW, and CoWRe layers were characterized.
The coatings were obtained from the citrate–pyrophosphate
electrolyte with different contents of potassium rhenate(VII).
Investigations performed by electrochemical impedance
spectroscopy and voltammetry showed that the most
corrosion-resistant coatings were obtained at a current
density of 10 mA·cm−2. The three-component CoWRe
coating was characterized by the highest value of corro-
sion resistance and microhardness.

Recently, studies of the electrolytic Co–Re alloy of
acid citrate electrolytes and the alkaline citrate–pyropho-
sphate electrolyte have also been conducted. The authors
found that the process carried out with the use of acid
electrolyte allows one to obtain an alloy with a relatively
high Re content (45–67%) but the current efficiency of
the process is low. It does not exceed 40%. The use of
an alkaline bath improves the efficiency but reduces the
rhenium content in the alloy to about 13.5% [31]. Based
on the conducted experiments, it was found that the cor-
rosion and electrocatalytic properties of the coatings
depend not only on the chemical but also on the phase.
The presence of the monocrystalline phase of the solid
solution increases the corrosion resistance, and the fine-
crystalline structure of the coatings and the uniform
distribution of elements on the surface increase the elec-
trocatalytic activity in the hydrogen process [31].

In the case of Ni–Re alloys, the tests concerned mate-
rials containing 10, 20, and 30 wt% rhenium, and for
the alloy with tungsten, 27% Re. The experiments were

carried out in 0.5 M NaCl, 0.5 M NaCl + 0.1 M HCl, and
0.5 M NaCl + 0.1 M NaOH solutions. It was found that
irrespective of the alloy matrix, the addition of rhenium
significantly improves the corrosion resistance of the
tested materials [29].

The presented work describes electrolytic Ni–Re coat-
ings obtained from electroplating baths with different
ammonium rhenate(VII) contents. The chemical and phase
compositions, as well as the surface morphology, were
characterized. The corrosion resistance of the obtained
coatings was tested. For the coating with the best corrosion
resistance, the density was determined and its specific sur-
face area was assessed. The melting point, hardness, and
electrical conductivity were also determined.

2 Materials and methods

The electrodeposition process of Ni–Re coatings was
carried out on a nickel substrate with a purity of 99.9%.
The polishing of the substrate was carried out using a
mini grinder, the tip of which was equipped with sand-
paper (Labsoft®, P 800), etched in HCl 1:1 solution che-
mically and electrochemically at a current density of
300mA·cm−2 to obtain good adhesion of the coatings to
the substrate. During the settling process, the bath was
mixed mechanically (250 rpm). Analytical purity grade
reagents and distilled water were used to prepare the
solutions. The deposition process was carried out in an
electrochemical cell with a capacity of 0.500 L, at a depth
of approx. 5 cm from the surface of the solution. In the
deposition process, dimensionally stable anodes (DSA)
were used, made of titanium mesh coated with iridium
and tantalum oxides with an area of 100 cm2. The volume
of the bath used was 0.4 L, and the distance between the
cathode and anode was 3 cm. The Ni–Re coatings were
deposited on a cold-rolled nickel strip substrate. The
thickness of this substrate was 0.02 cm. The coatings
were deposited to a double-sided surface of 1 cm × 5 cm.
The Ni–Re alloy coatings were obtained from an electrolyte
composed of NiSO4 (60 g·L−1) (Chempur), NiCl2 (10 g·L−1)
(Chempur), NH4ReO4 (0.5–5 g·L−1) (KGHM Polska “Miedź”
SA), H3BO3 (10 g·L−1) (Chempur), and Na2SO4 (80 g·L−1)
(Chempur). The pH of the solution was 3.5. The coatings
were deposited at a cathode current density of 25mA·cm−2

and a temperature of 55°C.
Chemical analysis of all obtained coatings was per-

formed by ZSX Primus X-ray fluorescence spectrometer
with wavelength dispersion (Rigaku, Tokyo, Japan). The
spectrometer is equipped with a 4 kW lamp with a
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rhodium anode, a set of filters, and crystals, allowing the
analysis of elements from boron to uranium. Under the
influence of the lamp radiation, the atoms in the sample
emit their own characteristic radiation, which, after pas-
sing through the optics system, reaches the detector.
Measurements of samples were made using the so-called
nonstandard semiquantitative X-ray fluorescence spec-
trometry (XRF) method with the use of a mask allowing
the measurement of a surface with a diameter of 1 cm and
with the sample rotation switched off. The microscopic
investigations were performed using the JEOL JXA-8230
Electron Probe Micro Analyzer (JEOL Ltd., Tokyo, Japan).
The measurements were made at an accelerating voltage
of 15 kV and a beam current of 30 nA. The quantitative
composition in selected places of the sample was deter-
mined by energy-dispersive X-ray spectroscopy (EDS).
Quantitative analyses of the chemical composition were
carried out using the standards of all analyzed elements.
The maps of the distribution of elements were made using
wavelength dispersive X-ray spectroscopy (WDS). The
samples for the cross-section were hot-mounted using a
powdered conductive resin. This solution allowed to omit
the stage of spraying the samples with carbon or gold
before testing on the microanalyzer. In order to prepare
the samples for observation, the samples were first ground
on sandpaper graded from P 220 to P 4000 and then
polished with a diamond paste.

The crystal structure and phase content of the coat-
ings and substrate were studied by X-ray diffraction
(XRD) using a Phillips X’Pert PW 3040/60 X-ray diffract-
ometer (U = 40 kV, I = 30mA) (Malvern Panalytical,
Almelo, Netherlands) with a copper anode lamp (CuKα
− λ = 1.54178Ǻ). The diffraction patterns were recorded by
scanning at steps of 0.04° (2Ѳ) over the angular range
from 20 to 145° 2Ѳ. The phases were identified based on
HighScore software and catalog data PDF4 + from 2020
by ICDD (International Centre for Diffraction Data).

The electrochemical tests of corrosion resistance included
the registration of the relationship E = f(t) for 20h. These tests
were carried out in a 5% NaCl solution, using the PGSTAT30
Autolab® electrochemical system (Metrohm Autolab, Utrecht,
Netherlands). The reference electrodewas a saturated calomel
electrode (SCE) and the auxiliary electrode was a platinum
mesh. For electrochemical tests, the materials were covered
with a chemically resistant DISTAL epoxy adhesive, leaving
an active surface with a size of 1 cm × 1 cm. Then, measure-
ments were carried out by electrochemical impedance spec-
troscopy (EIS) at an open-circuit potential, in the frequency
range from 10,000 to 0.01Hz, using a sinusoidal wave with
an amplitude of 10mVand recording tenmeasurement points
for each frequency decade.

The Ni–Re alloy density determination was carried
out in a helium atmosphere using the AccuPyc 1330 appa-
ratus (Micromeritics, Norcross, USA). The measurement
consisted of equalizing the pressure between the mea-
suring cell containing the test sample and the reference
cell. The specific surface area of the Ni–Re alloy was also
tested. The tests were carried out with the use of the
Gemini 2360 apparatus (Micromeritics, Norcross, USA).
The specific surface area of Ni–Re coating was measured
by measuring the adsorption of gas (nitrogen) on the
adsorbate surface. In order to remove impurities and
moisture, the material was pre-dried at 110°C. The degas-
sing of the samples was carried out in a protective nitrogen
gas atmosphere. The measuring range of the instrument
was as follows: specific area from 0.01m2·g−1, a total area
from 0.1 to 300m2. Amelting point test was also performed
for the Ni–Re material removed from the substrate. It was
determined using a derivatograph under an inert gas
atmosphere (argon). The sample was heated at a rate of
6°C·min−1. The maximum test temperature was 1,600°C.
Next, the sample was immediately cooled at a rate of
6°C·min−1. The differential thermal analysis (DTA) studies
were performed with a TA1 thermobalance (Mettler-
Toledo, Schwerzenbach, Switzerland). During the heating
of the tested material sample, under the argon (5 N) atmo-
sphere, it flowed through the thermobalance system at a
rate of 10 L·h−1. The hardness of the Ni–Re coating was
measured using the Vickers method on an FM-700 hard-
ness tester (Future-Tech Corp., Kawasaki, Japan). In order
to eliminate the influence of the substrate, tests were
carried out for a coating with an increased thickness of
200 μm. A cut fragment of the sample was installed into
the vice of the hardness tester device. The surface grinding
operation was performed with the use of a RotoPol grinder
(Struers Inc., Cleveland, USA) on 500/800/1200/2500
graded papers in order to remove the oxidized surface of
the sample. The hardness tests were carried out with a load
of 4.904 N and a loading time of 15 s. Measurements were
made at various places on the surface of the sample and
at its edges. Electrical conductivity was also measured for
the tested material. The tests were performed using the
Sigmascope® SMP10 conductometer (Fischer Technology,
Inc., Connecticut, USA).

3 Results and discussion

All Ni–Re alloy coatings obtained show good adhesion
to the substrate and are characterized by a smooth,
metallic, light-gray, shiny surface, with no cracks or

786  Jolanta Niedbała et al.



discoloration. The thicknesses of all the coatings were
about 5 µm, and the measurements carried out showed
very high repeatability. The specified efficiency of the
electrochemical deposition of Ni–Re alloy coatings was
in the range of 95–99%.

The analysis of the chemical composition of the
Ni–Re alloy coatings performed using the XRF method
showed that the average rhenium content in the coatings
ranges from 18.7 to 37.0% and increases with the increase
of ammonium rhenate(VII) in the plating bath (Figure 1).
The coating obtained from a bath containing 0.5 g·L−1
ammonium rhenate(VII) in solution has the lowest rhe-
nium content. Consequently, the increase in the ammo-
nium rhenate(VII) in the plating bath also increases
the rhenium content in the coating itself. For 1.25 g·L−1
NH4ReO4 in the electroplating bath, the rhenium content
in the obtained coating increases to 32.7%. Thus, a 2.5-fold
increase in the ammonium rhenate(VII) in the electro-
plating bath allows obtaining an alloy coating containing
almost twice as much Re (1.8×). A further increase in the
amount of ammonium rhenate(VII) in the bath to 2.5 and
5 g·L−1 has very little effect on the Re content in the coat-
ings. The changes are slight and are 35.3 and 37.0%,
respectively.

The research on the morphology of Ni–Re coatings
showed that the layers are highly textured and the sur-
face is homogeneous with a clearly marked islet char-
acter. The coating with the highest content of rhenium
(Ni–37Re) was additionally subjected to EDS analysis
(Figure 2). These investigations confirmed that rhenium
and nickel are present on the coating surface. Themaximum

discrepancy in the rhenium content at the examined points
on the surface was 2.8%. The calculated average of the
tested three points was 37.02% (Table 1). Thus, it coincides
with the value obtained in the tests by the XRF method.

Figure 3 shows the cross-section of the Ni–37Re
coating with the maps of the distribution of elements.
On the element distribution maps, the changes in the
concentration reflect the colors from red –maximum con-
centration, through yellow, green, blue to black –minimum
content. When analyzing the obtained image, it should be
stated that the tested material is characterized by high
homogeneity over the entire cross-section of the coating.
The obtained maps of the elemental distribution confirm
the uniform distribution of the elements in the coating.

XRD data used for the analysis of the structure and
phase properties of coatings and substrate are shown in
Figure 4 and only the Ni phase in the substrate is
observed. In contrast, the diffractogram from the coating
showed three peaks with a broadened profile. The pre-
sence of X-ray “amorphous hallo,” characteristic for phases
with the amorphous structure, was not observed. The
observed broadening of the diffraction peaks indicates
the nanocrystalline nature of the coating. In addition,
abnormalities in the occurrence of diffraction peaks and
their intensities were found. This may indicate the pre-
sence of a preferential orientation in the coating, which
results in distorted proportions of diffraction peaks and
extinction of some reflections.

Based on the above, the qualitative phase analysis of
the coating did not clearly show the phase type. This is
due to the fact that in the ICDD databases there are no
files for different concentrations of elements from the

Figure 1: The relationship between the average rhenium content in
the Ni–Re coatings and the amount of ammonium rhenate(VII) in the
electroplating bath.

Figure 2: Surface morphology of the Ni–37Re coating (j =
25 mA·cm−2, 5 g·L−1 of ammonium rhenate(VII) in the bath) with the
three points of EDS analysis.
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Ni–Re system. Based on the chemical composition, it is
most likely a solid solution of Ni(Re), which would be
confirmed by the occurrence of peak 220 for the fcc Ni
at an angle of 74 degrees 2Ѳ. It is significant that this peak
is shifted toward lower angles, indicating the expansion
of the elemental cell due to the larger atomic radius of Re
(137 pm) than Ni (124 pm).

Moreover, the coating is characterized by a strong
growth texture in which the {110} crystallographic planes
are parallel to the substrate plane. The presence of a Re
(Ni) solution cannot be ruled out as evidenced by the
diffraction peaks at 135 and 140 2Ѳ angles.

The corrosion resistance of the tested coatings
was assessed based on the results of electrochemical
measurements in an environment of 5% NaCl solution.
Open-circuit potentials of Ni–Re coatings were deter-
mined for 20 h (Figure 5).

In the case of Ni–Re coatings, this potential practi-
cally did not change after 20 h, which proves the high
stability of these alloy coatings (Figure 5). The impedance
spectra recorded in the open-circuit potential are pre-
sented in the form of a Bode diagram (log ǀZǀ = f (log f))
(Figure 6), where Z is the value of impedance and f is the
frequency. The behavior of the obtained coatings could

Table 1: Chemical composition of the Ni–37Re coating (j = 25mA·cm−2, 5 g·L−1 of ammonium rhenate(VII) in the bath of the alloy coating) in
the three different points

Point number Element Mass (%) Atom (%) Sigma Net Ratio Line

001 Ni 61.7 83.66 0.1 165,912 0.725101 K
Re 38.26 16.34 0.14 248,406 0.265955 M

002 Ni 64.18 85.58 0.1 5,656,342 0.794836 K
Re 35.82 14.42 0.1 7,648,606 0.23373 M

003 Ni 63.02 84.39 0.09 137,145 0.592663 K
Re 36.98 15.61 0.14 350,274 0.370817 M

Figure 3: Cross-section of the Ni–37Re coating (j = 25 mA·cm−2, 5 g·L−1 of ammonium rhenate(VII) in the bath).
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be described by the one-CPE (constant phase element)
electrode model (Figure 7), as was shown in ref. [5] and
references therein. This model consists of the solution
resistance Rs in series with a parallel connection of the
CPE element (ZCPE = 1/[(jω)ϕ T], where T is the capacitive
parameter, ϕ is a dimensionless parameter, and ω is the
angular frequency of the ac voltage) and Rp is the polar-
ization resistance [5]. Such an equivalent electrical circuit

simulates the behavior of the tested material in a corrosive
environment and allows the determination of circuit para-
meters such as Rp, T, ϕ, and Rs [5] (Table 2). The obtained
values of the equivalent circuit parameters of coatings
prove the differences in the characteristics of the interfa-
cial boundary: Ni–Re coating | NaCl solution. Based on the
obtained results, it was found that the corrosion resistance
of Ni–Re coatings increases with the increase of the

Figure 4: X-ray diffraction pattern of the Ni–37Re coating (j = 25 mA·cm−2, 5 g·L−1 of ammonium rhenate(VII) in the bath) and substrate.

Figure 5: Dependences of E = f(t) for the coatings: Ni–18.7Re
(a), Ni–32.7Re (b), Ni–35.3Re (c), and Ni–37Re (d).

Figure 6: Dependences of log ǀZǀ = f(log f) for the coatings:
Ni–18.7Re (a), Ni–32.7Re (b), Ni–35.3Re (c), and Ni–37Re (d).
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rhenium content in the coating. This is evidenced by
increasing the polarization resistance, Rp (Table 2). Higher
values of this parameter suggest stronger protective prop-
erties of the coating, while lower values of this parameter
indicate that a material is more susceptible to corrosion. In
Ni–Re alloy coatings containing more than 35% Re, the
values of polarization resistance, Rp, are similar, which
may prove that 2.5 g·L−1 ammonium rhenate(VII) in the
electroplating bath is enough to obtain coatings charac-
terized by high corrosion resistance. It can also be observed
that the capacitive parameter T has lower values for coat-
ings containingmore rhenium (Table 2), which confirms the
effect of reducing the ability of these materials to exchange
electric charge with the corrosive environment.

In order to additionally analyze the obtained data,
the value of the impedance modulus for a frequency of
0.1 Hz was determined. The magnitude of the low-fre-
quency impedance modulus is often used as a simple
index to compare coatings [32]. The greater the value of
Z, the better the corrosion resistance of the material. The
log |Z|0.1 value increases with increasing rhenium content
from 3.40 to 3.75 in the coating (Table 3) (Figure 6). In the
case of the Ni–37Re coating containing the most rhenium,

the highest value of log |Z|0.1 was recorded. In general, in
the whole range of tested frequencies, values of the log |Z|
parameter are much higher for the Ni–37Re coating,
which corresponds to more effective corrosion resistance
than Ni–Re coatings containing less rhenium (Figure 6).

On the basis of the obtained equivalent circuit para-
meters, the double-layer capacitance, Cdl, was calculated
according to equation (1) and then the value of the factor
of electrochemically active surface area, Rf, was calcu-
lated according to equation (2) [5] (Table 3):

T C R R1 1ϕ ϕ
dl s p

1( )= / + /

− (1)

R C 0.000020 F cmf dl
2

= / ⋅

− (2)

The value of Rf (the ratio of capacitances Cdl deter-
mined for the Ni–Re coating and for the ideally smooth
nickel electrode, according to the above equation) for the
Ni–37Re coating is about 260 times lower than that for the
Ni–18.7Re coating, indicating the more efficient blocking
of the corrosion process (Table 3). Higher values of this
parameter indicate a larger interfacial surface and thus a
deterioration of the corrosion resistance of the material. It
is clearly shown that the Ni–37Re coating exhibits the
best anticorrosion properties in a 5% NaCl solution com-
pared with the other coatings. This is indicated by all
corrosion resistance parameters obtained. The probable
cause of the improvement in the corrosion resistance of
this coating is the highest content of rhenium among all
the tested coatings.

The coating with the best corrosion resistance (Ni–37Re)
was subjected to further investigations. The Ni–37Re alloy

Figure 7: Equivalent circuit scheme (Rs – solution resistance,
CPE – constant phase element, Rp – polarization resistance).

Table 2: Equivalent circuit parameters obtained on the basis of EIS data depending on the rhenium content in the Ni–Re coating

Amount of ammonium rhenate(VII)
in the electroplating bath (g·L−1)

% Re Rp (Ω·cm2) T ϕ Rs (Ω·cm2)

0.5 18.7 9,010 0.00049 0.67 0.35
1.25 32.7 9,714 0.00031 0.68 0.37
2.5 35.3 10,755 0.00020 0.67 0.32
5.0 37 10,931 0.00017 0.68 0.31

Table 3: Corrosion resistance parameters obtained by the EIS method, depending on the rhenium content in the Ni–Re coating

Amount of ammonium rhenate(VII)
in the electroplating bath (g·L−1)

% Re log |Z|0.1 Cdl (F·cm−2) Rf

0.5 18.7 3.40 0.000888 44.40
1.25 32.7 3.56 0.000285 14.26
2.5 35.3 3.69 0.000006 0.31
5.0 37 3.75 0.000004 0.17
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coating density tests were carried out in a helium atmosphere.
The density of the tested material was 11.54 g·cm−3 (Table 4).
For comparison, the densities of Ni and Re are, respectively,
8.91 and 21.0 g·cm−3. The measurement of the specific sur-
face area of the Ni–37Re coating consisted of measuring the
gas (nitrogen) adsorption on the adsorbate surface. The
multipoint specific surface area of Ni–37Re coating deter-
mined by the BET method (Brunauer–Emmett–Teller) was
0.2597m2·g−1 (Table 4). The electrical conductivity of the
Ni–37Re alloy coating was found to be 0.8MS·m−1 (Table 4).

When analyzing the obtained parameters, it should
be stated that the galvanic method allows obtaining
a coating with physical properties that make it possible
to recommend this material for use as a protective
coating.

The results of the Vickers hardness measurements
are presented in Table 5. The hardness of the electrolytic
Ni–37Re coating ranged from 570 to 676 HV1, while the
average of all measurements was 629.5 HV1 (Table 4). The
determined values confirm the significant mechanical
resistance of the obtained Ni–37Re alloy coating.

Another parameter determining the properties of
the tested material (Ni–37Re) was the melting point
(Figure 8). The melting point of the tested Ni–37Re elec-
trolytic alloy was approx. 1,540°C. Comparatively, for Ni
it was about 1,453°C and that for Re was about 3,185°C.
The melting point of the material constituting the alloy
coating allowed for its thermal treatment, which is very
difficult concerning the rhenium itself.

During the tests, it was also found that the sample
behaves very evenly during both the heating and cooling
processes. This confirms the high homogeneity of the
tested material. Moreover, the application of temperature
changes every 6°C allowed one to record the endothermic
effect accompanying the process of melting of the inves-
tigated material and the exothermic effect occurring during
its solidification (Figure 8).

Table 4: Physical properties of the Ni–37Re alloy coating

Parameter Value

Density (g·cm−3) (powder) 11.54
Specific surface area (m2·g−1) (powder) 0.2597
Average hardness (HV1) 629.5
Electrical conductivity (MS·m−1) 0.8
Melting point (°C) ≤1,540

Table 5: The hardness of the electrolytic Ni–37Re alloy coating
measured at various points on the surface (A, E – edge, C – center,
B, D – points between the edge and the center)

Area A B C D E

Hardness (HV1) 636.9 570.6 610.8 676.3 653.1

Figure 8: Differential thermal analysis of the Ni–37Re coating; brown line – (TA) temperature change over time in °C; red line – (DTA)
differential thermal analysis temperature difference between the tested material sample and the reference material; green line – (TG)
change of sample mass; blue line – (DTG) mass change rate).
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4 Conclusions

Based on the research, the following conclusions were
drawn:
1. The Ni–Re coatings were found to be highly homoge-

neous. The broadening of the diffraction peaks suggested
the nanocrystalline nature of the obtained coatings.

2. The conducted research found that the electrolytic
Ni–Re alloy coatings are materials with high corrosion
resistance. This is confirmed by the obtained corrosion
resistance parameters. This is due to rhenium proper-
ties, which form a superalloy material with nickel. An
additional advantage of these coatings is that even a
small amount of ammonium rhenate(VII) in the electro-
plating bath allows one to obtain coatings with high
anticorrosion parameters.

3. Moreover, it was found that the physical properties of
the obtained alloy coating, such as hardness and
melting point, recommend this material for practical
use as protective coatings.
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