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A technology for applying multifunctional protective ion-plasma and thermodiffusion coat-
ings of the Ni-Co—Cr—Al-Y system has been developed and optimized. Ion-plasma coatings of
the Ni-Co—Cr—Al-Y system, formed by electron-beam atomic-ion sputtering in vacuum with cy-
clic variation of substrate potential and temperature, make it possible to increase the corrosion
resistance at least twofold compared to previously used analogues. Thermal diffusion coatings of
the Ni-Cr—Al-Si—REM system provide effective protection against high-temperature corrosion
and are recommended for industrial implementation. A full cycle of comprehensive tests was
carried out, including thermal cycling durability, corrosion resistance in diesel fuel combus-
tion products, molten sodium sulfate, and synthetic ash, as well as long-term service life tests.
The microstructure of the ion-plasma condensates is characterized by a layered quasi-amorphous
structure. For its quantitative assessment, fractal analysis was used for the first time, which
allowed establishing the fractal dimension of the layer boundaries in the range of 1.67—1.83.
This explains the increased diffusion stability and adhesion of the coatings.

Keywords: plasma, fractal, structure, microhardness, corrosion, durability, diffusion
stability.

Boiiue ¢parransHol CTPYKTYpU HaA IMiIBUIIEHHS pecypcy iOHHO-ILIA3MOBHUX Ta
repmoaudyasiituux nokpurrtis cucrem Ni-Co-Cr-Al-Y /[.B. I'nywrosa, B.M. Bosuyk

Pospobirero Ta onTMMi30BAHO TEXHOJIOTI0 HAHECEHHS 0araToyHKIIOHAJIBHUX 3aXUCHUX
10HHO-TIa3MOBUX Ta TepMmoaudyaianx mokputTiB cucreMu Ni—Co—Cr—Al-Y. lonHo-miaazmosi
nokpurtsa cucreMu Ni—Co—Cr—Al-Y, cdopmoBani MeTO[I0OM €JIEKTPOHHO-IIPOMEHEBOTO ATOMHO-
10HHOTO POSIHJIEHHS ¥ BAKYYMI 3 IIUKJIIYHOK 3MIHOIO IIOTEHINAJIY Ta TeMIePaTypPH! ITIKIAIKH,
JIO3BOJIAIOTh IIIJBUIIUTA KOPO3INMHY CTIHKICTh NIOHAUWMEHIEe BJBIYl MOPIBHSHO 3 pAaHiIle
3acTocoByBaHMMHU aHajoramu. Tepmomudysiiiui mokpurrs cucremu Ni—Cr—Al-Si—-REM
3a0e3meuyioTh e(EeKTUBHUIA 3aXWCT BIJl BHCOKOTEMIIEPATYPHOI KOpPO3ii Ta peKoMeHIoBaHI
JUTST TIPOMFICJIOBOTO BIIPOBAPKEHHS. [IpoBeeHO MOBHUM IMKJI KOMILIEKCHUX BUIIPOOYBaHbD,
10 BRJIIOYAJTNA TEPMOIUKJIIIYHY JOBIOBIYHICTH, KOPO3IMHY CTIAKICTD y IPOAYKTAX 3TOPSHHS
JIM3eJILHOT'O IAaJINBa, PO3ILJIABI CyJIb(AaTy HATPIO Ta CHHTETUYHIN 3011, a TAKOK TPUBAJIL PeCypPCH1
BUMIPOOYBaHHs. MiKpOCTPYKTYpa 10HHO-IIJIA3MOBUX KOHJIEHCATIB XapaKTePU3yeThCsI IIIapYBATOIO
kBasiamopdHoo 0ymoBo. [y i KIJIbKICHOI OIIHKY BIIepIlle 3aCTOCOBAHO (DPAaKTAIbHUN aHAJII3,
10 JO3BOJIMJIO BCTAHOBUTH (PPAKTAJIbHY PO3MIPHICTH Mesk IIapiB y miamasomi 1,67-1,83. Ile
MHOSICHIOE IIIBUINEHY JUQY3IMHY cTaOlIbHICT Ta AATe3110 IIOKPUTTIB.
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1. Introduction

Modern gas turbine units operate under
conditions of ever-increasing turbine inlet tem-
peratures (up to 1100-1200 °C and higher) and
the use of low-grade diesel and fuel oil contain-
ing elevated concentrations of sulfur, vanadi-
um, sodium, and other aggressive impurities.
These factors cause intense corrosion-erosion
damage to heat-resistant nickel alloys. The
main damage mechanisms are high-tempera-
ture oxidation, sulfide corrosion, hot corrosion
in the presence of salts and combustion prod-
ucts, and thermal fatigue under cyclic thermal
loads [1-5]. As a result, the service life of un-
protected materials is sharply reduced, leading
to significant economic losses and reduced reli-
ability [6-9].

Ion-plasma and thermodiffusion coatings
represent advanced surface modification tech-
niques widely employed to enhance the wear,
corrosion, and thermal resistance of metallic
components. Ion-plasma coatings, typically de-
posited using physical vapor deposition (PVD)
or plasma-assisted processes [10-12], enable
the formation of dense, adherent nanostruc-
tured layers with precisely controlled composi-
tion and thickness at relatively low substrate
temperatures. In contrast, thermodiffusion
coatings are produced through high-tempera-
ture diffusion of alloying elements (such as
chromium, aluminum, or boron) into the sub-
strate surface [13-15], resulting in metallurgi-
cally bonded gradient layers characterized by
excellent interfacial adhesion and high thermal
stability. Both methods offer significant advan-
tages over conventional coating technologies,
though their selection depends on the specific
operational conditions and substrate material
requirements.

Traditionally used thermal diffusion coat-
ings, despite their widespread industrial appli-
cation, have a number of significant drawbacks
[16], [17]. The high aluminum content in them
ensures the formation of a protective a-Al,O4
film, but leads to low ductility of the coating and
its premature failure at temperatures above
1000 °C. In addition, alloying elements of the
base alloy (molybdenum, tungsten, niobium),
which are beneficial for heat resistance, have
a negative impact on the corrosion resistance
of the coating [18-21]. These limitations make
classic diffusion coatings insufficiently effective
under severe operating conditions.

Significantly more promising are multicom-
ponent condensed coatings based on Ni-Co—Cr—
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Al-Y systems (or Ni-Cr—Al-Si with rare earth
metals), obtained by physical vapor deposition
methods in vacuum [22], [23]. Such coatings
form a strong bond with the substrate and cre-
ate a dense, self-healing oxide film of a-Al;O5 on
the surface, alloyed with yttrium, silicon, and
other elements. Due to this, they provide reli-
able protection against aggressive gas environ-
ments and significantly increase the service life
of the materials. The key advantage of vacuum
methods is the ability to precisely control the
chemical composition, thickness, and micro-
structure of the coating, as well as the absence
of the need to heat the substrate to extremely
high temperatures characteristic of traditional
electron beam evaporation [24].

In this work, a complex scientific and tech-
nical problem of creating and industrially de-
veloping optimal technologies for applying
two types of protective coatings based on the
Ni—Co—Cr—Al-Y system has been solved:

— ion-plasma coatings of the Ni-Co—Cr-Al-Y
system using the electron beam atomic ion sput-
tering method on AIR type installations with
cyclic changes in the potential and temperature
of the substrate;

— thermal diffusion coatings of the
Ni—Co—Cr-Al-Y system modified with silicon
and rare-earth metals by the powder satura-
tion method.

Particular attention is paid to the optimiza-
tion of process parameters (surface cleaning in
NbCl; vapor, cyclic deposition mode, composi-
tion of the initial alloys), as well as complex
alloying with yttrium, silicon, and rare-earth
metals.

For the first time in the practice of protective
coatings, fractal and multifractal analysis of the
condensate microstructure was applied to quan-
titatively evaluate and predict the protective
properties [25], [26]. The high fractal dimension
of interlayer boundaries (D = 1.65—1.85) and the
width of the multifractal spectrum make it pos-
sible to explain the increased diffusion stabil-
ity, adhesion, and corrosion resistance at a new
fundamental level [27-30].

This manuscript summarizes the developed
technologies that provide a radical increase
in the service life, reliability, and efficiency
of high-temperature components protected by
Ni—Co—Cr—Al-Y coatings under aggressive
high-temperature operating conditions.

Functional Materials, 33, 2, 2026
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Fig. 1. Microstructure of Co-Cr-Al-Y condensate (condensation temperature 3500 C): outer surface of con-
densate a (x300), b ( x13000), cross-section of condensate ¢ ( x500) and its fracture d ( x13000)

2. Materials and methods

High-chromium nickel alloys ChS70-VI and
EK98D were used as the base materials. Ingots
of two compositions were smelted for the depo-
sition of ion-plasma coatings:

Ni-26C0o-17Cr—9A1-0.5Y (wt.%);
Co-37Ni~19Cr-11A1-0.6Y (wt.%).

The application of ion-plasma coatings was
carried out using a vacuum-plasma atomic-ion
sputtering system (type AIR) with an electron-
beam evaporator. The process mode included:

preliminary cleaning of the surface in
NbCl; vapor (550-600 °C, 20-30 min) followed
by ion bombardment (substrate potential up to
—1200 V);

deposition at cyclically changing sub-
strate potential (—80...—250 V) and tempera-
ture (300-950 °C, cycle duration 10—15 min).

For thermal diffusion coatings, the pow-
der saturation method with a Fe-Al-Si—P3M

Functional Materials, 33, 2, 2026

complex master alloy (TU 5.961-11291) with
a specified content of the main elements was
employed.

The microstructure was studied using met-
allography, scanning electron microscopy, and
X-ray microanalysis. Fractal analysis was ap-
plied to quantitatively assess the complexity of
the layered structure: the fractal dimensions of
the surface and interlayer boundaries were cal-
culated using the box-counting method on digi-
tal images of thin sections and fractures.

Corrosion resistance was evaluated through
thermal cycling tests, static and thermally cy-
clic corrosion tests in diesel fuel combustion
products, Na,SO, melt, synthetic ash, as well
as through comprehensive high-temperature
testing under aggressive operating conditions.

3. Results and discussion

The optimized ion-plasma deposition process
allowed the formation of coatings 50-70 pm
thick with a unique layered quasi-amorphous
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Fig. 2. Multifractal spectra of dimensions: a - D (q), b -

structure, which, after annealing (950 °C, 10 h),
transforms into an ultradisperse equiaxed mi-
crostructure. Analysis of condensates obtained
at fixed substrate temperatures from 350 °C
to 700 °C showed that the microhardness var-
ies in the range of 8.9-13.5 GPa, while the
yttrium content remains consistently within
0.48-0.52 wt.%. At a substrate temperature
of 450 °C, the maximum microhardness of the
outer zone (11.6-13.5 GPa) is observed, which
is associated with fine layering and redistri-
bution of alloying elements (Ni + Al in dark
layers, Cr in light layers).

The outer surface of the condensates accu-
rately reproduces the substrate relief at low
temperatures. With increasing temperature,
a blocky relief is formed under the influence
of ion bombardment. Fractographic analysis
reveals a transition from a columnar structure
at high temperatures to an equiaxed structure
under cyclic deposition conditions. The three-
layer coating (obtained by triple evaporation)
contains niobium at the interlayer boundaries
due to preliminary purification in NbCl; vapor,
which further enhances diffusion adhesion.

A key innovation was the application of
cyclic changes in negative substrate potential
(80...250 V) and temperature (300-950 °C). At
peak heating stages, protruding defects melt
and spread, “healing” intergranular disconti-
nuities and micro-tears caused by the difference
in coefficients of thermal expansion between
the substrate and the coating. During the low-
temperature stages of the cycle (300-500 °C),
coating growth occurs with complete suppres-
sion of the undesirable columnar structure.
This approach enabled the formation of dense,
pore-free coatings even on sandblasted (unpol-
ished) surfaces.
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To quantitatively assess the complexity of
the microstructure, fractal analysis using the
box-counting method was applied for the first
time to digital images of thin sections and frac-
tures. The fractal dimension of the interlayer
boundaries was determined to be D = 1.65-1.85
(depending on the condensation temperature).

The high fractality indicates a pronounced
self-similarity and a highly developed phase
boundary network. Such boundaries act as ef-
fective barriers to the diffusion of oxygen, sul-
fur, and other aggressive elements, thereby
reducing the corrosion rate and significantly
enhancing coating adhesion. The multifractal
spectrum width (Aa = 0.41-0.62) confirms the
substantial heterogeneity in the distribution of
alloying elements, which further inhibits local-
ized corrosion processes. It is the fractal nature
of the structure that accounts for the twofold
or greater increase in corrosion resistance com-
pared to conventional electron-beam coatings
of similar composition.

Figure 1 presents the calculation of multi-
fractal characteristics from the structural im-
ages shown in Figure 2.

Figure 3 shows the dependences of the mi-
crohardness of Ni-Co-Cr-Al-Y coatings on the
multifractal characteristics at a substrate tem-
perature of 350°C: 10.3-11.6 GPa (Fig. 3a, b)
and at a substrate temperature of 700°C: 10.3—
11.6 GPa (Fig. 3c, d).

The resulting mathematical models (Fig. 3)
enable rapid and reliable assessment of the mi-
crohardness of Ni-Co—Cr—Al-Y coatings based
on the analysis of surface photographs, which
significantly reduces material and time expen-
ditures.

Functional Materials, 33, 2, 2026
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Fig. 3. Relationships between the microhardness of Ni-Co-Cr-Al-Y coatings and the fractal dimension of
the coating D and the width of the multifractal spectrum Aa

Corrosion tests of the Ni-Co—Cr—Al-Y ion-
plasma coatings confirmed the predicted advan-
tages: the durability of protected components
increased at least twofold under conditions of
high-temperature gas corrosion aggravated by
sulfur and chlorides. The protection mechanism
involves the formation of a dense yttrium-sta-
bilized a-Al,O4 film, in which Y,04 and YAIO4
particles effectively anchor the scale and block
the diffusion of sulfur. The presence of silicon
in the coating further enhances oxide adhe-
sion and inhibits the penetration of vanadium,
phosphorus, and sulfur impurities.

The Ni—Cr-Al-Si—-P3M thermal diffusion
coating demonstrated excellent performance
across the full range of laboratory and bench
tests:

— thermal cycling durability — no cracks
or delamination after the specified number of
cycles;

— corrosion testing in diesel fuel combustion
products — minimal mass loss and absence of
pitting;

— testing in sodium sulfate melt — complete
resistance to sulfide corrosion;

— thermal cycling tests in synthetic ash
— absence of accelerated degradation under
combined thermal shock and corrosive environ-
ment;

— resource tests — the coating retained its
integrity under aggressive high-temperature
operating conditions.

The high protective properties were achieved
through strict control of the content of Al, Cr,
and Si, as well as complex alloying with rare-
earth metals (REM), which ensured an optimal
phase balance between the B-(Ni,Co)Al and
y- phases.

Overall, the obtained results confirm that
the combination of ion-plasma technology with

Functional Materials, 33, 2, 2026

a fractal-optimized microstructure and the
thermal diffusion method with complex alloy-
ing provides a radical increase in the service
life and reliability of high-temperature compo-
nents protected by Ni—Co—Cr—Al-Y coatings,
along with a significant reduction in operating
costs under aggressive high-temperature con-
ditions.

4. Conclusions

As a result of the conducted research, the
following was established:

1. A highly efficient industrial technology
for the ion-plasma deposition of multicompo-
nent Ni—-Co—Cr—Al-Y coatings was developed
and optimized using electron-beam atomic-ion
sputtering with cyclic changes in substrate
potential and temperature. This technology
ensures the formation of a dense quasi-amor-
phous (ultrafine equiaxed after annealing) mi-
crostructure with a thickness of 50—70 pm and
provides at least a twofold increase in corrosion
resistance of high-temperature components
compared to previously used coatings.

2. An optimal technology for thermal diffu-
sion saturation with Ni—-Cr—Al-Si—-P3M pow-
der coatings was developed. The coatings suc-
cessfully passed a full range of laboratory and
bench tests, including thermal cycling dura-
bility, corrosion resistance in diesel fuel com-
bustion products, molten sodium sulfate, and
synthetic ash, as well as comprehensive high-
temperature endurance testing.

3. For the first time in the practice of pro-
tective coatings, quantitative fractal and
multifractal analysis of the microstructure of
ion-plasma condensates was applied. It was
established that the fractal dimension of the
interlayer boundaries reaches D = 1.65-1.85,
and the width of the multifractal spectrum is
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Aa =~ 0.30-0.75. The high fractality of the phase
boundaries accounts for the enhanced diffusion
stability, adhesion strength, resistance to sul-
fide corrosion, and thermal fatigue resistance,
which constitutes the scientific novelty of this
work.

4. The developed technologies and coatings

ensure a significant increase in service life,
reliability, and efficiency of high-temperature
components protected by Ni—Co—Cr—Al-Y sys-
tems under aggressive high-temperature gas
corrosion conditions, including environments
containing sulfur, vanadium, and other aggres-
sive impurities.
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