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MULTILAYER ION-PLASMA COATING CR-AL-CO-Y AND ITS PHASE COMPOSITION 

Abstract. As is known, the search for new high-temperature coatings is associated first of all with the 
optimization of the chemical composition of new compositions with the development and mastering of new 
technological processes as well as with the use of newly created coatings [1]. The basic system of heat-
resistant coatings is Me-Cr-Al, where Fe, Co, Ni, etc. can act as Me [2].

In this work technological modes of ion-plasma coating of the Co-Cr-Al-Y composition with a controlled 
concentration of constituent elements have been developed. As a result of using the technology of plasma 
spraying by means of a magnetron system with dual magnetrons, a method of applying multilayer coatings 
with a controlled concentration of Co-Cr-Al-Y has been developed. Due to the application of this method, 
dense coatings with a thickness of 2 ± 0.2 μm are formed.

The main limiting factor was that cobalt, being a ferromagnet, closes the lines of the magnetic system of 
the magnetron transferring it to the diode mode of operation, which makes it impossible to use a disk cobalt 
target. To solve this problem a composite target was used.

Metal discs were inserted into the erosion zone of the aluminum disc (matrix), the amount (cobalt - 6 pcs, 
yttrium - 1 pc.) the diameter of which was chosen in proportion to the coefficient of sputtering of this element 
and its required concentration in the final coating. As a result of the partial closure of the magnetic lines of the 
magnetron, the discharge did not go into the diode mode, which made it possible to control the power density 
on the target and control the composition of the resulting final coating.

The research results show that the Co-Cr-Al-Y system forms dense coatings without a pronounced 
columnar structure typical for metal coatings. The thickness of all synthesized Co-Cr-Al-Y coatings is 2 ± 0.2 
μm. According to the energy dispersive analysis data, the chromium concentration in the coating increases 
with an increase in the number of layers with a proportional decrease in the amount of cobalt which is 
associated with the effect of a type 2 layer with an increased chromium concentration.

The studies of the structural-phase state of the composite coating also made it possible to ascertain the 
formation of an amorphous Co/Al matrix with nanosized Cr and Y crystallites distributed in the thickness of 
the coating.

Key words: coating, structural-phase state, blades of gas-turbine engines, tribology, ion-plasma spraying.

Introduction. The overwhelming majority of 
heat-shielding coatings including those for gas 
turbine blades have a principle of operation based 
on the ability of the surface layer of such coatings 
to oxidize with the formation of a protective film 
based on aluminum oxide AI2O3 [3]. The chemical 
composition (and mainly the amount of aluminum) 
is the main factor that determines the performance 
and other protective properties of such coatings. 
Therefore in the bulk of work on the study of heat-
shielding coatings the main attention is paid to 
establishing the relationship between the composition 

of the coating and its protective properties. The 
relationship between the structure and properties of 
the coating is analyzed to a lesser extent.

However, all the accumulated experience in the 
development and operation of gas turbines shows 
that in addition to the chemical composition, one 
of the most important characteristics of the heat-
resistant coating should be considered its structure. 
The structure of the coating determines not only 
its strength, plasticity, fracture toughness, fatigue 
resistance and other properties, but also heat 
resistance [4]. Obtaining an optimal structure is 
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an important condition for achieving the required 
properties of coatings [5].

Therefore, further development, industrial 
mastering and widespread use of new effective heat-
resistant coatings and progressive fundamentally 
new technologies for their creation are undoubtedly 
associated with the need to conduct deep systematic 
structural studies of these coatings at all stages of their 
creation and operation, to identify general patterns of 
structure formation of both coating materials and the 
coating itself, the diffusion interaction of the coating 
with the protected heat-resistant alloy and with the 
protective oxide film, the processes of changes and 
degradation of the structure under the influence of 
a wide variety of external factors, determining the 
role and mechanisms of the influence of a specific 
alloying element or a complex of such elements on 
the formation of the structure and properties of the 
coating in the process of deposition and technological 
heat treatment on the dynamics of degradation of 
both structure and properties during operation [6].

 The peculiarities of the coating composition 
chosen by the authors are due to the following 
factors: Cr - is intended to prevent high-temperature 
corrosion, but its use concerns only the effect of 
impact on the substrate and has an effect on the 
formation of a coating layer with the help of it; Al 
- mass content does not exceed 10–12%. Oxidation 
can be prevented by increasing the aluminum content, 
but this can also cause a decrease in the ductility 
of the coating; Y is able to significantly increase 
the adhesion of the oxide layer. It is also capable 
of forming rods connecting the oxide layer and the 
coating. But the main function of using yttrium is 
the ability to form compounds with sulfur, which 
prevent fission of the oxide layer; Co - significantly 
increases the resistance to natural oxidation, but 
also leads to a decrease in the melting temperature 
of the coating of the blades, and also contributes to 
an increase in the resistance of the blades to cyclic 
or isothermal oxidation [7]. This composition has 
a set of properties due to which this material is the 
best. It has one of the lowest among all ceramic 
materials coefficient of specific thermal conductivity 
at elevated temperatures (≥2, W/(m•K) at 1000°C) 
due to a high concentration of point defects, as well 
as a relatively high temperature coefficient of linear 
expansion [8].

As is known, high values   of the performance 
properties of various materials are achieved due to 
changes in a wide range of structural characteristics 
of materials: type, number and size of phases; density, 
nature and distribution of crystal structure defects 
and many other factors. Therefore it is necessary in 
our opinion to carry out a comprehensive study of 

the structural-phase state (SEM, TEM, XRD), the 
results of which will allow obtaining complete data 
on the structural-phase state of the applied composite 
coatings.

The aim of this work is to develop optimal modes 
of plasma spraying of a multilayer coating of the 
Co-Cr-Al-Y composition by means of a magnetron 
system with dual magnetrons with a controlled 
concentration of constituent elements as well as to 
study the structural-phase state of the composite 
coating.

Methods and materials. The coating was 
carried out on an ion-plasma installation “National 
Research Tomsk Polytechnic University” [9], which 
is a vacuum chamber with two magnetron sputtering 
systems of an unbalanced type and an ion source with 
a closed electron drift. The vacuum chamber of the 
installation is a sealed volume with a diameter of 500 
mm and a height of 300 mm, equipped with flanges 
of various diameters for connecting vacuum fittings, 
vacuum sensors and other necessary devices (Fig. 1).

The gas supply and regulation system is 
represented by Bronkhorst ELFLOW precision mass 
flow controllers with an adjustment accuracy of 0.01 
ml/min. Temperature control of samples is carried 
out by means of chromel - alumel thermocouple 
(range of measured temperatures 200-1100 ° С).

Figure 1 - Scheme (a) and external view (b) of the 
ion-plasma installation: 1 - magnetron sputtering 

systems; 2 - ion source with closed electron drift; 3 
- substrate holder with heating function

Figure 2 - Scheme of the experiment of coating 
deposition
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When developing a method of coating the 
composition Co-Cr-Al-Y with a controlled 
concentration of constituent elements the main 
limiting factor was that cobalt, being a ferromagnet, 
closes the lines of the magnetic system of the 
magnetron, transferring it to the diode mode of 
operation, which makes it impossible to use a disk 
cobalt target.

To solve this problem a composite target was used. 
Metal discs were inserted into the erosion zone of the 
aluminum disc (matrix), the amount (cobalt - 6 pcs, 
yttrium - 1 pc.) the diameter of which was chosen 
in proportion to the coefficient of sputtering of this 
element and its required concentration in the final 
coating (Fig. 3). As a result of partial closure of the 
magnetic lines of the magnetron, the discharge did 
not go into the diode mode, which made it possible 
to control the power density on the target and control 
the composition of the resulting final coating (Fig. 4).

 
Figure 3 - Composite target Co, Y/Al matrix  

with targets Co/Al/Y and Cr

Figure 4 - Discharge plasma  of dual magnetrons 

To obtain multilayer Co-Cr-Al-Y coatings a 
magnetron system with dual magnetrons with a pulse 
frequency of 40 kHz and a duty cycle of 0.5 was used. 
A single-crystal silicon substrate was placed in the 
geometrical focus of magnetrons at a distance of 15 
cm. Before deposition the substrate was cleaned with 
an Ar + ion source with an accelerating voltage of 
3.5 kV for 30 min. The concentration of constituent 
elements in the coating was controlled by the power 
supplied to the Co/Al/Y and Cr targets.

For spraying multilayer coatings with different 
concentrations of elements of the Co-Cr-Al-Y series, 
the following optimal parameters were selected:

Layer 1: Co/Al/Y magnetron current - 0.5 A, Co/
Al/Y magnetron voltage - 450 V.

Cr magnetron current - 0.3 A, Cr magnetron 
voltage - 320 V.

Layer 2: Co/Al/Y magnetron current - 0.5 A, Co/
Al/Y magnetron voltage - 450 V.

Cr magnetron current - 0.6 A, Cr magnetron 
voltage - 380 V.

The thickness of the layers was controlled by the 
deposition time. Coatings of 1, 2, 4, and 8 alternating 
layers were deposited onto a water-cooled substrate.

The study of the structure and composition of the 
coatings was carried out using FEI QUANTA 3D and 
JEOL JEM-2100F electron microscopes.

X-ray phase analysis was performed on a 
Shimadzu XRD 6000 device with a Cu anode Kα (λ 
= 0.154 nm) by the sliding beam method (shooting 
angle 15˚) in the range 2θ = 20 ÷ 80˚. In view of 
the low intensity of the peaks, the initial signal was 
approximated by Gaussian curves.

The structural-phase state and elemental 
composition were determined by scanning electron 
microscopy using a JSM-6390LV scanning electron 
microscope (JEOL, Japan) (EDX) INCA ENERGY 
(Oxford Instruments, UK). Accelerating voltage 
up to 30 kV; resolution up to 3 nm, instrument 
magnification up to x300,000. Samples were placed 
in a mold with a diameter of 30 mm, filled with epoxy 
filler, dried, then the resulting washer was ground and 
polished.

The number of layers, their thickness, uniformity 
of thickness along the length, coating defects of 
all kinds, the structure of the layer and transitional 
diffusion zones were investigated on a thin section 
made across the sample with a coating. We used the 
method of oblique cut with cut angle a. The observed 
layer thickness s turns out to be increased to s. The 
maximum increase is achieved at the minimum 
angles of inclination. In this case, the angle of the 
oblique cut was a = 2 °. The measurement error of 
the layer thickness decreases with an improvement 
in surface quality, an increase in layer thickness and 
microscopic magnification

Results and discussion.
Scanning microscopy results. The study of 

the structure and composition of the coatings was 
carried out using electron microscopy. The results of 
the study of microscopy of the cross-section of the 
coatings and the corresponding energy dispersive 
spectra are shown in Figures 5-8.
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  а)       b)
Figure 5 – a) SEM microscopy of the cross-section of the coating (single layer coating); 

b) energy dispersive spectrum of the cross-section of the coating

  

 

            а)                               b)
Figure 6 -  а) SEM microscopy of the cross-section of the coating (two-layer coating); 

b) energy dispersive spectrum of the cross-section of the coating

  

 

                       а)         b)
Figure 7 -  a) SEM microscopy of the cross-section of the coating (four-layer coating); 

b) energy dispersive spectrum of the cross-section of the coating

   

 

                       а)  b) 
Figure 8 – a) SEM microscopy of the cross-section of the coating (eight-layer coating); b) energy 

dispersive spectrum of the cross-section of the coating
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Figure 9 - TEM microscopy of the cross-section of the coating and its elemental mapping (single-layer 

coating)

 
Figure 10 - TEM microscopy of the cross-section of the coating and its elemental mapping (two-layer 

coating)

SEM measurements show that the Co-Cr-Al-Y 
system forms dense coatings without the pronounced 
columnar structure characteristic of metal coatings. 
The thickness of all synthesized Co-Cr-Al-Y coatings 
is 2 ± 0.2 μm. According to the energy dispersive 
analysis data, the chromium concentration in the 
coating increases with an increase in the number of 
layers with a proportional decrease in the amount of 
cobalt, which is associated with the effect of a type 2 
layer with an increased chromium concentration. The 
detection of a large amount of silicon as a result of 
EDS measurements is associated with the peculiarity 
of the method and the detection of the signal from 
the substrate; therefore it may not be taken into 
account when measuring the mutual concentrations 
of the elements of the Co-Cr-Al-Y system. The 
presence of an oxygen peak in the EDS spectrum is 
due to its adsorption on the cut surface after being 
removed from the vacuum chamber. Due to the fact 
that the layers use the same group of elements, it is 
impossible to achieve a clear separation of layers by 
scanning microscopy.

Transmission microscopy results confirm 
SEM and EDS measurements. The transmission 
microscope images show clear layer boundaries for 
each type of multilayer coating. Elemental mapping 
by constituent elements showed that with a relatively 
uniform distribution of Al and Y in the thickness 
of the coating, the layers of enriched/depleted Co/
Cr alternate in accordance with the parameters of 
magnetron sputtering.

A large amount of Y in the substrate during 
elemental mapping is associated with the 
superposition of the Y and Si spectra in the EDS 
spectrum. A distinctive feature of the synthesized 
layers is the almost complete absence of a crystal 
structure for all types of synthesized multilayer Co-
Cr-Al-Y coatings, which is most likely associated 
with the amorphizing properties of cobalt and its 
tendency to form metallic glasses.

Transmission microscopy. Transmission micro-
scopy results confirm SEM and EDS measurements. 
Figures 9-12 show transmission microscopy images 
and associated elemental mapping.
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Figure 11 - TEM microscopy of the cross-section of the coating and its elemental mapping (four-layer 
coating)

Figure 12 - TEM microscopy of the cross-section of the coating and its elemental mapping (eight-layer 
coating)

The transmission microscope images show clear 
layer boundaries for each type of multilayer coating. 
Elemental mapping by constituent elements showed 
that with a relatively uniform distribution of Al and Y 
in the coating thickness, the enriched/depleted Co/Cr 
layers alternate in accordance with the parameters of 
magnetron sputtering described in the first chapter. A 
large amount of Y in the substrate during elemental 
mapping is associated with the superposition of the Y 
and Si spectra in the EDS spectrum.

A distinctive feature of the synthesized layers is 
the almost complete absence of a crystal structure 
for all types of synthesized multilayer Co-Cr-Al-Y 
coatings which is most likely associated with the 
amorphizing properties of cobalt and its tendency to 
form metallic glasses.

X-ray phase analysis. For all synthesized Co-Cr-
Al-Y coatings the main peaks can be distinguished: 
2θ ≈ 30˚ and 57˚. The dominant Cr (110) peak at 2θ ≈ 
43˚ pronounced for multilayer coatings of 2-8 layers 
and much less intense for a single-layer coating. This 
correlates with the significantly lower concentration 
of Cr in the single layer coating as measured by EDS. 

Fourth order peaks Y (411) and Y (444).
The absence of the Co and Al peaks is probably 

due to the fact that they form an X-ray amorphous 
layer which is confirmed by the results of transmission 
microscopy TEM. Summarizing the results of 
TEM and XRD, we can state the formation of an 
amorphous Co/Al matrix with nanosized Cr and Y 
crystallites distributed in the thickness of the coating. 
The formation of intermetallic compounds in the 
deposited Co-Cr-Al-Y system was not detected.

Conclusions. As a result of using the technology 
of plasma spraying by means of a magnetron 
system with dual magnetrons, a method of applying 
multilayer coatings with a controlled concentration 
of Co-Cr-Al-Y without a pronounced columnar 
structure and practically no crystal structure has been 
developed. Due to the application of this method, 
dense coatings with a thickness of 2 ± 0.2 μm are 
formed.

Summarizing the results of TEM and XRD 
analyzes we can state the formation of an amorphous 
Co / Al matrix with Cr and Y nanocrystals distributed 
in the thickness of the coating.
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КӨП ҚАТТЫ ИОНДЫҚ-ПЛАЗМАЛЫҚ ҚАБЫЛДАУ CR-AL-CO-Y ЖӘНЕ ОНЫҢ ФАЗАЛЫҚ 
ҚҰРАМЫ

Аннотация. Ыстыққа төзімді жаңа жабындарды іздеу, ең алдымен, жаңа технологиялық процестерді 
әзірлеу және игеру арқылы жаңа қосылыстардың химиялық құрамын оңтайландырумен, сондай-ақ 
жаңадан жасалған жабындарды қолданумен байланысты [1]. Ыстыққа төзімді жабындардың негізгі 
жүйесі – Me-Cr-Al, мұнда Fe, Co, Ni және т.б. Me ретінде әрекет ете алады [2].

Бұл жұмыста құрамдас элементтердің бақыланатын концентрациясымен Co-Cr-Al-Y құрамынан 
ионды-плазмалық жабынды жағудың технологиялық режимдері әзірленді. Қос магнетронды 
магнетронды жүйенің көмегімен плазмалық бүрку технологиясын қолдану нәтижесінде Co-Cr-Al-y 
бақыланатын концентрациясы бар көп қабатты жабындарды қолдану әдісі жасалды, осы әдісті қолдану 
арқасында қалыңдығы 2 ± 0,2 мкм тығыз жабындар пайда болады.

Негізгі шектеу факторы кобальт ферромагнетик бола отырып, магнетронның магниттік жүйесінің 
сызықтарын жауып, оны диодтың жұмыс режиміне қояды. Бұл диск кобальт нысанын қолдануға 
мүмкіндік бермейді. Мәселені шешу үшін құрама нысана қолданылды.

Алюминий дискісінің эрозия аймағына (матрица) металл дискілер енгізілді, олардың саны 
(кобальт 6 дана және иттрий 1 дана) және диаметрі осы элементтің бүрку коэффициентіне және оның 
соңғы жабындыдағы қажетті концентрациясына пропорционал таңдалды. Магнетронның магниттік 
сызықтарының ішінара тұйықталуы нәтижесінде разряд диод режиміне өтпеді, бұл нысандардағы 
қуат тығыздығын реттеуге және алынған соңғы жабынның құрамын басқаруға мүмкіндік береді.

Зерттеу нәтижелері бойынша CO-Cr-Al-Y жүйесі Металл жабындарға тән айқын бағаналы 
құрылымсыз тығыз жабындарды құрайды. Барлық синтезделген Co-Cr-Al-Y жабындарының 
қалыңдығы 2±0,2 мкм құрайды. Энергия дисперсиясын талдауға сәйкес, жабындыдағы хром 
концентрациясы қабаттар санының ұлғаюымен, кобальт мөлшерінің пропорционалды төмендеуімен 
артады, бұл хром концентрациясының жоғарылауымен 2 типті қабаттың әсерімен байланысты.

Композициялық жабынның құрылымдық-фазалық күйін зерттеу сонымен қатар наноөлшемді CR 
және Y кристаллиттерінің жабын қалыңдығына таралған Co/Al аморфты матрицасының қалыптасуын 
анықтауға мүмкіндік берді.

Түйін сөздер: жабын, құрылымдық-фазалық күй, газтурбиналық қозғалтқыштардың қалақтары, 
трибология, ион-плазмалық бүрку.

The conducted studies of the structural-phase 
state of the composite coating in the future will make 
it possible to apply the obtained dependencies and 
evaluate the structural factors that give the maximum 
contribution to the operational properties of 
finished products as well as make it possible to give 
recommendations for improving surface engineering 
technologies.
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«Creation of composite coatings to improve the 
operational properties of critical units of industrial 
equipment» (2020  2022).
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МНОГОСЛОЙНОЕ ИОННО-ПЛАЗМЕННОЕ ПОКРЫТИЕ CR-AL-CO-Y  И  ЕГО ФАЗОВЫЙ 
СОСТАВ 

Аннотация. Как известно, поиск новых жаропрочных покрытий связан, прежде всего, с 
оптимизацией химического состава новых составов с разработкой и освоением новых технологических 
процессов, а также с использованием вновь созданных покрытий [1]. Основная система термостойких 
покрытий - Me-Cr-Al, где в качестве Me могут выступать Fe, Co, Ni и др. [2].

В данной работе разработаны технологические режимы ионно-плазменного нанесения покрытия 
из состава Co-Cr-Al-Y с контролируемой концентрацией составляющих элементов. В результате 
использования технологии плазменного напыления с помощью магнетронной системы с двойными 
магнетронами был разработан метод нанесения многослойных покрытий с контролируемой 
концентрацией Co-Cr-Al-Y. Благодаря применению этого метода, образуются плотные покрытия 
толщиной 2 ± 0,2 мкм.

Основным лимитирующим фактором было то, что кобальт, являясь ферромагнетиком, замыкает 
линии магнитной системы магнетрона, переводя его в диодный режим работы, что делает невозможным 
использование дисковой кобальтовой мишени. Для решения этой проблемы использовалась составная 
мишень.

В зону эрозии алюминиевого диска (матрица) вставлялись диски металлов, количество (кобальт 6 
шт и иттрий 1 шт) и диаметр которых выбирался пропорционально коэффициенту распыления данного 
элемента и требуемой концентрации его в итоговом покрытии. В результате частичного замыкания 
магнитных линий магнетрона разряд не переходил в диодный режим, что позволяло регулировать 
плотность мощности на мишени и управлять составом получаемого итогового покрытия.

По результатам исследований видно, что система Co-Cr-Al-Y формирует плотные покрытия без 
ярко выраженной столбчатой структуры, характерной для металлических покрытий. Толщина всех 
синтезированных Co-Cr-Al-Y покрытий равна 2±0,2 мкм. Согласно данным энергодисперсионного 
анализа, концентрация хрома в покрытии растет с увеличением количества слоев, с пропорциональным 
уменьшением количества кобальта, что связано с влиянием слоя типа 2 с увеличенной концентрацией 
хрома. 

Проведенные исследования структурно-фазового состояния композиционного покрытия позволили 
также констатировать формирование аморфной матрицы Co/Al с распределенными в толще покрытия 
наноразмерных кристаллитов Cr и Y. 

Ключевые слова: покрытие, структурно-фазовое состояние, лопатки газо-турбинных двигателей, 
трибология, ионно-плазменное напыление.
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