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INVESTIGATION OF TRIBOLOGICAL PROPERTIES OF DETONATION Ni-Cr-Al COATINGS

This study explores the tribological properties of Ni-Cr-Al coatings applied through detonation
spraying technology, with a focus on the comparison between gradient coatings and homogeneous
coatings. Ni-Cr-Al coatings, widely used in aerospace, automotive, and energy industries like power
plants, are valued for their exceptional hardness, wear resistance, and high-temperature stability.
Gradient coatings, produced by tailoring the detonation spraying parameters, exhibit a
microstructure combining a hard, wear-resistant surface with a softer, ductile subsurface, enhancing
their load-bearing capacity and tribological performance. Experimental results reveal that gradient
coatings achieve lower and more stable friction coefficients (0.3-0.4) compared to homogeneous
coatings (0,4-0,5), attributed to their optimized stress distribution and reduced adhesive interactions.
These findings underscore the superior wear resistance and durability of gradient Ni-Cr-Al coatings,
making them highly suitable for applications involving prolonged operation under sliding conditions.
This research contributes to the development of advanced coating systems optimized for demanding
operational environments.

Key words: detonation spraying, Ni-Cr-Al coatings, gradient coatings, homogeneous
coatings, tribological properties.

Introduction

High-performance coatings are essential for enhancing the durability and efficiency of
engineering components, especially those exposed to extreme mechanical and thermal stresses.
Among various coating systems, nickel-chromium-aluminum (Ni-Cr-Al) coatings have garnered
significant attention due to their excellent combination of hardness, corrosion resistance, and high-
temperature stability. These properties make Ni-Cr-Al coatings ideal for applications in aerospace,
automotive, and energy sectors [1-2]. Detonation spraying is a thermal spray technique that
effectively deposits Ni-Cr-Al coatings. Studies have shown that the degree to which the detonation
gun barrel is filled with the gas mixture significantly influences the chemical composition and phase
structure of the resulting coatings. For instance, higher filling degrees can decrease aluminum
content, affecting the formation of Ni-Al phases, which are crucial for enhancing wear resistance [3-
4].
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The microstructure of Ni-Cr-Al coatings typically comprises a dense metallic matrix reinforced
with hard intermetallic phases and oxides. This structure provides a synergistic balance of toughness
and wear resistance, enabling the coatings to withstand significant mechanical loads without
substantial deformation. Additionally, the formation of a self-healing oxide layer during operation
enhances their high-temperature wear and oxidation resistance. Research has demonstrated that
gradient Ni-Cr-Al coatings, produced by varying the detonation spraying parameters, exhibit high
hardness and improved wear resistance compared to homogeneous coatings [5-6]. Recent
investigations have also explored the effects of post-spray treatments on the properties of Ni-Cr-Al
coatings. For example, pulsed plasma treatment has been employed to modify the surface
characteristics of detonation-sprayed Ni-Cr-Al coatings, leading to enhanced hardness and
tribological performance [7]. Furthermore, studies on the high-temperature oxidation behavior of
these coatings have shown that both homogeneous and gradient Ni-Cr-Al coatings exhibit good
resistance to oxidation at elevated temperatures, making them suitable for high-temperature
applications [8].

Understanding the relationships between processing parameters, microstructural features,
and tribological performance is essential for optimizing Ni-Cr-Al coatings for specific operational
conditions. This study aims to investigate the tribological behavior of detonation-sprayed Ni-Cr-Al
coatings under various wear conditions, providing insights into their wear mechanisms and
contributing to the development of advanced coating systems for high-performance applications.

Materials and methods

Ferrite-pearlite steel 12Kh1MF was selected as the substrate material. The samples were
ground using MIRKA grinding paper up to a grit size of 1200 to ensure a uniform and flat surface.
Following the grinding process, the samples underwent sandblasting. Ni-Cr-Al coatings were
prepared using a powder mixture of Ni-Cr (Ni20Cr80) and Al (99,99%) in the following mass
proportions: 80% NiCr (Ni20Cr80) and 20% Al (99,99%). The particle size of the powders ranged
from 30 to 45 microns. The coatings were deposited using the CCDS2000 detonation complex (LIH
SB RAS, Novosibirsk, Russia), equipped with an electromagnetic gas valve system that precisely
regulates the supply of fuel and oxygen, as well as purging operations. A high-precision, computer-
controlled gas distribution system was used to fill the gun barrel with gases. Nitrogen served as the
carrier gas for the process. A homogeneous Ni-Cr-Al coating was produced by filling the barrel to
50% of its volume. Gradient Ni-Cr-Al coatings were fabricated using a method developed and
described in [6], which involves gradually varying the barrel filling volume with the explosive gas
mixture during detonation deposition. The gradient coating was achieved by reducing the barrel filling
volume progressively from 50% to 25%.

Friction tests were performed on a test stand designed at the Department of Fundamentals
of Mechanical Engineering and Tribology, Wroctaw University of Science and Technology (Figure
1). The apparatus allows for the evaluation of sliding friction in an alternating motion configuration
[9]. During testing, a steel ball was pressed against a steel plate with the tested coating using a
normal force F, applied through weights.
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Figuré 1 — Scheme of the test bench [10]

The plate movement system consisted of two carriages stacked on top of each other,
equipped with bearings to facilitate motion in the same direction. The setup was powered by an
electric actuator comprising a stepper motor and a helical gearbox. When extended, the actuator
moved the larger carriage, which supported the smaller carriage. A strain gauge force sensor
connected the larger carriage to the smaller one, transmitting the force of movement. The relative
motion of the smaller carriage with respect to the larger one corresponded to the deflection of the
force sensor and clamping components under the frictional force F.. Each coated sample underwent
three measurement series, with each series comprising 200 movement cycles. Each cycle consisted
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of two movements (one in each direction) at a maximum velocity (vsmax) 0f 5 mm/s. The duration of
movement in each direction was 0.4 seconds. The normal load applied to the friction node was 20
N. Steel bearing balls with a diameter of 4 mm (measured at 3.969 mm) were used in the tests,
conducted under dry friction conditions. Before the measurements, the coating surfaces were
ground, polished, and cleaned to ensure uniform.

Results and discussion

The friction coefficient analysis of homogeneous (a) and gradient (b) Ni-Cr-Al detonation-
sprayed coatings demonstrates distinct differences in tribological behavior (Figure 2). Both coatings
exhibit an initial peak in the friction coefficient due to the break-in phase, with the homogeneous
coating showing a slightly higher value, likely due to uniform composition and surface asperities.
Over time, the gradient coating stabilizes at a significantly lower friction coefficient (0.3-0.4)
compared to the homogeneous coating (0.4-0.5). This improved performance is attributed to the
gradient coating's microstructural design, which combines a hard wear-resistant surface with a
softer, ductile subsurface that enhances load-bearing capacity and reduces adhesive interactions.
Consequently, the gradient Ni-Cr-Al coating is more effective in reducing friction and wear, making
it highly suitable for applications requiring prolonged operation under sliding conditions.
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Figure 2 — The friction coefficient analysis of homogeneous (a) and
gradient (b) Ni-Cr-Al detonation-sprayed coatings

The comparison of friction coefficients between homogeneous (a) and gradient (b) Ni-Cr-Al
detonation-sprayed coatings highlights the influence of microstructural design on tribological
behavior. The homogeneous coatings exhibit consistently higher average friction coefficients,
ranging from approximately 0,4 to 0,45, as seen in the chart (Figure 3). This suggests a more uniform
interaction between the coating surface and the counterbody, which could lead to higher adhesive
and abrasive wear under sliding conditions. Conversely, the gradient coatings demonstrate lower
average friction coefficients, typically around 0,3 to 0,35, attributed to their tailored microstructure.
The gradient design provides a harder wear-resistant surface combined with a softer subsurface,
which optimizes stress distribution, reduces localized frictional forces, and enhances wear
resistance. The narrower error bars for the gradient coatings also indicate better stability in frictional
performance compared to the homogeneous coatings.
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Figure 3 — The comparison of friction coefficients between homogeneous (a)
and gradient (b) Ni-Cr-Al detonation-sprayed coatings
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Conclusion

This study demonstrates that gradient Ni-Cr-Al coatings exhibit superior tribological
performance compared to homogeneous coatings under sliding wear conditions. The tailored
microstructure of gradient coatings, comprising a hard surface layer and a ductile subsurface,
effectively reduces friction coefficients and enhances wear resistance. In contrast, homogeneous
coatings, with their uniform composition, showed higher friction coefficients and greater susceptibility
to adhesive and abrasive wear. The gradient coatings also demonstrated better stability in
tribological performance, as evidenced by narrower variations in friction coefficient measurements.
These results highlight the potential of gradient Ni-Cr-Al coatings for applications requiring high
durability and reliability, particularly in industries such as aerospace, automotive, and energy, where
components are subjected to extreme mechanical and thermal stresses. Future research should
focus on further optimizing the detonation spraying parameters and exploring post-spray treatments
to maximize the performance of these advanced coating systems.
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Ni-Cr-Al QETOHALUUANDBIK XXABbIHOAPbBIHbIH TPUBONOINANbIK KACUETTEPIH 3EPTTEY

byn 3epmmeyde demoHauusinbiK 6ypKy odicimeH anbiHraH Ni-Cr-Al xabbiHdapbiHbIH mMpubo102usiibIK
kacuemmepi 3epmmendi. Ni-Cr-Al epadueHmmi xxeHe bipmekmi xabbiHOapdbl canbicmbipyfa epekule Hasap
ayOapbindbl. Ni-Cr-Al xabbiHOapbl asuayusi, asmomoburib XoHe 3Hepeemuka carnasapbiHO0a KeHiHeH
KorndaHbinadbl xeHe onapdblH epekwe Kammblinbifbl, Mo3yra mesimMainiai MeH Xofapbl memnepamypanbsik
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mypakmbinbifbl Xofapbl b6aranaHadsbl. [JemoHayusnbik 6ypKy napamempriepiH pemmey apKbifbl anblHFaH
epadueHmmi xabbiHOap Kammbl mo3yra me3iMOi Kabammbl XoHe XymMmcak rnacmukarsnblK acmapobi
bipikmipemiH Mukpocmpykmypara ue, 6y onapObiH XyKmeMeHi kemepy KabinemiH xoHe mpubosioausisibiK
KacuemmepiH xakcapmaOlbi. JKkcriepumeHmmik Hemuxenep 6olibiHwa epadueHmmi xabbiHdap b6ipmekmi
abbiH0apra KaparaHOa MeMeH XoHe mypakmbl yukesic koagguyueHmmepiHe (0,3-0,4) xememiHi
aHbikmanodsi (0,4-0,5). byn Hamuxenep epadueHmmi Ni-Cr-Al xabbiHOapbiHbIH X0ofapbl 6epikmik rneH y3ak
KbI3Mem emyiH kepcemeOi, 6y onapobi y3aKk Mep3imoi natidanaHy ywiH eme Konalnsl emedi. byn sepmmey
akcmpemanobl xardalnapra belimdenzeH xemindipineeH xabbiH XylenepiH a3ipneyae biknana emeoi.

Tyiin ce3dep: demoHauusinbik 6ypky, Ni-Cr-Al xabbiHOapbl, epadueHmmi xabbiHOap, 6ipmekmi
XabbiHOap, mpubosioaussbIK Kacuemmep.
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WCCNEOOBAHUE TPUBOJNIOMMYECKUX CBOMCTB AETOHALIMOHHbIX MOKPbLITUN Ni-Cr-Al

B 0aHHoM uccriedosaHuu u3dydeHbl mpubonoaudeckue ceoticmea rnokpbimul Ni-Cr-Al, HaHeCEHHbIX
mMemoOomMm OemoHaUUOHHO20 HarbIIeHUsl, C akUeHmMoOM Ha CpasHeHue 2apadueHMHbIX U OOHOPOOHbIX
nokpbimud. [MTokpbimusi  Ni-Cr-Al, WUpoKo UCMonb3yemble 8 aspoKocMudYeckol, asemomobusibHolU U
9HepeemuYecKkol ompacrisx, UEHSIMCS 3a UX UCKIYumernsHyro meépdocmb, U3HOCOCMOUKOCMb U
cmabunbHOCMb MpuU 8bICOKUX memnepamypax. [padueHmHbie MOKPbIMUSs, CO30aHHble Mymém HacmpoUKu
napamempog OemoHaUUOHHO20 HambIfIEHUS, UMEMm MUKPOCMPYyKmypy, komopasi codyemaem meépdyro
U3HOCOCMOUKYIO MOBEPXHOCMb C MS2KUM MacmuyHbiM M0OC/I0eM, 4Ymo yryduwiaem Ux CriocobHocmb
ebldepxueamb  Haz2pysku U mpubonoaudeckue ceolcmea. OKCriepuMeHmarsbHble  pe3yrbmamal
rioKasbigarom, 4mo epadueHmHbIe MoKpbimus docmuzatom 6onee HU3KUX U cmaburbHbIX KO3ghhuyueHmos
mpeHus (0,3-0,4) no cpagHeHuUto ¢ 00HOPOOHbIMU nokpbimusimu (0,4-0,5). Omu pe3ynbmamel nodyepkugarom
rpesocxo0Hy usHococmoulkocms u donzogeqyHocmb 2padueHmHbix nokpsimud Ni-Cr-Al, umo Oenaem ux
0cobeHHO nodxodsawumu 05151 MPUMEHEHUS 8 ycriogusix OnumesibHol akcrnyamayuu. [JaHHoe uccriedosaHue
criocobcmeyem pa3pabomke yco8epuweHCMB08aHHbIX CUCMEM MOKPbIMUU, OnMNMuUMU3UpPO8aHHbIX Ons
pabomal 8 IKCMpeMaribHbIX yC/108USIX.

Knroyeebie cnoea: demoHauuoHHoe HarbineHue, nokpbimus Ni-Cr-Al, epadueHmHbie MOKpbIMus,
00HOPOOHbIE MOKpbIMuUs, mpubonoaudyeckue ceolicmea.
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ArPOXMMMYECKOE UCCJIEAOBAHUE MNMinoaoroaunA noysbl AnA ontTMMmM3ALIAK
3EMIEAENNA B ATPOBUOJIABOPATOPUA

AHHOmMauyusi: B cmambe rnpusedeHbl pe3yribmambl Uucc/1e008aHusi azpoxXUuMUYecKux
rnokaszamesnetd n100opodusi  naxomHo2o 2opudoHma (0-20 c¢Mm) KawmaHoeol  nMo4Yebl
aepobuonabopamopuu HAO «YHusepcumem umeru Llllakapuma zopoda Cemeli». [NposedeHbi
MexaHU4ecKul, arnneMeHmMHbIl U epasumempudeckuli aHanu3bl 40 noygeHHbix rnpob ¢ 7 ydyacmkos
nod rocesamu 3epHos8bIX, 60608bIX U O0OBOWHBIX Kynbmyp. YcmaHoerneHbl ornmumMarsibHble
rokasamesu colfepxxaHusi opeaHu4eckozo sewecmsa (4,49%), makpoanemeHmos (obwuli azom —
71,81 ke/2a; nodsuxHbili pocghop — om 0,37 Ao 0,88 me/2; nodsuxHsbili kanut — om 0,26 0o 0,47
me/e; Na — 0,16-0,54 me/e; Ca — 2,29-3,57 ma/e; Mg — 0,43-1,64 ma/e; Al — 0,82-2,41 ma/2) u
MukpoanemeHmos numaHus (Mn — 0,12-0,39 wme/e; Cr — 0,10-0,11 me/e; Fe — 0,43-0,80 ma/e),
nokazamersisi pH noyeeHHo20 pacmeopa (PHeoow. 7,7, PHeon. 6,7). Mo pe3ynbmamam uccrnedosaHul
JIUMUMUpPYOWUMU ¢hakmopamu rnoY8eHHO20 71000p0dUS A8/SH0MCS 8/1aKHOCMb U MexaHU4yecKul
cocmas. B Hacmosuwee epemsi Heobxoduma pa3pabomka menuopamueHbIX meponpusmudl Ons
yny4dweHusi Hu3kol enaxHocmu (11,72%,) u nnoxot cmpykmypHocmu (agpe2amsi pasmepom om 1
0o 5 mm cocmasnsitom 10-30%) nousbl. Pe3yrnbmambl a2poxumMuy4eckoz20 aHanu3a rnpob noyebi
rnoseonuniu  co3damp 6a3dy ro4YseHHbIx OaHHbIX azgpobuonabopamopuu 0Onsa danbHelwux
MOHUMOPUH208bIX uccriedogaHul.

Knroyeeble cnoea: kawmaHogas ro4ea, opaaHudeckoe eewecmeo, pH noussl,
afIeMeHMHbIU cocmas, rosieeasl 8/1axxHOCMb, MUHeparsibHbIU a3om, (hpakUyUOHHbIU cocmas.
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