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Abstract Thermal barrier coatings (TBCs) are particularly designed to detain the
degradation of material as a result of high heat flux. Thermal barrier coating is a
process in which fine particles of a material in non-metal or metal form are deposited
on the surface of a substrate in semi-molten or molten state. During service, degrada-
tion in the form of thermal or mechanical performance of a component can happen.
Therefore, it is very important to understand the material requirements and failures
of TBC:s. In this paper, the properties of material to be used in TBC and the failure
mechanisms caused by hot corrosion, residual stress, sintering reaction, calcium-
magnesium-aluminosilicate attack and interdiffusion and oxidation are discussed.
This review correlates the properties and structure of TBCs and reasons of failures
which would be beneficial for designing TBC for future applications.

Keywords Thermal barrier coatings « Thermal and mechanical properties of
thermal barrier coatings + Hot corrosion - Oxidation - Sintering - Residual stress

1 Introduction

By decelerating the extent and rate of deprivation experienced by the component,
operating efficiency of a power producing unit or gas turbine may be improved.
Failure of a component can be avoided by the use of claddings or protective coat-
ings that are resistant to the high-temperature deprivation [1]. Nevertheless, it is not
recommended to use claddings because it can change the microstructure of the basic
substrate that can expose it to the other means of failure [2]. For this reason, thermal
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spray coatings are broadly used, and thermal barrier coatings (TBCs) are particu-
larly designed to detain the degradation of material as a result of high heat flux [3].
Many researchers have suggested to use TBCs for protection of gas turbines from
various failures [4—6]. Thermal spray coating is the most adaptable process that can
be useful for apparatuses of any dimension. In contrast to the laser cladding process
and welding, this coating technique does not change the microstructure of substrate.

Thermal spray is the general name for a coating process, in which a material is
melted by using hot gaseous medium and at the same time deposited onto a substrate
with high velocity where it deposits to form required coating. The material to be
coated can be deposited in various states including wire, powders, rods, suspension
or molten form. Torch is used to convert particles depending on the energy supplied
into a hot gas stream. Fuel and oxygen recommended by manufacturer of spray gun
are mixed in the mixing zone of gun and then directed on the way by carrier gas
to combustion chamber. Chemical reaction occurs during ignition in combustion
chamber due to which heat energy is released. Pressure inside combustion chamber
increases as the combustion continues and hot gases start to flow with the high
velocity. The fuel used is acetylene, propylene, oxygen or propane, and as carrier
gas, nitrogen or other inert gas is used. A chemical reaction between acetylene and
oxygen gases and nitrogen as carrier gas is presented in Eq. 1.

CyHs + 2.5(05 + 3.76N,) — 2CO, + H,0 + 9.4N, (1)

Thermal spray coatings were first commercialized by Schoop who devised devices
to melt zinc or tin and to project metal in molten form by using compressed air in
1910. After that in the mid of 1920s, thermal spraying started to be used in fifteen
countries [7]. In 1947, the first paper on ceramic coatings for turbine blades was
published by NACA. In 1948, frit coating was tested on turbine blades of an engine.
Later on, in 50s and 60s, this coating was tested by air force. In 1960, thermal barrier
coatings made from zirconia were used in nozzles of rocket engine. Sal Grisaffe
conducted research on thermal spray and founded the first group of coatings in 1960.
In the mid of 1970, modern thermal spray coating was developed which consisted of
12 YSZ top-coat and NiCrAlY bond coat in a research-based gas turbine engine [8,
9]. Until now, much of the work has been done on thermal barrier coatings but there
is very less literature available, in which properties to be considered while selecting
the materials, failures of coatings and methods to avoid these failures are discussed
[10, I1].

In this review article, first section contains details about the history and working
of thermal spray coatings. Second section deals with the requirements of a material
to be used in thermal barrier coatings. In the third section, properties of top-coat,
bond coat, substrate and thermally grown oxide layer are described that must be kept
in mind while selecting the materials. In the last section, failures of TBC coatings
and methods to measure and avoid these failures are discussed.
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2 Material Requirements for TBCs

The factors for efficiency improvement of mechanical systems especially gas turbines
are high operating efficiency, reduced emissions and extended operating life. The
efficiency of a gas turbine depends on the temperature difference between inlet and
outlet. For every increase of 56 °C in the turbine inlet temperature, there will be
an increase of 1.5% efficiency and 10% work output [12]. In order to meet these
situations, by increasing the entry temperature of turbine to enhance the thermo-
dynamic efficiency which is very effective, there is a chance of extreme operating
environment as a result of increase in operating temperature, that can damage the
core parts [13]. In a modern gas turbine, the temperature of inlet may reach 1600
°C [14]. The temperature of components can be reduced to nearly 100-300 °C, by
using the coatings which have low thermal conductivity on parts like blades. Many
features like no phase alteration between working temperature and room tempera-
ture, excessive melting point, chemical inertness, low thermal conductivity, better
adherence to substrate, thermal expansion coefficient match with substrate, lower
sintering rate [15], capital, thickness, surface roughness requirement, performance
and process cost per part must be kept in mind while selecting a TBC process [16].

3 Material Properties

3.1 Top-Coat

The main purpose of top-coat is to offer thermal insulation between the hot gases
and the substrate. This can be achieved by using low thermal conductivity material
[17]. Low thermal conductivity is achieved by pores inside the top coat material, but
porosity must not be greater than 8% [13]. Its thickness ranges from 100 to 400 pm.
Also, topcoat should have following properties:

e [t should be phase stable when exposed to high temperature, because phase
transformation and volume change can occur which can damage the material
[18].

e [t must be resistant to erosion attack and sintering when subjected to high
temperature in the presence of oxidized environment [19].

¢ [t must have resistance to fracture and tolerance of strain throughout the process
of thermal cycling.

e It should be thermodynamically compatible with the material of TGO for better
adhesion.

e There should be match of coefficient of thermal expansion between top-coat and
substrate in order to avoid strain during thermal cycling.

e Its stiffness and elastic modulus should not increase when subjected to high
temperature (greater than 1200 °C).
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Fig. 1 Thermal conductivity
and coefficient of thermal
expansion of materials used
for top coat [17]

Thermal Expansion Coefficient (ppmC-)

Thermal Conductivity (W/mK)

Figure 1 shows different alloys of substrate and coating materials. It can be seen
that for Ni-based alloys, zirconia is the best material for top-coat because it has low
thermal conductivity and its coefficient of thermal expansion is matching with the
Ni alloys.

3.2 Bond Coat

Bond coats are applied directly to the substrate before top-coat to avoid oxidation
at high temperature. This coat provides resistance for substrate against oxidation by
means of a protective TGO layer which is developed on the bond coat and grows
slowly when it gets oxidized at high temperature. Generally, bond coat is made of two
basic types of alloys. The first one is platinum-modified Ni aluminide, and second one
is MCrALlY. Yield strength of MCrAlY bond coat is higher than platinum aluminide
bond. Generally, its thickness varies from 75 to 200 pm. A bond coat should have
following properties:

e It should have high creep strength to avoid failure due to compressive stress
originated in the TGO. These stresses are developed in the TGO if the cooling
rate is extremely high, and due to compressive stress, tensile stresses are produced
which can cause spallation of top coat [20].

e [t should have moderate strength and ductility at both low and high temperatures.
If the bond coat is weak and not much ductile, then it can be unstable and TGO
buckling can be the cause of crack in the layer [21].

e The oxidation property of bond coat should be such that it can produce and
maintain the TGO layer normally (alpha-alumina).
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e Its chemical composition should be homogeneous [22].

A bond coat is also anticipated to lessen the interdiffusion with the substrate based
on Ni superalloy [23].

3.3 Thermally Grown Oxide

At temperature above 700 °C, the bond coat starts to get oxidized and a third layer
called thermally grown oxide starts to develop between the topcoat and bond coat.
The thickness of TGO is between 1 and 10 pwm, and the maximum value can be
20 pwm [24]. If the thickness is more than 5 jum, then it can introduce high magnitude
stresses and can cause detachment of coating which is the reason of premature failure
of coating. Anideal bond coat should have a TGO layer of a-Al, O3 because its oxygen
ion diffusivity is very low, and it is an excellent barrier against diffusion which stops
further oxidation of bond coat. It should have following properties:

e For the top coat to be thermodynamic stable at high temperature for long time,
the phase of TGO material must be compatible with it [17].

e The rate of its growing should be slow and stable at high temperature. If the
growing rate is fast, then thick layer will be formed which can cause spallation
[17].

e [t should not allow oxygen to diffuse through it. Otherwise, oxygen will diffuse
through this layer to the substrate material and oxidize it [22].

e [t must be dense and mechanically strong to have resistance against fracture at
high cycle loads.

3.4 Substrate

It is the actual material of blade in gas turbine on which coating is deposited. As it
is exposed to high temperature and mechanical load for long period, it should have
high fatigue and creep strength, hot corrosion and oxidation resistance and ductility.
On the other hand, its thermal conductivity should be high because higher thermal
conductivity will help to dissipate heat at higher rate that is necessary to cool the
blade [13]. Ni-based superalloys are currently being used along with 11 or 10 alloying
elements as a substrate for applications where temperature is more than 800 °C [25].
Figure 2 is the schematic diagram of a TBC system which shows the structure and
composition.
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Fig. 2 Structure of TBC

4 Types of Failures in TBCs

In case of gas turbines, the temperature can reach to 1500 °C. Typically, the material
used for coating is made of YSZ which is stable up to 1200 °C. Above this temper-
ature, coating starts to damage. Due to which, lifetime of a turbine is decreased at
high temperature. There are many types of damages which can occur during service
life of a turbine. These failures are listed below.

4.1 Hot Corrosion

Corrosion of superalloys or materials in the presence of oxidizing gas due to molten
salt at high temperature of range 700-925 °C is called hot corrosion. The rate of
oxidation is fast at this temperature when alloys and metals are contaminated with
salts. As aresult of which, protective oxide layer breaks down and salts reach the metal
surface causing degradation [26]. Due to this degradation, bond coat and topcoat are
both affected due to the porosity of APS method in YSZ coating. Through the pores
and cracks, molten salt infiltrates the YSZ and reacts with bond coat [27]. Itis different
from corrosion at low temperature. If the hot corrosion occurs at temperature equal
to melting point of salt layers, then it is hot corrosion of type-1 and the corrosion
occurring at the temperature less than the melting point of salt layers is called type-2
hot corrosion. Corrosion in topcoat is because of the occurrence of lead (Pb) and
vanadium in the fuel. Despite from the fuel or air, corrosion can also be produced
after combustion due to the contaminants in the fuel that deposit on the surface.
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4.2 Residuary Stress

These are produced during coating deposition process. There are two main reasons of
residual stresses in thermal coating. First one is rapid cooling, in which the tempera-
ture of particles is reduced from higher to the temperature of substrate during depo-
sition. The stress induced in this type is tensile in nature. The second reason for
stress is the mismatch between coefficient of thermal expansion of substrate and
coating. When the temperature of coating reaches from average temperature after
deposition to the room temperature, the residual stresses are produced due to the
difference in thermal shrinkage of coating and substrate. If coefficient of thermal
expansion of substrate is greater than coating, then stresses produced are compres-
sive and tensile stresses are produced for opposite case [28]. Compressive stresses
are favorable to a certain limit than tensile stresses because tensile stress is more
dangerous and can cause initiation of crack and adhesion loss. Besides this, there
are other reasons for residual stresses like coating thickness and temperature, speed
of deposition, phase transformation, thermally grown oxide and grain morphology.
The various methods to examine these stresses include modeling, diffraction tech-
nique, spectroscopy technique, high energy X-ray, curvature measurement and finite
element modeling [29].

4.3 Sintering Reaction

Sintering can be the cause of failure in case of thermal barrier coatings if the tempera-
ture of application is greater than 1000 °C. Microstructure of coating is altered due to
sintering which includes change of properties such as thermal conductivity, hardness
and elastic modulus. Sintering occurs at high temperature during service that results
an increase in hardness and elastic modulus, and this is dangerous for coating system
because it fills the pores of coating due to which thermal conductivity of top coat
increases. Stiffness also increases due to sintering which increases thermal stress that
leads to spallation of coating. This issue is common for YSZ coatings at temperature
greater than 1000 °C. The problem of sintering can be controlled by using appropriate
powder and time in a deposition technique as well as coating material and stabilizer
[29]. Nanostructured coating is found to be suitable for this problem.

4.4 Calcium-Magnesium-Aluminosilicate Attack

In a gas turbine, when temperature reaches to higher value, coating on blades starts
to be corroded because of silicates in molten form which is comprised of calcium-
magnesium-aluminosilicate abbreviated as CMAS. During the service of a turbine,
CMAS sticks on the topcoat of blade in solid form, and when the temperature
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reaches above the melting point (1200 °C) of CMAS, it starts to penetrate through the
microstructure of topcoat in molten form. As a result, elastic modulus of ceramic top
coat increases, which causes high stress. Crack is initiated and propagated in top coat
due to mismatch in the thermal expansion coefficient between CMAS and ceramic
top coat [29]. Many authors have investigated the relationship between stress and
CMAS penetration depth. They found that the regions which are away from CMAS
have low stress than the regions which are close to it. Also, as the depth of penetration
increases, strain energy of the layer decreases and this results in degradation of the
coating layer during thermal cycling [30]. The failure due to CMAS can be avoided
by following ways:

(a) toincrease the surface area of top-coat by modifying pore geometry

(b) to enhance the level of porosity

(c) to select new and appropriate materials for the top-coat

(d) to block the CMAS penetration by using dense layer upon the top-coat surface.

4.5 Interdiffusion and Oxidation

During the thermal cycle fatigue period at high temperature, the bond coat starts
to get oxidized and thermally grown oxide layer begins to develop at the interface
of bond coat and topcoat. If this situation continues for long time, then oxide layer
thickness will increase due to which stresses will develop. There are two reasons for
these stresses; first one is mismatch of the coefficient of thermal expansion between
TGO and the coating layer, and second reason is the conversion of metal from high
density to oxide of low density that generates growth stress. Residual stresses in
TGO are the sum of stress produced due to mismatch of CTE and stress due to TGO
growth. There is a limit of thickness for oxide layer growth which is 5 pm. When
the value of this thickness is greater than this value, stresses of high magnitude will
be introduced which will detach the top coat along with oxide layer from bond coat
and life of coating will end [31]. There is also a chance of chemical failure due to
low thickness of TGO. This failure is due to the low aluminum amount in bond coat.
When the amount of aluminum is low, the protective oxide layer which is made of
a-alumina develops no longer and other alloying elements will start to be oxidized. In
the absence of a-alumina oxide layer, oxygen may diffuse into the bond coat which
is known as internal oxidation. Due to this diffusion, the mismatch of coefficient of
thermal expansion between bond coat and top coat made of YSZ is reduced, and
hence, thermal stresses are also reduced [32].

5 Conclusion

In this review, a brief history of thermal barrier coatings and working of thermal
spray process is discussed. The main points are as follows:
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e While selecting a TBC process, many features like no phase alteration between
working temperature and room temperature, excessive melting point, chemical
inertness, low thermal conductivity of top-coat, better adherence to substrate,
thermal expansion coefficient match with substrate, lower sintering rate, thickness,
surface roughness requirement, performance and process cost per part must be
kept in mind.

e The failures associated with TBC are hot corrosion, sintering reaction, oxidation
and interdiffusion, residual stress and CMAS attack.

e The problem of sintering can be controlled by using appropriate powder and time
in a deposition technique as well as coating material and stabilizer.

e By selecting new and appropriate materials for the topcoat and using dense layer
upon the topcoat surface, CMAS attack can be controlled.

e There should be match between coefficient of thermal expansion of TGO and the
coating layer to avoid interdiffusion and oxidation.
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