Saule Sakibayeva — candidate of technical sciences, associate professor of the department
«Technology of inorganic and petrochemical industries» of M. Auezov South Kazakhstan university,
Shymkent, Republic of Kazakhstan; e-mail: saule.sakibayeva@bk.ru. ORCID: https://orcid.org/0000-0001-
8697-9309.

lNMocmynuna e pedakuuro 30.10.2024
lMocmynuna nocne dopabomku 03.12.2024
lMpuHsma k nybnukayuu 09.12.2024

https://doi.org/10.53360/2788-7995-2024-4(16)-49 @)ev 40 |
IRSTI 552219 W) Check for updates

M. Maulet, M.N. Azlan?, S. Bolatov?', A.B. Alibekova?
1Sarsen Amanzholov East Kazakhstan University,
070002, Kazakhstan, Ust-Kamenogorsk, st. Shakarima 148
2Universiti Pendidikan Sultan Idris,

35900, Malaysia, Perak, Tanjung Malim,

*e-mail: maulet_meruert@mail.ru

DURABILITY AND CORROSION BEHAVIOR OF Ni-Cr-Al DETONATION COATINGS
UNDER Na,SO,/NaCl EXPOSURE

Abstract: This study investigates the durability and corrosion resistance of Ni-Cr-Al
detonation-sprayed coatings when exposed to high-temperature environments containing molten
Na,S0O., and NaCl. Such conditions are highly corrosive and frequently encountered in aerospace,
energy, and chemical industries. Gradient and homogeneous Ni-Cr-Al coatings were compared to
understand their behavior under aggressive exposure. The reveal of results those gradient coatings
exhibit superior corrosion resistance due to their ability to retain protective oxides, such as Cr;0j;,
and mitigate stress-induced damage through compositional grading. In contrast, homogeneous
coatings displayed significant degradation, including widespread corrosion, delamination, and the
formation of sodium-based phases like NaNiO,. XRD analysis confirmed the presence of oxidation
and sulfidation products, with gradient coatings showing enhanced stability against phase
transitions. These findings highlight the potential of gradient Ni-Cr-Al coatings to improve component
performance in extreme conditions and provide valuable insights for optimizing coating compositions
and processes to enhance operational reliability in harsh environments.

Key words: detonation spraying, NiCr-Al coatings, Na,SO,/NaCl salts, gradient coatings,
aggressive environment.

Introduction

Nickel-based coatings, particularly Ni-Cr-Al coatings, have become critical in high-
temperature environments due to their excellent oxidation and corrosion resistance. These coatings
are widely employed in industries such as aerospace, energy, and chemical processing, where
components are subjected to aggressive environments containing molten salts like sodium sulfate
(Na,S0O,) and sodium chloride (NaCl) [1]. The combination of chromium and aluminum enhances
the formation of protective oxide layers, primarily Cr,O3 and Al,O3, which act as barriers against
further oxidation and corrosion [2-3].

Detonation spraying technique, has proven effective for producing dense and adherent Ni-
Cr-Al coatings with superior mechanical and tribological properties [4]. However, the durability of
such coatings under simultaneous exposure to Na,SO, and NaCl remains a critical challenge.
Molten salts are known to disrupt protective oxide layers through mechanisms such as basic fluxing
and acidic dissolution, accelerating the degradation process. This is particularly relevant in
environments with fluctuating temperatures, which may lead to the cyclic formation and spallation of
oxide scales [5-7].

The synergistic effects of Na,SO, and NaCl in inducing hot corrosion further complicate the
material's performance. NaCl introduces chlorine-induced degradation mechanisms, including pitting
and intergranular attack, while Na,SO, contributes to the formation of low-melting eutectic phases,
exacerbating coating degradation [8-9]. Investigating the corrosion behavior of Ni-Cr-Al detonation
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coatings under these conditions is vital to understanding their long-term reliability and optimizing
their composition and processing parameters [10].

This study focuses on the durability and corrosion mechanisms of Ni-Cr-Al detonation
coatings under Na,SO, and NaCl exposure. The findings aim to provide insights into improving the
coatings’ resistance to high-temperature corrosive environments.

Materials and methods

To produce homogeneous and gradient coatings based on Ni-Cr-Al, low-alloy heat-resistant
boiler steel 12Kh1MF was selected as the substrate material. Samples were prepared in dimensions
of 15x15x3 mm. Prior to coating application, the surfaces of the substrates were ground on all six
sides using MIRKA sanding paper with a grain size of 1200 to ensure a uniform and flat surface.
Subsequently, the samples were sandblasted on all six sides to enhance the adhesion of the sprayed
coating. The coatings were prepared using a composite Ni-Cr-Al powder, consisting of 80 wt.% Ni-
Cr powder (Ni20Cr80) and 20 wt.% Al (purity 99,99%). The nominal particle size of the powder
ranged from 30 to 45 um. Coatings were deposited using the CCDS 2000 detonation unit.
Homogeneous Ni-Cr-Al coatings were obtained with a barrel filling volume of 50% with explosive
gas, while gradient coatings were produced by decreasing the barrel filling volume to 25% with
explosive gas. Detailed information on the gradient coating process is described in our previous work
[4]. Both homogeneous and gradient Ni-Cr-Al coatings were applied to all six sides of the substrates.

Three types of samples were subjected to exposure in a Na,SO,/NaCl environment: samples
with homogeneous Ni-Cr-Al coatings, samples with gradient Ni-Cr-Al coatings, uncoated heat-
resistant low-alloy steel 12Kh1MF. The surface of the samples prior to exposure is presented in
Figure 1. The exposure tests were conducted at 700°C in static air under atmospheric pressure.
Three samples were tested simultaneously, placed in a heat-resistant crucible capable of
withstanding temperatures up to 2500°C. A muffle furnace (SNOL 7,2/1100) with a ceramic chamber
and a maximum operating temperature of 1100°C was used for the tests. Prior to testing, the
samples were photographed. The samples were held at 700°C for one hour per cycle, followed by
20 minutes of air cooling. The total exposure duration comprised 15 cycles.

P

Figure 1 — The surface of the samples prior to exposure:
a) uncoated steel 12Kh1MF, b) homogeneous Ni-Cr-Al coatings, c) gradient Ni-Cr-Al coatings

To identify the phases formed in the coatings after high-temperature oxidation tests, 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. Diffractograms were collected in the 20 range of 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 the
HighScore software.

Results and discussion

The surface morphology of gradient and homogeneous Ni-Cr-Al coatings before and after
exposure to the Na,SO,/NaCl environment demonstrates clear differences in their corrosion
resistance (table 1). Initially, gradient coatings exhibit a smoother surface transition, while
homogeneous coatings show uniform but slightly rougher textures. After exposure, gradient coatings
display localized oxidation and sulfidation with relatively intact structural integrity, whereas
homogeneous coatings suffer severe degradation, including widespread corrosion, cracking, and
delamination. The observed corrosion products, consistent with XRD results (e.g., Cr,O3 and
Niz_xS;) in figure 2, indicate that gradient coatings better retain protective oxides and resist stress-
induced damage, highlighting their superior durability compared to the uniform composition of
homogeneous coatings. The initial steel shows the most significant degradation over time, with
visible signs of corrosion and cracking after multiple cycles. The homogeneous Ni-Cr-Al coating
provides moderate protection, but its performance diminishes over time as wear and coating
detachment occur. The gradient Ni-Cr-Al coating outperforms both the uncoated steel and the
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homogeneous coating, exhibiting minimal degradation even after extended cycles, likely due to the
gradient structure's enhanced mechanical and chemical stability.

Table 1 — The surface morphology of samples before and after exposure to the Na,SO,/NaCl
environment: Initial steel 12Kh1MF, homogeneous and gradient Ni-Cr-Al coatings
Cycles Initial steel 12Kh1ME Homogenou_s Ni-Cr-Al Gradient Nl—Cr—AI
coating coating

after 1 cycle

after 5 cycles

after 10 cycles

after 15 cycles

Prior to testing for high-temperature cyclic oxidation, the homogeneous Ni-Cr-Al coating
consisted of the CrNi; phase and the Ni-Cr-Al gradient coating consisted of the CrNisz, Al, and NiAl
phases [4]. The XRD results reveal distinct phase transformations in both gradient (Figure 2a) and
homogeneous (Figure 2b) Ni-Cr-Al coatings after exposure to the Na,SO,/NaCl environment. For
the pristine coatings, stable phases such as CrNiz;, NiCrO3;, Cr,03;, and Al,O; are observed,
contributing to high thermocorrosion resistance. Upon exposure, both coating types exhibit the
formation of new phases like Ni;_xS,, NiCr,0,4, NaNiO,, and CrS, indicating oxidation and sulfidation
processes, particularly affecting chromium. In gradient coatings, the phase transitions suggest
enhanced resistance due to better stress distribution and compositional grading, whereas
homogeneous coatings show more pronounced degradation, evidenced by a higher intensity of
sodium-based phases such as NaNiO,.
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Figure 2 — Diffractogram of Ni-Cr-Al coatings after exposure to the Na,SO,/NaCl environment:
a) gradient Ni-Cr-Al coating, b) homogenous Ni-Cr-Al coating
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Conclusion

The study demonstrates that gradient Ni-Cr-Al coatings outperform homogeneous coatings
in resisting high-temperature corrosion caused by molten Na,SO, and NaCl. The superior
performance of gradient coatings is attributed to their ability to better retain protective oxides such
as Cr,0; and Al,O; and distribute stresses more effectively during thermal cycling. In contrast,
homogeneous coatings exhibited significant degradation, including delamination and the formation
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of corrosive sodium-based phases. These findings underline the importance of compositional
grading in designing Ni-Cr-Al coatings for critical applications in aerospace, energy, and chemical
industries where components face aggressive environmental conditions. Future research should
focus on further refining gradient coating techniques and exploring their long-term performance in
varying operational scenarios.
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NaSO4/NaCl 9CEPIHAOET Ni-Cr-Al AETOHAUUANDBIK XXABbIHOAPbLIHbIH BEPIKTIT|
MEH KOPPO3UAIbIK KACUETTEPI

byn 3epmmeyde xorapbl memnepamypansik Na,SO, xeHe NaCl my3dbl opmanapda Ni-Cr-Al
OemoHauyusnblk 6ypiknemeH xabbinraH KabammapdbiH bepikmiai meH Koppoausra mesimdiniai 3epmmendi.
MyHdali aespeccuemi xardalnap Xui asuauusi, 3HepaemuKka XoeHe XuMusi eHepkacibiHOe ke3deceOi.
Aepeccuemi  opmadarbl  Ni-Cr-Al  2padueHmmi oeHe bipmexkmi xabbiHOapbiHbIH Kacuemmepi
canbicmblpbiniObl. 3epmmey Hamuxenepi kepcemkeHoel, spadueHmmi xabblHOap XXofapbl KOppo3usira
me3simdinikmi kepcemedi. An 6ipmexkmi xabbiHOap eneyrni degpadayusira, OHbIH iWiHOe KeHiHeH maparFaH
Kopposusira, KabbipwakmaHyra xoHe NaNiO, cuskmbl Hampul HeeiziHOeai ¢hbasanapdbiH my3inyiHe
ywnbipadbl. PenmeeHOik ¢haszanbik manday HomuxeciHoe mombiry XoHe cynbgudmerny eHimOepiHiH natda
6ornraHbl pacmandsbi, an epadueHmmi xabbiHOap ¢hasarbik aybiCbiMOapFa XofFapbl MypakmbirbIK Kepcemmi.
byn Hemuxenep epadueHmmi Ni-Cr-Al xabbiHOapbiHbIH memeHwe Xardalnapda KondaHy muimoiniaiH
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apmmaIpbin, XabblH KypaMbl MEH MEXHOT02UsICbIH OHmMadiaHObIpy bolibiIHWa MaHbi30bl aknapam 6epemiHiH
OGanendeloi.

Tyiiin ceadep: demonauyusinbik 6ypky, Ni-Cr-Al xabbiHOapbl, Na,SO,/NaCl my3dapel, 2padueHmmi
xabbiHOap, agpeccusmi opma.
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AONrOBE4YHOCTb U KOPPO3WOHHOE NOBEAEHUE NETOHALIMOHHbIX NMOKPbLITUN Ni-Cr-Al
NP BO3OENCTBUM Na,SO,/NaCl

B 0aHHoM uccrniedogaHuu udydaemcsi 0051i208€4HOCMb U KOPPO3UOHHasi cmolkocmb rnokpbimud Ni-
Cr-Al, HaHeCéHHbIX Memodom demoHaUyUOHHOZ0 HarbliIeHUs], rnpu 8o30elicmeuu 8bICOKomemnepamypHbIX
cped, codepxawux pacnnasneHHosie Na,SO, u NaCl. Omu ycnosusi 8biCOKOa2peccueHbl U 4Yacmo
ecmpeyaromcsi 8 as’pPOKOCMUYECKOU, 3Hepeemuveckol U Xumu4deckol npombiwieHHocmu. [lposedeH
cpasHUMerbHbIU aHanu3 epadueHmHbIX U 00HOPOAHbIX nokpbimul Ni-Cr-Al 0515 noHUMaHus ux nogedeHus 8
agpeccusHbIx cpedax. Pe3ynbmambi [0Ka3bi8arom, 4mo epalueHmHbIe MOKPbIMuUs OeMOHCMPUPYMm
rPe8oCX00HYI0 KOPPO3UOHHYH cmolkocmb. B omnudue om 3moao, 00HOPOOHbIe MOKPbIMUSs rnodeepaanuchb
3HavyumernbHoU Oezpadayuu, ekYas ObWUPHYK Koppo3uto, OefamuHayuro U obpa3osaHue ¢has,
codepxxawux Hampud, makux kak NaNiO,. PenmaeHogha3o8bil aHanu3 nodmeepdusn Hanudyue rnpodykmos
oKUCfieHUs U cynbghudayuu, rnpu 3mom epaldueHmHble MOKPbIMUs MPOOeMOHCMpPUpPOo8anu Mo8bILEHHYHO
cmabunbHoCcmb K haszoebim rnepexodam. Omu pesyrnbmamel nodyepkugarom romeHyuan 2padueHmHbIX
rnokpbimud Ni-Cr-Al 015 ynyqweHuss pabombl KOMIIOHEHMO8 8 3KCMpeMasibHbIX yCrio8usx U npedocmassisitom
UEHHble OaHHble O onMmuMuU3ayuu cocmaesa u mexHos102uli HaHeCceHUs MoKpbImud.

Knroyeenbie cnoea: OemoHayuoHHoe HarnbineHue, rnokpbimus Ni-Cr-Al, conu Na,SO,/NaCl,
epadueHmHble MOKPbIMUS, agpeccugHasi cpeda.
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