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Abstract

The paper investigates the structural and mechanical properties of zirconium
carbonitride (ZrCN) coatings deposited by high-velocity oxygen flame spraying
(HVOF) on a U8G steel substrate. The effect of spraying process parameters on the

Received: 12 April 2026 adhesion strength and microhardness of the coatings is considered. It is
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values of both adhesion strength and microhardness are achieved at optimal
spraying parameters (mode c), which is associated with improved particle
flattening, reduced porosity and the formation of a denser coating structure. The
obtained results confirm the potential of using ZrCN coatings obtained by the
HVOF method to increase the wear resistance and durability of parts operating
under conditions of intense mechanical and thermal loads.
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1. Introduction

Today, U8G carbon tool steel is widely used in mechanical engineering and toolmaking for the manufacture
of cutting tools, spring elements, and components that operate without significant heating of the working edge.
Due to its combination of sufficient hardness, processability, and relative affordability compared to alloy steels,
this material remains in demand in mass production and for creating components with elastic and wear-
resistant properties. However, U8G steel has several disadvantages, such as limited wear resistance, a tendency
to intense surface wear, and instability of friction properties, limiting its use in loaded tribo-joints. This has led
to interest in its research as a base material for subsequent hardening.

The growing demand for new materials with improved mechanical and tribological properties has
stimulated research in surface engineering. Various coatings have been developed, such as diamond-like
carbon, nitrides, carbides, and carbonitrides of transition metals [1-20]. Coatings based on zirconium
carbonitride (ZrCN) are of particular interest among wear-resistant protective coatings due to their combination
of high hardness, chemical and thermal stability, and improved tribological properties. The introduction of
carbon into the zirconium nitride structure leads to the formation of a modified microstructure that provides
increased wear resistance, a reduced friction coefficient, and resistance to surface failure under mechanical
loads. These properties make ZrCN coatings promising for use in friction units and machine parts operating
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under conditions of intense wear and elevated temperatures [21]. Additional data confirm that multilayer and
composite coatings based on ZrCN systems exhibit high mechanical properties and a stable microstructure,
contributing to improved tool performance. Comparative tests of such coatings have noted improved
performance and wear resistance, which emphasizes the potential of zirconium group materials as an
alternative to traditional nitride coatings [22].

ZrCN-based coatings, including physical and chemical vapor deposition, as well as thermal spray methods.
One of the most effective and promising methods is HVOEF. Due to recent advances in the production of high-
quality nanoscale powders, including atomization, colloidal deposition, mechanical milling, as well as
nucleation and growth in the vapor phase [23-26], the focus of nanostructured materials research is shifting
from synthesis to processing, for example, to the fabrication of nanostructured coatings using HVOF [27 -28].
Nanostructured coatings are widely tested in many industries as heat-protective and wear-resistant surface
layers to extend the service life of products, improve productivity, and reduce production and repair costs. This
method is based on the combustion of a fuel mixture with oxygen, producing a high-speed (supersonic) jet of
combustion products. Powder particles are introduced into this jet, heated, accelerated, and deposited on the
substrate surface, forming a dense and durable coating.

The HVOF method produces coatings with high adhesion, low porosity, and a uniform microstructure,
significantly improving their performance characteristics. This makes this method particularly in demand in
industries such as mechanical engineering, energy, and aviation.

Studying the structure and properties of ZrCN coatings is an important step in understanding their behavior
under various operating conditions and optimizing their application process parameters. Particular attention is
paid to analyzing the microstructure, phase composition, and mechanical properties of the coatings, as these
parameters determine their wear resistance, adhesion to the substrate, and durability.

Thus, this study aims to investigate and optimize the process of applying ZrCN-based coatings by the HVOF
method, as well as to analyze their structural and performance characteristics.

The aim of this work is to study the adhesion and microhardness of the ZrCN coating applied by the HVOF
method onto a U8G steel substrate.

2. Materials and Methods

Among the various thermal spraying methods, HVOF occupies a special place as one of the most rapidly
developing processes, providing coatings with high density and porosity of less than 1%. Coatings formed by
the HVOF method are characterized by increased adhesion, hardness, and improved wear, erosion, and
corrosion resistance, which contributes to a significant increase in the service life of the equipment. The high
kinetic energy of the particles during spraying ensures the formation of a dense structure, and control of the
cooling rate allows for the production of coatings up to 1.5 mm thick with reduced residual stress levels [29].
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Figure 1. External appearance and design diagram of the HVOF system: 1 - burner; 2 - powder feeder; 3 - gas control panel;
4 - compressor; 5 - gas cylinder; 6 - gas cylinder (O); and 7 - chiller [30].

Upon exiting the torch, the powder particles enter the flame zone, where they are heated to a state that
ensures their plastic deformation. The molten particles are then directed onto the pre-treated substrate surface,
forming a uniform protective coating. ZrCN powder, with particle sizes in the 20-100 um range, has an
irregular polyhedral fragmented morphology, which is known to have lower flowability than spherical particles
[30]. The main spraying parameters are presented in Table 1. U8G grade steel, a high-carbon alloy steel, was
used as the substrate. Keeping other process parameters constant, varying the oxygen pressure allows for
changes in the fuel-oxidizer ratio, which determines the thermodynamic combustion conditions in the HVOF
chamber. This, in turn, affects the jet temperature, particle velocity, and the efficiency of powder deposition
onto the substrate.

Table 1. Parameters used for applying the ZrCN coating to the U8G

Distance, cm Air, bar Oxygen, bar Propane, bar

No. (plasma torch- (Arr) (Oxygen) (Fuel) Powder
sample)
Sample a 3.3
Sample b 35-40 2.6 3.5 3 ZrCN
Sample ¢ 3.7

The microhardness of the sample and the resulting coatings was measured using a Vickers microhardness
tester HLV-1DT. A diamond tetrahedral pyramid with 136° angles was used as an indenter. During the
measurement, a load of HV0.5 was applied to the sample surface, and the indenter was held for 10 seconds.
Then, the diagonal dimensions of the input traces (d1 and d2) were accurately determined [30-31]. To study the
adhesive properties of the coatings, tests were conducted using an Elcometer 510 hydraulic adhesion meter
(Elcometer Instruments, Manchester, UK).

3. Results and Discussion

The conducted research yielded experimental data characterizing the mechanical properties of zirconium
carbonitride (ZrCN) coatings produced by the HVOF method under various process conditions. A comparative
analysis of the coatings' adhesion strength and microhardness was conducted, and the influence of spraying
parameters on their structure and performance characteristics was identified. To determine the adhesive
strength of the coatings in this work, an Elcometer 510 adhesion meter was used, the operation of which is
based on the pull-off test method.
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Figure 2. Dependence of the adhesion strength of ZrCN coatings on the HVOF spraying parameters.

Figure 2 shows the adhesion strength values for three coatings (a, b, c) produced using the same HVOF
method from identical powder material but with different spraying parameters. The ordinate axis shows
adhesion strength (MPa). While all three coatings exhibit similar values, there are significant differences
between them, indicating a significant influence of spraying conditions on the formation of the coating-
substrate interface.

Since the chemical composition of the powder and the application method are the same in all cases,
differences in adhesion strength should be attributed to the technological parameters of the HVOF process,
namely, the oxygen pressure parameter. From the diagram, it can be estimated that the adhesion strength of
coating a is 14.4 MPa, coating b is 13.3 MPa, and coating c is approximately 16.6 MPa. Thus, the maximum
adhesion value is characteristic of coating c, while the minimum is characteristic of coating b. The difference
between the extreme values is approximately 3.3 MPa, which is equivalent to an increase in adhesion strength
of approximately 25% when switching from mode b to mode c. Compared to coating a, coating c has an increase
in adhesion of approximately 15%, while coating b is inferior to coating a by approximately 7-8%.

An optimal spraying regime usually results in reduced porosity in the contact zone and a reduction in the
number of weakly bonded areas that can serve as stress concentrators during a pull-off test.
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Figure 3. Comparison of microhardness of the original material and ZrCN coatings obtained by the HVOF method.

Figure 3 shows the microhardness (HV) values of the original material and the coatings (a, b, c) obtained by
the HVOF method at different oxygen pressures. It is evident that coating application leads to a sharp increase
in microhardness compared to the initial state, and the differences between the samples reflect the influence of
the spraying conditions on the formation of the coating structure.

The microhardness of the original sample is approximately 304 HV, whereas after coating application it
increases to 1423 HV (a), 1557 HV (b), and 1604 HV (c). Thus, the increase in microhardness after HVOF
spraying reaches more than 4-5 times, indicating the formation of a dense, hardened coating structure with high
resistance to plastic deformation.

A comparison between the samples shows that coating ¢ exhibits the highest microhardness, exceeding the
value for coating b by approximately 4-5% and for coating a by 14%. Coating b, on the other hand, exhibits
intermediate values, exceeding a by approximately 8-9%. These differences indicate a significant influence of
the HVOF process parameters on the structural state of the coating.

Small error values indicate good measurement reproducibility and coating thickness uniformity. For all
samples, the spread of values remains relatively small, indicating the stability of the spraying process under the
selected conditions.

It is important to note that the observed trend in microhardness fully correlates with previously obtained
data on adhesion strength: sample c, which exhibits maximum adhesion, also exhibits the highest
microhardness. This indicates the formation of the densest and highest-quality coating structure under the
appropriate spraying parameters. Thus, optimization of HVOF modes allows for simultaneous improvement of
both the mechanical and adhesion properties of the coating.

In practical terms, the obtained results confirm that controlling the HVOF process parameters is an effective
tool for increasing the microhardness of coatings without changing their chemical composition. The most
promising mode is the mode corresponding to sample ¢, which ensures maximum microhardness values and,
consequently, potentially improved wear resistance and durability of the coating.

4. Conclusions

The study found that HVOF parameters have a significant impact on the structure and mechanical
properties of zirconium carbonitride (ZrCN) coatings applied to a U8G steel substrate. It was found that
increasing oxygen pressure during HVOF spraying from 3.3 to 3.7 bar positively impacts the mechanical
properties of ZrCN coatings. With increasing oxygen pressure, adhesion strength increases from sample b to
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sample ¢, where the maximum value is approximately 16.5 MPa. A similar trend was observed for
microhardness: with increasing oxygen pressure, its value increased from ~1420 HV (sample a) to ~1600 HV
(sample c).

These results are related to the fact that increasing oxygen pressure promotes more intense combustion of
the fuel mixture, increasing the temperature and velocity of the gas flow, which ensures better heating and
acceleration of the powder particles. As a result, the particles deform more effectively upon impact with the
substrate, forming a denser coating with reduced porosity and improved adhesion to the substrate. Thus, in the
studied range, an oxygen pressure of 3.7 bar is optimal.

A direct correlation was established between the microhardness and adhesion strength of the coatings,
indicating the formation of a denser and more uniform microstructure under optimal HVOF spraying
conditions. Improved properties are attributed to reduced porosity, improved particle flattening, and improved
coating-substrate interface quality.

Thus, optimizing the HVOF process parameters is an effective tool for managing the performance
characteristics of ZrCN coatings. The obtained results confirm the potential for their use in increasing the wear
resistance and durability of machine parts and tools operating under intense mechanical and thermal loads.
Further tribological and corrosion testing, as well as studies of the long-term stability of the coatings under real-
world operating conditions, are advisable.
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