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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 Existing coatings based on zirconium dioxide intended for protecting engine parts are largely outdated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-AI-O
system (outer layer) and the Ti,AIC MAX phase of the Ti—AI-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—AI-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—-AI-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.
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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 ZrO,-Y,0; (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 ZrO,-Y,0;, coating is
the Y-AI-O system including stable Y;Al;0,, YAIO; and
Y,ALLOy 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 M, AX,, phase of Ti,AlC. The M,,;;AX, phase of Ti,AlC
has high heat resistance due to the formation of a strong
a-ALO; oxide film, and a relatively high thermal expansion
coefficient, that allows creating a transition oxidation-resistant
sublayer under the Y-—AI-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-6.6-11 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 CuKo 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—AI-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 I/h of argon to 42.7 I/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-AI-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 26 ~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 YAIO; mixed ox-
ide and Y,0; 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-AI-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 Y,0;, YAIO; and Y4Al,O4 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-AI-O coating

on molybdenum in a vacuum in the form of a set of reflexes in the “diffraction angle — intensity — temperature” coordinates
Puc. 1. Cepus ougppaxmoepamm npoyecca nacpesa obpasya ¢ komounuposaruvim nokpvimuem Ti—Al—-C+Y-AI-O
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Fig. 2. Diffraction pattern of a sample with a combined Ti—Al-C+Y-AI-O coating
on molybdenum after heating and cooling in a vacuum
Puc. 2. [lugppaxmozpamma obpasya ¢ komounuposanuvim nokpvimuem Ti—Al-C+Y-AI-O
Ha MoubOeHe nociie npospesa u OCMbIEAHUsL 8 BAKYYME

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
Y,ALL,Qy 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—AI-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-AI-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
Puc. 3. Cepus ougppaxmoepamm npoyecca nacpeea oopasya ¢ komounuposaruvim nokpvimuem Ti—Al-C+Y-AI-O

Ha cnaase Inconel 738 6 ammocghepe 6 sude Habopa peghercos 8 KOOPOUHAMAX «Y20]l OUPPAKYUY — UHIMEHCUBHOCTb — MEMNEPAMYPA»

2500 n WY20;
®YAIO,
OY,Al,0,
2000 - ‘ o Yo-ALO,
‘ \ €Cr
£ 1500 - “
=2 |
2
& 1000 4 | ‘
o
= [ o [ ] |
500 - 1 ‘ o o | ol 1| =
P A \‘\“ .'OJ:l vT'k | I‘I A
O_

Diffraction angle (deg.)

Fig. 4. Diffraction pattern of a sample with a combined Ti—Al-C+Y-AI-O coating on the Inconel 738 alloy
after heating and cooling in the atmosphere
Puc. 4. Jugppaxmozpamma obpaszya c kombunuposannvim nokpvimuem Ti—Al-C+Y-Al-O na cnnase Inconel 738
nocie npoepesa u OCmuléaHus 6 ammocpepe

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—AI-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-AIl-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 um. 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 d-phase of the Ni,Al; intermetallic compound,
which is stoichiometrically appropriate. This zone also con-
tains an increased content of chromium, which is released
along the d-phase boundaries in the form of finely dispersed
particles less than 1 um in size. Diffusion zone II (Fig. 5)
is located under diffusion zone I, and has a thickness of
7 um. 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-AI-O coating has an amorphous struc-
ture, which was also observed in the works of other authors
[15; 21]. To crystallise the YAIO; 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,

20kv  X2,000

10pm

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 YAIO; phase with a small content of the Y,O;
phase. Semi-quantitative analysis based on assessing
the ratio of the intensity of the YAIO; 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 Y,0;
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 YAIO; coating, it is necessary
to increase the aluminium component content.

In the work [22], it was noted that the Y,0; phase in-
creases the coating adhesion and has a thermal expansion
coefficient similar to the YAIO; and Al,O; 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

Substrate
10 56 SEI

Fig. 5. The structure of the combined Y-AI-O+Ti—AI-C coating on the Inconel 738 alloy after deposition
Puc. 5. Cmpyxmypa kombunuposannozo nokpvimusi Y—Al-O+Ti—Al-C na cnnase Inconel 738 nocne ocascoenus
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Table 1. Results of spectral analysis by points
Taonuya 1. Pesynvmanivi CReKMpaibHO20 AHAAU3A NO TOYKAM

Spectrum (0} 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 17.717 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 6.99 436 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 Ti,AlC phase
and the Y—AI-O layer. For an exact explanation, additional
study and determination of the optimal parameters for
the Y—AI-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 YAIO; yttrium ortho-
aluminate and Y,0; yttrium oxide. After heating in the at-
mosphere, the coating crystallises with the formation of
a mixture of YAIO;, Y,0;, and Y4ALOy oxides; however,
if heated in the atmosphere, the coating is destroyed upon
cooling.
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Annomayun: Ha CceromHAIIHUN ICHb MPOWCXOAWT AaKTHBHBIA POCT TPeOOBAaHWH K TOIUIMBHOH 3(PPEKTHBHOCTH
U yJIeNTbHOMY BECy aBHAllMOHHBIX TypOOpEeakTUBHBIX ABHraresneil. CyIecTBYIONINE MOKPBITHS U 3allUThI JeTaneH IBH-
rareiei Ha OCHOBE AMOKCHJA IUPKOHHUS BO MHOTOM yCTapeiM M HCUEpIaay MOTEHIMAN Pa3BUTHSA, IO3TOMY BEIyTCS HC-
CJIEJIOBAaHUS HOBBIX KEPaMHUECKUX CHCTEM JUIS MPOM3BOACTBA 3aLIUTHBIX MOKPHITUI HAa MX OCHOBE. B paboTe mpoBeneHo
UCCIIeJOBaHHE HKapOCTOWKOrO NBYCIIOWHOTO TOKpPHITHS Ha ocHOBe cucteMbl Y—Al-O (BHemHuid cnoit) 1 MAX-¢a3sl
Ti,AIC cuctemsr Ti—Al-C (mmozcioit), MOAYyYeHHOTO0 METOI0M BaKyyMHO-IyTOBOTO OCAX/ICHHS Ha XKapOIPOYHOM HHKEJIe-
BoM cruiaBe Inconel 738 u Ha MonmOneHe noovepeHbIM ocaxaeHueM ciioeB Ha ocHoBe Ti—Al-C u cios Y—-AI-O. Ipu
MOMOIIM CHHXPOTPOHHOI'O H3JIyYeHHsl MCCIeNOBaHbI (ha30BbIe IMPEBpPAIlEHHs B IOKPHITUM IIPH HarpeBe 0oOpasloB IO
1400 °C B Bakyyme u g0 1100 °C B atmocdepe ¢ Ienplo0 H3y4eHHUs IMpolecca OKUCICHHUS W (OPMUPOBAHUS ITOKPBITHS
B YCIIOBUSX HPHUCYTCTBHA KHcCiopoja. IIpu momomu pacTpoBOH 3JIEKTPOHHOM MHUKPOCKOIHMH H3Y4YEeHBI MHKPOCTPYKTypa
1 XMMHUYECKHH COCTaB MOKPHITUS. Y CTAaHOBIJICHO, YTO HarpeB IOKPHITHS B BAKyyMe M B aTMOC(epe BBI3bIBACT B HEM pas3-
T4HbIe (a30BbIC MpEBpAIleHHs, HO B 000MX ciydasx HaOmtomaercss (POPMHUPOBAHHE CMECH OKCHAOB rpymmsl Y—Al-O
n necrabmimzanms noaciost Ha ocHoBe Ti—Al-C. ITocne HarpeBa MOKpHITHS B aTMOcdepe 0e3 peBapuTeIbHOH TEPMO00-
pabOTKH ITPpH OCTHIBAHUH HOKPHITHE Pa3pyLIMIOCh, YeTO He HAOIIOAaI0Ch IPH HArpeBe MOKPHITHS B BaKyyMe.

Knrouesgwie cnosa: xapoCToiKoe MOKPHITHE; KepaMIuecKoe MOKphITHe; MAX-(]a3a; okCuI UTTPHS; BAKYYMHO-TYTOBOE
OCaXK/ICHUE; CHHXPOTPOHHOE H3IyUICHHE.
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