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The Effect of Detonation Spraying Mode
on the Structure and Tribological Properties of WC—-Co Coatings

The article presents the results of research into the structure and tribological testing of WC-Co detonation
coatings with a barrel filling volume of 64 % and 74 %. X-ray diffraction analysis of the WC-Co coating re-
vealed that undesirable Co and W,C peaks disappear after detonation spraying. Morphological analysis
showed that with 64 % and 74 % detonation barrel filling, the coatings had a dense structure with a thickness
of 136 um and 161 um, respectively. EDS mapping showed a uniform distribution of elements. Tribological
tests of the coating revealed that the friction coefficient of the samples ranged from 0.48 to 0.53 for 74 % and
0.55-0.57 for 64 %. Based on the results obtained, the optimal technological regime for obtaining wear-
resistant WC-Co coatings by detonation spraying was established.
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Introduction

Nowadays WC-Co based coatings are widely used to improve wear resistance, as well as corrosion and
erosion resistance of engineering components, including valves, drill bits and downhole tool components
used in the mining, oil and gas industries [1]. Due to their excellent wear resistance and mechanical stability,
WC-Co coatings are commonly used for steel rolls, zinc bath rolls, corrugated rolls, pump housings, impel-
ler shafts, compressor stators, and aircraft flap guides. Additionally, these coatings find application in cams
and expansion joints operating under severe service conditions [2].

It has been established that the wear resistance of WC—Co coatings is significantly affected by various
factors, such as the morphology, chemical and phase composition of the initial powder, the size and distribu-
tion of WC particles, and spraying parameters [3-4]. During thermal spraying of WC—Co, undesirable phe-
nomena associated with the decomposition of carbide phases can occur. As a result, the content of the solid
WC phase decreases, and decomposition products such as W,C, metallic W, and amorphous or
nanocrystalline Co-WC phases are formed instead. Therefore, to obtain hard alloys with high mechanical
properties, it is necessary to minimize the decomposition of the WC phase.
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Despite the widespread use of WC—Co coatings, numerous studies have shown that thermal spraying re-
sults in decarburization of WC particles. As noted by Ahmed et al. in their review, high temperatures and
prolonged exposure of particles to the flame zone lead to the formation of W,C, metallic W, and n-phases
(M¢C and M,C). This complicates the coating microstructure and reduces its mechanical properties [5].

Detonation spraying represents a very promising direction in the field of thermal spray technology, of-
fering a viable solution for the production of high-quality wear-resistant coatings. Research by Du et al.
showed that even at high oxygen-fuel ratios, the degree of WC decarburization remains low, allowing for the
production of coatings with high density and strength [6]. This contrasts with plasma spraying methods,
where WC decomposition is significantly more pronounced.

Yuan et al. showed that the introduction of submicron WC particles into the spray boundaries promotes
the formation of a stronger interlayer structure, significantly increasing the wear resistance of HVOF coat-
ings. WC—Co [7]. However, this type of spraying can lead to partial decomposition of the WC carbide phase,
resulting in the formation of undesirable phases such as W,C and metallic W.

The aim of this article is to study the influence of detonation spraying modes on the structure and phase
composition of WC—Co coatings.

Materials and methods of research

WC-Co based coatings, low-alloy structural steel of grade 20 was selected as the substrate material.
Samples were manufactured with dimensions of 50x50x7 mm. Before coating application, the substrate sur-
faces were ground on all six sides using MIRKA 1000-grit sandpaper to ensure a uniform and smooth sur-
face. The samples were then sandblasted to improve the adhesion of the applied coating. After sandblasting,
the samples were washed in an ultrasonic bath filled with 90 % alcohol to remove sand particles from the
sprayed surface. The nominal particle size of the WC—Co powder ranged from 30 to 45 um. The coatings
were applied using a CCDS 2000 detonation complex (Russia). WC—Co coatings were obtained by filling the
cylinder with explosive gas to 64 % and 74 %, respectively. The distance between the barrel of the detona-
tion gun and the sample was 150 mm, and the number of shots reached up to 50 times per sample.

A SEM 3200 scanning electron microscope (China) equipped with an energy-dispersive spectrometer
was used to study the microstructure of the coating cross-section. X-ray diffraction (XRD) analysis was per-
formed using an X'PertPRO diffractometer with Cu-Ka radiation (A=1.54 A) at 40 kV and 30 mA to identify
phases in the coatings and WC—-Co powder. Diffraction patterns were collected over a 26 range from 20° to
90° with a step size of 0.02° and a counting time of 0.5 seconds per step. The data were analyzed using
HighScore software.

To study the tribological properties of WC—Co coatings produced by detonation spraying, a TRB3
tribometer was used in various tribology modes. All coatings were tested in the following modes: distance
100 m, speed 5 cm/s and 10 cm/s, trace radius 3 mm, and load 10 N and 15 N.

The volumetric wear of the samples was determined by Formula (1) as follows [8]:

v [mm? | M

v F-s| N'-m

where V — volume of wear material [mm®]; F, — normal force applied to the sample [N]; s — friction
path [m].

Results and discussion

X-ray diffraction analysis was used to study the phase composition of the powder and coatings. Figure 1
presents the results of X-ray diffraction analysis of the detonation coatings and powder. The diffraction pat-
terns identified the main peaks corresponding to the WC phase in both the original powder and the sprayed
coatings. The powder also contains weak reflections belonging to metallic cobalt, indicating the presence of
a binder phase. After detonation spraying, the Co peaks virtually disappear, indicating a redistribution of the
binder cobalt or its partial dissolution in the carbide matrix during high-temperature exposure.

Compared to the original powder, the WC peaks in the coatings are somewhat broadened and less in-
tense, which is due to a decrease in the average crystallite size and an increase in structural imperfections due
to the rapid cooling of the molten particles. The absence of W,C and metallic W phases indicates that no
thermal decomposition of the WC occurred under the selected conditions, and therefore, the spraying process
occurred under optimal conditions in terms of temperature and particle residence time in the plasma.
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Figure 1. Diffraction pattern of detonation coatings and WC—-Co powder

A comparison of coatings obtained with different barrel filling volumes (64 % and 74 %) shows that
with increasing filling volume; the intensity and clarity of the WC peaks decrease slightly. This indicates an
increase in thermal load, leading to partial recrystallization and the formation of internal stresses in the coat-
ing. With a smaller filling volume (64 %), the structure is closer to the original, with more pronounced WC
peaks, confirming the preservation of the phase composition and minimization of thermal stress.

Figure 2 shows a cross-section of the WC-Co coating at a filling volume of the barrel of the CCDS
2000 detonation complex.

Thickness: 136.12+8.16 pm
Porosity: 2.37£0.21%

Figure 2. Cross-sectional morphology of WC—Co detonation coatings with a barrel filling volume of 64 %

The cross-sectional morphology of the WC—Co coating, produced by detonation spraying at a barrel fill
volume of 64 %, reveals the formation of a dense structure with a uniform thickness of approximately 136
pm. The BSE image clearly shows a distinct substrate—coating boundary, free of microcracks and defects,
indicating high adhesion. EDS mapping reveals a uniform distribution of tungsten, carbon, and cobalt
throughout the coating. This structure indicates stable detonation spraying and effective fusion of WC-Co
particles, ensuring the formation of a dense and uniform protective layer.

The cross-sectional morphology of the WC—Co detonation coating at a barrel fill volume of 74 %
demonstrates the formation of a denser and more uniform layer compared to the 64 % regime (Fig. 3). The
coating thickness increases to ~161 um, while porosity decreases, indicating more complete melting and
compaction of the particles under conditions of increased barrel fill volume. The BSE image shows a uni-
form lamellar structure without pronounced defects, and the interface between the substrate and the coating
remains smooth and well-welded. EDS mapping results confirm a uniform distribution of the main ele-
ments — W, C, and Co — throughout the coating volume, without localized zones of WC enrichment or
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degradation. The absence of Fe diffusion into the coating layer indicates the absence of overheating and a
stable thermal regime. Overall, the coating obtained at a barrel fill volume of 74 % is characterized by high
density, good adhesion, and an optimal microstructure for operation under conditions of intense wear.

WC-C; coating
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Thickness: 161.01+12.88 pm
Porosity: 1.96+0.17 %
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Figure 3. Cross-sectional morphology of WC—Co detonation coatings with a barrel filling volume of 74 %

Figure 4 shows the results of tribological tests of WC-Co detonation coatings at barrel fill volumes of
64 % and 74 %. Both coatings were tested in four different modes.
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Figure 4. Results of tribological tests of WC—Co detonation coatings
with a barrel filling volume of 64 % (a) and 74 % (b)

The friction coefficient versus friction path curve (Figure 2) shows that the coating obtained at a 64 %
fill volume (left) exhibits more pronounced instability of the friction coefficient and an increased level of
oscillations, especially at low speed (5 cm/s) and a load of 10 N, where the coefficient reaches maximum
values of ~0.47-0.52. This indicates a less dense structure and increased sensitivity to local surface
microroughness. At the same time, the coating at 74 % fill volume (right) exhibits more stable behavior: the
amplitude of friction oscillations is noticeably lower, and the average friction coefficient for all load and
speed modes remains in the range of 0.47-0.49 without sharp jumps. This stability is explained by the higher
density and lower porosity of the coating, which reduces the likelihood of local deformation and promotes
the formation of a more uniform contact pair. Thus, increasing the barrel filling volume to 74 % improves
the wear resistance and friction stability of the WC—Co coating due to a denser and more uniform structure.

Table 1 presents the results of tribological tests of WC—Co detonation coatings with a filling volume of
64 % and 74 %. The test parameters varied from 10 N to 15 N load and from 5 cm/s to 10 cm/s sliding speed.
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Table 1
Results of tribological tests

Sample Test parameters CoF Wear intensity, W, x10~*, mm?/(m-N) V, mm?®
F=10 N, v=5 cm/s 0.468 7.546 4.0044
F=10 N, v=10cm/s 0.475 12.7 6.7431

| 0, !
WC-Co64% F=15N, v=5 cm/s 0.471 6.908 6.1104
F=15N, v=10 cm/s 0.528 7.511 5.9800
F=10 N, v=5 cm/s 0.486 8.327 4.4188
F=10 N, v=10cm/s 0.473 7.154 3.7968

| 0, !
WC-Co 74 % F=15N, v=5 cm/s 0.490 7.194 5.7262
F=15N, v=10 cm/s 0.477 4.162 3.3135

The tabulated data show how friction loading parameters affect the tribological properties of WC-Co
coatings produced with different barrel fill volumes. For a coating with a 64 % fill volume, the friction coef-
ficient ranges from 0.468 to 0.528, accompanied by relatively high wear intensity (6.908—
12.7x10* mm?*/(m-N)) and increased worn surface volume (4.004—6.743 mm?®). Increasing the barrel filling
volume to 74 % results in a comparable friction coefficient (0.473-0.490), but significantly reduces the wear
intensity to 4.162-8.327x10* mm?/(m-N) and the wear volume to 3.313-5.726 mm®. Thus, increasing the
filling volume to 74 % results in a denser, more wear-resistant coating structure, leading to a significant re-
duction in wear volume and area under similar friction conditions.

Conclusion

Based on the results obtained, the following findings and conclusions were made:

— The cross-sectional morphology of the WC—Co coating at 64 % and 74 % barrel fill rates demonstrate
a uniform and dense structure. It is evident that the coating thickness at 74 % (~161 um) is greater than at
64 % (~136 um). The SEM image clearly shows a distinct substrate—coating boundary, free of microcracks
and defects, indicating good adhesion. EDS mapping demonstrates that the elements confirm a uniform dis-
tribution of the main elements — W, C, and Co throughout the coating, without localized zones of WC en-
richment or degradation.

— X-ray diffraction analysis of detonation coatings and WC—-Co powder revealed the presence of prima-
ry peaks corresponding to the WC phase in both the original powder and the coatings. The absence of W,C
and metallic W phases indicates that no thermal decomposition of WC occurred under the selected condi-
tions, and, therefore, the spraying process occurred under optimal conditions for temperature and particle
residence time in the plasma.

Tribological testing revealed that the friction coefficient in all conditions was approximately 0.5. This
demonstrates the wear-resistant properties of WC—Co coatings. However, the coatings obtained at 74 % bar-
rel fill demonstrated a more stable friction coefficient-distance curve.

Thus, the obtained data show that detonation coatings obtained at 74 % barrel filling have a denser
structure and improved tribological characteristics compared to coatings obtained at 64 %.
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K.b. Carnonnuna, JI.I'. Cynto6aesa, /I.b. byiiTkeHoB,
A.b. Hobnonnuna, C.JI. bonatos, J[.K. Capxanos

JMeTonanusibIK OYpKy pexuminiH WC-Co kaObIHIaPbIHBIH
KYPbLIBIMbI ME€H TPHOOJIOTHSIIBIK KacHeTTepine acepi

Makanana OKmaHabl TONTHIPY Kenemi 64 % xone 74 % OGonatbin WC—Co AeTOHAIMSIBIK KaObIHIAPBIHBIH
KYPBUIBIMBI MEH TPUOOJIOTHSUIBIK CHIHAKTApBIHBIH 3epTTey HoTiKenepi kenTipinreH. WC—Co kaOBIHBIHBIH
peHTreHmiK aupaKIMsIIbIK Talfaybl ICTOHAMSIBIK OypkymeH keitin karbiMceiz Co xoHe W,C
HIBIHIAPBIHBIH KONBLUIATHIHBIH KOPCETTi. MOP(OIOTHUSITBIK Tanaay KOPCeTKeHIeH, NeTOHAIMSIIBIK OKITAHHBIH
64 % xoHe 74 % TONTHIPHUTYBIMEH YKaObIHAAp COHKeCiHIIe KalbIHABIFBI 136 MkM sxone 161 MkM 6oiaThIH
TBIFBI3 KYpbUIbIMFa He Oomnmel. DJIC-HBI KapTara TYCIpy SJIEMEHTTEPIiH OipKeNKi TapadyblH KOPCETTi.
KanramaHbIH TpHOOIOTHSIIBIK, CBIHAKTAPHI YATLIEpAiH Yiikenic koddduumenti 74 % ymin 0,48-nen 0,53-xe
neiiin xaHe 64 % ymin 0,55-0,57 apanerpiHaa OOIFaHBIH KOPCETTI. AJBIHFAH HOTIDKENIEpre CYHEeHe OTHIPHII,
JETOHAMSUIBIK OYpKy apkKpUIbl To3yra TesimMai WC—Co xaObIHIApBIH aXyIblH OHTAMIBI TEXHOJOTHSUIBIK
PEXKMMI aHBIKTAJIIbL.

Kinm coe30ep. neronammsisik Oypky, WC—Co xaOsiHAapbl, TpHOOIOTHS, Ka0bIHAAP, MUKPOKYPBUTBIM

K.b. Carnonnuna, JI.I'. Cynto6aesa, /I.b. byiiTkeHoB,
A.b. Hobuonnuna, C. 1. bonatos, JI.K. CapxaHnoB

Bunsinne pexuMa 1eTOHAIIHOHHOTO HANIBLICHUSA
HA CTPYKTYPY M TpuOOI0rnyecKkue cBoiictea nokpbiTuii WC-Co

B craTthe mpencraBieHB! pe3ynbTaTHl MCCIEIOBAHUS CTPYKTYPHI M TPHUOOIOTHYECKHE HCIBITAHHS IETOHA-
1oHHBIX TOKpBITHH WC—Co npu o6beme 3amonaerus ctBona 64 % u 74 %. PerrrenonudpakmoHHbIi aHa-
3 nokpeituii WC—Co BBISBIII, UTO TIOCTE ACTOHAIMOHHOTO HANBUICHHS MCYE3aI0T HEeXKeIaTeNbHbIE ITHKI
Co u W,C. Mopdonornieckuii aHaau3 mokasai, 4yTo IMPpH 3aM0JHSHUH JETOHAIHOHHOTO cTBoMa 64 % u 74 %
MOKPBITHS HMMENU IUIOTHYIO CTPYKTYpy ¢ ToiamuHOH 136 MxM u 161 MM coorBercTtBeHHO. JDJIC-
KapTHPOBaHHUE MOKa3aJ0 paBHOMEpPHOE pacrpeneieHue 3i1eMeHToB. [1o pe3ynprataM TPHOOIOTHYECKHX HC-
NBITAaHUH TOKPBITHH BBIIBICHO, YTO KO3 QHIMEHT TpeHus obpasuoB Bapbuposancs ot 0,48 mo 0,53 mms
74 % wu ot 0,55-0,57 nmst 64 %. Ha ocHOBe NMOyYeHHBIX pe3yNbTaTOB OBUT YCTAaHOBIECH ONTUMAIBHBIA TeX-
HOJIOTHYECKUH PeXuM JUIs HOJTydeHUsT H3HOCOCTOWKOro mokpeitis WC-Co MeTonoM JeTOHAIMOHHOTO Ha-
MBUICHUSL.

Knioueswie crosa: neronarmonHoe HanbuieHHe, WC-Co MOKPEITHS, TPUOOJIOTHSI, TOKPBITUS, MUKPOCTPYKTY-
pa
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