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Abstract: The service life of gas turbine engine (GTE) turbine blades with thermal barrier coatings (TBC) depends on many 
factors, including the composition, structure and properties of the metal bond coating (MB). The positive effect of using TBC is 
well known: an increase in the service life of the protected part or an increase in the working gas temperature in front of the engine 
turbine. At the same time, it is also obvious that the development and implementation of new TBCs that use more efficient TBCs is 
an urgent task. The efficiency and service life of TBCs are significantly affected by the following characteristics of the metal bond 
coat: material, its thickness and microstructure, and application method. In order to select a rational metal bond coat of the TBC and 
to assess its performance on turbine blades at high temperatures, a comparative analysis of the isothermal heat resistance of TBCs 
with different versions of metal bond coats and at different operating temperatures was performed. The time 𝜏р, up to which the 
total area of ceramic layer chips on the leading edge and trough does not exceed 30%, was adopted as the isothermal heat resistance 
criterion. Tests of GTE process blades made of ZhS32VI alloy with TBCs with various metal bond coats applied to them using 
serial technology were carried out at temperatures of 1100 °C and 1170 °C. The isothermal heat resistance test base was at least 500 
hours. Four process blades with each of the studied coating options were tested. Analysis of the obtained test results showed that 
TBCs with a NiCrTaY and AZh-8+CrAl sublayer have higher durability indicators. This effect is due to the presence of refractory 
elements (tantalum and yttrium) in the MB, which create a diffusion barrier and slow down the growth of the Al2O3 oxide film 
formed on the metal layer. During the experimental studies it was established that the composition of the metal bond coat in the 
TBC design significantly affects its durability. Thus, the absolute values of 𝜏р can differ several times. With an increase in the 
temperature of isothermal tests, a significant (2–3 times) decrease in the durability of the coating is observed. Therefore, the correct 
choice of the MB composition allows you to reduce the level of stress-strain state at the boundary of the layers, increase the 
adhesion strength, and thereby increase the durability of the TBC. 
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Аннотация: Долговечность рабочих лопаток турбины ГТД с теплозащитными покрытиями (ТЗП) зависит от многих 
факторов, в том числе от состава, структуры и свойств металлического подслоя (МП). Положительный эффект 
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применения ТЗП общеизвестен: увеличение ресурса защищаемой детали или повышение температуры рабочего газа 
перед турбиной двигателя. Вместе с тем очевиден и тот факт, что разработка и внедрение новых ТЗП, которые 
используют более эффективные МП, является актуальной задачей. На эффективность и долговечность ТЗП 
существенное влияние оказывают следующие характеристики металлического подслоя: материал, его толщина и 
микроструктура, метод нанесения. С целью выбора рационального металлического подслоя ТЗП и оценки его 
работоспособности на лопатках турбины при высоких температурах в работе выполнен сравнительный анализ 
изотермической жаростойкости ТЗП с различными вариантами металлических подслоев и при различных 
эксплуатационных температурах. В качестве критерия изотермической жаростойкости принято время 𝜏р, до которого 
суммарная площадь сколов керамического слоя на входной кромке и корыте не превышает 30 %. Испытания 
технологических лопаток ГТД, изготовленных из сплава ЖС32ВИ, с нанесенными на них по серийной технологии ТЗП с 
различными металлическими подслоями были проведены при температурах 1 100 и 1 170 °С. База испытаний на 
изотермическую жаростойкость составляла не менее 500 часов. Испытаниям подвергали по четыре технологические 
лопатки с каждым из исследуемых вариантов покрытий. Анализ полученных результатов испытаний продемонстрировал, 
что более высокие показатели долговечности имеют ТЗП с подслоем NiCrTaY и АЖ-8 + CrAl. Данный эффект 
обусловлен наличием в МП тугоплавких элементов (тантал и иттрий), которые создают диффузионный барьер и 
замедляют рост образующейся на металлическом слое оксидной пленки Al2O3. В процессе экспериментальных 
исследований установлено, что состав металлического подслоя в конструкции ТЗП существенно влияет на его 
долговечность. Так, абсолютные значения 𝜏р могут отличаться в несколько раз. С увеличением температуры 
изотермических испытаний наблюдается значительное (в 2–3 раза) уменьшение долговечности покрытия. Поэтому 
правильный выбор состава МП позволяет снизить уровень напряженно-деформированного состояния на границе слоев, 
увеличить прочность сцепления, и тем самым увеличить долговечность ТЗП.  
 
Ключевые слова: долговечность, теплозащитное покрытие, металлический подслой, керамический слой, 
изотермическая жаростойкость. 
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Introduction 
 

The durability of gas turbine engine (GTE) 
turbine blades with thermal barrier coatings 
(TBCs), operating at high temperatures, depends 
on many factors, including the composition, 
structure, and properties of the metal bond coat. 
The determining characteristics of the bond coat 
are its composition and the application method 
[1–6]. The positive effect of using TBCs is well-
established: it increases the service life of the 
protected component or allows for a higher tem-
perature of the gas entering the turbine. At the 
same time, it is evident that the development and 
implementation of new, more effective TBCs, 
more efficient bond coats, and improved meth-
ods for their application is a relevant and im-
portant task. A typical structure of a TBC is 
shown in Figure 1. 

Generally, the required temperature of the 
blade base material for long-term operation is 
achieved by improving the blade’s design, re-
ducing the heat flux intensity, and selecting the 
composition and thickness of the TBC. 

Let us assume that the heat flux intensity and 
the blade design are given. In this case, the effi-
ciency of the thermal barrier coating is enhanced 
by selecting its optimal thickness and the specif-
ic thermal conductivity value of the ceramic lay-
er. It is important to consider that under long-
term cyclic loading (both thermal and mechani-
cal), degradation of the TBC occurs. This mani-
fests itself in oxidative processes at the interface 
between the ceramic layer and the bond coat, 
changes in the microstructure of the ceramic lay-
er itself (recrystallization, sintering), and effects 
of hot corrosion and erosion of the ceramic lay-
er. In particular, the sintering of the ceramic lay-
er after cyclic thermal exposure (fig. 2) leads to 
the formation of defects such as pores, cracks, 
and vertical channels of the columnar structure, 
which causes an increase in the thermal conduc-
tivity of the ceramic layer [1, 7–9]. 

The process of TBC destruction begins from 
the moment a portion of the ceramic layer spalls 
off the surface of the cooled blade, after which it 
stops performing its main function – protecting 
the blade metal from high temperatures. Howev-
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er, cracks in the ceramic layer of the TBC and 
the formation of fragments of various sizes are a 
reaction to operational stresses and surface de-
formations of the blades, which does not yet in-
dicate a loss of the TBC’s protective functions. 

It is known [10–14] that one of the critical 
areas of a TBC, directly affecting its durability, 
is the interface between the ceramic layer and 
the heat-resistant bond coat. During the opera-
tion of blades with TBCs, oxygen gets through 
the ceramic layer to the bond coat, leading to its 
oxidation and the growth of an aluminum oxide 
(Al2O3) layer (fig. 3). 

There are two primary pathways for oxygen 
delivery to the interface known: gas transport 
through the open porosity of the ceramic layer 
and the diffusive movement of oxygen ions 

through anion vacancies in the zirconia dioxide 
lattice. Oxides form on the surface of the bond 
coat; their composition and structure depend on 
the amount of oxygen supplied and the composi-
tion of the bond coat itself. This creates addi-
tional internal stresses at the bond coat interface, 
reduces the adhesion of the ceramic layer, and 
leads to its spallation. These processes are one of 
the main reasons for TBC failure [2, 14]. 

The efficiency and durability of a TBC large-
ly depend on the characteristics of the metal 
bond coat (material, its thickness and micro-
structure, application method). To select an op-
timal metal bond coat for the TBC and to assess 
its serviceability on turbine blades under high 
temperatures, this work presents a comparative 
analysis of the isothermal heat resistance of 

 
 

Fig. 1. Typical structure of the TBC of a gas turbine engine blade 
(top to bottom: heat flux, ceramic thermal barrier coating, metal bond coat, blade material) 

 
 

 
 

Fig. 2. Appearance of the ceramic layer ZrO2+8%Y2O3 at the sintering site and when cracks appear 
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TBCs with various bond coat options at different 
operating temperatures. 
 
Research methods 
 

Tests were conducted on the GTE blades 
made of ZhS32VI alloy, coated with TBCs ap-
plied via the standard production technolo-
gy [8–10, 15] but with different metallic bond 
coats. The tests were carried out at temperatures 
of 1100°C and 1170°C. The baseline for the iso-
thermal heat resistance tests was at least 
500 hours. Four blades were tested for each vari-
ant of the coating. The tests were performed in 
an ET-2 type furnace. During the testing, sam-
ples were selected for analysis after 5, 20, 50, 
and subsequently every 100 hours. 

During the isothermal exposure, the failure of 
the TBC is practically independent of thermal 
shock stresses (which only occur during loading 
and unloading of the samples for inspection and 
weighing). Consequently, it can be stated that in 
this study, the determining role in the failure of 
the ceramic layer is played by the oxidation pro-
cess of the bond coat, and changes in its compo-
sition and structure due to diffusion processes. 

The time 𝜏рuntil the total area of ceramic 
layer spallation on the leading edge and the pres-
sure side does not exceed 30% was adopted as 
the criterion for isothermal heat resistance. Par-
ticular attention was paid to the condition of the 
heat-resistant bond coat in the areas of the 
spalled ceramic. 
 

Research results 
 

Various bond coat options were applied us-
ing the standard production technology. Subse-
quently, a ceramic layer of ZrO2·7%Y2O3 was 
deposited on all blades via electron-beam evapo-
ration and condensation in a vacuum. The inves-
tigated coating variants and their thicknesses are 
presented in Table 1. The test results are shown 
in Figure 4 and Figure. 5.  

Analysis of the obtained test results showed 
that the TBCs with the NiCrTaY and  
AZh-8+CrAl bond coats exhibited higher dura-
bility. This effect is due to the presence of re-
fractory elements (tantalum and yttrium) in the 
bond coat, which create a diffusion barrier and 
slow down the growth of the Al2O3 oxide film 
forming on the metal layer. Consequently, the 
initial state of the coating is maintained for a 
longer period. 

It is evident that the integral durability indi-
cator of the multilayer coating significantly de-
pends on the choice of the bond coat. As can be 
seen from Figure 4 and Figure 5, the absolute 
values of 𝜏р can differ by several times. With an 
increase in the temperature of the isothermal 
tests, a significant (2 to 3 times) reduction in 
coating durability is observed. This can be ex-
plained by the increased intensity of diffusion 
processes occurring between the TBC and the 
base alloy, as well as the accelerated develop-
ment of oxidative processes. 

 

 
 

Fig. 3. Typical microstructure of the TBC at the boundary of the ceramic layer and the metal bond coat after operation 
(top to bottom: heat flux, Al2O3, ceramic thermal barrier coating) 
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At the higher temperature (1170 °C), pro-
cesses of cubic and tetragonal phase decomposi-
tion occur in the TBC’s ceramic layer, with the 
possible appearance of a monoclinic phase. This 

ultimately leads to an increase in compressive 
stresses within the ceramic layer, followed by its 
spallation from the bond coat. 

 
 
 
 

Table 1
Variants of the investigated coatings 

 

 
(left to right: type of coating, thickness in microns) 

 
 

 
 

Fig. 4. Diagram of coating tests for isothermal heat resistance at a temperature of 1100 °С  
with variants of metal bond coatings 

(top to bottom: time, hours; variant of metal coating) 
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Fig. 5. Diagram of testing coatings for isothermal heat resistance at a temperature of 1170 °C  
with variants of metal bond coatings 

 
 

Cоnclusion 
 

It has been established through experimental 
research that the composition of the metallic 
bond coat in a TBC structure significantly influ-
ences its durability, 𝜏р. The absolute values of 
𝜏р can vary by several times. A significant (2 to 
3 times) decrease in coating durability is ob-
served with an increase in the temperature of the 
isothermal tests. Therefore, the correct choice of 
the bond coat composition helps to reduce the 
stress-strain state level at the interface between 
the layers, increase the adhesion strength, and 
thereby enhance the TBC's durability. 

Based on the conducted research, to increase 
the durability of the entire TBC system, it is ad-
visable to use the AZh-8+CrAl metallic bond 
coat. Its chemical composition is similar to that 
of the nickel-based alloys used for manufactur-
ing blades in modern gas turbine engines. This 
helps to reduce diffusion processes between the 
bond coat and the base alloy. Furthermore, the 
presence of refractory elements (tantalum and 
yttrium) in the bond coat somewhat slows down 
the growth of the oxide film, which also posi-
tively impacts the overall durability of the TBC. 
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