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ASSESSMENT OF NI-CR-AL HIGH-TEMPERATURE
DETONATION COATINGS UNDER OPERATIONAL
CONDITIONS

This study evaluates the high-temperature durability and oxidation
resistance of homogeneous and gradient Ni-Cr-Al detonation coatings
applied to 12Kh1MF steel substrates. Samples were exposed to operational
conditions in a power plant for two weeks, simulating high-temperature
industrial environments. The research utilizes X-ray diffraction (XRD)
and scanning electron microscopy (SEM) to analyze phase stability,
surface morphology, and structural integrity of the coatings before and
after thermal exposure. Findings reveal that gradient coatings outperform
homogeneous ones, demonstrating superior oxidation resistance and
reduced susceptibility to thermal stress-induced microcracks. The multi-
layered oxide structure and compositional gradient of the gradient
coatings contribute to their enhanced thermal stability and long-term
durability. In contrast, homogeneous coatings exhibited surface roughness
and microcracks, which may compromise their longevity under extreme
conditions. These insights emphasize the advantages of gradient Ni-Cr-Al
coatings for high-temperature applications, highlighting their potential for
improved performance and reliability in demanding industrial settings. The
study bridges knowledge gaps regarding the long-term behavior of these
coatings, aiding their optimization for critical applications.
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Introduction

High-temperature detonation coatings based on the Ni-Cr-Al system have
demonstrated remarkable effectiveness in resisting oxidation, corrosion, and wear,
making them essential in industries such as aerospace, energy, and manufacturing.
These coatings offer superior protection in environments where components are
regularly exposed to high temperatures and harsh operational conditions [1; 2].
The unique combination of nickel, chromium, and aluminum forms a protective
oxide layer, which significantly enhances the thermal and mechanical stability of
the substrate [3; 4].

Detonation-sprayed Ni-Cr-Al coatings exhibit excellent adhesion to substrates
and exceptional resistance to thermal cycling, making them ideal for applications
requiring long-term durability in extreme conditions [5; 6]. This method produces
dense, uniform coatings that effectively protect against wear and oxidation in
demanding operational environments [7; 8]. Despite their recognized advantages,
there remains a lack of comprehensive data on the long-term performance of these
coatings in real-world conditions [9; 10].

This study aims to investigate the long-term durability of Ni-Cr-Al coatings
under operational conditions. Understanding how these coatings perform in
environments with temperature fluctuations and corrosive influences is critical for
optimizing their applications in industrial sectors. This research will fill the gap
in existing knowledge and provide important insights for future developments in
protective coating technologies.

Materials and methods

The experiments were conducted using 12Kh1MF steel as the substrate,
which was cut into cubic samples with dimensions of 1.5 cm on each side. The
steel substrates were thoroughly cleaned to remove any contaminants that could
affect coating adhesion. A Ni-Cr-Al coating was applied to all surfaces of the cubic
samples using the detonation spraying method, which involves high-velocity particles
being deposited onto the substrate, forming a dense, uniform layer. This technique
ensures excellent adhesion and enhances the mechanical and thermal properties of
the coated surface. A homogeneous Ni-Cr-Al coating was produced by filling 50
% of the barrel volume. Gradient coatings were created by gradually reducing the
barrel filling volume with gas from 50% to 25%. A detailed procedure for obtaining
a gradient coating can be found in our previously published work [6; 7].

After the coating process, the samples were transported to the Sogrinskaya
Power Plant in Ust-Kamenogorsk. The samples were placed in high-temperature
zones within the power plant, where they were exposed to operational conditions
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for a duration of two weeks (figure 1). The temperature in these zones reached up
to 700°C, simulating real-world high-temperature environments to evaluate the
coating’s durability and resistance to thermal degradation.

Figure 1 — The samples were placed in high-temperature
zones within the power plant

Following the exposure period, the samples were retrieved for further analysis.
To identify the phases formed in the coating after high-temperature oxidation, X-ray
diffraction (XRD) analysis was performed using an X’PertPRO diffractometer
with Cu-Ka radiation (A = 1.54 A) at 40 kV and 30 mA. The HighScore software
analyzed the diffractograms, with measurements taken from 26 =20° to 90°, using a
0.02° step size and 0.5 seconds per step. After testing, the coating’s cross-sectional
morphology was examined using backscattered electrons (BSE) on a JSM-6390LV
scanning electron microscope (Jeol, Tokyo, Japan).

Results and discussion

The SEM analysis provided insights into the surface morphology of both
homogeneous and gradient Ni-Cr-Al coatings before and after exposure to
high temperatures at the Sogrinskaya Power Plant (figures 2-3). Before thermal
exposure, the homogeneous Ni-Cr-Al coatings displayed a relatively uniform
surface, with densely packed particles and minimal porosity (figure 2a). After
exposure to high temperatures, significant changes were observed in the surface
morphology of the homogeneous coatings. SEM images show the formation of
rounded features and surface roughness, indicating the onset of oxidation (figure
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2b). Some microcracks were also observed, suggesting that the homogeneous
coating experienced thermal stress due to temperature fluctuations. Despite these
changes, the coating remained largely intact, demonstrating its ability to withstand
high-temperature conditions without severe degradation.

Figure 2 — Surface morphology of homogeneous Ni-Cr-Al coatings before (a)
and after (b) exposure to high temperatures

The gradient Ni-Cr-Al coatings, before exposure, exhibited a more complex
structure compared to the homogeneous coatings (figure 3a). The surface contained
areas of varying particle sizes, reflecting the gradient nature of the coating where
different layers contain varying concentrations of Ni, Cr, and Al. This gradient
structure is designed to optimize thermal and mechanical properties, with outer
layers providing high oxidation resistance and inner layers enhancing adhesion
and toughness. Post-exposure SEM analysis revealed that the gradient coatings
performed well under high-temperature conditions (figure 3b). While some
oxidation features were observed, the gradient structure appeared to have mitigated
the formation of large surface cracks. The presence of smaller oxide nodules
suggests that the outer layers of the gradient coating formed protective oxides
more effectively than the homogeneous coating. The gradient structure likely
contributed to better thermal stress distribution, resulting in fewer microcracks
and a more stable surface morphology after thermal exposure.
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Figure 3 — Surface morphology of gradient Ni-Cr-Al coatings before (a) and
after (b) exposure to high temperatures

A cross-section SEM figures of the homogeneous and gradient Ni-Cr-Al
detonation coatings after two weeks of exposure in the power plant reveals
distinct differences in their structural responses and oxidation resistance figure
4. The homogeneous coating, examined through cross-sectional SEM analysis,
shows the formation of a continuous oxide layer primarily consisting of Cr20s
and ALOs (figure 4a). However, the high thermal stress from prolonged exposure
led to surface roughness and the development of microcracks extending from the
surface into the coating. These microcracks indicate that the homogeneous structure
struggles to manage thermal expansion, potentially compromising its long-term
durability. While the coating maintained its structural integrity to some extent, the
presence of microcracks poses a risk for deeper oxidation over time. In contrast,
the gradient Ni-Cr-Al coating displayed a more robust response to the same high-
temperature conditions (figure 4b). The cross-sectional SEM analysis highlights
a multi-layered oxide structure, with higher concentrations of Cr.0s and Al-Os
near the surface, providing enhanced oxidation resistance. The gradient structure
allows for better distribution of thermal stress across the layers, resulting in fewer
and smaller microcracks compared to the homogeneous coating. This graded
composition minimizes thermal mismatch and helps accommodate expansion,
preserving the coating’s integrity and reducing susceptibility to deep oxidation.
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Figure4 — A cross-section SEM figures of the homogeneous (a) and gradient (b)
Ni-Cr-Al detonation coatings after two weeks of exposure in the power plant

The XRD patterns for both the homogeneous and gradient Ni-Cr-Al coatings
reveal significant insights into the phase stability and oxidation resistance under
high-temperature conditions. The gradient Ni-Cr-Al coating (figure 5a) exhibits
similar peaks for the CrNis phase, but with a higher intensity for the Al.Os (306)
peak, indicating a more pronounced oxidation at the surface. This is consistent
with the gradient structure, which may facilitate gradual compositional changes
that enhance oxidation resistance on the surface. The enhanced Cr20;s layer likely
provides better protection against thermal oxidation, suggesting that the gradient
structure promotes improved thermal and oxidative stability over homogeneous
coatings under real (Power plant) conditions. In the gradient Ni-Cr-Al coating,
the presence of a CrOs peak indicates additional oxidation products forming on
the surface. CrOs, a higher oxidation state of chromium oxide, suggests that the
gradient structure facilitates oxygen diffusion deeper into the coating, forming CrOs
in addition to Cr20s. This phase is known for its high-temperature stability but
is typically less thermally stable than Cr.0s, which might influence the coating’s
performance. The gradient composition likely aids in managing oxidation,
creating a multi-layered oxide structure that enhances thermal resistance under
real (Power plant) conditions. Homogeneous Ni-Cr-Al Coating’s major peaks at
positions corresponding to the CrNis phase indicate that the coating retains its
primary structure (figure 5b). However, smaller peaks attributed to Cr.0s; and
Al0Os suggest a minor oxidation layer on the surface, which likely enhances
thermal stability. The presence of the CrNis (111) peak as the dominant phase
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implies good structural integrity under prolonged thermal exposure, as well as
stable adherence to the substrate.
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Figure 5 — XRD results of coatings after exposure to high temperatures: (a)
gradient Ni-Cr-Al coating and (b) homogeneous Ni-Cr-Al coating.

The SEM linear analysis of the gradient Ni-Cr-Al coating after two weeks of
exposure in a power plant reveals distinct elemental distributions across the cross-
section. The intensity of Al and Cr signals is high near the surface, indicating a
protective oxide layer enriched in these elements, likely due to oxidation processes.
The Ni signal is stronger in deeper layers, suggesting the underlying coating retains
its nickel-rich matrix. This gradient in elemental distribution supports enhanced
oxidation resistance and thermal stability in the surface region of the coating.
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Conclusion

This comparative study highlights the effectiveness of gradient Ni-Cr-Al
coatings over homogeneous ones in high-temperature environments, as shown
through two weeks of exposure in a power plant. The gradient coating’s multi-
layered oxide structure, enriched in Cr.0s and Al-Os near the surface, provided
enhanced oxidation resistance and minimized microcracking due to improved
thermal stress distribution. In contrast, the homogeneous coating, though effective,
displayed surface microcracks that may compromise long-term durability under
thermal cycling. The gradient coating’s structure allows for better management
of oxygen diffusion and thermal expansion, promoting structural integrity and
resistance to oxidation. These findings underscore the gradient Ni-Cr-Al coating
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as a more robust solution for applications requiring high durability in extreme
conditions.
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NI-CR-AL )KOFAPBI TEMIIEPATYPAJIBIK JTETOHAIIUAJIBIK
JKABBIHJIAPBIH ) K¥MBIC )KAFJTAWMBIHIA BAFAJIAY.

byn sepmmeyoe 12X»M® 6onam wnecizoepee anvinean Ni-
Cr-Al necizindeei 6ipmexmi dcoHne epadueHmmi 0emoHayusiblK
2HCAOLIHOAPOBIY JCO2APbl MeMnepamypaza me3imoiniei MeH momoliay2a
Kapcol mypakmuliviebl O6azanranaovi. Yazinep exi anma 00Ubl JHCbLLY
EKMP CMAHYUACHIHOA2bl IKCNIYAMAYUSIBIK Jdcaz0alliapaa yublpan,
Jlc02apsl MeMnepamypaivl eHOIPICMIK opmada culHanobl. 3epmmeyoe
Gazanvik mypakmolisikmol, OemKi MOPQOLOSUSIHBL HCOHE HCADLIHOAPObIH
KYPbLIbIMObIK Y MACHbI2bIH MEPMUSIIbIK 9Cepae OClin JCoHe KelliH manoay
ywin penmeendix ougparxyus (XRD) dcoHe ckamepiix 31eKmpoHObLE,
muxpockonust (SEM) o0icmepi Kondanwinosl. Homuoicenep kepcemxenoetl,
epaduenmmi JcabvlHOap Oipmexmi JHeabbiHOaApaa Kapazanoa HCaKColpax,
momwlayaa Kapcl Hco2apbl MyPaKmbliblKIbl JCOHE MEPMUSLIbIK KEPHEY
Homuicecinoe nauoa OOIAMbIH MUKPONCAPLIKMAp2a a3 Oeuimoinixmi
kepcemeOL. I paouenmmi #cabblHOApObIH KONKAOAmMmbl OKCUOMI KYPbLIbLMbl
MeH KypamoblK, 2paoueHmi o1apobly MepMUsIbLK mypaKmblibleblH JHCOHe
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y3aK mep3imoi bepixmicin dxcaxcapmaowvi. An 6ipmexmi dcabvlHOap
beminiy Kedip-0yObIPbleblH HCOHE MUKDPONCAPLIKMAPObl KOPCemmi,
oy onapovly MO3iMOINIeiH IKCMPEMAanobl KHeaz0aurapoa momeHoemyi
mymxin. Byn nomuoicenep epaouenmmi Ni-Cr-Al scabvinoapvinbty scozapol
memMnepamypanvl KOAOAHyiap yWwin apmulKUbLIbIKMAPblH KOPCEemin,
onapovl Kypoeni eHOIPICMIK J#caz0aiapoa muiMOiliKk neH CeHimMOLIiKmi
apmmuipy oJieyemite ue eKeHin 00en0elol. 3epmmey Homuoicenepi MyHOal
2HCabbIHOAPOBIY Y3aK Mep3IMOL KOJIOAHY MYpPAibl AKRAPAMMbL MOJMbIPbIN,
onapovly Heeizei KONOanyiapea OHMAailaHObIPbLILYbIHA YeC KOCAObL.

Kinm ces30ep. acoeapvr memnepamypanuix, scabwin, KIC, Ni-Cr-Al
Jrcabwinbl, demonayusnvlk mexronoeus, 12XIM® 6onameot.

*M. Maynem', b. Paxaounoe’, M. Pymxoeckas-Topuuya’,

K. Cazoonouna’, J. Bytimxenos’

1245Bocrouno-Kazaxcranckuit yausepeutet uM. C. AMaHXO0JI0Ba,
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OLIEHKA CBOMCTB BbICOKOTEMITEPATYPHBIX
JETOHAIIMOHHBIX NOKPBLITHII NI-CR-AL B YCJIOBUSIX
DKCIJIYATALIUU

B 0annom uccredosanuu oyenusaemces 8biCoKas memnepamypHasi
CMOUKOCMb U YCMOUYUBOCMb K OKUCTCHUIO OOHOPOOHBIX U 2PAOUECHIMHBIX
demonayuonnwix nokpvimuil Ha ochoge Ni-Cr-Al, nanecennvix na cmanvHble
noonodicku 12XIM®. Obpaszyvl nodgepeanucey 3KCNIYAMAYUOHHIM
VCIOBUAM HA MENTOIEKMPOCMAHYUU 8 MedeHue 08X HeOelb, UMUUPYs
8bICOKOMEMNEPAMYPHblE NPOMbIULICHHBIE Cpedbl. B x00e uccredosanus
UCNONIBL306AIUCH penmeenogcKas Jugpakyus (XRD) u cxanupyiowas
anekmporuas muxpockonusi (SEM) ons ananusa ¢pazosoti cmabunvrocmu,
Mop@onozuu nO8epXHOCMU U CIMPYKIMYPHOU YeLOCHMHOCHU NOKPLIMULL 00
U nocie mepmuieckoz2o o3oelicmeusi. Pesynbmamul nokaswleaom, ymo
2paoueHmmuble HOKPbIMUSL NPeGoCX00sim 0OHOPOOHbIE, OeMOHCIMPUPYSI
BbICOKYIO CMOUKOCMb K OKUCTCHUIO U MEHbULYIO NOO08EPICEHHOCHb
mepmuyeckum mpewurnam. MHozociolnas okcuoHas cmpyKkmypa
U 2paouenm cocmaga 2padueHmublX HOKPbIMuUll CnocoOCmMEYIom ux
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VAYYUWLEHHOU MepMUYecKol cmaduibnocmu u d0onecogeynocmu. B
omaudue om 3mo2o, 00HOPOOHbIE NOKPLIMUSL NOKA3AIU WEePOX08AMOCNb
NOBEPXHOCMU U MUKPOMPEUWUHB, YMO MOICEM YXYOUUMb UX
001208€YHOCMb 68 IKCMPEMALbHBIX YCI0GUSIX. Dmu pe3yibmanbl
nooduepkusaiom npeumywecmea epaouenmuvix nokpvimutl Ni-Cr-Al
071 8bICOKOMEMNEPAMYPHBIX NPUMEHEHUT, YKA3bIBASL HA UX NOMEHYUAL
0151 NOGLIUEHUS NPOUIBOOUMENLHOCIMU U HAOEICHOCIU 8 CIOINCHBIX
npoMbIULIEHHBIX YCosusix. Mlccre0oeanue 80cnonHsem npobeivl 8 3HAHUSX O
NOBeOeHUU MAKUX ROKPbIMULL 8 00120CPOYHOU NepCnekmuege, cnocoocmesys
UX ONMUMUZAYUU 0I5 KTIOHUEBbIX NPUTONCEHUL.

Knroueswvie cnosa: Bvicokomemnepamypnoe noxpvimue, TIL], Ni-Cr-
Al noxkpwimue, mexnonoeus demonayuu, cmaiv 12XIMO.
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Tepyre 04.12.2024 x. xibepinzi. bacyra 30.12.2024 . K01 KOUBLIIBI.
OnexTpoHb! Oacma
29.9 Mb RAM
laptTe! 6acra Tabarst 22,2. Tapansiver 300 qana. Baracer kemicim GoifbIHiia.
Kommbrotepae 6erreren: A. K. MbipxukoBa
Koppekrop: A. P. Omapoga, JI. A.Koxac
Tanceipbic Ne4317

Cnano B Ha6op 04.12.2024 r. [Toxnucano B neyats 30.12.2024 r.
DJEeKTpOHHOE U3aHuE
29.9 Mb RAM
Ve neu. 1. 22,2. Tupax 300 3k3. Llena noroBopHasi.
KomnerotepHnas Bepetka: A. K. MbipxukoBa
Koppexrop: A. P. Omaposa, /1. A. Koxxac
3aka3 Ne 4317

«Toraighyrov University» 6acnacsiHaH 0achUIBII LIBIFAPBUIFAH
TopaifFpIpOB YHHUBEPCHTETI
140008, ITaBnogap K., Jlomos k., 64, 137 ka0.

«Toraighyrov University» 6acmacel
TopaifFpIpOB YHHUBEPCHTETI
140008, ITaBnogap K., Jlomos k., 64, 137 ka0.
67-36-69
E-mail: kereku@tou.edu.kz
www.vestnik-energy.tou.edu.kz
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