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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 
sublayer and the ZrO2 + 8 %Y2O3 upper ceramic layer. 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 γ-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 ZrO2 + 8 %Y2O3, diffusion zone and topologically closed 
packed phases.
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Термобарьерные покрытия широко используются для защиты лопаток газотурбинных двигателей от воздействия 
высокотемпературного потока. В  данной работе мы рассмотрели покрытия, нанесенные методом плазменного 
напыления и состоящие из термостойкого подслоя NiCoCrAlY и верхнего керамического слоя ZrO2 + 8 %Y2O3. Целью 
работы было изучение микроструктуры термобарьерного покрытия в  исходном состоянии и  после длительной 
эксплуатации в течение 8000 часов с целью прогнозирования возможности дальнейшей эксплуатации. Показано, 
что  покрытие не  разрушается, отсутствуют сколы и  отслоения. Однако верхний керамический слой спекается 
под воздействием высокотемпературного газового потока, его пористость уменьшается, и поэтому теплозащитные 
свойства снижаются. На  границе термостойкого слоя и  никелевой основы образуется диффузионная зона. Она 
характеризуется значительной химической неоднородностью и  выделением топологически плотноупакованных 
фаз (ТПУ-фаз). Эти фазы представляют собой пластинчатые карбиды вольфрама и  хрома. Они могут быть 
концентраторами напряжений и  снижать усталостную прочность. Кроме того, γ-твердый раствор обеднен 
тугоплавкими легирующими элементами, что приводит к разупрочнению сплава. Полученные данные показывают 
значительную деградацию структуры термобарьерного покрытия и  подповерхностной области лопатки. Таким 
образом, лопатка с истекшим сроком эксплуатации рекомендуется только на наземных сооружениях.
Ключевые слова: термобарьерные покрытия, метод плазменного напыления, NiCoCrAlY, ZrO2 + 8 %Y2O3, диффузионная зона 
и топологически плотноупакованные фазы.
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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.

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).

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

Areas analyzed in the sample
The thickness in diffusion zone 

(µm)
Leading edge 65.16
Suction side 9.94
Trailing edge 21.27
Pressure side 49.00

Average 36.34

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

                 c                    d
Fig. 2. The thermal barrier coating microstructure in the initial state: leading edge (a), suction side (b), trailing edge (c), pressure side (d).

                 a                    b

                 c                    d
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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                 a                    b

                 c                    d
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).

Fig. 5. Coating mapping after operation.
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It is known that Ti(C, N), Cr2(C, N), Cr(C, N) 
carbonitrides are formed in nickel alloys, reducing 
fatigue resistance. Particles of M6C, Cr23C6, TiC carbides 
and carbonitrides concentrate in the γ / γ' 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 γ-solid solution is depleted of refractory 
alloying elements, which leads to the softening of the alloy [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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