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COMPARATIVE ANALYSIS OF WC-NICR, AL,O3-NICR, AND CR3C>-NICR METAL-CERAMIC
COATINGS APPLIED BY HVOF AND DETONATION SPRAYING METHODS

The paper presents a comparative analysis of technologies for forming metal-ceramic
coatings of WC-NiCr, CrzC,-NiCr, and Al,Os-NiCr systems obtained by high-velocity oxygen fuel
(HVOF) and detonation spraying methods. The aim of the study was to determine the influence
of the coating technology on the microstructure, physical-mechanical and tribological properties
of the coatings. The study included analysis of the morphology of the starting powders and the
microstructure of the coatings using scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS). Microhardness was determined using the FISCHERSCOPE HM 2000 system,
and tribological characteristics were studied using the ball-on-disc method on an Anton Paar TRB?
tribometer in accordance with ASTM G133-95 and ASTM G99 standards. It was found that the
spraying method has a significant effect on the structure and performance characteristics of
coatings. For carbide systems (CrsC,-NiCr and WC-NiCr), the HVOF method is more effective,
providing the formation of a dense, fine-grained structure, increased hardness, and a reduced
friction coefficient. For the Al,O3-NiCr oxide system, detonation spraying proved to be preferable,
providing higher hardness and stable tribological characteristics. The results obtained allow for a
reasonable choice of coating formation technology depending on their composition and
operating conditions.

Keywords: HVOF, detonation spraying, metal-ceramic coatings, microstructure, friction
coefficient, hardness.
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W(C-NiCr, Al;03-NiCr xaHe Cr3C,-NiCr meTannokepamuKanbik KabbiHoapbiHbiH HVOF
XXoHe AeToHaUUANbIK BYPKy aaicTepiMeH a/biHFaH XKabbliHAaPbIHbIH, CaNbICTbIPMalbl
Tasngaybl

HKyMbICTa »KOFapbl XKblAAAaMAbIKTbI razotepmuansik (HVOF) xaHe aeToHaumanbik OypKy
aaictepi  apkpiabl  anbiHFaH  WC-NiCr,  CrsCy-NiCr  keHe  Al,03-NiCr  kyMenepiHageri
MeTaNIoKepaMMKanblK *KabblHAAPAb! KANbINTACTbIPY TEXHONOMMANAPbIHA CaNbICTbIPManbl Tanaay
KYPrisingi.  3epTreydiH,  MakcaTbl-KabbIHAbI  Kafy  TEXHONOIUACLIHbIH  abblHAAPAbIH,
MUKPOKYPbIbIMbIHA,  GU3MKA-MEXAHWUKANbIK KaHe TpMOOMOrMANbIK KacMeTTepiHe oacepiH
aHbIKTay. 3epTTey bHapbicbiHAa 6acTankbl yHTaKTapAblH, MOPPONOrMACL MeH »KabblHAapAbIH,
MUKPOKYPbI/TbIMbI PAaCcTap/iblK, 31EKTPOHABIK MUKpOCKonua (POM) »KaHe aHeprnagmcnepcuanibik,
cnektpockonusa (EDS) aaictepimeH TangaHabl. MukpoKaTTbiabik FISCHERSCOPE HM 2000
yMeciHAe aHbIKTanabl, an Tpubonormansik cunatramanap ASTM G133-95 jkaHe ASTM G99
cTaHaapTTapbiHa calikec Anton Paar TRB2 tpubomeTpiHae «lap—amMcKy» a4iCi apKblibl 3epTTen .
BypKy a4iciHiH, *abblHAapAbIH KYPbIAbIMbl MEH NanadanaHy cMnaTTamanapbiHa eneyni acep eTeTiHi
aHbIkTanabl. Kapouari syrenep (CrsCy-NiCr »aHe WC-NiCr) ywid HVOF agajci Tnimaipek 6onbin
Tabblnagbl, cebebi 0n TbiFbI3, YCAKAMCNEPCTi KYPbIAbIMHbIH, KaabINTacyblH, KAaTTbIbIKTbIH, apTyblH
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OHE YMKenic KoapPuumeHTiHiH TemeHaeyiH KamTamacbiz etedi. An Al,O3-NiCr okeuaTi xyheci
YWiH AeTOHaUMANbIK OYPKY S4iCi aHafypAbiM TMiMAi BOAbIN, KOFapbl KATTbl/bIK NeH TypaKTbl
TpUbONOTUANBIK CcMMaTTaManapabl KamTamacbi3 eTefi. ANblHFaH HaTuxkenep KabblHAapAbIH
Kypambl MeH NaiganaHy xardannapbiHa H6alnaHbICTbl 0NapAbl KaAbINTacTblpy TEXHONOMMACHIH
FbINbIMW Heri3ae TaHadayFa MyMKiHAIK Bepea,.

Tyihin  cespep: HVOF, peToHaumsanblk  OypKy,
MUKPOKYPbINbIM, YAKeNIC KoabDUUMEHTI, KaTTbIbIK,
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CpasHuTENbHbIM aHann3 meTtannokepammyeckmx nokpbitnin WC-NiCr, Al,03-NiCr u
Cr3Ca-NiCr, HaHecéHHbIx meTogamn HVOF n peToHauMoHHOro Hanbl/1ieHUA

B paboTe  BbINO/MIHEH  CpPaBHUTEAbHbIA  aHaAM3  TEXHONOrMA  GOPMMPOBAHMA
meTannokepammyecknx nokpbitnn cuctem WC-NiCr, CrsCp-NiCr m Al,O3-NiCr, nony4eHHbIxX
METOAaMM1 BbICOKOCKOPOCTHOrO rasonnamerHoro (HVOF) 1 AeToHauMOHHOro HanblneHus. Lleab

MCCNefOoBaHUA  3aK/aloyasacb B YCTAHOBAEHUMM  BAMAHUA  TEXHONOTMWU  HaHeceHusa Ha
MUKPOCTPYKTYPY,  OU3MKO-MexaHudeckne U1 TpUMBOJOrMYecKne  CBOMCTBA  MOKPbLITUIA.
MccnepgoBaHue BKAOYANAO aHaAM3 MOpPGONOrMM  UCXOAHbIX MOPOLLIKOB, MWMKPOCTPYKTYPbI

MOKPbITUA METOIOM PACTPOBOM 3M1EKTPOHHON MMKpockonun (POM) n sHeproamMcnepcMoHHOM
cnektpockonun (EDS). MuKpoTBEpAOCTb onpeaenanu Ha cucteme FISCHERSCOPE HM 2000,
TpuboNorMyeckmne XxapakTepUCTUKM UCCea0BaIM METOAOM «LWap—AnCK» Ha TpnbomeTpe Anton
Paar TRB? B cooTseTcTBMM cO cTaHgapTammn ASTM G133-95 n ASTM G99. YcTaHOBAEHO, YTO METOZ,
HanblIeHWA OKa3blBaeT CyUeCTBEHHOE B/IMAHWE Ha CTPYKTYpy M 3SKCNayaTaUMOHHble
XapaKTepPUCTUKM NOKPbITUIA. [Ana kKapbuaHbix cuctem (CrsCa-NiCr n WC-NiCr) 6onee sabdeKkTUBHbIM
asnaetca meton HVOF, obecneumBatowmini GOpMMUPOBAHME MAOTHOM MENKOAMCNEPCHON
CTPYKTYpPbIl, MOBbIWEHWE TBEPAOCTMN U CHUMKEHMNE KOIDDUUMEHTA TPEHUA. 1A OKCUAHOK CUCTEMBI
Al,O3-NiCr npeanoyTUTENbHBIM OKa3anoCb AETOHAUMOHHOE HanblaeHue, obecnedvmBatollee
H6onee BbICOKYIO TBEPAOCTb WM CTabuabHble TPMBONOrMYECKME XapaKTEPUCTUKKU. TosydyeHHble
pe3ynbTaTbl MO3BOMAOT 0HOCHOBAHHO BbIBMPATL TeXHOMOMMIO GOPMUPOBAHUA MOKPbLITUN B
3aBMCMMOCTM OT WX COCTaBa M YCIOBMIA SKCMAyaTaLMm.

Kntouyesble cnosa: HVOF, geToHauMoHHOe HamblieHWe, MeTa/IOKeEPaMUYECKME NOKPbLITUA,
MWKPOCTPYKTYPa, KOIPOULMEHT TPEHMA, TBEPAOCTD.

Introduction

Ensuring the operational reliability and
durability of machine components operating under
conditions of intense abrasive wear, erosion, and
high-temperature corrosion is one of the priority tasks
of modern materials science. In industries such as
aircraft manufacturing, oil and gas, and thermal
power engineering, traditional structural materials
often reach their limits. Surface engineering using
metal-ceramic coatings is recognized as the most
effective technological solution in this field.
Combining a nickel-chromium (NiCr) matrix with
strengthening phases in the form of tungsten carbides
WC, chromium Cr;C,, or aluminum oxide AlOs,
they are of particular interest due to their unique

balance of high microhardness of ceramics and
fracture toughness of the metal matrix [1-3].
WC-NiCr is traditionally considered the
benchmark for wear resistance under low-
temperature abrasive conditions. Recent studies have
focused on the microstructural characteristics of such
coatings when sprayed onto various substrates,
including magnesium and aluminum alloys [4,5].
However, the problem of thermal decomposition of
carbides during high-energy spraying remains
relevant for preserving operational properties [6,7].
Cr3C,-NiCr is positioned in the literature as a key
material for wear protection at temperatures up to
850-900°C. Its advantage lies in its ability to form

95


mailto:mkaliaskarova@edu.ektu.kz

Comparative analysis of WC-NiCr, AL,Os-NiCr, and CR3C,-NiCr metal-ceramic coatings applied by HVOF ...

dense self-healing oxide films, which is critical for
power plants and pumping equipment [8-10].

AL Os-NiCr is distinguished by its exceptional
chemical inertness and corrosion resistance. The use
of a NiCr matrix compensates for the brittleness of
aluminum oxide, creating multilayer and gradient
structures that can operate effectively in aggressive
environments [11-13].

The properties of coatings are fundamentally
determined by the velocity and temperature of the
sprayed particles. The high-velocity oxygen fuel
(HVOF) method is characterized by a continuous
supersonic flow, ensuring high productivity and
uniformity of the layer. In the HVOF spraying
process, powder particles are in a continuous high-
speed flow of combustion products, which ensures
uniform heating and high process productivity.
However, prolonged exposure of the material to a
high-temperature gas jet increases the risk of
oxidation of the metal matrix and decomposition of
carbide inclusions [14-16].

In contrast, detonation spraying (Det. s.) is based
on cyclic explosive action. Thanks to the pulsed
nature of the process and brief thermal contact at
ultra-high speeds (up to 1000-1200 m/s), it is possible
to minimize thermal degradation of the powder.
Studies [12,17,18] show that the detonation method

allows the formation of unique gradient transitions
and nanocrystalline structures, providing adhesive
strength at the level of 80-110 MPa and high
corrosion resistance when exposed to salt solutions.
Despite a significant number of publications on
layer thickness optimization [19], there is a lack of
systematic comparative data obtained under identical
experimental conditions for carbide and oxide
systems in the current literature. The tribological
mechanisms of wear during the transition from
traditional [20] have not been sufficiently studied.
The question of the correlation between the method
of transferring kinetic energy to particles and the
completeness of preservation of strengthening phases
in the NiCr matrix for all three systems
simultaneously remains open [21-25]. Despite the
availability of a significant number of publications on
each of the systems separately, there is still a lack of
systematic comparative data obtained under identical
experimental conditions for all three compositions
(WC, Cr3C,, AlO3) when comparing HVOF and
detonation methods in the modern world literature.
The aim of this work is to conduct a
comprehensive comparative analysis of the
microstructure and tribological characteristics of
WC-NiCr, Cr3C,,-NiCr, and ALOs-NiCr coatings
applied by HVOF and detonation spraying methods.

Materials and Methods (or Research Methodology)

WC-NiCr, AlzOs-NiCr, and Cr;C>-NiCr metal-
ceramic powders were used to obtain coatings, the
composition of which is given in Table 1. Low-alloy
steel 20GL was used as the substrate material, the
chemical composition of which is presented in Table
2. The study examined the tribological properties of
the coatings, their hardness, and morphology.

HVOF coatings were obtained using a high-
velocity oxy-fuel (HVOF) spraying system. The
HVOF spraying modes are shown in Table 3. The
distance to the substrate was 200 mm. Detonation
coatings were obtained using a CCDS2000
detonation spraying system (LIH SO RAN,
Novosibirsk, Russia).

The morphological characteristics of the powder
particles and the coating surfaces were studied using
scanning electron microscopy (SEM) on a TESCAN
VEGA4 LMH microscope (TESCAN, Brno, Czech
Republic). Energy dispersive analysis was performed
using the Xplore 30 system (Oxford Instruments,
Oxford, UK). The hardness of the coatings was
measured using the FISCHER-SCOPE HM 2000
system (Helmut Fischer GmbH, Sindelfingen,
Germany) controlled by WIN-HCU software version
7.1. In all tests, the exposure time was 10 s at a load
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of 300 mN. Tribological studies were performed on
an Anton Paar TRB? tribometer (Anton Paar, Buchs,
Switzerland) using a ball-on-disc test method in
accordance with international standards ASTM
G133-95 and ASTM G99. A ball with a radius of 6
mm made of 100Cr6 material was used as the
counterbody.

Table 1. Powder composition

WC-NiCr
\Y C Ni Cr
base 5% 6% 8%
Cr;C,-NiCr
Cr C Ni Cr
base 9,2% 12% 4,5%
Al,O3-NiCr
AI203 Ni Cr
base 6,2% 8,3%
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Table 2. Chemical composition of 20GL steels

Table 3. HVOF Spraying Parameters

Element  Designation Mass fraction in 20GL Gas Control Panel Pressure
(%) (GOST 977-88) Parameter Settings
Carbon C 0,15-0,25 Propane 2,9 bar
Silicon Si 0,20-0,40 Oxygen 5 bar
Manganese Mn 1,20-1,60 Compressed Air 3,2 bar
Sulfur S 1o 0,040
Phosphorus P 1o 0,040
Iron Fe ~97

Results and discussion

The study compared two high-energy coating
methods: detonation spraying and high-velocity
oxygen fuel (HVOF) spraying. This section presents
the results of a study of the structure, mechanical and
tribological properties of WC-NiCr, Cr3C,-NiCr and

ALOs-NiCr metal-ceramic coatings obtained by
detonation and high-velocity oxygen fuel (HVOF)
spraying methods.

The morphological characteristics
particles are shown in Figure 1.

of the

Figure 1-SEM images of powders a)WC-NiCr, 0) Cr;C>-NiCr, ¢) Al,O3-NiCr

Figure 1 shows SEM images of the morphology
of WC-NiCr, Cr;C,-NiCr, and ALOs-NiCr powders.
It has been established that WC—NiCr powder is
characterized by predominantly irregular angular
particle shapes and pronounced surface roughness.
Cr;C-NiCr powder has predominantly spherical

particles and a more uniform particle size
distribution. Al.Os-NiCr powder is characterized by
sharply angular, fragmented particle shapes due to the
brittleness of the oxide phase. The results obtained
show significant differences in the morphology of
powders depending on their composition.

Table 4. Comparative analysis of powders using different spraying technologies

Characteristics WC-NiCr

Cl‘3C2-NiCI’ A1203-NiCr

Extreme wear
resistance, abrasion

Primary purpose

Corrosion resistance
and wear at high

Electrical insulation,
wear at high

protection. temperatures. temperatures, chemical
resistance.
Max. operating T Up to 500°C Up to 850-900°C. Up to 900-1000°C
(further oxidation (depending on the
occurs). bundle).
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Figures 2 show the results of EDS analysis of
WC-NiCr, Cr3C,-NiCr, and Al:Os-NiCr coatings.
Elemental mapping shows a uniform distribution of
the main elements across the thickness of the coatings
and confirms the formation of a characteristic
compositional structure of the layers. It was found
that WC and Cr3C; carbide particles, as well as the
ALOs oxide phase, are uniformly dispersed in the
NiCr metal matrix. No pronounced local segregation

of elements was detected, which indicates the
homogeneity of the composition and structure of the
coatings obtained.

After analyzing the coatings obtained by
detonation spraying, the coatings formed by high-
velocity oxygen fuel (HVOF) spraying were studied.
The results of EDS mapping of the HVOF coatings
are shown in Figures 2.

028 -~
= e

Figure 2-EMF analysis of detonation coatings a) WC-NiCr, b) Al,03-NiCr, c¢) Cr3C»-NiCr

The results of EDS mapping indicate the
formation of a composite structure of the Al,O3-NiCr
coating typical for metal-ceramic systems: the NiCr
metal binder provides the viscosity and adhesion of
the layer to the substrate, while the dispersed AlOs3
particles act as a strengthening phase. For the Cr;Co-
NiCr coating, a uniform distribution of CrzC: carbide
particles in the NiCr metal matrix was established,
indicating a homogeneous structure and the absence
of pronounced phase segregation. A characteristic
compositional structure was revealed in WC-NiCer,
represented by uniformly distributed WC carbide
inclusions in a nickel-chromium binder forming a
continuous metal matrix of the coating.
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At the next stage of the study, tribological tests
were carried out on coatings obtained by detonation
spraying and HVOF. The results are shown in Figure
4. The tests were carried out at room temperature
without lubricants, using a 6 mm radius ball made of
100Cr6 material as the counterbody. Tribological
tests were carried out under a load of 6 N at a linear
speed of 3 cm/s, with a wear radius of 3 mm and a
total wear length of 60 m.

Figure 4 shows the friction coefficient values for
WC—NiCr, Cr;C>-NiCr, and Al>O;-NiCr coatings, as
well as the friction coefficient variation curves during
testing. The hardness values of the coatings,
determined by cross-section, are shown in Figure 5.
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Figure 3-Results of EDS mapping of coatings obtained by the HVOF method a) Cr3;C,-NiCer,
0) Al,O3 -NiCr, ¢)WC-NiCr

Tribological properties of HVOF coatings
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Table 5. Comparative characteristics of coatings obtained by detonation and HVOF spraying methods

Powder Spraying Method Microhardness (HV) Coefficient of
Composition Friction (p)

WC-NiCr Detonation spraying 534 0.673
HVOF 785.2 0.326
Cr3C,-NiCr Detonation spraying 846 0.751
HVOF 1088.6 0.310
Al,O3-NiCr Detonation spraying 750 0.629
HVOF 631.6 0.630

Hardness measurement results (Fig. 5) revealed
a significant advantage of the HVOF technology for
carbide systems, including WC-NiCr, Cr;C,—NiCer,
and Al,O3;—NiCr coatings.

For the Cr3C,-NiCr coating, the HVOF method
achieved a hardness of 1088.6 HV, which is 28.6%
higher than that obtained by detonation spraying (846
HV). A similar trend was observed for WC-NiCer,
where the hardness increased from 534 HV
(detonation spraying) to 785.2 HV (HVOF). The high
kinetic energy of particles during the HVOF process
(up to 900 m/s) ensures extreme coating
densification, which minimizes porosity and
improves cohesive strength. In the case of detonation
spraying, the lower hardness values of WC-NiCr (534
HV) can be explained by partial decarburization of
the carbide phase and structural heterogeneity.

For the oxide-based AlOs;-NiCr coating,
detonation  spraying  demonstrated  superior
performance (750 HV compared to 631.6 HV for
HVOF). This is attributed to the fact that under

Conclusion

The results of the study of microstructure,
physicomechanical, and tribological properties of
WC-NiCr, Cr3;Cz-NiCr, and ALOs-NiCr metal-
ceramic coatings indicate a significant influence of
the spraying method on the performance
characteristics of the layers. Comparative analysis
showed that the high-velocity oxy-fuel (HVOF)
spraying method is the most effective for carbide
systems. Due to the high kinetic energy of particles
(up to 900 m/s), extreme coating densification and the
formation of a fine-dispersed homogeneous structure
are achieved (confirmed by SEM and EDS mapping),
which minimizes porosity and increases cohesive
strength. Thus, for the Cr3C>—NiCr system, the HVOF
method made it possible to achieve a hardness of
1088.6 HV (28.6% higher than that of the detonation
method) and significantly reduce the coefficient of
friction from 0.751 to 0.310. Similarly, for WC-NiCer,
the hardness increased from 534 HV to 785.2 HV,
while the coefficient of friction decreased from 0.673
to 0.326. In the case of detonation spraying, the lower
performance of carbide coatings is explained by
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HVOF conditions the load is mainly carried by the
more ductile metallic matrix, while aluminum oxide
is present as discrete inclusions, reducing the overall
hardness of the coating.

Tribological tests (Fig. 5) showed qualitative
differences in coating behavior. The HVOF method
significantly reduces the coefficient of friction for
carbide coatings. For Cr;C-NiCr, the friction
coefficient decreased from 0.751 (detonation
spraying) to 0.310 (HVOF), while for WC-NiCr it
decreased from 0.673 to 0.326. During the HVOF
process, a finer and more homogeneous
microstructure is formed, as confirmed by EDS
mapping (Fig. 4), which provides a stable contact area
and reduces adhesive interaction.

In contrast, under detonation spraying conditions
the best tribological performance was observed for
the ALOs-NiCr coating (u=0.629). This is attributed
to the formation of a smoother contact surface and the
characteristics of the hard oxide phase, which reduces
seizure in the friction zone.

partial decarburization of phases and structural
heterogeneity. However, for the oxide system Al,O3—
NiCr, detonation spraying proved to be more
preferable, demonstrating a hardness of 750 HV
compared to 631.6 HV for HVOF and a stable
coefficient of friction of 0.629. This is attributed to
the fact that during HVOF spraying of aluminum
oxide, the load is predominantly carried by the ductile
NiCr matrix, whereas the detonation method ensures
the formation of a more rigid framework and a
smoother contact surface, reducing seizure. Thus, the
HVOF technology is recommended for producing
ultra-hard wear-resistant carbide coatings, while
detonation spraying is advisable for optimizing the
properties of oxide systems.
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