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Abstract Thermal barrier coatings (TBCs) are widely used in the aviation industry
to improve the service life of components being exposed to high temperatures.
Providing a higher resistance compared to conventional coatings, TBCs also
improve the performance and lifetime of materials through their thermal insulating
characteristic. Resistance of gas turbine components, particularly turbine blades,
vanes and combustion chambers, is required to be improved against failures such as
corrosion, oxidation and thermal shock as well, since turbine inlet temperatures
should be increased to improve the performance of gas turbine engines.
Accordingly, it is aimed to obtain a better resistance and durability against the
failure mechanisms through enhancement of the methods and materials used in
thermal barrier coatings. In this study, thermal barrier coatings used in gas turbines
as well as their structure, also the relevant failure mechanisms and the new material
groups used in TBCs are discussed.

Keywords Thermal barrier coating (TBC) - Gas turbine - Failure mechanism -
Advanced materials

1 Introduction to TBCs

TBCs are commonly used in high-temperature applications of aircrafts, gas turbines
and advanced aero engine components like turbine pales, combustion chambers and
nozzle vanes in order to increase efficiency and durability properties of these
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components [1-4]. The most important goal in using of TBCs is to reach a higher
turbine inlet temperature and providing better propulsion [5, 6]. The aircraft turbine
blade temperature, which is uncoated, goes up to approximately 1300 °C during
running. Most of the metals do not remain at stable structure in this temperature
range although air cooling systems are used [7]. Inconel alloys belonging to a type
of the Ni based superalloys with respect to their superior mechanical properties are
most suitable materials against high temperature conditions. However, they cannot
preserve their structures under working conditions of gas turbines. Therefore,
thermal barrier coated superalloys are using in this field [8]. A typical TBC consists
of four diverse layers (i) a Ni based single crystal superalloy as substrate material,
(i) a metallic inner layer (bond coat) as MCrAlY (M=Ni,Co or both of them along
with Fe), (iii) thermally grown oxide (TGO), (iv) a ceramic top coat [9—11].

The bond coat has the most critical role in TBC systems. MCrAlY coated above
substrate material as bond coat provides a good adherence between the substrate
material and top coat as well as oxidation resistance and tolerating thermal
expansion mismatch [12]. Bond coats can be produced a in variety of methods such
as atmospheric plasma spray (APS), vacuum plasma spray (VPS) or low pressure
plasma spray (LPPS), cold gas dynamic spray (CGDS), high velocity oxy-fuel
(HVOF) and electro-beam physical vapour deposition (EB-PVD). VPS is the best
method to produce low oxide scales but it is more expensive compared to other
methods [13]. HVOF and CGDS have optimum properties as characteristic and
almost similar compared with one another while the APS method is the most
economic production method, including higher oxide scale and porosity due to
open air atmospheric production [14].

TGO is formed during the deposition, approximately 0.5—-1 pm sizes but starting
to grow due to high temperature oxidation and leading to spallation of the top coat
from the bond coat. In TBCs, spallation arising from TGO is observed as the most
common failure. Thus, a great amount of studies are done about this phenomenon
[15-17]. Top coats used as ceramic based material are the last layer of the TBC
system. The top coat provides thermal barrier due to being a ceramic based material
which insulates the system against thermal effects and preserving stability. Thus,
turbine inlet temperatures can be decreased in the range of 100 and 300 °C [7].
There are two types of methods; APS and EB-PVD are used in the production of
TBCs. APS coatings grow as laminar while EB-PVD coatings grow as columnar
[18]. Representations of coatings produced by APS and EB-PVD techniques are
given in Fig. 1.

A splat-rich and porous structure is obtained through deposition on the substrate
material by the PS coating method. Due to the high porosity content, the coatings
produced by this method have a lower thermal conductivity. Columnar and granular
structures are obtained in vertical direction on the substrate material through the
EB-PVD method. In this coating method, porous structures form between the
columns [19, 20]. Therefore, less porous structures compared to the PS method are
obtained resulting in higher thermal conductivity values. However, since the TBCs
produced with EB-PVD method allow higher expansion tolerances compared to
those produced with the PS method, they exhibit a superior resistance [21].
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Fig. 1 TBC structures: a produced by EB-PVD method, b produced by APS method

2 Failure Mechanisms in TBCs

TBCs are exposed to various environmental effects causing occurrence of failures
under service conditions. Failures occur as a result of one of these effects or
combination of a number of effects. The main factors constituting the environ-
mental effects occurring during service are: oxidation, hot corrosion, thermal
shock/cycles, thermo-mechanic stresses, erosion and CMAS (CaO-MgO-Al,O5—
Si0,) failures [18]. The most effective failure mechanisms occurring as a result of
mentioned failure factors include TGO-related failures such as the impairment of
the integrity of TGO structure and TGO growth.

2.1 Oxidation

Since vibration and diffusion of the atoms are facilitated through temperature rise,
diffusion of the oxygen is facilitated at high temperatures and accordingly the
coating is oxidized at higher rates. Top YSZ coatings used in TBCs exhibit high
oxygen permeability rates. Therefore, TGO formation is observed between the bond
coat and top coat in TBCs. On the other hand bond coat production is also crucial in
terms of oxidation resistance. The production of a porous bond coat similarly
promotes TGO growth at high temperatures [16].

Since the oxidation increases in time, diffusion of aluminium towards the
interface also increases due to its high affinity against oxygen, leading to the for-
mation of a TGO having a higher aluminium thickness. In connection with the
aluminium concentration within the coating, after a while aluminium will be
completely oxidized and depleted resulting in mixed oxide formations. Due to the
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mechanical properties of mixed oxide formations, local stresses will increase in the
coating interface, resulting in a failure through spallation of the coating from the
interface [22].

2.2 Hot Corrosion

Another failure caused by the top coating is hot corrosion. This type of failure
occurs as a result of the infiltration of molten salts from the micro cracks at the top
layer [23]. It forms under service conditions as a result of modifications in the
structure of elements such as sodium, vanadium and lead. Such elements, emitted
due to fuel pollution, react with the Y,0O5; phase during their presence within the
structure. In the absence of the Y,O5; phase, tetragonal-monoclinic phase trans-
formation occurs due to improbability of the stabilization of the tetragonal ZrO,
phase. This transformation may impair the integrity of the top layer through a
modification in the volume [23]. In the latter case, this occurs due to the presence of
phosphor and sodium caused by fuel pollution and through its reaction with zir-
conia. Occurrence of abovementioned corrosion mechanisms as a result of usage of
low quality fuel or the service conditions impairs the integrity of the top coating and
consequently result in the occurrence of failures [23, 24].

2.3 Thermal Shock

Thermal shock occurs via sudden temperature alteration whereas oxidation comes
about chemical reactions at high temperatures. Thermal shock resistance is asso-
ciated with various variables in the material. These are the thermal expansion
coefficient, elastic module values, fracture resistance values of the material and the
phase transformations occurring in the structure of some materials. The material
group with the lowest resistance against thermal shock is the ceramics [25].

The top coating structure is desired to be compatible with the metallic bond coat
to have a high thermal expansion coefficient and low elastic module, and exhibit a
stable phase structure at high temperatures [26, 27]. Tensile stresses occur due to
the thermal expansion growth coefficient mismatch between the substrate material
and the top coat at high temperatures. During the heating process previously
existing stresses are removed whereas compressive stresses occur following rapid
cooling. Since the compressive stresses lead to further growth of the cracks,
occurrence of failures in the coating will be observed over time.

There are three reasons for the spallation of the coating after thermal shock:

(i) Spallation failure resulting from the increase in stresses due to the growth of
the oxide layer.
(i) Expansions resulting from the thermal gradient within the oxide layer.
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(iii) Mismatch between the thermal expansion coefficient of oxide layer and the
coating [18, 28].

While tensile stresses occur in the oxide layer due to rapid heating, the tensile
stresses forming between the coating and oxide interface result in deformation. As
widely known, YSZ is the most preferred top ceramic coating material for TBC
production. YSZ is subjected to a number of adverse effects following the loadings
with thermal cycles. One is the decrease in the coating life due to increasing stresses
as a result of limited expansion tolerance due to sintering effects, and the other is
phase transformation of the t-tetragonal phase during coating life. At high tem-
peratures t-tetragonal phase transforms into tetragonal and cubic phase, while
during cooling it undergoes volumetric change and transforms into a monoclinic
phase [18].

2.4 Thermo-Mechanical Failure

Formation mechanism of thermo-mechanical stresses vary based on the thermal
condition to which the TBC is exposed. If the thermal condition is isothermal, then
the mechanism is rather associated with TGO growth, whereas the mechanism for
TBCs exposed to thermal cycle is associated with the shrinkage of TGO during
cooling. It should be noted that both of these mechanisms may be effective, whereas
one of them may be the dominant mechanism. For instance TBCs operating at high
temperatures for long operating hours are used in the gas turbines used for energy
production purposes. In this case isothermal mechanisms become effective and
cooling-related expansion or shrinkage occurs when the turbine operation stops. As
a result, in such turbines, limited number of thermal cycles and long duration
isothermal heating occur and accordingly failure formation occurs as the TGO
reaches an average thickness of 5-15 um. In turbine components, TGO-related
thermal expansion mismatch and TGO-growth-related failures become effective.
However in the turbines used in aerospace industry in which the number of thermal
cycles is the dominating factor, isothermal heating is not dominant, and failure
occurs when the average TGO thickness is 1-5 pm, and this failure mainly arises
from thermal cycles [11, 29].

2.5 CaO-MgO-AlL,03SiO, (CMAS) Effect

CMAS is an environmental deposition form of the particles such as dust, rock, etc.
and these type of particles frequently cause failure during service in applications
related with the hot region components of the turbines. CMAS effect occurs as a
result of melting of cations such as Ca, Mg, Al, Si TBCs at high temperatures. By
interaction of CMAS and YSZ soda-silicate glass phase forms and it infiltrates into
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TBC through open gaps. The CMAS effect in TBCs is closely related with the
deposition methods. EB-PVD coatings are more vulnerable against CMAS attack
due to their columnar microstructures. As a result of the thermal expansion dif-
ference between this phase and YSZ and the decrease in the expansion tolerance the
cracks, thus the failure occurs [30-32].

2.6 Erosion Failure

TBCs are exposed to impurity and erosion failure after being exposed to particle
impacts at burning tracks. Due to the vast number of micro cracks included by their
microstructure, the TBCs are more susceptible to erosion failures compared to a
highly dense ceramic structure. The erosion rate is higher in the TBCs compared to
bulk ceramic materials. Additionally, TBC production methods are essential in
terms of development of erosion failures in aerospace and industrial gas turbine
engine components such as high pressure turbine blades [30, 33-35].

3 New Material Types in TBCs

The main purpose of TBCs is to decrease the heat conducted to the metallic sub-
strate by use of a ceramic top coating with a low thermal conductivity. Mostly,
ytrria stabilized zirconia (YSZ) is used as the top coating material for its superior
mechanical, chemical and thermal characteristics [36—40].

In YSZ coatings, serious decreases may occur in the service life of YSZ coatings
over 1200 °C by the effect of phase transformation and sintering [41-43].
Therefore, several studies are carried out for enhancement of YSZ and its service
life. These are implemented through chemical modification of YSZ, use of a
material with lower thermal conductivity or modifications in the microstructures
[44-48].

The main characteristic expected from the ceramic top coatings that provide
thermal insulation, is a low thermal conductivity. By use of a proper dopant, host
atoms with varying valence numbers fill the gaps and cause the lattice to stretch.
These two phenomena decrease the mean free path of scattered phonons, also
decreasing the thermal conductivity. Zirconia based materials have low thermal
conductivity. A more effective phonon dispersion is enabled through the formation
of significant amounts of oxygen gaps by addition of a stabilizer, on the other hand
transformation into monoclinic phase from tetragonal phase is prevented [49, 50].
For YSZ coating, if two or more dopants (instead of Y) add like rare earth elements,
a lower thermal conductivity can be obtained due to more phonons scattering [51].

Oxides and zirconates of rare earth elements were found to have low thermal
conductivity values [47, 52-54]. However, they have weak thermal cycle properties
since their thermal expansion coefficients (CTE) are significantly lower compared
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to metallic bond coats. This issue was resolved by the production of double layer
coatings [47, 55, 56].

Even after a long period of use, La,Ce,O; does not exhibit a phase transfor-
mation at 1400 °C. Also having a high thermal expansion coefficient, La,Ce,O;’s
thermal cycle life increases after being coated with single and double (La,Ce,O/
YSZ) layer [57-59]. Xuet al. observed that LZ/YSZ resisted a cycle 30 % longer
than YSZ when they applied a thermal cycle test at 1373 K. LZ top coat was found
to have undergone a significantly lower cycle failure compared to both [60].

ZrO0,—25 % CeO,—2.5 % Y,03 (CeSZ) produced by the EB-PVD method was
observed to have a more stable phase structure with lower thermal conductivity and
better corrosion resistance compared to YSZ. During the thermal cycle tests carried
out a 1100 °C, TBCs with higher thermal cycle resistance and a longer service life,
were obtained [61, 62].

At 700 °C, YSZ had a thermal conductivity value of 2.3 W/mK, while
Gd,Zr,07, NdyZr,0O; and Sm,Zr,0; had thermal conductivity values of 1.6, 1.6
and 1.5 W/mK, respectively [63]. The reason of the decline is the phonon dis-
persion caused by point flaws. These materials exhibit two types of point flaws.
These are the oxygen gaps formed due to substitution of rare-earth cations with Zr
and substitution of trivalent rare-earth elements with quadrivalent Zr. Dispersion
intensity of the oxygen gaps is higher than the dispersion intensity of substitutional
solid melts. Consequently the reason for having a lower conductivity compared to
YSZ, is the higher oxygen gap concentration and a more effective phonon dis-
persion with dissolved cations due to the atomic mass difference between Zr and the
cations [64].

A flawed cluster system is composed using more than one dopant. After addition
of two cations one being smaller (as Yb, Sc) and one being larger (as Sm, Nd, Gd)
to Y, a decrease in the thermal conductivity, compared to YSZ, was observed.
Additionally, the total dopant concentration was also found to effect the conduc-
tivity. The TBCs produced by the PS method exhibited a decreased conductivity
with 6-15 % molar addition, whereas lower thermal conductivity values were
observed with 10 % molar addition in the TBCs produced by EB-PVD method.
Multi-component oxide-based coatings were found to have a longer service life
compared to YSZ after thermal cycle tests. Due to thermodynamically more stable
and flawed lattice structure of added oxidized dopants, thermal conductivity
decreased and sintering resistance increased [65, 66].

A significant decrease in the thermal conductivity values was obtained between
25 and 800 °C by addition of 6 wt% Niobia co-dopant to 8YSZ. The mean thermal
conductivity value between 25 and 800 °C was measured as 1.171 W/mK for YSZ,
whereas the mean value after Nb addition was measured as 0.542 W/mK [67].

Liu et al. [52] investigated the phase stability, sintering and thermal conductivity
characteristics of 8 mol% Sc,03, 0.6 mol% Y,05 stabilized ZrO, (ScYSZ) prepared
using a chemical co-precipitation method, and compared them with YSZ. The ScYSZ
heated at 1500 °C for 300 h was found to be stable in t' phase, while the YSZ’s49.4 %
was found to be in monolithic phase. The volume shrinkage of the samples reaches
more than 26 % for 8YSZ whereas only 18 % for ScYSZ after heat treated up to
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1500 °C. During the thermal conductivity measurements carried out between 30 and
700 °C ScYSZ was found to have a two times lower thermal conductivity compared to
8YSZ.

When the additions of NiO, Nd,O3;, Gd,03, Er,O5; and Yb,O5; oxides were
examined, 4 % molar addition of all oxides except NiO resulted in a decrease in
thermal conductivity. On the other hand addition of NiO resulted in a negligible
decline in conductivity. Addition of 4 % mole of Er,Oj3 resulted in a 25 % decline,
addition of 4 % mole of Nd,Oj; resulted in a 42 % decline, while addition of Gd,O3
resulted in an average decline of 47 % in the conductivity. At each addition the
crystal structure remained in tetragonal phase structure [68—70].

HfO,, CeO, and ThO, TBCs constitute the oxide groups being used. CeO, is
added to the system as Ce,O5 due to its volatility. Despite its adverse effect on
sintering when compared with YSZ, it has the advantages of high thermal expan-
sion coefficient and low thermal conductivity [71-73].

The minimum thermal conductivity value of HfO, doped YSZ is measured as
1.1 Wm™ ' K" at 1316 °C. Additionally, it was found to have a superior sintering
resistance compared to YSZ [74].

As a magnetic ceramic material, lanthanium hexaluminate’s (LaMgAl;;Oy) low
thermal conductivity characteristic and low shrinkage characteristic renders it an
alternative to YSZ. Most of La*> cations are located on oxygen regions. Since the
ion diffusion applies a vertical pressure to the c¢ axis it has an inhibiting effect on
sintering [75-77].

In Vassen et al.’s study [47] StZrO;, BaZrO3, and La,Zr,0; powder’s porosity
content was reduced after being synthesised. Thermal expansion coefficients of
SrZrO5; and BaZrOs’s were found to be lower than that of YSZ. SrZrO; did not
prove to be a suitable TBC material since it underwent a phase transformation
around 700-800 °C. Thermal conductivity of La,Zr,O; and BaZrOj sintered at
1000 °C are 1.6 and 3.4 W/mK respectively while YSZ has a thermal conductivity
value of 2.2 W/mK. As for the hardness values, these two materials are observed
two have a 15 % lower value compared to YSZ. Plasma sprayed La,Zr,0; was
found to have a better thermal cycle life than BaZrO;, but lower than YSZ.

4 Summary and Outlook

A wide range of current applications, production methods, failure mechanisms, and
current uses of alternative materials in TBCs are reviewed in this study. High
efficiency and performance increase constitute the main aspects of gas turbine
engines during their development process. The increase in power and efficiency can
be obtained only through increasing turbine inlet temperatures. The temperatures
that the gas turbines are exposed to, are very close to or at the level of melting point
of the super-alloy materials. Accordingly, complex cooling systems or TBCs are
used as an attempt to protect super-alloy substrate materials against thermal failures
and the adverse effects of hot gases.
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Oxidation, hot corrosion effects, thermo-mechanical failures, chemical failures,
erosion failures, sintering of top coating, thermal shock and CMAS
(Ca0-MgO-Al,05-Si0O,) attack, constitute the primary failure mechanisms
restricting the service life of TBCs. As a result of failure mechanisms arising from
high temperature effects, thermal conductivity coefficient mismatches, changes in
thermal conductivity coefficients as well as chemical interactions occur and as a
result, TBCs undergo rapidly developing failures. A thorough analysis of these
failure mechanisms that the TBCs undergo under service conditions, and imple-
mentation of failure prevention measures are essential in terms of providing a
long-term and secure protection.

The efforts to increase the aimed turbine performance and efficiency for the new
generation gas turbine engines necessitate higher turbine inlet temperatures as well
as the development of TBC materials with long-term resistance against failures
under such high temperatures. Thus, future investigations in TBCs with emphasis
on surface engineering promise to reveal new high temperature materials and new
insights in the years to come.
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