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Effect of HVOF spraying parameters on the structural-phase composition
and mechanical properties of ZrCN coating

The article presents the results of a study on the influence of HVOF spraying parameters on the phase compo-
sition, mechanical properties, and adhesion characteristics of zirconium carbonitride (ZrCN) coatings. X-ray
diffraction analysis of the ZrCN coatings revealed the presence of ZrCN, ZrC, ZrN, ZrO, Fe, and FeN phases,
indicating a complex coating structure and possible oxidation and elemental diffusion processes. The for-
mation of ZrC and ZrN is attributed to the thermal decomposition of ZrCN powder during the coating pro-
cess, while the presence of the oxide phase ZrO is explained by the use of an oxygen-containing gas mixture
during HVOF spraying. The microhardness of the ZrCN coatings reaches values in the range of 1500—
1800 HV, depending on the spraying parameters. Adhesion test results showed that the maximum coating
bond strength under tensile load was 7.49 MPa. Optimal coating characteristics were achieved at the follow-
ing spraying parameters: substrate distance of 3540 cm, propane pressure of 1.7 bar, air pressure of 2.6 bar,
and oxygen pressure of 2.8 bar. These conditions allow the formation of a dense, wear-resistant coating struc-
ture with enhanced performance characteristics.
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Introduction

Currently, ensuring high wear resistance and durability of cutting tools of technological equipment is
one of the key tasks in mechanical engineering and metalworking. Cutting tools and parts operating under
conditions of intensive wear and high mechanical loads require the use of wear-resistant protective coat-
ings [1]. Both physical and chemical deposition methods are actively used to form protective and functional
coatings. Physical processing methods include physical vapor deposition, plasma spraying, and magnetron
sputtering, which provide dense, wear-resistant coatings with high adhesion to the substrate [2—6]. Addition-
ally, to increase wear resistance and corrosion resistance of materials, sol-gel technologies and laser coating
methods are actively used, ensuring control over the composition and structure of the formed layers [7, 8].

Cepus «®usukax. 2025, 30, 3(119) 31



Sh.R. Kurbanbekov, A. Kizatov et al.

Among the above methods, the most promising is the HVOF technology, which allows obtaining
nanostructured coatings. HVOF technology has become widespread in many industries due to its flexibility
and cost-effectiveness in obtaining high-quality coatings [9—11]. The physical and mechanical properties of
HVOF sprayed coatings largely depend on the nano- or microstructure of the coating, which in turn largely
depends on the physical and chemical state of the particles at the point of impact on the substrate, such as
speed, temperature, degree of melting and oxidizer content [12—14]. In particular, coatings that can withstand
wear, high mechanical loads and chemically aggressive influences are of particular importance. In this re-
gard, ZrCN coatings demonstrate excellent characteristics under such conditions [15, 16]. It has been proven
that ZrCN-based ceramics have high thermal stability and resistance to physical and chemical environments,
which makes them an excellent candidate for protective coatings of cutting tools and metal parts operating in
extreme conditions [17—19]. It was found that the grains of ZrN/ZrCN coatings were denser, finer and more
compact than those of Zr/ZrN coatings. Accordingly, higher values of hardness, modulus and H/E were
demonstrated by ZrN/ZrCN coatings [20].

The aim of this study is to investigate the influence of HVOF spraying mode parameters on the phase
composition and mechanical properties of ZrCN coating.

Materials and methods

The ZrCN coatings were deposited using the HVOF method on a Termika-3 system [21], which is
equipped with a control panel that allows precise adjustment of the gas supply pressures. Figure 1 presents
both a visual and schematic illustration of the equipment used. As the pressure increases, the gas components
are mixed inside the chamber, after which the powder material with a metered feed enters the burner, where
it is transported by compressed air supplied by the compressor.

Figure 1. External view and structural diagram of the HVOF spraying system: /—torch; 2— powder feeder;
3—gas control panel; 4—compressor; 5—gas cylinder (C3Hg); 6—gas cylinder (O;); and 7—=chiller

At the outlet of the burner, the powder particles enter the flame zone, where they are heated to a state
that ensures their plastic deformation. Then the molten particles are directed to the pre-prepared surface of
the substrate, forming a uniform protective coating. The ZrCN powder with a particle size range of 20—
100 um exhibits an irregular polyhedral fragmented morphology, which is known to have lower flowability
compared to spherical particles. The main spraying parameters are given in Table 1. Steel grade 65G [22],
which belongs to the group of high-carbon, alloyed steels, was used as a substrate.

Table 1

Coating application parameters

Ne Distance Propane Air Pressure Oxygen Powder
Sample a 2.6 bar
Sample b 35-40 cm 1.7 bar 2.8 bar 2.8 bar ZrCN
Sample ¢ 3 bar
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Table 2 shows the chemical composition of 65G steel. Before spraying, the substrate surface was me-
chanically processed (grinded) to remove oxide films, and then sandblasted to improve coating adhesion.

Table 2
Chemical composition of steel 65G [22]
Steelerade Mass fraction of elements, %
£ Carbon Silicon Manganese Chromium
65G 0.62-0.70 0.17-0.37 0.90-1.20 0.25

The phase composition of the obtained ZrCN-based coatings was studied using an X'Pert PRO X-ray
digraphometer with Cu-Ko radiation (A = 1.5406 A), a voltage of 40 kV and a current of 30 mA. The scan-
ning angle range was from 20.01° to 89.99° with a step of 0.02° and a data accumulation time of 2 s. The
diffraction patterns were processed using High Score Plus software.

Microhardness was investigated using the Vickers method in accordance with GOST 9450-76 on the
HLV-1DT microhardness tester. A diamond tetrahedral pyramid with angles of 136° was used as an indenter
in the study. During the measurement, a load of HVs was applied to the surface of the sample, and the in-
denter was held for 10 seconds. Then the diagonal dimensions of the input traces (d1 and d2) were deter-
mined with accuracy [24].

To study the adhesive properties of the coatings, tests were carried out in accordance with ASTM
D4541-22. Using an Elcometer 510 hydraulic adhesion meter (Elcometer Instruments, Manchester, UK). The
strength of the adhesive coatings was determined under the following conditions: hold time 0.50 s; target
speed 1.00 MPa/s; backing size 20 mm.

Results and discussion

To study the phase composition of the ZrCN powder intended for spraying, X-ray phase analysis was
carried out, the diffraction pattern of which is shown in Figure 2. It can be seen from the figure that the pres-
ence of the ZrCN peak next to the ZrC, ZrN peaks indicates its partial preservation [23] and confirms its de-
composition with the formation of zirconium nitride. Zirconium carbonitride combines high hardness with
good plasticity, which contributes to the increased resistance of the material to the formation and propagation
of cracks.
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Figure 2. X-ray diffraction pattern of ZrCN powder

X-ray diffraction patterns of three coating samples are shown in Figure 3. The study of the phase com-
position of the sprayed coatings by the HVOF method showed the presence of the following phases: ZrCN,
ZrC, ZrN, ZrO, Fe and FeN. The X-ray diffraction results confirmed that ZrC;.«Nx crystallizes in a face-
centered cubic (FCC) structure, and its diffraction peak is located between the control peaks of ZrC and ZrN,
which indicates complete mutual solubility of these phases [24], the parameters of the ZrCN crystal lattice
are cubic system, space group Fm-3m. Compared to titanium and hafnium carbonitrides, ZrCN has greater
plasticity, which has a positive effect on the crack resistance of ceramics made on its basis [25]. In
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works [26, 27], high values of hardness and critical intensity factors were revealed. In addition to high hard-
ness, an important advantage of the coating is its relatively high thermal conductivity, which reduces the risk
of thermal damage [28]. The formation of ZrC and ZrN phases is associated with thermal decomposition of
ZrCN powder. Addition of large amounts of oxygen to the ZrN structure can distort its crystal structure, in-
troduce defects and promote the formation of an amorphous structure. A decrease in grain size and an in-
crease in the lattice constant are associated with the presence of oxygen in the coatings. These effects will
manifest themselves as a broadening of peaks in X-ray diffraction patterns [29]. Many nitrides such as ZrN
crystallize in sodium chloride type structures, and in an ideal perfect crystal first order Raman scattering is
forbidden. However, it is known that deposited coatings contain vacancies which cause distortion of the
structure [30], and as a consequence the Raman spectrum consists of broadened bands due to disorder and
second order processes.
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Figure 3. X-ray diffraction pattern after ZrCN coating HVOF modes:
sample a distance 35—40 cm, fuel pressure 1.7 bar, air pressure 2.6 bar, oxygen pressure 2.8 bar;
sample b 35-40 cm, fuel pressure 1.7 bar, air pressure 2.8 bar, oxygen pressure 2.8 bar
and sample ¢ 35-40 cm, fuel pressure 1.7 bar, air pressure 3 bar, oxygen pressure 2.8 bar

It is known [31] that zirconium oxide can be found in mainly different phases: tetragonal ZrO,, mono-
clinic ZrO; and cubic ZrO,. Usually pure t-ZrO; in the tetragonal phase exists if Y>3 yttrium oxide is pre-
sent in the coatings [32]. HVOF promotes the formation of a mixture of ¢c-ZrO» and t-ZrO,, but if the cooling
is very fast, more of the cubic phase remains. The formation of the ZrO phase, which possesses a similar cu-
bic lattice structure with the space group Fm-3m, is attributed to the use of an oxygen—propane mixture as
the oxidizing environment during high-velocity oxy-fuel spraying. This led to an active interaction of ZrCN
with oxygen and a partial loss of carbon. Excess carbon released during the decomposition of ZrCN diffused
into the metal matrix, promoting the formation of carbide (ZrC) and oxide (ZrO) phases. All samples exhibit
low Zr/(C+N) ratio, 0.3<Zr/(C+N)<0.6, which suggests the presence of an additional amorphous phase, most
likely amorphous C or CNx. Indeed, these phases were also observed in the TiCN system [33]. The Fe phase
was detected at an angle of 44.62°, its main parameters are: cubic system, space group—Im-3m. In addition,
the FeN phase, space group P-3m1, with a cubic lattice was identified. At the same time, the main lines of
this phase coincide in positions with the shifted lines of the (ZrC)(ZrN) type phases with cubic lattice param-
eters mentioned earlier. The peaks of the phase lines in sample 3 at angles of 38.76° have characteristic
broadenings, indicating the presence of phases of transformed compositions. The microhardness of the coat-
ings and the substrate is an important parameter determining their mechanical properties and performance
characteristics. Figure 4 shows the obtained microhardness values for the substrate and ZrCN coatings. The
initial microhardness values of the substrate are 400—500 HV, which corresponds to the typical characteris-
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tics of hardened steel 65G. This indicates a relatively low hardness of the base material compared to the ap-
plied coatings and emphasizes the need to use protective layers to improve wear resistance.
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Figure 4. Microhardness values of 65G steel. HVOF modes:
sample a distance 35-40 cm, fuel pressure 1.7 bar, air pressure 2.6 bar, oxygen pressure 2.8 bar;
sample b 35-40 cm, fuel pressure 1.7 bar, air pressure 2.8 bar, oxygen pressure 2.8 bar
and sample ¢ 35—40 cm, fuel pressure 1.7 bar, air pressure 3 bar, oxygen pressure 2.8 bar

After deposition of ZrCN coatings, a significant increase in microhardness is observed, with values var-
ying depending on the sample. Sample a shows an increase in microhardness to 1600 HV, indicating the
formation of a dense coating with a good degree of particle compaction. Sample b reaches a maximum hard-
ness of 1800 HV, which can be associated with the optimal particle size of the coating, uniform phase distri-
bution and minimal porosity. Sample ¢ shows microhardness in the range of 1500-1600 HV, which is slight-
ly lower than the second sample, but still indicates high coating strength. A smooth change in microhardness
is observed at the coating-base interface, indicating possible diffusion of alloying elements and temperature
effects during the spraying process.

Coating adhesion tests were carried out using the pull-off method in accordance with GOST 32299-
2013 (ISO 4624: 2002) at a temperature of 20+5 °C no earlier than three days after coating application. To
improve the adhesive bond, the coating surface at the gluing point of the “mushroom” was treated with sand-
paper, provided and degreased with ethyl alcohol. The adhesive was applied according to the manufacturer’s
instructions. Epoxy Adhesive 2214 was applied in an even layer to the surface of the “mushroom”, then the
“mushroom” was pressed against the coating and kept until the adhesive hardened, ensuring the centering of
the surfaces to be glued. If necessary, excess glue was removed. Using a cutting tool (annular cutter), the
coating was cut to the metal around the “mushroom”. Saw cuts were made across the entire coating thickness
until the metal appeared, with the cut width being at least 1 mm. Tests were conducted at least 24 hours after
gluing the “mushrooms”. To measure adhesion, the “mushroom” was placed in a special adhesion meter de-
vice. The adhesion meter’s stop mechanism was hooked onto the “mushroom” and by pressing the handle, a
normal tear-off force was applied, the value of which was recorded on the device scale. It should be noted
that non-compliance of the coating with the operating conditions of its application (e.g., 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 coating.

In Figure 5, the final result was a maximum bond strength at break of 7.49 MPa per square centimeter.
But even with such a break, the surface of the sample was not damaged. In sample b, we can see distinct
places that were attached to the “mushrooms” and it is clear that the surface of the sample was not deformed
during the break. When breaking, it was obvious that we only tore off the adhesive, not the surface of the
sample. With such indicators, the surface of the sample was not affected in any way and no visual defor-
mations were visible.
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Statistics Statistics Statistics

# Readings 1| |# Readings 1| |# Readings 1
Mean 2.750 MPa| |Mean 7.490 MPa| |Mean 4.240 MPa
Maximum 2.75 MPa| [Maximum 7.49 MPa| |[Maximum 4.24 MPa
Minimum 2.75 MPa| |[Minimum 7.49 MPa| |(Minimum 4.24 MPa
Standard Deviation (c) Standard Deviation (o) Standard Deviation (o)

Mean + 36 Mean + 36 Mean + 36

Mean — 30 Mean — 30 Mean — 30

Coefficient of Variation Coefficient of Variation Coefficient of Variation

# Readings < Limit 1 (100.0 %)| |# Readings < Limit 1 (100.0 %)| |# Readings < Limit 1 (100.0 %)

Sample a

Sample b

Sample ¢

Figure 5. Image of the sample surface and the results obtained after the adhesion test

Conclusion

This research paper presents the results of structural-phase, microhardness and adhesion of ZrCN coat-
ings applied by the HVOF method on 65G steel. The study showed that ZrCN coatings applied by the HVOF
method form a complex phase structure including ZrCN, ZrC, ZrN, ZrO phases. The best formation of ZrCN
and ZrC phases is achieved at moderate values of atmospheric pressure, which minimizes oxidation and in-
creases the coating density. Sample (b) demonstrates the most favorable phase composition, which confirms
its best mechanical properties, such as high hardness, wear resistance and chemical resistance. ZrCN-based
coatings have significantly higher microhardness compared to the substrate, which is largely due to the for-
mation of ZrC, ZrN. Sample (b) demonstrates the greatest strength, having a microhardness of 1800 HV,
which makes it the most suitable for use under high loads. In addition, the maximum adhesion at adhesion
failure is 7.49 MPa per square centimeter, which shows that sample (b) of the coating has high adhesion and
has a layered structure characteristic of thermal spraying. The results obtained confirm that HVOF spraying
can form coatings with high wear resistance and heat resistance, ensuring reliable operation under extreme
conditions.
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II.P. Kyp6aun6ekoB, A. Kuzaros, H. Mycaxas,
IT1.A. Canmaxmeros, C.X. Kambap6ekos, b. Kannap

HVOF 6ypky napamerpiepinin ZrCN ka0bIHAaPbIHBIH KYPbLIBIMABIK-(ha3aabIK
KYPAMbIHA KOHE MEeXaHUKAJBIK KacueTTepiHe acepi

Makanana HVOF Oypky mnapamerprepiniH uupkonuii kapOonutpuai (ZrCN) xaObIHBIHBIH (ha3ajblK
KYPaMblHa, MEXaHHMKAJbIK KaCHETTCPIHE JKOHE a[re3UsUIbIK CHUIaTTaMallapblHa 9CEPiH 3epTTey HOTHXKeNepi
6epinren. ZrCN >xaOBIHIAPBIHBIH PEHTreHAIK Andpaknusuislk Tanaaysl ZrCN, ZrC, ZrN, ZrO, Fe xone FeN
(hazanapbIHBIH OOJIYBIH aHBIKTAbI, OYJI Kyp/esi xaOblH KYPhUIBIMBIH JKOHE 3JIEMEHTTEPAIH BIKTHMAJ TOTHIFY
skoHe muddy3msbIK nmponectepin kepcereni. ZrC xone ZrN Ty3imyi xaby mponecinge ZrCN yYHTarbIHBIH
TepMUSUIBIK, BIABIpaybIMeH OainaHbIcTh, an ZrO okcun ¢asaceHBH maifga 6omysr HVOF mramry kesinnme
OTTeri KOCMAachl KOJJaHbUIFaHbIMEH TyciHaipineni. ZrCN xaObIHAAPBIHBIH MHUKPOKATTBUIBIFBL OYPKY
napamerpiepine Oaiinanbictsl 1500—-1800 HV nuamna3oHbsIHIaFsl MOHIEpTe jKeTedi. AQre3us ChIHAYIapbIHBIH
HOTIDKENepl y3ily Ke3iHze jkaObIHHBIH MakcuMmaiipl OaiinaHbic Gepikriri 7,49 MIla GonraHbIH KOpPCETTi.
OHraiinel cumarraManapra kejeci OYpKy mapaMeTpiiepi apKbUIbI KOJI JKeTKi3inmi: cyOcrpaTka aeifiHri
KaIBIKTEIK 3540 cMm, mpomaH KeICEIMEI 1,7 Oap, aya — 2,6 6ap, orreri 2,8 Gap. benrinenren maprtrap
OHIMJIUTIK KAaCHeTTepl JKaKcapTBUIFAH TBIFBI3, TO3yFa Te3IMAI KaObIH KYPBUIBIMBIH KaJIBIITACTHIPyFa
MYMKIHIIK Gepei.

Kinm ce30ep: HVOF, MHKpOKAaTTBUIBIK, aare3usi, KypbUIbIM, (a3anblk Kypambl, ZrCN >xaObIHZApEL,
PEHTreHAIK AndpaKuus

III.P. Kyp6an6ekon, A. Kuzatos, H. Mycaxas,
IT.A. Cannaxmetos, C.X. Kambap6ekos, b. Kanmgap

Bausinue napamerpos HanblieHuss HVOF Ha cTpykTypHO-(pa3oBblii cocTaB
U MeXaHUYeCKHe CBOMCTBA NOKPbITHI ZrCN

B crathe mpencTaBieHbl pe3yNbTaTHl MCCIEIOBAHUS BIUSHUS MapaMETPOB  BBICOKOCKOPOCTHOTO
razoruiamenHoro HanbuleHus (HVOF) Ha ¢a3oBrelit cocTa, MexaHH4eCKHe CBOMCTBA U air€3MOHHBIE XapaK-
TEPUCTHKU TOKPHITHS KapOoHUTpuAa UpkoHMsA (ZrCN). PeHTreHOCTpyKTYpHBIH aHann3 MOKpeITHA ZrCN
BersaBI npucyteTBue ZrCN, ZrC, ZrN, ZrO, Fe u FeN ¢a3, 4To cBUAETENHCTBYET O CIIOXKHOH CTPYKTYype
MOKPBITUSI ¥ BO3MOXKHBIX IIpolieccax OKUcIeHus n anddysun snementos. Gopmuposanue ZrC u ZrN cBsiza-
HO C TEPMUYECKNM pasiioxkeHHeM ropoirka ZrCN B mmponecce HOJIydYeHHs MOKPHITHS, a 00pa3oBaHUe OKCUJI-
HOH (a3l ZrO oOwsicHsiercst TeM, yro npu HVOF HambuieHHn ucnoss3oBaack cMech KHCIOpoaa. Mukpo-
TBepaocTh ZrCN MOKpbITUH JocTUraeT 3HaueHui B quanasone 1500-1800 HV B 3aBucumocTtH 0T mapamer-
POB HambUIeHHs. Pe3yabTaThl HCTIBITAHUN HA aATe3MI0 MOKA3aJd, YTO MaKCHMasbHas MPOYHOCTD CIETUICHUS
MOKPBITUS PH pa3pbiBe coctaBuna 7,49 MIla. OnTumanbHble XapaKTepUCTUKH JOCTUTHYTHI PH MTapaMeTpax
HambUICHUS: paccTosHue a0 nomnoxku 35-40 cm, nmasmeHwe mpomana 1,7 Gap, Bo3myxa — 2,6 0Oap,
kuciopoga 2,8 Oap. YCTaHOBIEHHBIE YCJIOBHS IO3BOJSIIOT C(HOPMHUPOBATH IUIOTHYIO, HM3HOCOCTOHKYIO
CTPYKTYPY HOKDBITHS C YJIy4YIICHHBIMU SKCILTyaTallMOHHBIMHU CBOMCTBAMH.

Knioueswie ciosa: HVOF, MUKpOTBEPIOCTE, afre3us, CTPYKTypa, (ha3oBslii cocTas, MOkpsIThs ZrCN, peHTre-
HOBCKasl TU(paKIys.
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