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Investigation of Detonation-Sprayed NiCr—Al Coatings
Tested under Real Operating Conditions of a Thermal Power Plant

This study presents the experimental results of high-temperature oxidation testing under actual operating con-
ditions in a thermal power plant of gradient and homogeneous composite NiCr—Al coatings produced by the
detonation spraying method. To characterize the degradation mechanisms of the tested coatings, systematic
analyses were performed, including phase composition evaluation, and detailed microstructural examination
using scanning electron microscopy (SEM). The evolution of oxide layers and elemental redistribution across
the coating thickness were also assessed to clarify the influence of coating architecture on protective perfor-
mance. The experimental results demonstrated that the gradient composite NiCr—Al coatings exhibit superior
resistance to high-temperature oxidation compared to homogeneous coatings. The gradient architecture effec-
tively preserved structural integrity and promoted a more uniform distribution of aluminum and chromium
within the coating thickness. This compositional optimization facilitated the formation of continuous and ad-
herent protective oxide layers, predominantly Al2O3 and Cr203, which significantly reduced oxidation kinet-
ics and inhibited coating degradation. In contrast, the homogeneous NiCr—Al coatings showed noticeable
aluminum depletion, crack formation, and oxide scale spallation after prolonged exposure to high-
temperature industrial conditions. The findings of this study confirm that gradient NiCr—Al coatings deposit-
ed by detonation spraying represent a promising protective solution for components operating in severe high-
temperature and corrosive environments, offering improved durability and extended service life for industrial
and energy related applications.
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Introduction

Structural steel components used in modern energy and heavy industrial sectors, particularly in coal-
and biomass-fired thermal power plants, are subjected to complex degradation phenomena such as high-
temperature oxidation, hot corrosion, erosion, and abrasive wear [1]. Boiler tubes, water walls, economizers,
and superheaters, when operated for prolonged periods in aggressive gas environments containing sulfur,
chlorine, alkali metal salts, and fly ash particles, undergo accelerated degradation, leading to a reduced
service life of the equipment, increased maintenance and repair costs, and decreased efficiency of power
generation systems. The synergistic nature of these degradation processes accelerates the breakdown of
protective oxide layers, ultimately resulting in premature material failure [2—4].
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One of the effective approaches to addressing these issues is the application of protective coatings on
steel surfaces, which has become widely adopted. In recent years, coatings produced by thermal spraying
techniques have gained particular importance for protection against high-temperature corrosion and
oxidation. HVOF, HVAF, detonation, and plasma spraying technologies enable the deposition of dense
coatings with high adhesion and relatively low porosity using metallic, ceramic, and cermet materials. In
particular, FeCr-, NiCr-, and NiCrAl-based alloys, as well as carbide-based composite coatings (Cr;C>—NiCer,
WC—Co—Cr), are considered effective protective solutions against erosion and corrosion in power plant
boilers [5-6]. In carbide-based systems, the protective effect is primarily provided by the physical barrier role
of hard carbide phases (Cr:C,, WC, W>C), and such coatings exhibit high effectiveness under short- and
medium-term cyclic exposure conditions [7]. However, during long-term high-temperature service, oxidation
or decarburization of carbides may limit their protective performance. Consequently, recent studies have
placed particular emphasis on aluminum-forming coatings, as the Al,Osz layer formed on their surface can
significantly suppress oxidation and hot corrosion [8]. However, long-term tests conducted under industrial
operating conditions have shown that, although pure Ni and nickel aluminide (Ni2Als) coatings provide
effective protection in the initial stages, their service life is limited due to the chemical instability of the
v-Al,O3 layer under the influence of KCl present in biomass combustion products, selective aluminum
depletion, and the subsequent breakdown of the protective layer [9]. This indicates that the long-term
stability of aluminum-forming systems is not determined solely by the formation of Al,Os and that additional
elements are required to enhance the chemical stability of the protective layer.

From this perspective, chromium-containing NiCrAl coatings are regarded as an intermediate and
promising protective system. In such coatings, the Cr,Os layer provides initial protection at low and
intermediate temperatures, while the formation of an Al,Os layer at higher temperatures enhances long-term
stability. The presence of chromium partially compensates for the chemical instability of y-Al,O3 and helps
mitigate chlorine-induced corrosion. In addition, the dense microstructure and low porosity of NiCrAl
coatings produced by detonation spraying and HVOF methods form an effective barrier against erosion-
induced corrosion [10—12].

At present, it is becoming evident that the performance of single-layer coatings is limited in energy
systems subjected simultaneously to high temperature, corrosion, and erosion. Consequently, multilayer and
functionally graded thermally sprayed coatings are being considered as a promising approach. Such
architectures reduce the thermal and mechanical mismatch between the coating and the substrate, improve
adhesion, and decrease residual stresses [13]. The aim of this work is to test and comparatively investigate
homogeneous and gradient NiCrAl coatings produced by detonation spraying under industrial operating
conditions.

Materials and Methods

NiCr—Al coatings were deposited onto 12Kh1MF heat resistance steel substrates (ISO 4955 standard).
The steel was machined into discs measuring 50 mm in diameter and 3 mm in thickness. Before the coating
process, the substrate surfaces were sequentially ground with SiC sandpapers of 120-2000 grit size to obtain
a uniform finish. To enhance the adhesion of the coatings, the prepared substrates were additionally
subjected to sandblasting treatment. Composite powders were prepared using Ni75Cr25 alloy powder and
high-purity Al powder (99.99 %). The powder mixture was homogenized and mechanically activated in a
BML-6 ball mill. The average particle size of the NiCr—Al composite powder is 68 um.

Homogeneous and gradient NiCr—Al coatings were produced using the CCDS2000 detonation spraying
system. The study demonstrated that gradient-composition NiCr—Al coatings can be obtained by adjusting
the filling volume of the detonation barrel with the explosive gas during detonation spraying [14-15]. The
technological parameters for producing the coatings are presented in Table 1.

Table 1
Technological parameters for producing the NiCr—Al detonation coating
Coating structure 0,/CyH, Spray Distance, mm Barrel Filling Volume,% Number of Shots
Homogeneous 1.856 150 50 40
50 10
. 40 10
Gradient 1.856 150 30 10
25 10
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For the high-temperature tests, specimens with geometric dimensions of 15x15x3 mm were prepared.
The samples were fabricated by detonation spraying and fully coated with NiCr—Al on all six surfaces.

The high-temperature oxidation testing of the coatings was conducted in an industrial environment at
the Sogra Thermal Power Plant (TPP) in Ust-Kamenogorsk, Kazakhstan. In this test, NiCr—Al coated
specimens were placed in the high-temperature zone of the TPP (=700 °C) and exposed to actual service
conditions for a period of two weeks. The duration of exposure was selected based on literature data [16].
The industrial atmosphere of the thermal power plant is characterized by the presence of oxygen, water
vapor, and combustion products, including sulfur- and chlorine-containing species, as well as fly ash
particles. These factors create an aggressive high-temperature environment that promotes oxidation and
corrosion processes. To ensure the reliability of the results, at least three coated samples were tested under
identical conditions. The obtained results demonstrated good repeatability, as consistent trends in phase
composition, oxide formation, and microstructural evolution were observed across all samples.

The phase composition of the coatings was examined using an X’Pert PRO X-ray diffractometer (PAN-
alytical, Netherlands). X-ray diffraction analysis was performed with CuKa radiation under the following
conditions: 40 kV accelerating voltage, 30 mA tube current, 1 s exposure time, step size of 0.02°, and a 260
range of 10°-90°. The obtained diffractograms were processed using HighScore software in conjunction with
the PDF2 database. The surface microstructure and cross-sectional morphology of the coatings were investi-
gated by scanning electron microscopy (SEM, SEM3200, China), while the elemental composition was de-
termined by energy-dispersive X-ray spectroscopy (EDX, Bruker, USA).

Results and Discussion

Figure 1 presents the X-ray phase analysis results for the structure of homogeneous-composition and
gradient-composition NiCr—Al coatings. It can be observed that the homogeneous-composition NiCr—Al
coating consists mainly of the CrNiz phase. During the deposition process, the elevated temperatures
prevented the formation of Al phases on the homogeneous-composition NiCr—Al coating surface. In contrast,
the gradient-composition NiCr—Al coatings contains both CrNiz and Al phases. The appearance of the Al
phase is attributed to the reduced filling volume of the detonation barrel with the explosive gas mixture
during deposition [17].
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Figure 1. Results of the X-ray diffraction phase analysis for NiCr—Al coatings: a) Gradient; b) Homogeneous

Figure 2 presents cross-sectional micrographs of the homogeneous-composition and gradient-
composition NiCr—Al coatings. In the microstructure of the homogeneous-composition NiCr—Al coating,
distinct phase separation of the components can be observed. By progressively reducing the detonation
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energy (from 50 % to 25 %), a gradient-composition NiCr—Al coatings was produced with an increased Al
content in the surface layer, which contributed to a relatively high coating density (Fig. 2a). In contrast, the
surface layer of the homogeneous-composition NiCr—Al coating exhibited a lower microstructural density.
The study revealed that the coating obtained at a 50 % filling of the detonation barrel with explosive gases
contained only a limited amount of Al. Consequently, the insufficient quantity of molten Al between CrNis;
particles hindered the formation of a dense matrix, leading instead to a porous NiCr—Al coating
(Fig. 2b) [18].
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Figure 2. Cross-sectional microstructure of NiCr—Al coatings: a) Gradient; b) Homogeneous

Figure 3 shows the X-ray phase analysis results of homogeneous-composition and gradient-composition
NiCr—Al coatings after high-temperature testing under industrial conditions. As can be seen, the gradient-
composition NiCr—Al coating (Fig. 3@) is dominated by the CrNis intermetallic phase, which indicates its
high thermal stability. In addition, protective oxides such as Cr,Os and Al,O; were formed on the coating
surface. This phase composition demonstrates the enhanced oxidation and corrosion resistance of the gradi-
ent-composition NiCr—Al coatings. Furthermore, the CrO; oxidized chromium phase, which typically forms
under aggressive oxidation conditions, was also detected on the coating surface. In contrast, for the homoge-
neous-composition NiCr—Al coating, although the CrNi; phase was retained, oxidation-resistant oxides
(Al>O3, Cr203) were either scarce or not detected at all. This indicates the weaker ability of the homogene-
ous-composition NiCr—Al coating to form a protective layer.
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Figure 3. X-ray phase analysis results of NiCr—Al coatings after high-temperature testing
under industrial conditions: @) homogeneous; b) gradient
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Figure 4 presents the SEM cross-sectional images of homogeneous-composition and gradient-
composition NiCr—Al coatings after high-temperature testing under industrial conditions. These results pro-
vide an assessment of the internal structure and structural changes of the coatings after thermal exposure. In
the cross-section of the homogeneous-composition NiCr—Al coating (Fig. 4a), cracks, porosity, and frag-
mented regions are clearly visible within the coating. In some areas, structural disintegration is observed.
These changes indicate that oxidation and thermal fatigue processes occurred intensively under high temper-
ature and aggressive atmospheric conditions. In contrast, the gradient-composition NiCr—Al coating (Fig. 4b)
exhibits fewer microcracks and pores, and no signs of fragmentation or delamination are observed in the in-
ternal regions of the coating. A certain degree of surface oxidation is present, but this is attributed to the for-
mation of a protective oxide layer, which helps to suppress coating degradation.
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Figure 4. SEM cross-sectional image of NiCr—Al coatings after high-temperature testing
under industrial conditions: @) homogeneous; b) gradient

Figure 5 shows the EDS results of the cross-section of the homogeneous-composition NiCr—Al coating
after high-temperature testing under industrial conditions. Within the coating, Cr and Ni elements are uni-
formly distributed, representing the main constituents of the coating. According to the spectral analysis, the
Al content in the coating is relatively low, with a noticeable concentration only near the surface. This indi-
cates the formation of a protective Al,O; oxide layer on the surface during high-temperature oxidation. The
elemental mapping results reveal that oxygen (O) and aluminum (Al) are concentrated in the upper region of
the coating, confirming the presence of an oxide layer. Based on the line scan analysis, Fe content sharply
increases within ~100 pm from the coating surface, which marks the boundary between the coating and the
substrate. Overall, the EDS analysis demonstrates that, after high-temperature exposure under industrial con-
ditions, the homogeneous-composition NiCr—Al coating underwent oxidation and formed a surface oxide
protective layer. However, the low aluminum content in the coating suggests insufficient capability for long-
term protection of the substrate.

Figure 6 presents the EDS results obtained from the cross-section of the gradient-composition NiCr—Al
coatings after high-temperature testing under industrial conditions. The analysis reveals the elemental distri-
bution between the coating and the substrate, the oxidation process, as well as the advantages of the gradient
structure. According to the line scan profile, aluminum (Al) and chromium (Cr) are highly con-centrated in
the surface layer of the coating, which facilitates the formation of protective oxides such as Al,O3 and Cr20s.
Spectral analysis taken at different points from the substrate toward the coating surface shows that the alu-
minum content gradually increases toward the surface. Elemental mapping demonstrates that nickel (Ni) and
chromium (Cr) are uniformly and predominantly distributed within the inner regions of the coating, while
iron (Fe) is localized in the bottom region, clearly indicating the boundary between the substrate and the
coating. These EDS results confirm that the gradient-composition NiCr—Al coatings possesses high oxidation
resistance and good structural integrity under industrial high-temperature conditions.
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Figure 5. Cross-sectional EDS analysis of the homogeneous-composition NiCr—Al coating
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after exposure to high-temperature testing in an industrial environment
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Figure 6. Cross-sectional EDS analysis of the gradient composition NiCr—Al coating
after exposure to high-temperature testing in an industrial environment

Conclusion

Based on the results following conclusions can be drawn:

— After high-temperature oxidation testing under industrial operating conditions, the homogeneous
composite NiCr—Al coating exhibited a pronounced reduction in aluminum concentration accompanied by
structural degradation, including crack formation and oxide scale spallation. In contrast, the gradient compo-

site NiCr—Al coating showed a more favorable elemental distribution along the coating thickness, particular-
ly for aluminum and chromium.

64 Bulletin of the Karaganda University



Investigation of Detonation-Sprayed NiCr—Al Coatings ...

— The optimized compositional gradient promoted the formation of continuous and adherent protective
oxide layers, primarily Al,O; and Cr,0s, on the coating surface. These oxides acted as effective diffusion
barriers, significantly improving oxidation resistance and mitigating further material degradation at elevated
temperatures.

— The superior performance of the gradient composite NiCr—Al coating can be attributed to the com-
bined effect of its tailored chemical architecture and enhanced thermomechanical compatibility between
coating layers, which reduces thermal stresses and improves long-term stability under severe service condi-
tions.
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ZKbL1y 371eKTP CTAHUUSICBIHBIH HAKTHI )KYMBIC KaFIail1apbIHIa ChIHAJIFAH
AeTOHAUMSJIBIK OYpPKY apKbLIbl ajblHFaH NiCr—Al :ka0bIHapbIH 3epTTEY

JKympicta neToHamMSsUIBIK OYpKY omiciMeH ajblHFaH I'paJieHTTI koHe OipTekTi Kommo3umusuiblk NiCr—Al
JKaOBIHAPBIHBIH JKBUTY JICKTP CTAHUMACBHIHBIH HAKThI )KYMBIC JKaFJalllapblH/a KOFAaphl TEMIIEPATyPabIK
TOTBIFYFa TO3IMIUIIrT OOHBIHIIA >KYPri3UIr€H S3KCIHEPUMEHTTIK 3epTTEyJCepAiH HOTHXKENEpi YCHIHBUIFaH.
ChIHaKTaH OTKEH >XaOBIHAAPIbIH Ierpajalys MEXaHM3MJEPiH CHUIATTay MakcaTblHIa (asaiblk Kypamuasl
Oaranay >KOHE CKaHEpJeyIli SJIEKTPOHABIK MUKPOCKONHS OAiCiH KOJJaHa OTBIPBIN, MHKPOKYPBUIBIM/IBI
TaNlay CHUSKTHI XKYHeni 3epTreynep Kyprizingi. KopFaHBIITHIK THIMALTIKKE jKa0bIH KYPBUIBIMBIHBIH 9CepiH
HaKTBUIAy MaKCaThIH/A )KaObIH KAJIBIHIBIFEI OOWBIHINA OKCHUATIK KaOaTTapAblH e3repici MeH 3JIeMEHTTEpIiH
Tapanysl OaraJlaHIbl. DKCIICPUMEHTTIK HOTHXKeNep rpaaueHTTi KoMno3uiusuiblK NiCr—Al xaObIHIapbIHBIH
OipTekTi >kaOBIHIAPMEH CaNBICTHIPFAHA BICTHIK KOPPO3MSFA JKOHE JKOFaphl TEMIEPATypalblK TOTBIFyFa
TO3IMILTIr] )KOFaphl eKeHiH KopceTTi. ' pagneHTTi %a0blH KYPBUIBIMIBIK TYTACTBIFBIH THIMII TYPHAE CaKTayFra
MYMKIHAIK Oepir, >kaOblH KaJbIHABIFEl OOMBIMEH aTIOMUHHNA MEH XPOM 3JIEMEHTTEPiHIH HEFYPIbIM OipKenKi
TapalxyblH KamTamachl3 erTi. MyHpmail KypamIslK oHTainmannelpy HerisiHeH Al2Os xone Cr203 TumTec
Y3IIKCi3 opi aAre3wsAchl KOFapbl KOPFAHBII OKCUATIK KaOaTTapAblH KaJbIITACYbIHA BIKMAN €Till, TOTHIFYIbI
TOMEHETTI oHE XKaOBIHHBIH JerpafaiisuianybiH Texeai. An 6iprekti NiCr—Al jxaObiHIapeIHAA JKOFaphI
TeMIlepaTypajibl ©HEPKACINTIK JKargailapia y3aK YakbIT acep €Ty HOTIDKECIHIEe AaJIOMHHUIIIH alKbIH
CapKBUTYBI, JKapBIKIIAKTAPIBIH TY31LTyl KOHE OKCHITIK KaOAaTThIH KaOBIPIIAKTAHBIN O6eiHyi OailKayibl.
3epTTey HOTIKeNepi JeTOHAMSIBIK OYpKy oaiciMeH ansiHFaH rpagueHTTi NiCr—Al jxaObIHIapBIHBIH )KOFaphl
TeMIlepaTypajbl >KOHE KOPPO3WSIIBIK acepi KYLITI OpTaja >KYMBIC ICTEHTiH OejmiekTepii KOpray YIUiH
MEPCIEKTUBAIBI CKeHIH KOPCETTi, OYJI ©HEPKICINTIK KOHE SHEPreTHKAIBIK KONmaHOazapaa ONapiblH y3aK
MEP3IMIITITiH apTTHIPBIT, KBI3MET €Ty MEP3iMiH y3apTabl.

Kinm coe30ep: NiCr—Al xa0bIHBI, JETOHAIMSIIBIK OYPKY TEXHOJIOTHUSACHI, KOFaphl TEMIIEPATyPaJIbIK KacueTTep,
XKIC

M. Mayuner, X.b. Carnonnuna, H.H. FOcyd, A.K. Xacenos

HccaenoBanne nokpbiTuii NiCr—Al mosry4eHHbIX
METO/I0M /ICTOHALIHOHHOI'0 HANIBIICHUS UCIIBITAHHBIX
B PeaJIbHBIX YCJIOBHAX IKCIUIYATAUMH TEII03JIEKTPOCTAHIIUH

B nanHO# paboTe mpencTaBIeHBI 3KCIIEPUMEHTAIbHBIE Pe3yJbTaThl HCIBITAHUA Ha BBICOKOTEMIIEPATypHOE
OKHCJIEHHE B PEaNIbHBIX YCIOBUAX IKCILIyaTaIllH TEITUIOSJIEKTPOCTAHIIMY TPAIHEHTHHIX U OJHOPOJHBIX KOM-
NO3UIMOHHBIX TOKPEITHH NiCr—Al, mojy4eHHBIX METOIOM JETOHAI[MOHHOTO HambuleHus. VccaenyeMble no-
KPBITHUSI TIO/IBEPTAIIICH BO3EHCTBUIO arpeCCHBHBIX MPOMBIIIICHHBIX CPeJ| C ENbI0 OLCHKU UX CTPYKTYPHOM
CTaOWIIBHOCTH, CTOWKOCTH K OKHCJICHUIO U KOPPO3HOHHON CTOMKOCTH B YCIIOBHSX MOBBIIICHHBIX TEMIIEpaTyp.
Jlnst XapakTepuCTUKH MEXaHH3MOB JAErpajalliy HCCIEAYyEeMBIX IMOKPHITHH OBUIM MPOBEIEHBI CHCTEMaTHue-
CKHE aHAIN3bI, BKIIOUAIOIINE OLEHKY ()a30BOTO COCTaBa M JIETAIbHOE HCCIETOBAHUE MUKPOCTPYKTYPHI C HC-
MOJIb30BAaHUEM CKaHUPYIOIIEH 3JeKTpoHHON Mukpockomud (SEM). [lns yTodHeHHs BAMSHUS apXUTEKTYpHI
MOKPBITHS Ha €T0 3aIIUTHYIO 3()()EKTHBHOCTH TaKKe OBLIH OI[CHEHBI ABOIOLH OKCHIHBIX CIIOEB U Tepepac-
npeeIeHue SJIEMEHTOB 10 TOJIIUHE MOKPBITHS. DKCIIEPUMEHTABHBIC PE3YIbTaThl IIOKa3alli, YTO TPaHeHT-
HbIE KOMIO3HIIHOHHBIC MOKPBITHS NiCr—Al 10 CpaBHEHHIO ¢ OJHOPOJHBIMHU TOKPHITHSIME 00aaar0T OoJice
BBICOKOIl CTOMKOCTBIO K BBICOKOTEMIIEPaTYpPHOMY OKHCJIEHHMIO. ['pajueHTHass apXuTekTypa 3Q(eKTHBHO co-
XpaHsula CTPYKTYpPHYIO LEJIOCTHOCTh HMOKPBITHS M CIIOCOOCTBOBajia Gojiee paBHOMEPHOMY pacIpe/eeHHIO
TIOMHHHS ¥ XpOMa M0 BCeil TONIINHE MOKPBITHS. [laHHas ONTUMHU3ALKs COCTaBa COCOOCTBOBaa GOpMHUPO-
BaHHIO HEMPEPHIBHBIX M XOPOIIO a/IT€3UPOBAHHBIX 3alIUTHBIX OKCHIHBIX CIOEB, MpenmMymecTBeHHO Al2Os u
Cr203, 9TO CyIIECTBEHHO CHU3WIO KHHETHUKY OKHCIICHHUS U MOJABHIIO JIETPAJalHIo TTOKPEITUS. B oTimame ot
3TOTO, 0MHOPOAHBIE TIOKPEITHS NiCr—Al mocine MTeTpHOTO BO3AEHCTBHS BEICOKOTEMIIEPATYPHBIX MPOMBIIII-
JICHHBIX YCIIOBUH JIEMOHCTPHPOBAIN 3aMETHOE UCTOIICHNE AIFOMHUHUS, 00pa3oBaHKE TPEIIUH U OTCIIAHBaHUE
OKCHIHOHM OKaIWHBI. Pe3ynbTaThl HACTOSIIETO HCCIENIOBAHUS ITOATBEPXKIAIOT, YTO TPAJUEHTHBIC MOKPBITHS
NiCr—Al, HaHec€HHbIE METOJOM JCTOHAIIMOHHOTO HAMBUICHHS, MPEICTABIAIOT COOOI TMEepCIEeKTHBHOE 3a-
HIATHOEC PCIICHUE NJId KOMIIOHEHTOB, pa60Taloumx B yCJ'[OBPIﬂX BBICOKHX TeMHepaTyp U arp€CCUBHBIX KOPPO-
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3MOHHBIX Cpejl, 00ecTieunBast MOBBILIEHHYIO JOJITOBEYHOCTh U YBEINYEHHE CPOKA CIIyKOBI B IPOMBIIITIEHHOM
Y 9HEPTeTHYECKOM NTPUMEHEHHUH.

Kniouesvie cnosa: nokpoitus NiCr—Al, TeXHOJIOTHS IETOHAIIMOHHOTO HAIBLICHUS, BBICOKOTEMIIEpATypHBIC
cBoiicTBa, TOI]
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