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Influence of the content of aluminum on the structure
of gradient detonation coatings based on NiCr-Al

This paper studies the effects of aluminium content in the composite powder on the structure of detonation
gradient coatings based on NiCr-Al. Gradient coatings were obtained by detonation spraying with a gradual
stepwise decrease in the barrel filling volume with an acetylene-oxygen gas mixture from 50% to 25%. The
elemental and phase composition, microstructure and surface roughness of coatings based on NiCr-Al with
different aluminium content of 15%, 20%, and 30% were investigated. By varying the aluminium content in
the powder composition, coatings with a gradient structure were obtained. The study results showed that the
phase composition of the gradient coating strongly depends on the mass fraction of Al. In the case of an alu-
minium content of 30% in the composition of the composite powder, the formation of aluminium oxide was
detected. It is established that under the same detonation deposition modes, the formation of the gradient
structure of coatings will strongly depend on the aluminium content in the NiCr-Al composition. The study
results showed that the optimal composition of the powder is NiCr — 80% and Al — 20% to obtain NiCr-Al
coatings with a gradient structure.

Keywords: NiCr-Al coatings, gradient coatings, MCrAIX coating, detonation spraying, thermal spraying,
structure, SEM.

Introduction

Currently, the components of power plants are under the influence of high temperatures suffer from
corrosion, oxidation, hot corrosion, etc. This is because the heat-resistant superalloys from which the
components are made cannot provide simultaneous heat resistance and erosion-corrosion resistance.
Therefore, protective coatings with heat resistance and wear resistance are obtained on the surface of
superalloys. Among the heat-resistant protective coatings, the most common is obtaining coatings in the
system MCrAIX (M = Ni, Co or NiCo; X =Y, Ce, Si, Ta) [1]. This is because the coating is heat-resistant
when M and Cr provide wear and heat resistance, and Al resists oxidation of the coating, forming Al,Oz on
the coating surface. Elements such as Y increase the adhesion of the coatings. However, the coatings of this
system still require further improvement. Many Al and Cr elements in the coating composition lead to
cracking of the coating. A small amount of Al causes the insufficient formation of an Al,Oz film on the
coating surface, which prevents oxidation. Therefore, more research is being conducted to improve the
exploitation properties and extend the service life of the MCrAIX coating.

In recent years, research on improving the corrosion resistance of MCrAlY coatings has mainly focused
on modifying MCrAIX coatings using reactive elements by laser treatment and the production of multilayer
and gradient coatings. Reactive elements or their oxides can increase the resistance of MCrAIX coatings to
high-temperature corrosion and oxidation. However, there are conflicting opinions about the effect of the
inclusion of reactive element oxide in the oxidising properties of MCrAIlY coatings [2]. Therefore, more
attention has recently been paid to multilayer and gradient coatings based on MCrAlY. The structure and
chemical composition of multilayer/functional gradient materials are gradually changing to improve their
properties (for example, mechanical, thermal, physical, etc.) [3-5]. Functionally graded coatings have
recently been developed and successfully applied to work at high temperatures and difficult thermal
conditions [4, 6, 7].

Typically, MCrAIX coatings are obtained using the following methods: electron beam physical vapour
deposition (EB-PVD), thermal spraying methods [1,8]. After application, both EB-PVD and thermal
spraying coatings have a relatively thin microstructure. However, a high level of Al is oxidised during
thermal spraying, and, after spraying, Al,O; at the coating boundaries is formed, which protects from the
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oxidation process. Recently, modern heat-resistant gradient coatings have been obtained by thermal spraying.
According to studies by Kim et al. [9] and Choi et al. [10], functional gradient heat-resistant coatings were
obtained using detonation and plasma spraying methods. They were sprayed in the form of multilayer
gradient coatings in thickness. The structural characteristics of the obtained coatings based on the formation
of microcracks during high-temperature operation are investigated and, accordingly, compared with
homogeneous coatings. In another study, a gradient coating of MCrAIX was obtained based on three main
layers: an outer layer, an Al-rich, Cr-rich middle layer, and a standard MCrAIX layer [11]. The functional
gradient coating MCrAlY to hot corrosion has significantly increased compared to the homogeneous coating
MCrAIY.

Our previous work [12] proposed a method for obtaining a gradient coating based on NiCr-Al by
detonation spraying. The peculiarity of this method is to obtain the necessary gradient structure by changing
the barrel filling volume with gas during the coating process, by managing the distribution of NiCr-Al
composite powder from the substrate to the coating surface. That is, forming heat-resistant and wear-resistant
in most particles Ni and Cr on the surface of substrate, and Al gradually increasing on the coating surface
from the substrate to the surface, forming a large number of Al on the surface. This makes it possible to form
a sufficient amount of Al,O3; on the coating surface. In addition, our work [13] compared the structure and
properties with homogeneous and gradient coatings based on NiCr-Al obtained by detonation spraying.

The main purpose of this work is to study the effect of the mass proportion of alumina composite
powder on the structure and properties of gradient coatings based on NiCr-Al.

Experimental

Heat-resistant steel 12Kh1MF was chosen as the substrate. The chemical composition of steel: 0,15%
C; 0,37% Si; 0,7% Mn, 0,3% P, 1,2% Cr; 0,35% Mo, 0,3% V, 0,2% Cu. To obtain coatings, steel was cut
with a diameter of 50 mm and a thickness of 3 mm and ground with P100 to P1000 SiC grinding paper.
Before obtaining coating, the sample’s surface was sandblasted. NiCr and Al powders (99.99%) were mixed
in various ratios (Table 1) in a PULVERISETTE 23 planetary ball with a frequency of 30 Hz for 2 hours,
and composite powders were prepared.

The coating was obtained on the CCDS 2000 detonation unit [14-15]. Oxygen-acetylene mixtures of
0,/C,H, = 1.856 were used as explosive gas and nitrogen as a carrier gas. Gradient coatings were obtained
by reducing barrel filling volume with gas from 50% to 25%. Our previous work explained the method of
obtaining a gradient coating in detail [12]. Table 1 demonstrates the technological parameters for obtaining
coatings.

Table 1
Technological parameters for obtaining NiCr—Al gradient coatings
Ne Composmog/; Powder, wt 0,/C,H, Barrel Filling Volume,% | Spray Distance, mm| Number of Shots
1 NiCr70AI30 1,856 50-25 250 40
2 NiCr80AI20 1,856 50-25 250 40
3 NiCr85Al15 1,856 50-25 250 40

We determined the phase composition of the sprayed coatings via the X-ray diffraction technique
(XRD) using an X PertPRO diffractometer with Cu-Ka radiation (A = 2.2897 A ) at a voltage of 40 kV and a
current of 30 mA. The diffractograms were decoded using the HighScore program with measurements per-
formed in the range of 26 equal to 200-900 with 0.02 step size and 0.5 s/step counting time. The surface
roughness of the coatings was estimated according to GOST 2789-73 using the Ra parameter by profilometer
model 130. We photographed the surface of the coatings at 5x optical magnification using a metallographic
microscope (Altami MET 5S model). We employed scanning electron microscopy (SEM) using backscat-
tered electrons (BSE) at accelerated voltages of a JSM-6390LV (Jeol, Tokyo, Japan) scanning electron mi-
croscope to study the morphology of sample cross-section [16].

Results and Discussion

Gradient coatings of NiCr-Al of the various mass proportion of aluminium have been successfully
obtained using the CCDS2000 single-dossier detonation unit. The cross-sectional view of the obtained
coatings and coating surface roughness is shown in Figure 1. The cross-sectional surface was pickled to see

Cepus «dusukay. Ne 3(107)/2022 19



M. Maulet, Zh.B. Sagdoldinaet al.

the microstructure of the coating and substrate. According to the microstructure, it can be seen the ferrite-
pearlite structure of the substrate and the wave-like obtained coating on the substrate. The thickness of the
obtained coatings is in the range of 70—116pum. The thickest coating (116pum) was obtained in the mass
proportion of Al 15%. And the coating with the smallest thickness (70 um) Al was obtained with a mass
proportion of 30%. Probably, during detonation spraying, an important content of a soft element in the com-
position of the powder, in our case, Al, is melted and fixed on the surface of the processed material. Particles
of relatively solid elements are driven into the plastic matrix [17, 18]. The surface roughness of the obtained
coating was represented in the average surface roughness according to the parameter Ra. The values of the
average roughness of the coating surfaces are similar. The highest value was obtained in the Al mass
proportion of 30% (Ra=6.06 pum).
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Figure 1. The microstructure results of the cross-section of the gradient coating NiCr-Al and the average
surface roughness obtained with a different content of Al: a) NiCr85AI15, b) NiCr80AI20, ¢) NiCr70AI30
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The X-ray diffraction phase analysis of the obtained gradient coatings NiCr-Al at a different mass
proportion of aluminium (15%, 20%, 30%) is shown in Figure 2. Figure 2 shows that changing the mass
proportion of Al leads to phase changes in the gradient NiCr-Al coatings. When the mass proportion of Al in
the coating was 15% and 20%, the coating consisted of CrNis; and Al phases, and with a mass fraction of Al
of 30%, it could be seen that a new phase of y-Al,O3 appeared.
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Figure 2. The result of the analysis of the X-ray phase structure of the NiCr-Al gradient
coatings at various Al mass proportions: a) NiCr85AI15, b) NiCr80AI20, c¢) NiCr70AI30

Figure 3 represents an SEM image of the cross-section of the NiCr-Al gradient coating with a mass
proportion of Al 15%, maps of the distribution of elements, EDS analysis and the results of the distribution
of elements. The SEM figure of the coating cross-section (a) shows that aluminium spreads from the
substrate to the coating surface, and it can be seen an increase in the amount of aluminium on the coating
surface. Also, it can be sighted in the mapping of aluminium by element distribution maps (b, c) and the
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results of element distribution (e). However, the aluminium mapping (c) shows the uneven distribution of
aluminium. Also noticed is an insufficient distribution of aluminium on the coating surface. Based on these
results, the mass proportion of aluminium in 15% may not be enough to form the required amount of
aluminium on the coating surface.
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Figure 3. Gradient coating NiCr-Al with a mass fraction of NiCr85AI15: cross-sectional picture of the SEM (a), maps
of the distribution of elements (b,c), the results of the analysis of EDS (d) and the distribution of elements (e)

Figure 4 illustrates the SEM image, element distribution maps, EDS analysis and element distribution
results of a cross-section of the NiCr-Al gradient coating obtained at a mass proportion of Al 20%. The SEM
image of the cross-section of the coating (a) shows that aluminium is gradually distributed from the substrate
to the coating surface, and a large amount of aluminium is uniformly formed on the coating surface. The
element distribution map (b) and the aluminium distribution map (c) also see aluminium, which increases
from the substrate to the coating. The analysis of EDS (d) and the distribution of elements (e) results also
confirm this. Based on these results, it can be seen that in the NiCr-Al gradient coating obtained with a 20%
mass proportion of aluminium, the elements were successfully distributed over the structure. The Ni and Cr
elements formed on the substrate surface ensure the wear resistance of the coating, aluminium formed in
large quantities on the coating surface can form a sufficient amount of Al,O; film, which resists oxidation.
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Figure 4. Gradient coating NiCr-Al with a mass fraction of NiCr80AI20: cross-sectional picture of the SEM (a), maps
of the distribution of elements (b,c), the results of the analysis of EDS (d) and the distribution of elements (e)
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Figure 5 shows an SEM image of a cross-section of the NiCr-Al gradient coating with a mass
proportion of Al30%, maps of the distribution of elements, EDS analysis and the results of the distribution of
elements. The SEM figure of the cross-section of the coating (a) shows that aluminium in large quantities
and uneven spreads from the substrate to the coating surface. It can be seen in the mapping of aluminium by
element distribution maps (c) and in the results of element distribution (e).
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Figure 5. Gradient coating NiCr-Al with a mass fraction of NiCr70AI30: cross-sectional picture of the SEM (a), maps
of the distribution of elements (b,c), the results of the analysis of EDS (d) and the distribution of elements (e)

Conclusions

Analyzing the experimental results obtained in the work, we can make the following conclusions:

— NiCr-Al coatings with a different aluminium content of 15%, 20%, and 30% were obtained by deto-
nation spraying. The process of forming the coating structure depending on the composition of the powder
was investigated. The technological mode of detonation spraying was chosen to obtain a gradient structure
by gradually varying the barrel filling volume with an acetylene-oxygen gas mixture from 50% to 25% dur-
ing the NiCr-Al coating process. The obtained results showed that the composite composition of NiCr — 80%
and Al- 20% powder is optimal for the formation of a gradient structure of coatings with a high Al content in
the surface layers of coatings;

— It was found that at 30% Al content in the coatings, aluminium oxides y-Al,Os are formed. The study
results of the elemental composition of coatings by EDS analysis showed a high oxygen content in the com-
position of coatings obtained with the composite composition NiCr70AI30 and are consistent with the results
of X-ray phase analysis.

— The study of the characteristics of coatings showed the dependence of the thickness of coatings on the
composition of the composite powder. With NiCr70AI30, coatings are formed with a relatively minor thick-
ness than NiCr85AI115 and NiCr80AIl20. Probably, during detonation spraying, an important content of a soft
element in the composition of the powder, in our case, Al, is melted and fixed on the surface of the processed
material. Particles of relatively solid elements are driven into the plastic matrix. The study results of the mi-
crostructure of the cross-section of NiCr70AI30 coatings confirm this assumption.
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Amomunnii KypambiabIH NiCr-Al Herizingeri rpaguenTri
AETOHAIMAJIBIK Ka0bIHAAPABIH KYPbLJIBIMBbIHA JCepi

Makanama KOMIO3HMTTIK YHTaK KYpPaMbIHAAFbl aTOMHHHUIIIH Maccanblk yieciniH NiCr-Al Herisinzgeri
JICTOAHAIMSIIBIK TPAIHCHT JKaOBIHIAPBIHBIH KYPBUIBIMBIHA OCepi 3epTTeNai. [ paaveHTTIK >kaObiHIap
OKIaH/BI alleTHICH-OTTEr1 ra3 KOCIachkIMeH TONThIpy KenemiH 50%-man 25%-Fa peitin OipriHzen asaiita
OTBHIPHIN, JCTOHANMSUIBIK OYpKY apkKbuibl anbiHIbL. NiCr-Al HeriziHzeri »aOBIHAAPIBIH DIEMEHTTIK KOHE
(ha3aipIK KypaMbl, MUKPOKYPBUTBIMBI JKoHE O€TiHIH Kemip-OyasIpasirsl 15 %, 20 % sxone 30 % amomMuHHIANIH
OpTYpJi KYypaMbIMEH 3epTTeNai. ¥HTAKThIH KOMITO3HMTTIK KYpPAMBIHIAFbl aTIOMHHHI KYPaMBIH ©3TepTy
o/iCiMeH TPajMeHT KYpBUIBIMBI Oap »aOblHAAp ajbIHABL 3epTTey HOTIIKENepi IpaJueHT IKaOBIHBIHBIH
¢daszanpik Kypambl Al Maccanblk yieciHe KaTThl Toyenai eKeHiH KepceTTi. KOMMO3MTTIK Kypamaarbl
amomunuiiniy  30%  okarmaifblHAa  QMIOMHUHUIE  OKCHAIHIH — TY3UTyl  aHBIKTangpl. J{eTOHAIMSIIBIK
TO3aHIAHIBIPYIbIH Oip/eil pexxuMaepine )xaObIHAAPABIH IPAIUSHTTIK KYPBUTBIMBIH KasbintacTeipy NiCr-Al
KypaMBIHJaFbl ATIOMHHHN KYpaMbIHAH KATTBl OCEp C€TETiHI aHBIKTAFaH. 3epTTey HOTHXKEIEepl TpagreHT
KypbutbIMEI 6ap NiCr-Al sxa6sragapsia any yurs NiCr 80% xone Al 20% yHTarbIHBIH KOMIIO3UTTIK KYPaMbl
OHTAIIIBI €KeHIH KOPCETTI.
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Kinm co30ep: NiCr-Al xaOblHbI, I'PaIUCHTTI XaObIHIAP, NCTOHAUMSIBIK OYPKY, KYPBUIBIMBI, YHTAKTBIH
KOMITO3HUTTIK KYpaMbl.
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Bausinue coaep:xaHusi aTIOMHUHNSI HA CTPYKTYPY I'PaiueHTHBIX
JAeTOHAIMOHHBIX MOKPBITHII Ha ocHOBe NIC-Al

B craTtbe OBUIO M3yUeHO BIMSHUE MACCOBOM JOJNU ANIOMHHHS B COCTaBE KOMIO3HIMOHHOTO TOPOIIKA Ha
CTPYKTYPY IETOAHIMOHHBIX IPaJHEHTHBIX MOKpHITHH Ha ocHOBe NiCr—Al. 'pagneHTHbIe MOKPHITHS OBUIH
MOTy4YeHB! JIETOHAIIMOHHBIM HAIBUICHHEM C MOCTETIEHHBIM CTYNEHYAaThIM YMEHBIICHUHEM 00beMa 3arolHe-
HUSI CTBOJIA Ta30BOI CMeChI0 aneTmieH—Kkuciaopoa ot 50 % 1o 25 %. Beun uccnenoBaHbl 2IeMEHTHEIH 1 da-
30BBIH COCTAaBBI, MUKPOCTPYKTYPa U IIEPOXOBATOCTh MOBEPXHOCTH MOKpbhITHI Ha ocHOBe NiCr—Al ¢ pasueim
comepxanueM amomuHug 15 %, 20 u 30 %. MetonoM BapbHpOBaHUS COAEPXKAHHUS ATIOMUHAS B KOMIIO3H-
IIHOHHOM COCTaBE MOPOIIKA OBUIN MOJYYESHBI IOKPHITHS C TPAAUCHTHONW CTPYKTYpoi. Pe3ynbTarsl nccieno-
BaHUS TTOKa3aJH, 9TO (ha30BBIA COCTAB IPAJUEHTHOIO ITOKPHITUS CHIBHO 3aBHCHT OT MaccoBoi momu Al. B
cllydqae Cofep KaHMs allOMUHMS B COCTaBE KOMIIO3HLHOHHOTO mpopomika 30 % oGHapyxeHO oOpa3oBaHHUE
OKCHJa QIIOMUHHS. YCTaHOBJIEGHO, 4YTO TPH OAWHAKOBBIX pEXHMaxX JETOHAIMOHHOTO HAIBUICHUS
(hopMupOBaHNE TPAJUEHTHOI CTPYKTYPHI MOKPBHITHI CHIBHO 3aBHCHUT OT COJEPKaHUS alFOMUHUS B COCTaBE
NiCr—Al. Pesynbrarel ucieqoBaHus mokaszamd, uto juist nonydeHus NiCr—Al mokpeituii ¢ rpaaueHTHOR
CTPYKTYPOH ONITHMAIIBHBIM SIBJISIETCS KOMITO3UIIMOHHBIH coctas rmopomika NiCr 80 % u Al 20 %.

Knioueswie cnosa: noxpeitust NiCr—Al, rpagueHTHBIE MOKPHITHS, JAETOHAIIMOHHOE HAIbUIEHHUE, CTPYKTYypa,
KOMIIO3UTHBIH COCTaB MOPOIIKA.
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