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Thermal barrier coatings are widely used to protect blades of gas turbine engines from exposure to high-temperature flow.
In this work, we considered coatings applied by the plasma spray method and consisting of the NiCoCrAlY heat-resistant
sublayerand the ZrO,+8%Y,0, upper ceramiclayer. The aim of the work was to study the thermal barrier coating microstructure
in the initial state and after long-term operation for 8000 hours to predict the possibility of further exploitation. It is shown
that the coating is not destroyed, there are no chipping and peeling. However, the upper ceramic layer is sintered under
the influence of high-temperature gas flow, its porosity decreases, and therefore the heat-shielding properties are reduced.
At the boundary of the heat-resistant layer and the nickel base, a diffusion zone is formed. It is characterized by significant
chemical heterogeneity and release of topologically closed packed phases (TCP-phases). These phases are lamellar carbides
of tungsten and chromium. They can be stress concentrators and reduce fatigue resistance. In addition, the y-solid solution is
depleted of refractory alloying elements, which leads to a softening of the alloy. The obtained data show significant structural
degradation of the thermal barrier coating and the subsurface area of the blade. Thus, the blade with a resource operation is
only recommended in surface facilities.

Keywords: thermal barrier coatings, the plasma spray method, the NiCoCrAlY, the ZrO,+8%Y,0,, diffusion zone and topologically closed
packed phases.
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Herpaganus CTpyKTypsl TepMOOGapbepHOTO MOKPHITHUA,
HAaHECEHHOI'0 METOIOM I/IA3MEHHOIr0 HalblIeH N,
Ha JIOIIATKe BO BpeMs 3KCIUTyaTalumn

Casanera T. X. O.", Xpucrocosa B. 0., bonmapena O. C.

'CamapcKmil HallVIOHA/IbHBIN MCCIIe0BATeIbCKIIE yHUBepcnTeT, MockoBckoe 11, 34, Camapa, 443086, Poccus

TepmobapbepHbIe HOKPBITUA MIMPOKO MCIIOIb3YIOTCA JIA 3alUTBI JIOIATOK Ia30TYPOVHHBIX ABUIATeNlell OT BO3JENCTBUA
BBICOKOTEMIIEPATYPHOIO IIOTOKA. B maHHOI paboTe MBI pacCMOTPeNM IIOKPBLITHSA, HAHECEHHble METOHNOM IUIa3MEeHHOTO
HaTIBUIEHNA ¥ COCTOsAIIME U3 TepmocTolikoro nozcnost NiCoCrAlY u Bepxnero xepammdeckoro cnos ZrO,+8%Y,0,. Henbio
paboThl ObIIO M3y4eHMe MMKPOCTPYKTYpPBl TepMOOApbepHOrO IMOKPBITUA B VICXOZHOM COCTOSIHMU U IIOC/IE JJIUTEIbHON
aKcrtyatanuyu B TedeHne 8000 4acoB ¢ 1LIe/IbI0 IIPOTHO3MPOBAHMA BO3MOXKHOCTH JlajbHelIeil skcrmyaTanyn. Ilokasano,
YTO IOKPBbITME He pa3pyLIaeTcs, OTCYTCTBYIOT CKOMBI M OTCIoeHMA. OfHAKO BEPXHUII KepaMMYeCKMil IO CIleKaeTcs
II0J] BO3[eJICTBIEM BBICOKOTEMIIEPATyPHOrO Ta30BOr0 IIOTOKA, €T0 IOPUCTOCTh YMEHBIIAETCS, U II09TOMY TeIlJIO3alITHbIE
CBOJICTBa CHIDKaloTcA. Ha rpaHmile TepMOCTOMKOrO €10 M HUKeIeBOI OCHOBBI obpasyercs pud¢ysuoHHaa 3oHa. OHa
XapaKTepU3yeTCsl 3HAUUTE/IbHOM XMMMYECKOI HeOJHOPOTHOCTBIO ¥ BBIJiE/ICHMEM TOIIOJIOTMYECKY IUIOTHOYIIAKOBaHHBIX
¢das (TIIY-¢as). Otu ¢aspl npencTaBIAT 060l IUIACTUHYATbIe KapOupabl BonbgpamMa U xpoma. OHM MOIyT OBITh
KOHIIEHTpaTOpaM)l HAIPsDKEHWIT ¥ CHIDKATb YCTaJOCTHYIO IPOYHOCTb. Kpome TOro, y-TBepablii pacTBOp obOeqHeH
TYTOIUIaBKMMY JIETUPYIOIIMMY 9JIeMEHTaMy, YTO IPUBOAUT K pasyIpOYHEHMIO CIUIaBa. [lolydeHHbIe JaHHbIE IOKA3bIBAIOT
3HAUNUTE/IbHYI0 JeTpaflallii0 CTPYKTYPbI TepMOOApbepPHOrO MOKPBITVA U IIOAIIOBEPXHOCTHONM 00/IacTy JOmaTku. Takum
00pasom, JIoaTKa ¢ MCTEKIINMM CPOKOM SKCIUTyaTalluy PeKOMEHAYeTCA TOJbKO Ha Ha3eMHbIX COOPY>KeHUAX.

KimroueBbie cmoBa: TepMobapbepHble TIOKPBITUSA, MeToj| MnasmenHoro Hambinenus, NiCoCrAlY, ZrO,+8%Y,0,, nuddysnonnas sona
¥ TOIOJIOTMYeCKM IUIOTHOYTIAKOBAaHHBIE (hasbl.
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1. Introduction

The industrial processes that involve operations at high
temperatures, where these reach ranges above 1000°C, as is
the case of the gas turbines operation [1], where your pieces
need to be made of materials resistant to this environment.
In this materials group stand Nickel’s superalloys, which
with the help of their components are able to resist these
operations, but at frequently operating temperature cycles,
these cause wear and degradation of their properties.
One way to mitigate these damages is by using barriers,
that covering different applications and uses from
the study of their properties, how to reinforce them
by adding elements in their structure or modifying
nanostructurally to improve them [2-4], and within
them we find the thermal barrier coatings [5-7].
There are different deposition forms of this coatings type,
one of these methods is the plasma spray coating, with
which two protective layers are formed on the substrate,
which fulfill different functions [8-11]. As a top layer,
a ceramic is used, which is composed of yttrium oxide
stabilized tetragonal zirconia polycrystals (Y-TZP) [12,13]
perceives the thermal and erosive effects of the gas flow and
reduces the temperature of the blade. Under the ceramic
layer is NiCoCrAlY heat-resistant layer, which protects the
base metal from oxidation and contributes to the adhesion
strength of the ceramic layer to the substrate [14,15].

When these coatings and the substrate are subjected to
destructive effects of the high temperature current, it leads
to structural changes in both the layer of the coatings, with
the loss of barrier properties [16,17]; and the formation of
the diffusion zone where harmful closed packed phases
(TCP) abound that destroy the mechanical properties of the
superalloy [18,19].

Therefore, the objective of the work was to study these
effects in the microstructure of the plasma thermal spray
barrier coating, for which the initial state and after the long-
term operation were analyzed to predict the possibility of
further exploitation.

2. Methods and materials

To analyze the initial structures and after the exploitation, the
nickel superalloy ZhS6F was chosen as the blade substrate
and the protective barriers were the NiCoCrAlY bond coat
and tetragonal zirconia polycrystals stabilized with 8%
yttrium oxide (Y-TZP) as the top layer. These materials have
a wide use in the finished parts industry of a gas turbine and
were deposited by the plasma spray method.

The blades with coatings were subjected to real
conditions of thermal cycles of operation in a long term
approximately 8000 hours. Operating experience shows
that damage to the coating on the blades surface is not the
same at the leading edge (Fig. 1a), the suction side (Fig. 1b),
the trailing edge (Fig. 1c) and the pressure side (Fig. 1d).
Scheme cross section of the gas turbine engines blade is
shown in Fig. 1.

The microstructure of the sample was studied after
electrolytic etching on TESCAN Vega SB scanning electron
microscope with INCA Energy dispersive microanalyzer.

Fig. 1. Scheme cross section of blade: leading edge (a), suction
side (b), trailing edge (c), pressure side (d) [20].

3. Results and discussions

Visual inspection has shown that the destruction of the
coating in the form of chips, delaminations and stripping
is absent. The thermal barrier coating microstructure in the
characteristic areas of the blade in the initial state and after
operation is shown in Fig. 2, 3.

The study of the ceramic layer microstructure showed
that after operation the number of pores and microcracks
significantly decreased, and the porous ceramic coating
was compacted. This suggests that under the action of high-
temperature gas flow, ceramics sintering and thermal barrier
properties deterioration occur. Examination of the heat-
resistant layer structure showed no change. At the same time,
a more detailed study of the alloy/coating boundary showed
that a diffusion zone appears in the base metal structure under
the coating after operation. It is a region with allocation of the
secondary lamellar phases.

It should be noted that the diffusion zone structure at the
pressure side and suction side of the blade differs from the
zone structure at the loading edge (Fig. 4).

Characteristic structural differences of the diffusion
zone at the pressure side and the suction side of the blade
from the zone at the leading edge are formations of a needle-
shaped phase under the coating (Fig. 4), that describe the
shape and location of the phase plates. Also this diffusion
zone is distributed in greater thickness on the substrate in the
loading edge zone than other zones of the turbine blade and
generate an average thickness of 36.34 mm (Table 1).

The increase in chemical heterogeneity in the coating
and the subsurface after operation is clearly demonstrated by
mapping (Fig. 5).

The element composition of secondary phases in the
diffusion zone showed that the inclusions are enriched with
tungsten, chromium and carbon (Fig. 6 and Table 2).

Table 1. The thickness in diffusion zone measurements at 4 specific
zones of the turbine blade made after the exploitation test.

. The thickness in diffusion zone
Areas analyzed in the sample

(pm)

Leading edge 65.16
Suction side 9.94
Trailing edge 21.27
Pressure side 49.00
Average 36.34
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Fig. 2. The thermal barrier coating microstructure in the initial state: leading edge (a), suction side (b), trailing edge (c), pressure side (d).
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Fig. 3. The thermal barrier coating microstructure after operation: leading edge (a), suction side (b), trailing edge (c), pressure side (d).
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Fig. 4. The diffusion zone in the base metal structure on the blade working surface: leading edge (a), suction side (b), trailing edge (c),
pressure side (d).
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Fig. 5. Coating mapping after operation.
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Table 2. The chemical composition in points 1 and 2 of Fig. 6.
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Fig. 6. The topologically closed packed phases.

It is known that Ti(C,N), Cr,(C,N), Cr(C,N)
carbonitrides are formed in nickel alloys, reducing
fatigue resistance. Particles of M .C, Cr,,C, TiC carbides
and carbonitrides concentrate in the y/y' phase matrix.
These phases are topologically closed packed phases
(TCP phases) [21-23]. With an increase in the oxidation
time, coagulation of tungsten-chromium-based carbides
occurs. TCP phases have a complex crystal structure.
Furthermore, such phase plates are stress concentrators
and a source of initiation and propagation of cracks [24].
In addition, the y-solid solution is depleted of refractory
alloyingelements, whichleadsto thesoftening ofthealloy [25].
The formation of the above phases in the base metal structure
under the coating is a sign of a decrease in the protective
coating reliability and heat resistance of the gas turbine
engine blades.

4. Conclusions

Data analysis has shown that after prolonged operation of the
blade plasma spray thermal barrier coating microstructure
undergoes significant changes. The upper ceramic layer is
sintered under the influence of high-temperature gas flow,
its porosity decreases. At the boundary of the heat-resistant
layer and the nickel base, a diffusion zone is formed. It is
characterized by significant chemical heterogeneity and
release of TCP phases. Lamellar tungsten and chromium
carbides can be stress concentrators and reduce fatigue
resistance.

These data suggest a significant structural degradation of
the thermal barrier coating. Blades with resource exploitation
are recommended to use only in surface facilities.
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