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Investigation of the structural and phase state of detonation multilayer coatings based
on NiCr/NiCr-Al203/Al>O3 during high-temperature oxidation

This paper presents a study of the structural and phase state of detonation multilayer coatings under high-
temperature oxidation. The experiment aimed to find out the effect of high temperatures on the structural-
phase state of coatings and their effectiveness in preventing oxidative processes. As a result of the research, it
was found that after high-temperature tests, protective phases such as NiCr204, Al203, and Cr203 are formed
in the structure of multilayer coatings. These phases were identified to play a key role in preventing intensive
oxidation of the metal surface. It was determined that NiCr204 provides stability to the metal layer, and Al2Os3
and Cr203 are effective barriers protecting the surface from aggressive environmental influences. It is
important to note that no signs of fracture or detachment were found in the multilayer coatings during the
entire experiment. After the first cycle, the uncoated sample experienced peeling of its oxide film, resulting in
a significant loss of mass. It was determined that the uncoated steel experiences significantly higher mass
loss, indicating a faster formation of oxides on its surface. The experimental data confirm the effectiveness of
coatings in protecting against oxidative processes at high temperatures, thereby maintaining the stability and
durability of the material under extreme thermal influences.

Keywords: detonation spraying, structure, phase composition, high-temperature oxidation, multilayer
coatings.

Introduction

In modern industry, where components are exposed to harsh operating conditions, including high-
temperature gas flows, aggressive chemical environments and abrasive particles, the issue of improving the
wear resistance, heat resistance and corrosion resistance of material surfaces is becoming increasingly im-
portant [1-2]. To effectively solve this problem, the use of multilayer gradient coatings is recommended,
which in recent decades have successfully found application in various industries such as power engineering
and mechanical engineering [3-4].

Multilayer gradient coatings provide reliable protection of surfaces against wear, corrosion and oxida-
tion, increasing the durability and performance of parts and reducing maintenance costs [5-6]. Their unique-
ness lies in their ability to combine different material characteristics in a single coating due to smoothly vary-
ing composition along the thickness. Compositions consisting of metal-ceramic layers with a uniformly dis-
tributed oxide component in them are the most promising for harsh operating conditions. Recent research has
led to multilayer gradient coatings combining nickel chromium (NiCr) and aluminum oxide (Al>Os), which
showed outstanding properties and provided unique advantages over conventional homogeneous coatings
[7-9]. Al,O3 stands out for its abrasion and corrosion resistance, excellent dielectric resistance and thermal
shock resistance. These characteristics make Al,Os coatings particularly attractive for surface protection of
metal components that are exposed to harsh environments [9]. Scientific studies emphasize the importance of
proper chemical composition selection in the interface between the substrate and the coating to ensure high
corrosion resistance, indicating that the boundaries between layers can act as effective protective barriers in
aggressive environments [10-14]. Studies [15] have confirmed that the use of nickel chromium as the bottom
metal layer in multilayer coatings helps to improve the thermal resistance of oxide coatings. This is due to
improved adhesion strength and equalization of the difference in thermal expansion coefficients between the
metal sample and the coating. This combination minimizes the stresses generated during thermal cycling and
therefore reduces the likelihood of coating failure.

Under conditions of cyclic oxidation and high temperatures, a special approach is required to protect
surfaces from aggressive environments. There are many coating methods available, and the selection of an
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appropriate method plays a key role in ensuring the durability and effectiveness of the protection. From the
analysis of literature studies, it is revealed that detonation sputtering is a promising technology for NiCr-
Al,O3-based multilayer gradient coatings [16—19]. This method provides high sputtering speed and is capable
of producing high density coatings, minimizing the formation of pores and defects in the coating structure.
This approach can provide reduced porosity and increased corrosion resistance, which is critical in corrosive
environments. Nevertheless, not all multilayer gradient coatings exhibit resistance to high temperatures un-
der real operating conditions. In certain instances, structural degradation occurs due to exposure to high tem-
peratures and cyclic thermal loads, potentially resulting in a loss of effectiveness of protective properties.
Hence, to achieve maximum efficiency and durability of multilayer gradient coatings, it is crucial to conduct
research focused on optimizing their chemical composition, structure, and application methods. This will
enable us to enhance the technology for creating such coatings, rendering them more stable and effective in
high temperatures and aggressive environments.

Hence, the purpose of our study is to investigate the structural and phase states of detonation multilayer
coatings under conditions of high-temperature oxidation. To accomplish this objective, we intend to conduct
a study on the structural and phase characteristics of multilayer coatings under high-temperature exposure.

Materials and methods of research.

NiCr, NiCr-Al,O; and Al,O3 powders with an average size of 40—45 pum were used to apply multilayer
coatings on stainless steel 12Kh18N10T samples. The sputtering was carried out using a CCDS2000 ma-
chine [13]. The use of detonation spraying technology provided an opportunity to create multilayer gradient
coatings. This process allows to sequentially apply layers with changing composition, which leads to a coat-
ing with a gradual change in characteristics from layer to layer. Technological parameters of the process and
the effect of detonation sputtering on the properties and phase-structural states of NiCr/NiCr—Al,O3/Al,Os-
based coatings are described in detail in the scientific paper [17-18]. As a result of the positive conclusions
obtained in previous studies [11, 17], further high-temperature tests were carried out exclusively on samples
with five-layer coatings.

An X'Pert PRO X-ray diffractometer (using CuKa radiation) was used to study the structural-phase
composition of the coatings. Imaging was carried out at the following parameters: tube voltage U = 40 kV;
tube current I = 30 mA. The obtained diffractograms were decoded using the HighScore program. Investiga-
tions of surface microstructure and morphology of coating cross-section were carried out by scanning elec-
tron microscopy (SEM) on MIRAS3 (Tescan, Czech Republic) with energy dispersive analysis attachment
INCA ENERGY (“Oxford Instruments”, Great Britain) in the laboratory of Karaganda Buketov University.

Experiments on high-temperature oxidation were carried out at a temperature of 1100 °C using a muffle
electric furnace model SNOL 3/1100. All tests were performed in accordance with GOST 6130-71 “Metals.
Methods of determination of heat resistance”. This standard establishes a methodology for evaluating the
resistance of metals to high temperatures. In this test, 50 cycles were performed, and each cycle included one
hour of heating to 1100 °C, followed by a 20-minute cooling to room temperature. To assess the extent of
corrosion, samples were periodically removed from the crucible and weighed on analytical scales to the
nearest 0.1 mg to determine the change in mass. This allowed monitoring the effect of thermal cycling on the
surface properties of the materials.

Results and discussion.

Two types of samples were tested to assess oxidation resistance: uncoated steel 12X18H10T and a mul-
tilayer coating based on NiCr/NiCr—Al,O3/Al;Os. The coatings were uniformly applied to all six sides of the
samples to ensure uniformity and minimize measurement errors. Figure 1 shows the samples before and after
the high-temperature oxidation tests.
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Figure 1. Samples before (a, b) and after (c, d) high-temperature oxidation tests
a-c) 12Kh18H10T steel; b-d) NiCr/NiCr—Al,03/Al,03 multilayer coating

Figure 2 shows the value of mass change of the samples after 50 cycles of high temperature oxidation
test. The results indicated that the coated samples exhibited superior performance, whereas the uncoated
samples yielded the poorest results. In the uncoated steel, intense delamination of the oxide film (scale) was
already observed after the first cycle (Fig. 1c), and this process increased with time. The multilayer coatings
showed no signs of failure or delamination throughout the experiment. It has been determined that the un-
coated steel experiences a significantly higher mass loss, indicating a faster formation of oxides on its sur-
face. Such a significant increase in the mass loss of the original sample may be due to the destruction of the
sample due to cyclic exposure to high temperatures, which is not characteristic of coated samples.
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Figure 2. Weight change of uncoated steel and multilayer coating based on NiCr/NiCr—Al,O3/Al,O3 after high-
temperature oxidation tests

Figure 3 shows the results of a scanning electron microscope of the cross-section of a multilayer coating
NiCr/NiCr-Al,O3/Al;Os, after high-temperature tests for 50 hours at a temperature of 1100°C. After high-
temperature oxidation tests, the multilayer coatings NiCr/NiCr—Al.Os/Al,O; remain completely intact and
dense. Cracks and peeling were not observed, which suggests that these multilayer coatings prevent direct
contact of oxygen with the steel substrate and thus protect the steel from oxidation. The microstructure of the
coating contains a significant amount of oxides and has low porosity.
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Figure 3. SEM images of cross-sectional morphology of multilayer coating after high-temperature oxidation
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As a result of morphological studies of the cross-sectional structure of uncoated steel, it was found that
heating to 1100 °C with prolonged holding time leads to the formation of a thin oxide layer (Fig. 4). This
layer has a clear boundary with the metal, but its thickness is not uniform across the cross-section of the
sample. The non-uniformity of the layer thickness across the cross-section of the sample may indicate com-
plex oxidation processes and interaction with the environment in different parts of the material. Such mor-
phological changes may affect the mechanical and chemical properties of the material.
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Figure 4. SEM images of cross-sectional morphology of uncoated steel after high-temperature oxidization

Figure 5 shows the X-ray images of the multilayer coatings before and after the high-temperature tests.
It was found that the multilayer coatings consist of protective phases such as NiCr,0a, Al,O3; and Cr,O; after
high temperature testing. These phases play a key role in preventing intense oxidation at high temperatures.
NiCr,O4 provides the stability of the metal layer, while Al,O3z and Cr,O3 are effective barriers protecting the
surface from aggressive environmental influences. Prior to heat treatment, the graded five-layer coatings
contain aluminum oxide phases including a- and y-phases (Fig. 5¢). Studies have shown that when heated to
a temperature of 1100°C, y-Al.Os is converted to the more resistant a-Al,Os. This phase transition process
from y-phase to a-phase observed at high temperatures has also been reported in previous research studies [9,
20]. This phase transformation indicates the structural stability and adaptability of the coatings to changes in
temperature conditions.
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a-b) 12Kh18H10T steel; c-d) NiCr/NiCr-Al,O3/Al,O3 multilayer coating
Figure 5. Results of X-ray diffraction analysis before (a, ¢) and after (b, d) high temperature tests

After the experiment, uncoated steel shows the formation of different phases such as Fe;Os, Fe3O4 and
NiCr,04 (Fig. 5 b). This indicates an initiated oxidation process of the material under the influence of high
temperatures. Especially interesting is the formation of NiCr,O4 spinel, which may be a consequence of high
temperatures reaching 1100 °C. This process leads to the formation of a clear boundary between metal and
oxide. The explanation of this effect is related to the partial dissolution of chromium carbides, which are ori-
ented along the grain boundaries of the material.

Conclusion

Based on the conducted studies using five-layer coatings on 12Kh18N10T steel at high temperatures,
the following conclusions can be made:

NiCr/NiCr-Al,03/Al,O3 based multilayer coatings shown that the coated samples exhibit higher oxida-
tion resistance characteristics compared to the uncoated sample. It is important to note that the multilayer
coatings show no signs of failure or delamination throughout the experiment. In the uncoated sample, intense
delamination of the oxide film was observed after the first cycle, resulting in significant mass loss. X-ray
studies showed that the multilayer coatings contain protective phases such as NiCr.0a, Al,O3; and Cr,0s after
high temperature testing. It is found that these phases play a key role and indicates the effectiveness of these
components in preventing the intense oxidation of the metal surface. It is determined that morphological
changes such as non-uniformity of the oxide layer thickness can affect the mechanical properties of the mate-
rial.

Thus, the experimental data confirm the effectiveness of coatings in protecting against oxidative pro-
cesses at high temperatures and shows their importance in maintaining the stability and durability of the ma-
terial under conditions of extreme thermal effects.
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Korapol Temnepatypanbl ToTbIFy Kedinge NiCr/NiCr-Al,03/Al,O3 Herisinaeri

H.C. Paiicos, C.JI. bonaroB

AE€TOHAIMSJIBIK KOIl KA0ATThI Ka0BIHAAPABIH KYPbLUIBIMIBIK-(pa3aibIK KYiiiH 3epTTey

K.b. Carnonnuna, b.K. Paxagunos, JI.b. byittkenos, JI.I'. Cymo6aeBa, A.b. Hobuonauna,

HccaenoBanmne CTpyKTYPHO-()a30BOro COCTOSIHUSA 1€ TOHAIIMOHHBIX MHOTOCJIOMHBIX
nokpeITHii Ha ocHOBe NiCr/NiCr-Al>O3/Al,Oz mpu BICOKOTEMIIEPATYPHOM

JKyMpicTa jKOFapsl TeMIIEpaTypaisl TOTBIFY (OKCHITEY) JKaFAaiblHa AETOHALMSUIBIK OYPKY S/iCi MEH allbIH-
FaH Ken Ka0aTThl kaObIHIApAbIH KYPBUTBIMABIK-(ha3aiblK KyHiHae 00JaThiH e3epicTep OOUBIHINIA 3ePTTEY HO-
TIDKEJIep] YCHIHBUIFaH. 3epTTey JKYMBICHIHBIH HETi3I1 MaKcaThl AeTOHAIMSIIBIK KaObIHAAP IBIH KYPBITBIMIBIK-
(hazanpIK KyHiHe KOFapbl TeMIlepaTypaHBIH dcepi jKOHE OJApIbIH TOTHIFY NPOLECTEPiHIH ajbIH alyIarbl
THIMAITITIH aHBIKTay. 3epTTey KYMBICHIHBIH HOTIKECIHE )KOFaphl TEMITepaTypajblK CEIHAKTapAaH KeHiH 1e-
TOHALMAIIBIK KOI Ka0aTThl ska0bIHAapAbiH KypbUtbiMbIHAA NiCr204, Al203 xone Cr203 CHAKTBI KOpFaHbIC da-
3aJapbIHbIH TY3UICTiHI aHBIKTaNAbI, COHAaii-ak Oy ¢azamap metanmn OeTiHIH KapKBIHIBI TOTBIFYBIH OOJIIBIP-
Mayna mrenrymi pein atkapatbiasl 6enrini 6omasr. NiCrz0s da3acel MeTamt KabaThIHBIH TYPAKTBUIBIFBIH KaM-
TaMmachI3 eTymn ekeHi aikpiHganasl, an Al2O3 sxone Cr203 GeTTi KopluaraH OpTaHBIH arpecCHBTI ocepiHeH
KOpFalTBIH THIMII Kezxepriiep periHzae apeket ereni. Kem KabarTsl sxaObIHIapAa 3epTTEY KYMBICHIHBIH Oa-
pBICEIHA OY3BUTy HeMece KaOBIpIIaKTaHy CHSIKTHI OenrinepiiH OalkanMaraHbBIH atan eTy MaHbBI3IbL. Kepi-
cinme xanranvarad yiri (12X18H10T Gosatel) yuriH GipiHIn OUKIACH KeHiH OKCUATI IUICHKaHBIH OeltiHyi
Gaiikamnbl, OYJI MaccaHBIH aWTapibIKTai XKOFalyblHa (TeMeHAaeyiHe) okenmi. bactankel 6onaT MaccachbIHBIH
JKOFaITybl aiiTapIIBIKTal HKOFaphl CKCHITT aHBIKTAJIbI, OYJI OHBIH OCTiH/C OKCUATEPIiH Te3ipeK TY31TyiH Kep-
cereni. Ochunaiiia, 3epTTey HOTHKENIEPi ACTOHANUSIIBIK KO KaOaTThl sKaObIHAAPIBIH JKOFaphl TEMIIEpaTypa
Ke3iHAe TOTHIFY MPOLECTepPiHeH KOpFayda THIMAl €KCHIH pacTalibl )KOHE JIe KCTPEMAIbl JKbUTy dcepiepi
JKarIalbIH/Ia MaTepUAIIBIH TYPaKTBUIBIFEI MEH OEpIKTITiH CaKTay1a MaHbI3IBUIBIKKA Ue eKEHIH KOpCeTe .

Kinm ce3dep: neToHanMsuIbIK OYPKY, KYPBUIBIM, (ha3alblK KypaMbl, )KOFaphbl TEMIIEPATypajbl TOTHIFY, KOII Ka-
6aTThI )xaOBIHIAP.

H.C. Paiicos, C./I. bonaToB

OKHCJICHUH

B paGote mpejacTaBieHbl Pe3yNbTAThl HCCICAOBAHUS CTPYKTYPHO-()a30BOTO COCTOSIHHS JICTOHAIIMOHHBIX
MHOTOCJIOHHBIX MOKPBITHIl B YCIOBUSIX BBICOKOTEMIIEPATYpPHOTO OKHCIeHHs. OCHOBHAS 1Ie/b SKCIICPUMEHTa
— BBIICHUTb, KaK BO3/ICHCTBHE BBICOKHX TEMIIEpPATyp BJIMSET HA COCTOSHUE 3THX IOKPHITHH W MX CHOCOO-
HOCTb MPEOTBPAIaTh OKUCIUTENIbHBIE IPOLIECChl. B pe3ynbrare HcciaeaoBaHus ObLIO 0OHAPYKEHO, YTO HO-
clie BEICOKOTEMIIEPATYPHBIX HCIBITAHUA B CTPYKTYpE NETOHALIMOHHBIX MHOTOCIONHBIX MOKPBITHH (opMH-
pytotcs 3amutHble dasbl, Takue kak NiCr204, Al20s u Cr20s. Bbuto ycTaHOBIEHO, YTO 3TH (a3l UIPAIOT
KJTFOUEBYIO POJIb B MPEJOTBPAICHHH HHTEHCHBHOTO OKHCIICHHS METaUTMYeCKO moBepxHOCcTH. OCOOEHHO
Beizessiercst poiib NiCr204, oGecrieunBaroniero yctoiunBocts Metammaeckoro ciost, u Al203 ¢ Cr203, koro-
pble IeHCTBYIOT Kak 3(deKTHBHBIC Gapbepsl, 3alIUIIAOIINE TOBEPXHOCTh OT BO3ACHCTBHS OKPY)KAroIIeH
cpelpl. BaXKHO OTMETHTB, YTO B MHOTOCJIOMHBIX TOKPBITHAX HE OOHApY)KEHO IPHU3HAKOB PaspyIICHHs WIH
OTCJIOCHHSI B TEYEHHE BCErO SKCIEpPHUMEHTa. B ornuume oT 3TOro, B obpasue Oe3 MOKphITHSA (CTajib
12X18HO1T) yxe mocie mepBOro HMUKIA HAOMIOIAIOCh OTCIOCHHE OKCHIHOW IUICHKH, YTO CYIIECTBEHHO
YBEJIMYMIIO TOTEPro Macchl. ONpeaeNeHo, YTO HOTepst MacChl y CTajlu 6e3 MOKPBITHS 3HAYUTENBHO BBILIE, YTO
yKa3bIBaeT Ha Oosiee ObICTpoe 00pa3oBaHUE OKCHUIOB Ha €€ TIOBEPXHOCTH. Takum 00pa3oM, pe3yiabTaThl HC-
CIICZIOBAHMUS TIOATBEPKAAIOT P HEKTHBHOCTD IETOHAIIMOHHBIX MHOTOCIIOWHBIX MOKPBITHI B 3all[UTE OT OKHC-
JIMTENBHBIX TPOIIECCOB MPH BBICOKUX TEMIIEPATypaX, a TAKKe YKa3bIBAIOT HA TO, YTO OHU MIPAIOT BAXKHYIO
poJib B MOAJEP)KAHUK CTAGHIBHOCTH U TPOYHOCTH MaTepHaia B YCIOBHSIX 3KCTPEMAIIbHBIX TEIUIOBBIX 3(-
(exToB.

Kniouesvie cnosa: JACTOHAIIMOHHOC HAIBUICHUE, CTPYKTYpa, (ba3OBBIfI COCTaB, BBICOKOTEMIIEPATYPHOE OKHC-
JICHHUC, MHOTOCJIONHEIE TIOKPBITUA.
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