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Abstract: Currently, an active increase in requirements for fuel efficiency and specific gravity of aircraft turbojet en-

gines is observed. Existing coatings based on zirconium dioxide intended for protecting engine parts are largely outdated 

and have exhausted their development potential, so new ceramic systems for the production of protective coatings based 

on them are an area of research. The authors carried out a study of a heat-resistant two-layer coating based on the Y–Al–O 

system (outer layer) and the Ti2AlC MAX phase of the Ti–Al–C system (sublayer) produced using vacuum-arc deposition 

on the Inconel 738 heat-resistant nickel alloy and molybdenum by alternate deposition of layers based on Ti–Al–C and  

a Y–Al–O layer. Using synchrotron radiation, phase transformations in the coating were examined when samples were 

heated to 1400 °C in a vacuum and to 1100 °C in the atmosphere to study the process of oxidation and coating for-

mation in the presence of oxygen. Using scanning electron microscopy, the authors studied the microstructure and 

chemical composition of the coating. The study identified that heating the coating in a vacuum and in the atmosphere 

causes various phase transformations in it, but in both cases, the formation of a mixture of oxides of the Y –Al–O group 

and destabilization of the Ti–Al–C-based sublayer are observed. After heating the coating in the atmosphere without 

preliminary heat treatment, the coating was destroyed upon cooling, which was not observed when the coating was 

heated in a vacuum.  

Keywords: heat-resistant coating; ceramic coating; MAX phase; yttrium oxide; vacuum-arc deposition; synchro-

tron radiation. 
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INTRODUCTION 

In modern aircraft engine building, there is a constant 

search for ways to improve the efficiency of gas turbine 

engines, due to the growing requirements of aviation regu-

lators. It is known that to improve the efficiency and speci-

fic power of engines, the main task is to increase the operat-

ing temperature in the combustion chamber, and turbine, 

which leads to increased requirements for the materials 

used. Nickel alloys traditionally used in turbines are capa-

ble of operating at temperatures up to 1050 °C at the alloy 

surface; however, this is not enough to operate in modern 

engines. Therefore, to protect the blades of gas turbine 

engines, industry applies multilayer heat-barrier and 

heat-resistant coatings consisting of a sublayer based on 

MeCrAlY or the Ni–Al–Pt system, and an external co-

lumnar thermal barrier layer based on zirconium dioxide, 

stabilised with ZrO2Y2O3 (6...8 wt. %) yttrium oxide.  

The sublayer based on MeCrAlY, or the Ni–Al–Pt system 

during operation creates an oxide film layer that prevents 

oxygen diffusion to the substrate material [1–3]. This pro-

tective coating architecture allows the blades to operate at 

ambient temperatures up to 1300 °C by creating a tempera-

ture gradient, between the layer surface and the inner part 

of the cooled blade [4–6]. However, the mentioned combi-

nation of coatings is rapidly becoming obsolete, and is not 

suitable for the next generation of gas turbine engines, 

whose operating temperature exceeds 1500 °C in the tur-

bine [7–9]. The reasons for such obsolescence, were  

the phase transformations occurring in the ceramic layer  
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at temperatures above 1300 °C on the coating surface,  

the ceramic layer sintering, a sharp increase in thermal con-

ductivity, and degradation of the heat-resistant sublayer. 

This leads to the impossibility of further increasing the ope-

rating temperature of gas turbine engines without a cata-

strophic drop in the service life of the blades [10–12]. 

The listed factors actualise the search for new heat-

resistant and heat-barrier coatings to protect the engine 

blades of the next generations. One of the promising candi-

dates for replacing the traditional ZrO2–Y2O3, coating is  

the Y–Al–O system including stable Y3Аl5О12, YAlO3 and 

Y4Al2O9 compounds, which demonstrate promising high-

temperature characteristics, such as oxidation resistance, and 

a relatively high thermal expansion coefficient [13–15]. One 

of the promising candidates for replacing the MCrAlY  

(Ni–Al–Pt) sublayer can be a coating consisting of  

the Mn+1AXn phase of Ti2AlC. The Mn+1AXn phase of Ti2AlC 

has high heat resistance due to the formation of a strong  

α-Al2O3 oxide film, and a relatively high thermal expansion 

coefficient, that allows creating a transition oxidation-resistant 

sublayer under the Y–Al–O ceramic coating [16–18]. 

Another important task is the study of the structure and 

phase transformations in a combined coating, during heat-

ing to understand the processes occurring in the coating. 

The purpose of this work is to study structural and phase 

transformations, in a combined Y–Al–O+Ti–Al–C coating 

when heating the sample in a vacuum, to a temperature of 

1400 °C in real time using synchrotron radiation. 

 

METHODS 

The coatings of the Ti–Al–C system and the Y–Al–O 

system were deposited using a modernised NNV-6.6-I1 in-

stallation. The coating was applied to the Inconel 738 alloy 

and commercially pure (99.96 %) molybdenum. To study the 

qualitative phase composition, and phase transformations in 

the coating in real time, when heating the sample to 1400 and 

1100 °C, the authors used the following equipment: VEPP-3 

synchrotron radiation source of the Institute of Nuclear Phy-

sics of the Siberian Branch of the Russian Academy of Sci-

ences, an Anton Paar HTK-2000 high-temperature X-ray 

camera, OD-3M-350 position-sensitive single-axis detector, 

and Origin software for data processing. 

Due to the peculiarities of the imaging technique using 

synchrotron radiation with heating in the atmosphere,  

the maximum test temperature was limited and amounted to 

1100 °C. All diffraction patterns are presented in the angle 

scale corresponding to CuKα radiation (0.15406 nm). To 

estimate the quantitative content of phases, a method of 

shooting without a standard was used, based on assessing  

the ratio of the intensity of the desired phase reflexes to  

the total intensity of oxide reflexes in the diffraction pattern. 

The coating structure was studied using a JEOL JSM-6390 

scanning electron microscope. Secondary electron mode was 

used to obtain images of the polished section surface.  

The coating chemical composition was assessed using  

the INCA Energy system for energy dispersive microanalysis. 

The Ti–Al–C coating was applied by the vacuum-arc 

method, assisted by a plasma source with an incandescent 

cathode, through which a mixture of acetylene and argon 

was supplied in a ratio of 1:4. The discharge current  

was 10 A. The current on the arc evaporators was 50 and 

80 A for titanium and aluminium, respectively, the pressure 

in the chamber was 0.3 Pa. Coating deposition time was 

2 h. After coating deposition, vacuum heat treatment was 

carried out at a temperature of 800 °C for 2 h. 

The Y–Al–O coating was applied using the vacuum-arc 

method. A mixture of oxygen and argon was supplied to  

the chamber in a ratio of 54.5 l/h of argon to 42.7 l/h of 

oxygen. The discharge current was 55 A. The current on  

the arc evaporators was 60 and 80 A for yttrium and alu-

minium, respectively, the pressure in the chamber was 

0.3 Pa. Coating deposition time was 2 h. 

 

RESULTS 

The study of phase transformations in a Ti–Al–

C+Y–Al–O coating when heating in a vacuum  

Fig. 1 demonstrates a series of X-ray photographs of  

the process of heating a coated molybdenum sample in  

a vacuum, in the form of a projection of the intensity of 

reflexes, onto the “diffraction angle – temperature” plane. 

The first frames show that in the initial state, the coating is 

an amorphous structure – the X-ray diffraction pattern 

shows a smooth increase in the diffracted intensity, with  

a maximum in the region of angles of 2θ ~29...31°. Indivi-

dual reflexes belonging to yttrium and aluminium are re-

corded. No reflexes of titanium or phases containing titani-

um and carbon are observed in the diffraction pattern of  

the initial sample (before heating). 

When the sample is heated in a vacuum to 1400 °C,  

a series of X-ray diffraction patterns shows a change in  

the phase composition of the coating, which begins at  

a temperature of ~1200 °C. The amorphous component 

disappears, and predominantly phases of YAlO3 mixed ox-

ide and Y2O3 yttrium oxide appear. Reflexes related to 

phases containing titanium or carbon are still not observed. 

There are no further changes in the coating phase composi-

tion when keeping the sample at a temperature of 1400 °C. 

Fig. 2 presents the final diffraction pattern of a sample with 

a Ti–Al–C+Y–Al–O coating on molybdenum after cooling 

to room temperature. 

The study of phase transformations in a Ti–Al–

C+Y–Al–O coating when heating in the atmosphere 

Fig. 3 shows a series of X-ray diffraction patterns of  

the process of heating a coated Inconel 738 alloy sample in 

the atmosphere in the form of a projection of the reflex in-

tensity onto the “diffraction angle – temperature” plane. 

The first frames show that in the initial state, the coating 

has an amorphous structure with separate yttrium and alu-

minium reflexes. During heating at a temperature of 

~890...910 °C, the broad maximum associated with the amor-

phous component begins to disappear, and reflexes begin to 

appear. Their identity is difficult to be accurately deter-

mined due to thermal expansion. At the same time, the re-

flexes of the Y2O3, YAlO3 and Y4Al2O9 oxides appear. Re-

flexes related to titanium or carbon-containing phases are 

still not observed. With further exposure of the sample at  

a temperature of 1100 °C for 1 h, the coating phase com-

position practically does not change, except for the disap-

pearance of reflexes of aluminium and phase transfor-

mations, at the beginning of exposure, which is associated 

with the diffusion processes, and the formation of oxides 

in the coating. When cooling the sample after exposure, at  
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Fig. 1. Series of diffraction patterns of the process of heating a sample with a combined Ti–Al–C+Y–Al–O coating  

on molybdenum in a vacuum in the form of a set of reflexes in the “diffraction angle – intensity – temperature” coordinates 

Рис. 1. Серия дифрактограмм процесса нагрева образца с комбинированным покрытием Ti–Al–C+Y–Al–O  

на молибдене в вакууме в виде набора рефлексов в координатах «угол дифракции – интенсивность – температура» 

 

 

 
 

Fig. 2. Diffraction pattern of a sample with a combined Ti–Al–C+Y–Al–O coating  

on molybdenum after heating and cooling in a vacuum 

Рис. 2. Дифрактограмма образца с комбинированным покрытием Ti–Al–C+Y–Al–O  

на молибдене после прогрева и остывания в вакууме 

 

 

 

a temperature of ~420 °C, partial coating destruction and 

peeling occurs, as well as a change in the optical scheme of  

the experiment, so the final coating composition could not 

be determined with sufficient accuracy. Therefore, the be-

longing of reflexes indicated in Fig. 3 and 4 is a matter of 

judgment. Unlike the previous heating experiment, a complex 

Y4Al2O9 oxide with a monoclinic structure was formed in 

this coating. The high intensity of chromium reflexes pre-

sent in the Inconel 738 alloy is worth noting. The appear-

ance of chromium reflexes indicates a loss of coating conti-

nuity and beam penetration to the substrate layer. 

Fig. 4 shows the final diffraction pattern of a sample 

coated with Ti–Al–C+Y–Al–O on the Inconel 738 alloy 

after cooling to room temperature. 
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Fig. 3. Series of diffraction patterns of the process of heating a sample with a combined Ti–Al–C+Y–Al–O coating  

on the Inconel 738 alloy in the atmosphere in the form of a set of reflexes in the “diffraction angle – intensity – temperature” coordinates 

Рис. 3. Серия дифрактограмм процесса нагрева образца с комбинированным покрытием Ti–Al–C+Y–Al–O  

на сплаве Inconel 738 в атмосфере в виде набора рефлексов в координатах «угол дифракции – интенсивность – температура» 

 

 
 

 

 

Fig. 4. Diffraction pattern of a sample with a combined Ti–Al–C+Y–Al–O coating on the Inconel 738 alloy  

after heating and cooling in the atmosphere 

Рис. 4. Дифрактограмма образца с комбинированным покрытием Ti–Al–C+Y–Al–O на сплаве Inconel 738  

после прогрева и остывания в атмосфере 

 

 

 

The study of the coating structure and chemical 

composition  

Fig. 5 and 6 present the results of scanning electron mi-

croscopy of samples, with a Ti–Al–C+Y–Al–O coating 

deposited on the Inconel 738 alloy. Analysis of the images 

shows the formation of 2 regions: on the outer surface of 

the sample there is a Y–Al–O coating, demonstrating a ra-

ther non-continuous layered structure (without vacuum heat 

treatment), underneath there is a Ti–Al–C sublayer (sub-

jected to vacuum heat treatment), which retains its continuity 

and adhesion to the surface. In the Ti–Al–C layer, an in-

creased nickel content is observed (up to 57 wt. %).  
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No diffusion is observed between the Y–Al–O and Ti–Al–

C layers. Under the coating, two characteristic diffusion 

zones saturated with aluminium are observed in the alloy. 

Table 1 presents a set of points for spectral elemental 

analysis of coatings. Diffusion zone I (Fig. 5) is located 

from the boundary of the Ti–Al–C coating deep into the 

nickel alloy, and has a thickness of ~11 μm. According  

to elemental analysis, the zone covered by spectra 9 and 11 

consists of intermetallic compounds of the Ni–Al system 

(spectra 9–11 in Fig. 6 and in Table 1) and possibly con-

tains the δ-phase of the Ni2Al3 intermetallic compound, 

which is stoichiometrically appropriate. This zone also con-

tains an increased content of chromium, which is released 

along the δ-phase boundaries in the form of finely dispersed 

particles less than 1 μm in size. Diffusion zone II (Fig. 5)  

is located under diffusion zone I, and has a thickness of 

7 μm. The structure of this zone is characterized by nee-

dle-like precipitates of excess phases based on chromium 

and cobalt. 

 

DISCUSSION 

The presented results showed that immediately after 

deposition, the Y–Al–O coating has an amorphous struc-

ture, which was also observed in the works of other authors 

[15; 21]. To crystallise the YAlO3 phase, it is necessary to 

exceed a certain energy level, and maintain the required 

temperature. Moreover, the cooling rate must be low 

enough to complete the rearrangement of atoms, and  

the formation of long-range order [15]. Such conditions can 

be implemented under conditions of vacuum-arc coating 

deposition using additional heating sources. However, in 

this case, due to the non-stationary conditions of deposition 

at each point of the vacuum chamber, and the sputtering 

of more low-melting elements during additional heating, 

a shift from the stoichiometrically required phase com-

position and the formation of secondary phases will oc-

cur. Therefore, to form the required phase composition, 

it is rational to carry out subsequent heat treatment of  

the coating. 

The results of studying changes in the phase composi-

tion, during vacuum heating of the Y–Al–O coating 

(Fig. 1), showed that for its complete crystallisation and 

decomposition of secondary phases, the required annealing 

temperature is 1200 °C. In this case, the coating phase 

composition will be represented predominantly by the re-

quired YAlO3 phase with a small content of the Y2O3 

phase. Semi-quantitative analysis based on assessing  

the ratio of the intensity of the YAlO3 phase reflexes to  

the total intensity of all oxide reflexes of the diffraction 

pattern (Fig. 2), showed that the content of the required 

phase in the coating is ~85 %. The formation of the Y2O3 

phase is caused by the high yttrium content in the coating – 

up to 60 wt. % (Table 1, spectra 1–5). It follows from this 

that to form a homogeneous YAlO3 coating, it is necessary 

to increase the aluminium component content. 

In the work [22], it was noted that the Y2O3 phase in-

creases the coating adhesion and has a thermal expansion 

coefficient similar to the YAlO3 and Al2O3 phases. When 

the coating is heated in air (Fig. 3), coating crystallisation 

occurs at lower temperatures. The formation of oxide phas-

es occurs already at a temperature of 890 °C. Presumably, 

this is related to the fact that due to the excess concentration 

of oxygen from the atmosphere, the surface oxidation oc-

curs, and specified reflexes represent the phase composition 

of the surface layer, and not the coating as a whole. In this 

case, during the cooling process, coating peeling occurred, 

which is associated with stresses and cracks that appeared 

immediately after deposition (Fig. 5), as well as with a high 

oxidation rate compared to vacuum heating. The formation

 

 

 

 
 

Fig. 5. The structure of the combined Y–Al–O+Ti–Al–C coating on the Inconel 738 alloy after deposition 

Рис. 5. Структура комбинированного покрытия Y–Al–O+Ti–Al–C на сплаве Inconel 738 после осаждения 
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Fig. 6. Set of points for spectral analysis 
Рис. 6. Набор точек для спектрального анализа 

 
 
 

Table 1. Results of spectral analysis by points  
Таблица 1. Результаты спектрального анализа по точкам  

 
 

Spectrum O Al Ti Cr Co Ni Y 

Spectrum 1 22.34 17.67 0.00 0.00 0.00 0.00 59.99 

Spectrum 2 26.01 16.05 0.00 0.00 0.00 0.00 57.95 

Spectrum 3 25.25 16.28 0.00 0.36 0.00 0.00 58.11 

Spectrum 4 20.84 20.13 0.33 0.00 0.00 0.00 58.70 

Spectrum 5 17.77 29.22 5.72 0.00 0.00 1.95 45.34 

Spectrum 6 7.17 16.04 51.39 1.60 2.19 21.61 0.00 

Spectrum 7 0.00 24.48 6.99 4.36 6.68 57.49 0.00 

Spectrum 8 0.00 26.30 16.73 2.88 4.92 49.18 0.00 

Spectrum 9 0.00 20.64 4.11 6.00 7.32 61.93 0.00 

Spectrum 10 3.53 11.13 4.33 36.93 6.48 37.61 0.00 

Spectrum 11 0.00 19.99 4.96 7.23 7.83 59.99 0.00 

Spectrum 12 0.00 14.08 4.87 10.92 9.44 60.68 0.00 

Spectrum 13 4.29 9.53 4.20 22.24 10.36 49.39 0.00 

Spectrum 14 0.00 6.10 5.72 16.24 9.12 62.82 0.00 

Spectrum 15 2.83 3.74 3.19 19.74 10.37 60.12 0.00 

Spectrum 16 0.00 5.08 3.75 15.54 7.78 67.86 0.00 

Spectrum 17 0.00 2.60 2.89 23.18 11.49 59.85 0.00 

Spectrum 18 3.54 2.50 2.11 22.20 10.87 58.77 0.00 
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of cracks is apparently caused by the occurrence of unwant-

ed stresses in the coating due to the discrepancy between 

the physical and mechanical properties of the Ti2AlC phase 

and the Y–Al–O layer. For an exact explanation, additional 

study and determination of the optimal parameters for  

the Y–Al–O coating deposition are required. 

 

CONCLUSIONS  

In this work, using synchrotron radiation, the authors 

studied real-time phase transformations in a two-layer Ti–

Al–C+Y–Al–O coating. During heating in a vacuum to  

a temperature of 1400 °C, the coating crystallises with  

the formation of predominantly YAlO3 yttrium ortho-

aluminate and Y2O3 yttrium oxide. After heating in the at-

mosphere, the coating crystallises with the formation of  

a mixture of YAlO3, Y2O3, and Y4Al2O9 oxides; however,  

if heated in the atmosphere, the coating is destroyed upon 

cooling. 
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Аннотация: На сегодняшний день происходит активный рост требований к топливной эффективности  

и удельному весу авиационных турбореактивных двигателей. Существующие покрытия для защиты деталей дви-

гателей на основе диоксида циркония во многом устарели и исчерпали потенциал развития, поэтому ведутся ис-

следования новых керамических систем для производства защитных покрытий на их основе. В работе проведено 

исследование жаростойкого двуслойного покрытия на основе системы Y–Al–O (внешний слой) и МАХ-фазы 

Ti2AlC системы Ti–Al–C (подслой), полученного методом вакуумно-дугового осаждения на жаропрочном никеле-

вом сплаве Inconel 738 и на молибдене поочередным осаждением слоев на основе Ti–Al–C и слоя Y–Al–O. При 

помощи синхротронного излучения исследованы фазовые превращения в покрытии при нагреве образцов до 

1400 °С в вакууме и до 1100 °С в атмосфере с целью изучения процесса окисления и формирования покрытия  

в условиях присутствия кислорода. При помощи растровой электронной микроскопии изучены микроструктура  

и химический состав покрытия. Установлено, что нагрев покрытия в вакууме и в атмосфере вызывает в нем раз-

личные фазовые превращения, но в обоих случаях наблюдается формирование смеси оксидов группы Y–Al–O  

и дестабилизация подслоя на основе Ti–Al–C. После нагрева покрытия в атмосфере без предварительной термооб-

работки при остывании покрытие разрушилось, чего не наблюдалось при нагреве покрытия в вакууме.  

Ключевые слова: жаростойкое покрытие; керамическое покрытие; MAX-фаза; оксид иттрия; вакуумно-дуговое 

осаждение; синхротронное излучение.  
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