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 Existing coatings based on zirconium dioxide intended for protecting engine parts are largely outdated 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

Acknowledgments: The work was financially supported by the Ministry of Science and Higher Education of the Rus-

sian Federation (Project No. 075-15-2021-1348). 

The paper was written on the reports of the participants of the XI International School of Physical Materials Science 

(SPM-2023), Togliatti, September 11–15, 2023. 

For citation: Nazarov A.Yu., Maslov A.A., Nikolaev A.A., Shmakov A.N., Denisov V.V., Ramazanov K.N. Investiga-

tion of phase transformations in a two-layer Ti–Al–C+Y–Al–O coating on a heat-resistant nickel alloy. Frontier Materials 

& Technologies, 2023, no. 4, pp. – : 10.18323/2782-4039-2023-4-66-6. 

 

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  

Frontier Materials & Technologies. 2023.  № 4 63



Nazarov A.Yu., Maslov A.A., Nikolaev A.A. et al.   “Investigation of phase transformations in a two-layer Ti–Al–C+Y–Al–O coating…” 

 

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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