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Abstract: Composite coatings based on chromium carbide (Cr3C;) and nickel-chromium alloys (NiCr)
are widely used due to their unique properties, including high heat resistance, wear resistance and
corrosion resistance. This article studies the structural-phase and physical-mechanical characteristics
of Cr3C;,-NiCr composite coatings applied by high-velocity oxygen fuel to E110 zirconium alloy.
The HVOF method was chosen to create coatings with high adhesion to the substrate and excellent
performance properties. Analysis of the microstructure of the cross-section showed the thickness of
the modified surface layer from 75 to 110 um, depending on the processing modes. Energy dispersive
X-ray spectral analysis revealed the presence of elements Cr, Ni, C and O in the coating composition.
Structural-phase analysis confirmed the formation of coatings with a high concentration of Cr;C,
carbide particles and NiCr (nickel-chromium) phases. The resulting composite coatings based on
Cr3C,-NiCr had a significantly high microhardness, ranging from HV 1190 to HV 1280, and the
friction coefficient varied in a significant range from 0.679 to 0.502 depending on the processing
conditions. The maximum adhesion strength was 9.19 MPa per square centimeter.

Keywords: HVOF; deposition efficiency; Cr3C,-NiCr coating; E110 zirconium substrate

1. Introduction

Modern industry and science are faced with the need to develop and use new materials
that can provide high reliability and efficiency under extreme operating conditions. One of
the key areas in this field is the creation of composite materials and coatings with unique
physical, chemical and mechanical properties. Particularly relevant are the materials that
can withstand high temperatures, mechanical loads, aggressive environments and radiation
exposure. In this context, coatings based on chromium carbides are characterized by a
combination of properties such as resistance to wear at high temperatures by abrasive
particles and hard surfaces, high resistance to fretting corrosion and in aggressive environ-
ments, heat resistance at temperatures up to 950 °C and resistance to radiation [1]. To apply
cermet coatings with chromium carbides, mechanical mixtures of Cr3C; with metals such
as Ni, Co, Ni + Cr and NiCr with different combinations of component contents are usu-
ally used [2—4]. The adding of nickel-chromium alloys to Cr3C, improves its mechanical
properties, expanding the practical applications of such coatings. Cr3C,-NiCr coatings are
widely used in industry for protection against wear and high temperatures, making them

Coatings 2024, 14, 1030. https:/ /doi.org/10.3390/ coatings14081030

https:/ /www.mdpi.com/journal/coatings


https://doi.org/10.3390/coatings14081030
https://doi.org/10.3390/coatings14081030
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/coatings
https://www.mdpi.com
https://orcid.org/0000-0001-9453-0456
https://orcid.org/0000-0002-4867-4974
https://orcid.org/0000-0002-5630-9467
https://doi.org/10.3390/coatings14081030
https://www.mdpi.com/journal/coatings
https://www.mdpi.com/article/10.3390/coatings14081030?type=check_update&version=1

Coatings 2024, 14, 1030

20f12

particularly important in a variety of industries, including aviation, energy, metallurgy and
mechanical engineering [5-7].

There are several coating methods using Cr3C,-NiCr, among which the most effective
and promising are plasma spraying, detonation spraying and, especially, HVOE. The HVOF
method is a new method based on the continuous combustion of a combustible gas with
oxygen in order to obtain a high-velocity (supersonic) jet at the outlet of the burner. The
powder is introduced into the gas stream, with which it is heated, accelerated (usually more
than 5 sound speeds) and directed to the workpiece. The working process in a high-velocity
spray burner is similar to the working process in a rocket engine [8-10]. HVOF is based on
the use of supersonic jets of combustion products of hydrocarbon fuels [11].

Studying the structure and properties of such coatings is a key aspect for understand-
ing their behavior under various operating conditions and optimizing their application in
various industrial sectors, including nuclear power, aviation, power generation and mechan-
ical engineering [12]. The obtained results can be useful for developing new technologies
and improving the safety and efficiency of technically complex systems and devices.

In recent decades, HVOF coatings have become one of the most important areas in the
field of surface strengthening of materials, especially in applications requiring high wear
resistance, thermal stability and corrosion resistance. The use of composite coatings based
on chromium carbide and nickel-chromium alloys in various industries, such as energy
and aviation, demonstrates their significant potential for improving production processes
and extending the life of components operating under extreme conditions [13].

Technical research aimed at optimizing the application process and adapting composite
coatings to the specific requirements of various industrial applications plays a key role in
the development of modern technologies [14]. The HVOF method ensures a high precision
of application and uniform distribution of the material, which significantly increases the
quality and durability of the resulting coatings.

Particular attention in the research is paid to the analysis of the structural and phase
characteristics of Cr3C,-NiCr coatings, such as the microstructure and phase composition.
These parameters directly affect the mechanical properties of coatings, their adhesion to
the substrate and their resistance to mechanical wear under various operating conditions.

In the context of nuclear power, where safety and reliability are paramount priorities,
the use of Cr3C,-NiCr coatings on zirconium substrates represents a promising solution to
improve the protective properties of fuel cells during an accidental loss of coolant. This
opens up new opportunities for developing innovative solutions in the field of nuclear
safety and increasing the operating efficiency of nuclear reactors [15].

So, this study is aimed at further examining and optimizing the technological parame-
ters of the process of applying Cr3C,-NiCr composite coatings using the HVOF method
onto zirconium surfaces. The obtained results will not only expand our understanding
of the impact of the deposition process on the properties of coatings, but will also pro-
vide important information for the development of new materials and technologies in
high-tech industries.

The purpose of this article is to study the process of applying Cr3C,-NiCr coatings us-
ing the HVOF method onto the surface of E110 zirconium, with subsequent analysis of their
structural-phase and mechanical properties. Attention is paid mainly to optimizing the
technological parameters of the application process in order to achieve maximum efficiency
and durability of the coatings under conditions of high temperatures and mechanical loads.

2. Materials and Methods

This study conducted using nanosized chromium-based powder Cr3C,-NiCr and the
HVOF method with the use of Termika-3 installation equipment (Figure 1) represents a
significant step toward optimizing the process of applying high-strength coatings.
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Figure 1. Appearance (a) and block diagram (b) of installation for high-velocity HVOF spraying:
1—burner, 2—powder dispenser, 3—chiller, 4—gas control panel, 5—compressor, 6—gas in cylinder
(C3Hg) and 7—gas in cylinder (O;).

The main advantages of the high-velocity particle deposition method are its low oxide
content and the compressed state of the applied coating, resulting in the formation of very
strong bonds between the particles and allowing for their highest density to be achieved.
When using HVOF technology, the required impact resistance and durability are achieved
for the coatings such as chromium carbide CrC-NiCr and tungsten carbide WC-Co [16].
The maximum jet temperature in operating mode reaches 2850 °C. The HVOF process
parameters have been optimized to achieve an optimal coating performance. This included
controlling the pressure, powder feed rate, and distance between the atomizer and the
substrate (Table 1).

Table 1. HVOF modes for coating application.

No. Distance, mm Fuel, bar Air, bar Oxygen, bar
Sample (a) 350 1.7 2.2 2.8
Sample (b) 350 1.7 3.3 2.8
Sample (c) 350 1.7 3.7 2.8
Sample (d) 350 24 33 2.8

E110 zirconium samples of standard sizes were used as substrates for applying the
Cr3C,-NiCr coating. The surface was previously prepared using mechanical processing
and cleaning methods and was sandblasted for 2 min. Cr3C,-NiCr powder, which has
the optimal composition and particle size for the HVOF process, was used as the coating
material (Table 2).

Table 2. Powder certificate.

Nominal composition wt.%
Cr3Cy base

Total carbon 9.2-10.8
Nickel 18-22

Chromium 4.5-5.5 in the metal phase
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The use of a scanning electron microscope is justified by its significant focusing depth
compared to an optical microscope, as well as the ability to capture images from different
angles. Analysis of the structural elements of the sprayed coatings using a scanning electron
microscope JSM-6060 (JEOL, Tokyo, Japan) with an attachment for micro-X-ray spectral
analysis complements our understanding of their microstructure and composition. This
allows us to evaluate the homogeneity and uniformity of the phase distribution in the
coatings, which is essential for establishing the predictability of their mechanical and
tribotechnical properties under various operating conditions.

This makes it possible to obtain combined images of both the surface and sections of
the samples. Scanning electron microscope image data demonstrate the microstructure of a
metal alloy at high resolution. To analyze the structure of the coatings, a high-resolution
scanning electron microscope JSM-6060 (JEOL, Tokyo, Japan) with an attachment for micro-
X-ray spectral analysis was used, which made it possible to study the microstructure and
composition of the samples in detail.

X-ray diffraction studies were carried out on a general-purpose X'PertPRO diffractome-
ter ((Philips Corporation, Amsterdam, The Netherlands) containing a software package
for processing and analyzing the obtained data) using CuKo radiation (1 = 1.5418 A) to
determine the crystalline phases and structural parameters of the coatings accurately.

The microhardness of the samples was measured using an HLV-1DT type device
(Shimadzu Corporation, Kyoto, Japan). The principle of device operation is based on
pressing a diamond pyramid into the material being studied under a load of 0.10 N and
measuring the linear value of the diagonal of the resulting imprint. When examining a
metal object, the distance from the center of the print to the edge of the object, or between
the centers of adjacent prints, was at least the length of two diagonals of the print.

The wear resistance of the samples was studied using a “High Temperature Tribome-
tre”, THT-S-BE-0000, and CSM instruments while friction occurred as a result of the indenter
on the surface of the sample. A quantitative assessment of the wear rate of the samples and
counterbody was carried out in accordance with the ASTMG99 standard [17]. To determine
the friction coefficient, the following conditions were applied:

—  Ball radius—3.00 mm;

—  Vertical load—6.00 N;

—  Linear speed of the ball—3.00 cm/s;
- Data recording frequency—50.0 Hz;
—  Test temperature—21.52 °C.

These conditions made it possible to accurately determine changes in the coefficient
of friction depending on the length of the friction path, which is critical when analyzing
the wear resistance of materials. To study the adhesive properties of various systems, the
peel adhesion test method was chosen using an Elcometer 510 hydraulic adhesion meter
(Elcometer Instruments, Manchester, UK) conforming to ASTM D4541-22. The following
conditions were used to determine the strength of the adhesive coatings:

—  Target rate of 1.00 MPa/s;
—  Dolly size of 20 mm;
- Hold time of 0.50 s.

The tests to determine the adhesion of the coating using the normal peel method were
carried out in accordance with GOST 32299-2013 (ISO 4624: 2002)

Corrosion resistance was studied using a CS300 potentiostat-galvanostat. The coatings
were tested with an open area of 1 cm? at room temperature (25 °C) in a 3.5% NaCl
solution (by mass). A three-electrode system was used in the experiment: a silver chloride
electrode was used as a reference electrode and a platinum electrode was used as an
auxiliary electrode. The corrosion potential and current density were determined from the
polarization curves using the Tafel extrapolation method for four samples. The tests were
repeated three times and the results were analyzed using CS Studio6 software (version 6.3).
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Such an integrated approach to the research allows not only for a better understanding
of the features of the formation processes and characteristics of Cr3C,-NiCr coatings, but
also offers insight into optimizing their properties for various applications in high-tech
industries, such as energy, aviation and others [18]. The data obtained as a result of
our research on the structure, microhardness and wear resistance of Cr3C,-NiCr coatings
deposited by the HVOF method provide important information for the development of new
technologies in the field of protective coatings. Optimization of the application processes
and analysis of the coating characteristics facilitate their use under the conditions of high
loads and extreme temperatures, which is relevant for modern industrial applications.

3. Results

Our research has shown that the use of the above spraying modes makes it possible
to form a fairly dense, uniform coating. The thickness of the resulting coatings ranges
from 75 to 110 microns, depending on the coating application modes (Figure 2). The
resulting coatings are evenly distributed over the entire surface of the samples and there is
no columnar structure. There is also no delamination observed between the coatings and
the substrate, which indirectly confirms the adhesive properties of the coating.
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Figure 2. SEM image and EDX analysis of cross-sectional morphology of Cr3C,-NiCr coatings.
(a—d) see Table 1.
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The study of the coatings’ elemental composition has shown the presence of peaks
corresponding to the reflection of the elements Cr, Ni, C and O included in the composition
of the Cr3Cy-NiCr composite powder. Semi-quantitative analysis of the element content
in the coatings gives the following values: Cr from 17.032 to 83.835, Ni from 44.83 to
78.504, C from 0.581 to 7.038, and O from 3.447 to 9.127. It has been found that the
predominant element in the composition of region 1 of the coatings is chromium (60 at.%);
the predominant elements in the composition of region 2 are nickel (25 at.%) and carbon
(5%). Oxygen detection in the coatings may be due to the process being carried out in open
air, where the sprayed material can easily react with oxygen in the air. Thus, the results of
the energy-dispersive analysis confirmed the sequence of the metal coating layers specified
during manufacturing.

The study of the phase composition of the sprayed coatings using X-ray diffraction
phase analysis has shown the presence of several key phases, including a solid solution
of carbon in chromium (Crp3Cg) with a cubic lattice (space group Fm-3m) and lattice
parameters a = 10.6600 A. The Cr3C2 phase with an orthorhombic lattice (space group
Pnma) and lattice parameters a = 5.5400 A, b=2.8330 A and ¢ = 11.4940 A has also been
identified, known for its excellent mechanical and physical properties, which makes it
valuable for a wide range of industrial applications. Additionally, a CrNi3 phase with
a cubic lattice (space group Fm-3m) and the lattice parameter a = 3.5400 A has been
discovered, which has a high melting point, excellent corrosion resistance, good thermal
conductivity and mechanical strength. However, the NiCrOy4 phase with a tetroganal lattice
(space group 141/amd) and lattice parameters a = 5.5380 A, b = 5.5380 A and ¢ = 8.4350 A has
not been detected in the original powders (Figure 3). These results are confirmed by local
analysis of the structural elements of the sprayed coatings using the SEM method, which
allows for a more detailed study of the microstructure and composition of the samples.
Understanding the composition and phase structure of Cr3C,-NiCr coatings obtained by
HVOF on E110 zirconium alloy is critical for optimizing their properties and application
under the conditions of high temperatures, abrasive wear and aggressive corrosion in
various industries [19].

Yy m - Cry3Ce
500 - : A - CrNi;
. LA IRAEAS v —Cr,C,
v | l v B v X
400 "% y b d
;"\ Yy YA v;nr:
ﬂ'.'; v yau
= 300 c
e~
172}
=
Q
g
£ 200 -
b
a
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Figure 3. Results of X-ray phase analysis of Cr3C,-NiCr coatings obtained by HVOF method.
(a—d) see Table 1.
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The microhardness of coatings is largely determined by their composition. The thick-
ness of the applied coatings obtained using the Termika-3 installation equipment via the
HVOF method ranged from 75 to 110 microns, depending on the coating application modes.
Moreover, all coatings are characterized by an increased fluctuation in their microhard-
ness across the cross-section, with a significant spread of values from 1190 to 1280 HYV,
depending on the modes of the coating application. The values of the microhardness
of the coatings and the transition zone between the coating and the base, as shown in
Figure 4, have shown that a transition zone with an increased microhardness is formed at
the coating-base boundary, which may indicate the diffusion of alloying elements and the
temperature effect. This effect is partly due to the temperature impact during application
and operation, which emphasizes the importance of controlling thermal conditions during
the formation of coatings.

1400 .
Covering Temperature The
£ 1200 basis
= —»>a
= . —>b
= 1000 <] :
>
800 L
600

400 —_—

200

Microhardness (HV

0
0 50 100 150

Distance (um)

Figure 4. Microhardness distribution from the surface layer to the core of the samples.
(a—d) see Table 1.

In addition, differences in the composition and structure of the combined phases of
chromium carbide and chromium-nickel in different areas of the coating can significantly
affect its microhardness [20]. These factors should be considered when selecting optimal ap-
plication process parameters and when tailoring coatings for specific industrial applications
that require high resistance and durability under harsh operating conditions.

The coefficient of friction plays a decisive role not only in the wear resistance of
materials, but also in their structural stability under various operating conditions. The
wear resistance of materials depends on their mechanical properties, such as strength and
hardness. Increasing these characteristics leads to increased wear resistance. In this case,
the greatest effect from strengthening metal materials is achieved if the structure contains
a large number of fine inclusions. The wear rate of contacting materials is affected by
the friction coefficient: the lower it is, the lower the wear rate. A decrease in the friction
coefficient is facilitated by the presence of finely dispersed inclusions of solid phases
in the structure [21]. Currently, the criterion for the wear resistance of coatings is their
high hardness. However, the structure of the surface-modified layer that corresponds to
maximum wear resistance and the structure that corresponds to maximum hardness are
not always the same. Wear resistance is a structure-sensitive characteristic [22]. In the
process of friction, the structure and properties of the material in the zone of surface plastic
deformation change, creating a friction structure that controls the degree of wear. In turn,
the structure of the deformation zone during friction depends on the morphology of the
resulting coating.
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Depending on the microhardness of the coatings, tribological studies were carried out
using the above method. The main characteristic obtained during the research was the
friction coefficient, as well as the nature of its change over time. The parameters for the
compared materials are shown in Figure 5.
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Figure 5. The dependence of the friction coefficient of the coatings on the length of the friction path.
(a—d) see Table 1.

The dependence of the friction coefficient on the friction path for this coating is pre-
sented in Figure 5. The results of this study have shown that the coefficient of friction for
the coatings varied over a significant range from 0.679 to 0.502, depending on the techno-
logical conditions such as atmospheric pressure. If the value of the friction coefficient at an
atmospheric pressure of 3.0 bar is 0.679 (Figure 5c), it decreases to 0.502 at an atmospheric
pressure of 2.2 bar (Figure 5a). The most likely reason for the improvement in the tribologi-
cal characteristics of the Cr3C,-NiCr composite coatings is the formation of high-strength
phases, such as Crp3Cg, Cr3Cy, CrNiz and NiCrOy, and an increase in their amount in
the modified coating layer. This confirms the importance of the chemical composition
and structural organization of coatings in the context of their friction and wear. Surface
layer morphology also plays an important role in the tribological properties of coatings. It
determines the structural features of the deformation zone during friction and, therefore,
affects the friction coefficient [23]. The structure that provides maximum wear resistance
may be different from the structure that provides maximum hardness. This is due to the
complex interaction between the chemical composition, phase components and mechanical
properties of coatings [24]. Thus, the obtained results not only illustrate the effect of the
friction path length on the friction coefficient, but also highlight the importance of further
research in the field of optimizing the tribological properties of coatings to improve their
efficiency and durability under various operating conditions.

One of the important aspects of ensuring the quality of coatings is their adhesion to
the base material. To improve the adhesive connection, the surface of the coating in the
place where the counterpart was glued was treated with sandpaper, secured and degreased
with ethyl alcohol. The glue was applied according to the manufacturer’s instructions.
Araldite epoxy adhesive was applied in an even layer to the surface of the counterpart with
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a diameter of 20 mm, then it was pressed against the coating and held until the glue cured,
ensuring the alignment of the bonded surfaces. The tests were carried out no earlier than
24 h after gluing the counterpart. To measure the adhesion, the counterpart was placed
in a special adhesion meter device. The adhesive meter’s thrust mechanism was hooked
onto the counterpart and by pressing the handle, a normal tearing force was applied, the
magnitude of which was recorded on the instrument scale. It should be noted that non-
compliance of the coating with the operational conditions of its application (for example,
climatic conditions), insufficient quality of surface preparation and other violations of the
application technology lead not only to a decrease in its efficiency and reliability, but also
to defective coatings [25-27].

As a result of the experiment, it was found that the maximum adhesion strength of
sample (d) (Figure 6) at adhesion rupture is 9.19 MPa per square centimeter. It is important
to note that even with this value of strength, the surface of the sample was not damaged,
which indicates high adhesion of the coating to the base material.

Figure 6. Adhesion testing using the peel-off method for the Cr3C,-NiCr coatings obtained through
the HVOF method. (a—d) see Table 1.

Figure 6a clearly shows where the counterpart was attached and shows that the surface
of the sample remained undeformed upon tearing off. This indicates effective adhesion
between the coating and the base material, with only the adhesive coming off, maintaining
the integrity of the coating.

The average adhesion strength for all samples is 3.47 MPa. Figure 6b,c also show that
the coatings of these samples were not damaged by the adhesion tests.
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Thus, the test results confirm the high peel resistance of the Cr3Cy-NiCr coatings
obtained via the HVOF method, which makes them promising for use under conditions of
high loads and aggressive operation.

Figure 7 shows the results of the corrosion tests. To obtain the electrochemical pa-
rameters, the Tafel area of both cathodic and anodic branches was extrapolated, and the
intersection point of these two lines was used to determine the corrosion current density
(Icorr)and corrosion potential (Ecorr). The detailed results are presented in Table 3.

0.00
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Current density - log (1), Alem’

Figure 7. Potentiodynamic polarization curves of Cr3C,-NiCr coatings. (a-d) see Table 1.

Table 3. Corrosion test results.

Coatings Sample (a) Sample (b) Sample (c) Sample (d)
Ecorr (mV) —169 —263 —157 —201
Leorr (A/cm?) 1.46 x 1075 0.97 x 107° 0.73 x 1072 241 x 107>
Bc (mV) 240 184 175 251
Ba (mV) 291 168 171 200
Teorr (MmM/y) 0.17 0.09 0.05 0.6

According to the results of Table 3, the corrosion current density of the Cr3C,-NiCr
coatings obtained under mode (c) is the lowest. Consequently, according to the direct corre-
lation of the corrosion current density with the corrosion rate and the inverse correlation
with the corrosion resistance, we can conclude that the corrosion rate of this sample is
lower than that of other samples, and its corrosion resistance is high. On the microscopic
images, it can be seen that sample (c) has a more homogeneous and dense coating, which
helps to prevent the penetration of moisture and aggressive substances inside the coating,
which in turn increases its corrosion resistance. It can also be seen that the sample obtained
under mode (d) has the highest corrosion current density (the highest corrosion rate) and
the lowest polarization resistance.
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4. Conclusions

This paper presents the results of a study of the structural-phase and physical—-
mechanical characteristics of Cr3C,-NiCr composite coatings deposited using the HVOF
method on E110 zirconium alloy. The main conclusions drawn in this work are as follows:

—  Ithas been established that the thickness of the coatings ranges from 75 to 110 microns,
depending on the application conditions. Semi-quantitative analysis of the element
content in the coatings has shown the following values: Cr from 17.032 to 83.835, Ni
from 44.83 to 78.504, C from 0.581 to 7.038, and O from 3.447 to0 9.127;

- Composite coatings based on Cr3C,-NiCr have a significantly high microhardness
compared to the target substrate, which is largely due to the formation of carbides
(Cr7Cs, Cr3Cy, Cr3Cs);

- It was found that the friction coefficient of the coatings varies from 0.679 to 0.502
depending on the application parameters such as atmospheric pressure. The result-
ing coatings have demonstrated excellent metallurgical adhesion to the zirconium
substrate. The maximum adhesive strength at adhesion rupture is 9.19 MPa per
square centimeter. This shows that all coatings are highly adhesive and have a layered
structure characteristic of thermal spraying;

—  When comparing the Icorr values of the samples, it was found that sample (c) demon-
strated the best corrosion resistance.
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