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Abstract: This review offers a comprehensive analysis of thermal barrier coatings (TBCs) applied to
metallic materials. By reviewing the recent literature, this paper reports on a collection of technical
information, involving the structure and role of TBCs, various materials and coating processes, as
well as the mechanisms involved in the durability and failure of TBCs. Although TBCs have been
successfully utilized in advanced applications for nearly five decades, they continue to be a subject
of keen interest and ongoing study in the world of materials science, with overviews of the field’s
evolution remaining ever relevant. Thus, this paper outlines the current requirements of the main
application areas of TBCs (aerospace, power generation and the automotive and naval industries)
and the properties and resistance to thermal, mechanical and chemical stress of the different types of
materials used, such as zirconates, niobates, tantalates or mullite. Additionally, recent approaches in
the literature, such as high-entropy coatings and multilayer coatings, are presented and discussed.
By analyzing the failure processes of TBCs, issues related to delamination, spallation, erosion and
oxidation are revealed. Integrating TBCs with the latest generations of superalloys, as well as
examining heat transfer mechanisms, could represent key areas for in-depth study.

Keywords: thermal barrier coatings (TBCs); yttria-stabilized zirconia (YSZ); coating techniques;
multi-layered coatings; porosity; thermal expansion; failure mechanisms

1. Introduction

In this review paper, a general overview of the current landscape related to TBCs is
provided. It is important to note that this review paper does not intend to fully cover all
aspects of the topic. Instead, it aims to present and discuss some crucial details within
this extensive field, highlighting the challenges and opportunities in the development
of thermal protective coatings across a variety of structural and compositional aspects.
The information presented is drawn from literature data and includes observations and
individual insights on this increasingly relevant topic in advanced industries.

With the initial research on TBCs beginning in an incipient stage in the late 1940s,
within the aeronautics field, evolution has persisted with each passing decade, reaching
a pivotal period in the 1970s. During this time, a comprehensive material-processing
method was developed (zirconia—yttria coatings/plasma-spray technique), which remains
relevant to this day. Progress continued into the 1980s and 1990s with the advancement
of computer-simulated testing and the evolution of superalloy substrates, culminating in
the present day with nanotechnologies and superior combinations of elements capable of
meeting the demands of a wide range of applications.

Special industries such as the aerospace, automotive and energy production industries
and even the maritime field share not only high manufacturing standards, including the need
for precision engineering and accurate quality control, but also the challenge of operating
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Late 1940s— applications;

1950s

in incredibly harsh environments. Although these advanced fields utilize materials with
good characteristics to ensure resistance to harmful environmental factors, these materials can
reach their performance peak, hindering the systems’ overall potential [1]. Additional aspects
related to evolution and application domains will be discussed in detail in the sections below.

TBCs represent a revolutionary innovation in materials engineering, defining a multi-
layered system, typically containing an outer ceramic layer placed over a metallic bonding
layer, which jointly serves to isolate the component’s material from the external environ-
ment and to reduce the impacts exerted by it. Not only are they essential for sustainability
by extending the lifespan and usage time of systems by protecting components from the
adverse effects of high temperatures, large temperature variations, corrosion and oxidation
but they also contribute to enhancing the performance of various equipment through
isolation of the working environment [2,3].

2. Brief History of TBCs” Evolution over Time

Access to different materials, techniques and experimental information over time has
had a significant impact on how the development of approaches for TBCs has evolved. The
great journey of materials research and methods can be traced back to the history of TBCs,
from the earliest attempts to protect components at severe temperatures to the most sophis-
ticated solutions available nowadays. This path includes several stages of development,
impacted by developments in science and technology and the constantly shifting demands
of this industrial area. The following image (Figure 1) schematically illustrates the main
stages of TBCs’ evolution and the elements involved in their development.

e First considerations about ceramic coatings for aircraft )

* The coating materials used are frit enamels, tested at
relatively low temperatures up to a max. of 800-900 °C.

Y

1960s

* Usage of the flame-spray technique for alumina and
zirconia—calcia coatings/nichrome or molybdenum
bond coatings.

Y

1970s

® Usage of the plasma-spray technique for zirconia-
yttria coatings/NiCrAlY bond coating.

\f

1980s

* Usage of electron beam/physical vapor deposition;
* Replacement of ZrO,-20Y,0; with ZrO,-6-8Y,0;,

¢ Failure prediction models using mathematical models
and finite element analysis.

Y

1990s

*The operating temperatures in the aerospace domain
reach 1200 °C through the use of single-crystal
superalloys.

\
>

2000s—present

* Usage of plasma spray—physical vapor deposition;

* Nanotechnologies and nanocomposite materials.

Figure 1. Timeline of TBCs development (data from Refs. [4-11]).
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Following an analysis of the specialized literature, the first publication regarding
ceramic coatings dates back to 1947, performed by Harrison and Moore at the National
Advisory Committee for Aeronautics, Washington, DC, USA where they analyzed ceramic
refractory mixtures including alumina, chromium oxide and cobalt with the intention of
using them to protect turbine blades [4].

The year 1976 stands as a significant milestone, indicating the dawn of the modern era
of TBCs. This moment was marked by the successful testing of the feasibility of a ZrO,-
12Y,03/NiCrAlY coating on J-75 turbine blades. This study set the direction for TBC research,
establishing yttria-stabilized zirconia (YSZ) as the reference material for coatings and outlining
a coating structure consisting of only two layers: the topcoat and the bond coat [7,8].

Current directions in TBC development involve the development of new compositions
aimed at reducing phonon and photon transport, nano-structural approaches, as well as
the employment of multi-layer and functionally graded coatings. The focus is also on
developing new processing technologies and optimizing existing methods and parameters
for their fabrication to enable TBCs’ use at higher temperatures [12,13].

3. The Main Application Areas of TBCs

To highlight the origin of importance, the necessity for evolution and the requirements
that TBCs must meet, a description of the principal areas of application is necessary. For a
better understanding, this part will be divided into multiple sections, thereby highlighting
the various applications of TBCs. Figure 2 illustrates the main application domains of TBCs.

a. Aerospace applications

* Commonly used for gas tur-
bines and rocket engines;

* Extreme temperature varia-
tions and exposure to constant
temperatures of 1500 °C.

c. Automotive applications

* Commonly used for internal
combustion engines;

* Demanding application due to
knocking and increased NOx

emissions.

b. Power generation

* Continuously evolving field;

* The new applications reach
temperatures of 1700 °C;

* Requirements for long-term

d. Naval industry
* Used in propulsion systems,
similar to applications in the
power generation industry;

¢ Additional protection against
COITOSiVe environments.

Figure 2. The main application areas of TBCs.
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3.1. Aerospace Applications

In the aerospace sector, TBCs are widely employed to safeguard components within
the propulsion systems and auxiliary equipment of various aircraft types (military, civilian
airplanes, etc.) as well as rockets [14].

During combustion, rocket engine combustion chambers are subjected to extreme heat,
with gas temperatures reaching up to 3200 °C. To lower wall temperatures, a special copper
cooling system is employed, through which liquid hydrogen at —240 °C is circulated. This
significant temperature differential causes substantial thermal stress, increasing oxidation
risk. TBCs are applied on the surface of exposed components to prevent damage and
support temperature reduction [15,16]. The coatings must effectively withstand both
low and high pressures (<1-10 MPa) and thermal shock from transitioning between high
temperatures and cryogenic conditions [17].

In aircraft design, TBCs are crucial for shielding gas turbine components from dam-
age caused by high combustion temperatures. The temperature on the surface of these
components can intensify between 1300 °C and over 1500 °C for advanced turbine models,
influenced by various operational parameters [3,10,18]. These temperatures approach or
can even exceed the melting point of the alloys used in their manufacture (e.g., Hastelloy
X-MP 1260-1355 °C; Rene 95-MP 1343 °C; IN 718-MP 1260-1336 °C, etc.) [19,20].

In turbines, heat transfer occurs through a combination of processes: convection and
radiation, especially between the high-temperature exhaust gas flow and components, and
through conduction within the components themselves as internal heat distribution. The
reverse also applies to the system'’s cooling process [21].

Redesigning the configurations of the components, particularly those related to cooling
mechanisms, can act as an approach to control overheating issues. Yet, this method is not
always the easiest, least expensive or most effective option available [22,23].

Employing TBC alongside cooling mechanisms not only lowers temperatures and
extends the lifespan of turbines but also enables higher combustion temperatures for
increased efficiency output. By applying a coating with low thermal conductivity, the
surface temperature can be reduced by up to 300 °C [24].

These general principles are also applicable to turbines designed for power generation.

Ali et al. [25] demonstrated in their study that increasing the thickness of TBCs from
100 pm to 500 um results in a reduction in the surface temperature on a blade by 6.5%
and decreases the coolant’s temperature by 50 °C. In their simulation, they employed an
Inconel-718 substrate with LayZr,O; as the TBC material.

The specific literature does not provide a lot of precise information about the lifespan
of TBCs in these systems, as it depends on many factors that cannot be accurately estimated.
However, as a general guideline, a lifespan of about 1000 h can usually be considered for jet
engines undergoing multiple cycles of heating to the mentioned temperatures and cooling
to ambient temperature [10]. After reaching the maximum allowable deterioration, the TBC
is replaced [26].

3.2. Power Generation

Even though there are many possibilities for energy generation nowadays, turbines
are still used for their efficiency, flexibility, compatibility with various fuels, durability and
scalability [27,28]. For example, it is expected that natural gas will become the main fuel
source for power generation by the year 2035 [29]. Following international reports, between
2020 and 2029, it is expected that, globally, there will be more than 4200 turbines sold,
amounting to a total value of over USD 102 billion [30]. In this anticipated context, turbine
manufacturers will be required to respond to market demand, not only in a quantitative
manner but also by focusing on improving the efficiency and performance of the turbines
produced. Enhancing turbine efficiency, with rotor inlet temperatures exceeding 1700 °C
and over 1000 °C on blades, necessitates the use of high-performance TBCs [31].

Most studies discuss virtual simulations of coating effects. In their study, Pirin et al. [32]
simulate the effect of coatings with 8YSZ, Mg,SiOj, Y3Ce;TapOs35 and YbzCe;TayOy3 5 on the
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blade and nozzle 3D models of a micro gas turbine. The most significant stress reduction in
the substrate is observed with Mg,SiOy, exceeding 40 MPa for the nozzle and over 20 MPa
for the blade. Additionally, in the hotspots, a temperature decrease of nearly 80 °C is noted
for the nozzle and over 10 °C for the blade, all in comparison with the uncoated elements.
Typically, turbines used in power generation are designed to last several decades, with
their lifespan depending heavily on operating conditions, fuel use and maintenance. TBCs
applied on the components of these turbines have to meet a lifespan of up to 30,000 h under
oxidative and corrosive operating conditions at temperatures exceeding 1000 °C [33].

3.3. Automotive Applications

The automotive field employs TBCs, particularly in exhaust systems and internal combus-
tion engines. During the combustion process inside the cylinders, the temperatures reached
by the air-fuel mixture in gasoline engines can climb to approximately 2400 °C. In contrast,
diesel engines experience even higher temperatures, reaching values of around 3000 °C [34,35].
Thus, the engine’s internal components such as the valves, pistons and cylinder walls absorb
a considerable amount of heat, despite being equipped with special cooling systems [35].
According to the Society of Automotive Engineers [36], surface temperatures within the com-
bustion chamber of a spark ignition (SI) engine were observed to vary between 142 °C and
258 °C for conditions ranging from 1400 to 3200 RPM, indicating a significant fluctuation in
thermal load with engine speed. Typically, the piston head reaches temperatures over 300 °C,
while the exhaust valve’s temperature may surpass 700 °C [35].

To protect the engine’s combustion chamber against premature deterioration caused by
high temperatures and compounds present in the fuel, ceramic TBC coatings are applied,
providing protection against thermal and chemical corrosion and oxidation. Additionally,
TBCs aid in reducing environmental pollution caused by the burning of fuels in diesel, petrol
or biofuel engines through insulation of the combustion chamber. This technology helps
in minimizing heat losses, thereby facilitating more complete combustion. This approach
can not only decrease harmful gas emissions (nitrogen oxide-NO, carbon monoxide-CO,
hydrocarbons (HC), smoke, etc.) but also increase the engine’s power and efficiency [37-39].

The thermal insulation capability effect was illustrated by Liu et al. [40], who reported
in a simulation that applying a ceramic layer with a thickness of 370 um to the top face of a
piston results in a temperature decrease of over 50 °C in the throat of the piston.

According to the results of an experimental study by Das et al. [41] conducted on a diesel
engine, it was found that a plasma-sprayed partially stabilized zirconia (PSZ) TBC applied to
piston crowns of 250, 350 and 450 pum thicknesses can reduce fuel consumption by up to 10%,
significantly decrease smoke emissions by nearly 50% and lower HC and CO emissions by up
to 40%. However, NOx emissions experienced an increase ranging from 7 to 11%.

Based on the research reported by Raghu et al. [42], it was demonstrated that coating a
diesel engine’s piston with Air plasma sprayed YSZ/NiFeCoCrAlY led to a 16% reduction
in fuel consumption, a 7% increase in brake thermal efficiency and an improvement in
mechanical efficiency of over 10%.

The experimental study conducted by Karthickeyan et al. [43] on a biodiesel engine,
which involved altering the ratio of pumpkin seed oil and diesel, revealed that applying a
400 um coating of plasma-sprayed PSZ/Al,TiO5 on the piston crown, cylinder head and
valves resulted in a notable increase in NOx emissions, along with a reduction in HC and
smoke when compared to a combustion chamber without a coating.

In some of the studies presented above [41,43], a contradictory behavior of emissions
can be observed despite the benefits expected from the use of TBCs. Uchida [44] provides
an overview of the effect of a TBC insulation applied to the components of the combustion
chamber, highlighting that in diesel engines, it leads to increased emissions of NOx and
particulates, while in gasoline engines, it exacerbates the tendency to knock. These effects
are due to the increase in temperature in the combustion chamber because the thermal
insulation provided by the TBC limits too much dissipation of heat to the rest of the
components. Durat et al. [45] highlight this through simulations conducted on a piston
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partially covered with a TBC on the upper surface. The study shows a temperature increase
at the coating level by up to 55% for Mg-PSZ and up to 30% for Y-PSZ, both compared to
the uncovered piston. The smaller increase in the case of Y-PSZ is due to the higher thermal
conductivity (1.4 Wm~1K~1) that allows for greater heat diffusion compared to Mg-PSZ
(thermal conductivity: 0.8 Wm~1K™1).

It is also known and has been experimentally proven that beyond a certain threshold,
higher combustion temperatures lead to an increase in NOx emissions, a phenomenon that
also occurs in diesel engines [46,47].

In the case of SI engines, a high temperature in the combustion chamber leads to
knock, a phenomenon characterized by the premature detonation of the air-fuel mixture
before the spark plug ignites, which can cause severe damage [48].

Nevertheless, there exist technical strategies such as the rational selection of materials
and the appropriate adaptation of the coating’s thickness layer, alongside other technical
approaches related to engine design and equipment, that integrate TBCs to enhance engine
performance and mitigate or eliminate the previously mentioned adverse effects [48,49].
Additionally, this topic may serve as a promising avenue for future research.

3.4. Naval Industry

Even if the scientific literature is not yet complete with studies focusing on the specific
application of TBCs in the marine sector, the potential of these technologies to enhance
efficiency and extend the lifespan of marine propulsion systems has garnered special
attention. The focal means of propulsion in the maritime domain include gas turbines,
diesel engines and various hybrid systems [50,51].

The approach to implementing TBCs and the objectives followed are comparable
to those in aerospace, energy production or the automotive industry, albeit scaled to the
unique dimensions of marine applications. Additionally, TBCs offer the added benefit of
acting as a protective barrier against the corrosive and humid conditions characteristic
of the marine environment, thanks to the superior characteristics of the ceramic layer.
TBCs can undergo testing in molten salt baths such as NaySO4 + V,05 [52] or NaySO4
+ NaCl [53,54] to assess their resistance to extreme corrosive attack due to the marine
environment and the fuels used.

4. Configuration of TBCs

In order to understand the mechanism behind TBCs and how they serve to offer
corrosion, wear and thermal protection across various industrial applications, it is crucial
to discuss their fundamental structure. These coatings are made up of multiple layers, each
fulfilling a unique role in ensuring the durability and effectiveness of the TBC system.

These layered systems are made from several materials with different natures and
chemical properties. Such a system is applied onto a base material (substrate) and conven-
tionally contains a bond coat (BC) and a ceramic topcoat (TC). During thermal exposure,
between these two layers, a third layer called thermally grown oxide (TGO) develops [55,56].

The configuration of a classic TBC structure is illustrated in Figure 3.

? Heat ) <
% | i Vo
Topcoat (TC) Topcoat(TC)
Work]'ng ! Thermally grown oxide (TGO)
Brmd ST () environmen Bond coat (BC)
>

Figure 3. General TBC structure.
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4.1. Substrate

The substrate represents the fundamental metallic component onto which the TBC
is applied. Its main function is to provide structural support and allow the mechanical
loads of the assembly. Its thickness is determined by the application requirements and
component design. Due to their exceptional mechanical strength, corrosion resistance and
high temperature resistance, superalloys are frequently used as substrates in a wide range
of high-temperature applications [57].

Typically, the substrate materials in a TBC system are Ni- or Co-based superalloys,
which initially included the classic polycrystalline form, followed by the single-crystal
form with a higher melting point due to the lack of grain boundaries. The utilization of the
single-crystal form in gas turbine engines dates back to 1995 [58]. Ni-/Co-based superalloys
can contain up to 10-12 alloying elements; therefore, they can be employed in applications
where temperatures exceed 500 °C. These alloys typically operate within a range of 0.6-0.75
of their absolute melting point, which is in the proximity of the melting temperature of
nickel (1455 °C) and cobalt (1495 °C). One of the aims of TBCs is to extend the temperature
range at which components made from these superalloys can operate [59-63].

Ni-based superalloys can be classified into six generations of evolution based on the
type and percentage of alloying elements, with the sixth being the most recently developed.
The first generation of superalloys use a range of elements, including Ni, Co, Cr, Mo, Ti, W,
etc. The second generation introduced the use of Re in proportions of 2 to 3% in order to
improve creep strength. The first two generations were used to manufacture polycrystalline
components, especially in the aerospace industry. The third generation highlights the
increased use of Re up to 6%, marking the onset of the manufacturing of single-crystal
components. The fourth generation of Ni-based superalloys was achieved through the
introduction of Ru in order to facilitate the inclusion of other refractory elements. In
the fifth generation, the concentration of Ru increases up to 6%, expanding the range of
operating temperatures up to 1100 °C. The sixth generation enhances oxidation resistance
by combining elements from previous generations with chemical elements such as Cr.

The last two generations are exclusively used in the production of single-crystal
components. An important aspect to highlight is the limited research conducted on the
application of TBCs on fifth and sixth-generation superalloys and the opportunity to study
their potential impact on oxidation, creep or thermal behavior [64-66].

4.2. Bond Coat

In most cases, the TC layer is not directly deposited onto the substrate. Instead, an
intermediate layer, the bond coat, is used, fulfilling several essential functions. It not only
enhances the adhesion of the top layer to the component requiring thermal protection but
also facilitates the behavior of both the TC layer and the substrate under thermal load,
reducing the stress resulting from the different coefficients of thermal expansion (CTE)
between the superalloy and the top ceramic layer. Additionally, this intermediate layer
protects the substrate from corrosion and oxidation by forming a protective layer, typically
x-Al,O3, known as TGO, due to the high concentration of reactive elements (e.g., Al)
present in the BC [67,68].

Development, adhesion and TGO resistance are directly influenced by the composition
of the BC. The specialized literature [69-71] identifies two main types of bond coating:
(i) MCrAIX (M = Niand/or Co; X = Zr, Y, Hf and/or Si) coatings typically deposited using
air plasma spray (APS), low-pressure plasma spray (LPPS), electron Beam—physical vapor
deposition (EB-PVD) or high-velocity oxy-fuel (HVOF) and (ii) diffusion-based aluminide
coatings deposited using electroplating/spark plasma sintering (SPS), chemical vapor
deposition (CVD), etc.

(i) The first category is based on conventional MCrAlY-type coatings (at 900-1000 °C
with 3-NiAl and y-Ni solid solution or y’-Niz Al phases), which generally contain 10-30%
Co, 15-25% Cr and 8-12% Al and have low thermal conductivity (12-15 Wm~!K~1). The
four resulting combinations ensure good performance under high-temperature exposure
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conditions due to their ability to form Al and Cr oxides. Thus, NiCrAlY offers superior
oxidation resistance compared to CoCrAlY, which exhibits better resistance to hot corro-
sion, while NiCoCrAlY with CoNiCrAlY provides resistance properties to both thermal
demands [72-75].

To enhance the formation mechanism and increase the adherence capacity of the
formed TGO, reactive elements such as Y, Hf, Zr, La and Ce are associated with MCrAlY,
usually in small amounts, below 1%. Additionally, the doping of refractory elements, such
as Ta, Re, Ta/Re (usually <3%) or Si (usually <1%), enhances oxidation resistance [75].
Ogawa et al. [76] state that the addition of Ce improves the mechanical properties of
CoNiCrAlY by enhancing the crack resistance of TBCs. Duan et al. [77] highlight that the
addition of Hf reduces the CTE of the BC and slows down the growth rate of the TGO layer
and, additionally, the incorporation of HfO, within the TGO layer inhibits the formation
of defects. Another study [78] demonstrates that Hf/Ta co-doped into NiCoCrAlY BC
significantly extends the lifespan of TBCs.

(ii) The second category is represented by the aluminides of Ni and Pt (Ni,Pt)Al initially
used against hot gas corrosion without a ceramic topcoat. NiAl presents good oxidation
resistance at 1200 °C and has a low density (5.9 g/cm?) and high melting temperature
at 1638 °C [79]. A Pt layer with a thickness of 5-10 um is applied via electrodeposition,
followed by diffusion and aluminization. This type of bond coat ensures the formation of
transient alumina and ultimately «-Al,O3 because of the high content of Al, up to 30%. The
literature highlights that the inclusion of Ir and Ru enhances both hot corrosion resistance
and creep strength due to their capacity to establish a barrier, thus inhibiting the diffusion
of detrimental compounds toward the BC/TGO interface [72,80-83].

The thickness of the BC layer can vary depending on the composition used and the
application but generally falls around approximately 100 um [81]. Another important
aspect is the roughness of the BC, which significantly influences the lifespan of the TBCs.
Proper roughness aids in the adhesion of the TC with a uniform distribution of mechanical
stresses, while excessive roughness can lead to stress concentrators that may cause cracking
and delamination [84,85].

4.3. Thermally Grown Oxide

TGO forms in a thin layer at the interface between the BC and the TC layer in service
conditions, due to BC oxidation under the influence of high temperatures exceeding
700 °C [86]. The further development of TGO is expected, and this process should occur in
a controlled manner so that the TGO meets certain requirements [87,88], like:

e  Good adhesion to both the metallic substrate and the upper ceramic layer to prevent
delamination and spallation;
Chemical stability at high temperatures to withstand harsh operating conditions;
Mechanical resistance to static and dynamic loads, ensuring durability under stress;
Slow, consistent and continuous growth (thickness < 10 pm) to maintain structural
integrity;

e The ability to generate suitable oxides to form an effective barrier against oxygen
diffusion through the TC.

Depending on the composition of the BC, oxidation results in a range of oxides, among
which the most common are chromia ((Cr,Al),O3), spinel (Ni(Cr,Al),O4), nickel oxide (NiO)
and silica (Si;0). Among these, the most important is alumina (Al,O3), especially in its
«-Al,O3 phase, which develops as a result of a series of transformations, as shown in
Equation (1) [88]:

v-ALO; 75 5-ALO; %5 C 0-ALO; "% w-ALO; )
Its development is crucial in TBC applications due to its excellent resistance to high

temperatures and its chemical stability. Because of its relatively low diffusivity, it acts as a
barrier against the penetration of oxygen from the harmful environment to the substrate [89].
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In some cases, to prevent TBC failure, pre-oxidation treatment of the BC is performed before
TC deposition with the aim of promoting the development of x-Al,O3 with the desired
characteristics [90].

4.4. Topcoat

The outer layer of TBCs, known as the TC, is designed to provide protection against
the effects of high temperatures found in harsh working environments, safeguarding the
metallic substrate and BC from deterioration, thus acting as an insulating layer. This layer
is typically composed of ceramic materials that can be deposited through the use of various
methods. The thickness of the topcoat can vary significantly depending on the application,
ranging up to millimeters but typically falling between 100 and 600 um [88,91-93].

The materials used in manufacturing the topcoat must meet several cumulative condi-
tions to ensure optimal performance [80,88]:

e  Low thermal conductivity for thermal insulation and a CTE similar to the substrate to
reduce thermal stresses and the risk of delamination or cracking;
Phase stability at high temperatures during prolonged exposure and thermal shock;
Resistance to chemical attack by various compounds and chemical elements;
Mechanical and thermodynamic compatibility with the TGO.

5. Topcoat Materials

Taking into consideration the variety of materials available and the possibility to
combine them in various concentrations, this opens the way to a vast array of options,
amounting to thousands of potential topcoats that can be utilized. Therefore, classification
can be based on the general chemical form or the main constituents of materials. This
method provides an organized and clear lane to navigate the vast array of materials,
simplifying the understanding of their differences and applications.

A summary of the main materials described further by their chemical form can be
found in Figure 4.

Simple oxides and defect-clustered materials

Perovskites

Chemical form
Pyrochlores

Magnetoplumbite-type oxides

Figure 4. Classification of TC materials by chemical form.

A more complex classification, based on the main constituent, is illustrated in Figure 5,
with each of these groups being detailed subsequently.

A.  Simple Oxides and Defect-Clustered Materials

Simple oxides can be represented by the general chemical formula AxOy, where A
stands for a metal cation and x and y are determined by the valency. Clusters, also known as
nano-phases, refer to groups of atoms or molecules that have bound together to form a small
distinct region. These clusters represent localized areas within a crystal lattice that contain
a high concentration of point defects, such as vacancies and interstitial or substitutional
atoms. Clusters are intentionally induced within the crystal structure through the addition
of dopant oxides, which cause lattice distortions and promote local ionic segregation,
leading to the formation of defect clusters. The most significant advantage of this is the
reduction in thermal transfer of the topcoat, enhancing the material’s efficiency as a thermal
barrier [94].
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Metallic and Rare Earth Oxides

Yttria-Stabilized Zirconia
(YSZ/Y20s-ZrOz)
Calcia-Stabilized Zirconia
Zirconia-Based (Ca-SZ/CaZrO3)
Materials Magnesia-Stabilized Zirconia
(Mg-SZ/MgZrOs)
Ceria-Stabilized Zirconia
(Ce-SZ/Ce0r-Z1r0O2)

Rare Earth zirconates (RE-Zirconates)

Zirconates

Main constituents
Rare Earth Niobates (RE-Niobates)

Rare Earth Tantalates (RE-Tantalates)

Mullite (porcellanite)

Aluminates

Other Ma-

. Silicates
terials

Phosphates

High-Entropy Materials

Figure 5. Classification of the most common TBC materials by their main constituents.

B.  Perouskites

Perovskite materials follow the general formula ABOj; for the simple form, where A
and B are two different ions. The complex form, A(B'xB’’y)O3, represents a more complex
perovskite structure, where B is shared by two different ions (B’ and B"’) in a specific ratio
(x, y) [95]. Their main characteristic is their very high melting point (e.g., SrZrO3—2650 °C;
Ba(Mgy /3Tay/3)03—3100 °C) [96]. Moreover, incorporating ions with large atomic masses
(lanthanides (such as La, Ce, Gd, Zr, Hf, etc.) can effectively reduce thermal conductivity.
This is because the heavier ions vibrate at lower frequencies, resulting in slower phonon
velocity, which is crucial for minimizing heat transfer [97].

C.  Pyrochlores

Pyrochlore is characterized by its general formula A;B,O7, where the A site is typically
occupied by cations with a valence of +3 (such as rare earth lanthanides) and, in some
cases, +2, while the B site hosts cations with a valence of +4 or +5 (Zr, Hf, Nb, Ta, etc.) [96].
Certainly, the A and B positions within the pyrochlore framework can host an array of
elements in combination, allowing for a rich diversity beyond solitary elements.

These materials are known for their phase stability up to 1400 °C and their resistance
to calcium-magnesium-alumino-silicate (CMAS) attack. However, challenges can arise due
to mismatches in the CTE between the pyrochlore and the substrate material, potentially
leading to stress within the coating [98].

D.  Magnetoplumbite-Type Oxides

Magnetoplumbite-type oxides with the formula LnMA 11019 are promising for use
in TBCs. In this formula, Ln covers lanthanides from La to Gd. The choice of Mg, Mn,
Cr, Sm and Zn for M and either Al or Fe for A offers flexibility, making these materials
adaptable for high-temperature applications. With their distinctive hexagonal structure,
these materials combine structural integrity and thermal stability, enduring temperatures
of up to 1600 °C [98,99].
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Another more extensive description of these materials could be achieved by categoriz-
ing them into material groups.

5.1. Metallic and Rare Earth Oxides

Some of the simplest forms of coatings, in terms of composition, consist of the common
oxides of metals, such as alumina (Al,O3), zirconia (ZrO,), chromia (Cr,0O3), titanium
dioxide (TiO,), hafnium dioxide (HfO5), etc., or rare earth oxides: yttrium oxide (Y>03),
lanthanum oxide (LayO3), cerium oxide (CeO,), neodymium oxide (Nd,0O3), etc. [100]. In
some cases, some of these oxides can be used as standalone topcoats [101,102], but they
are usually combined with each other or other elements [103-105] to enhance the phase
stability and thermal and mechanical properties of the coating, giving rise to other groups
of materials.

5.2. Zirconates
5.2.1. Zirconia-Based Materials

Zirconia (ZrO;), one of the simplest zirconates and a commonly encountered oxide
in TBCs, exhibits suitable properties for usage in coatings, such as a high melting point
at 2700 °C, a CTE of approximately 10-11 x 107® K~! and a thermal conductivity of
2-25 Wm 1K1 [106].

However, at high temperatures, zirconia undergoes phase transformations with vol-
ume changes of up to 8%, leading to undesired cracking in the coating. According to
Equation (2), at a temperature of 1170 °C, the monoclinic phase (m-ZrO;) transitions to
the tetragonal phase (t-ZrO,), followed by the appearance of the cubic phase (c-ZrO,) at
2370 °C [107,108].

m-ZrO, Hm,c t-ZrO; AN c-ZrO; ()

To overcome these less favorable aspects, ongoing studies focus on enhancing per-
formance through the use of various methods, including doping, multilayering, nano-
structuring or functionally graded approaches [109].

To stabilize the t and m phases of zirconia at ambient temperature, a variety of oxides
of metals and rare earth elements are used, typically CaO, MgO and CeO;, Y,0s. To adjust
the properties of materials according to specific application requirements, total stabilization
with larger quantities of stabilizer or partial stabilization with smaller quantities is practiced.
Total stabilization is preferred to achieve superior thermal and chemical stability, while
partial stabilization is used when certain flexibility, higher resistance to mechanical stresses,
thermal shocks, or specific chemical reactivity is needed [110].

5.2.1.1. Yttria-Stabilized Zirconia (YSZ/ Y,03-ZrO;)

The most common stabilizer of ZrO, is yttria (Y203), thus making YSZ the most
popular coating material, which, over time, has become a reference in the specialized
literature. Although YSZ can be found in various proportions of yttria stabilizer, the
composition of 6 to 8% Y,03-ZrO, or 7YSZ has been the most commonly studied variant
since the late 1970s to the present day, with it being considered the optimal composition for
most applications [111].

Regarding thermal properties, for 3-12% Y,0Oj3, the thermal conductivity was found to
be 2.20-2.50 Wm 1K~ and the CTE was found to be 10.3-11 x 10~% K1, measured over
the temperature range of 20-1000 °C [112].

The addition of Y,O3 as a dopant has been observed to have a dual effect; it reduces
the fracture toughness of the TC material while simultaneously promoting the formation of
a tetragonal or cubic phase in the ZrO, matrix [107].

However, the phase remains stable up to temperatures of 1200 °C. Exceeding this
threshold leads to volume changes, significant increases in thermal conductivity and,
consequently, the accelerated diffusion of oxygen, resulting in TC delamination. Thus,
classic YSZ coatings are limited to this threshold, which is unsatisfactory for advanced
applications, especially within the aircraft sector [98].
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A particular aspect related to degradation is highlighted by Vafien et al. [113], who
argue that prolonged exposure to high temperatures is not the cause of failure in YSZ
coatings but rather the rate of cooling. Through an experimental study, they showed that a
slow decrease in coating temperature, with a cooling rate below 10 °C/s, allows for the
operation of YSZ coatings at a surface temperature of 1500-1550 °C.

Another method to enhance the utilization of YSZ is doping with various
elements [114,115]. Yang et al. [116] report that doping zirconia with a compound con-
sisting of Y,03, TiO,, Dy;03, Gd;0O3 and Yb,O3 can result in a coating that performs well
at 1600 °C. At this temperature, the thermal conductivity of the coating was 1.5 Wm 1K1

Additionally, doping with Bi;O3 and CuO can have favorable effects on sintering, but
with limitations induced by the destabilization of the crystalline structure of YSZ [117,118].

5.2.1.2. Calcia-Stabilized Zirconia (Ca-SZ/CaZrO3)

Due to its perovskite structure, CaZrOj3 exhibits remarkable properties for its use in
TBCs. This compound demonstrates excellent chemical stability at temperatures up to
1500 °C, with a melting point of 2550 °C [119,120]. Additionally, its thermal conductivity
is low, with a value of approximately 2 Wm~!K~!. Its CTE at a temperature of 1000 °C is
approximately 12.4 x 10~° K~!, indicating good thermal compatibility with the substrate
and integration with other compounds for the TC [121].

Regarding the deposition method, Garcia et al. [120] demonstrate the sufficient process-
ing of Ca-SZ through spraying techniques (air plasma spray and flame spray), achieving
structures with extremely low thermal conductibility, below 0.5 Wm~1K~! at 1000 °C,
due to the porous structures obtained. In their study, Kumar et al. [122] identified good
mechanical stress resistance in automotive engine cylinders using finite element analysis.

It may also be important to mention that the production of Ca-SZ offers cost efficiencies
and increased availability when compared to YSZ [123].

The addition of CaZrOs3 to other elements used in coatings can have beneficial effects.
Ejaz et al. [121] demonstrate that the use of Ca-SZ in combination with conventional YSZ
(ZrO,-8Y,03) in a corrosive environment composed of 50% NaySO4 and 50% V,0s at
temperatures of 950 °C prevents the destabilization of YSZ by forming CaV,0; instead of
YVOy. This contributes to the extension of the TBC’s lifespan.

5.2.1.3. Magnesia-Stabilized Zirconia (Mg-SZ/MgZrOs3)

Another perovskite structure that has been obtained is MgZrOs. It exhibits good
wear and corrosion resistance at high temperatures in moist environments with excellent
performance at temperatures of 900 °C. It maintains chemical stability up to 1200 °C and has
a melting temperature of 2140 °C. Also, it exhibits a thermal conductivity of 3 Wm~1K~!
and a CTE of 10 x 10~® K~! measured over the range of 25-600 °C, making it suitable
for coatings in applications with lower temperature intensities, such as exhaust nozzles,
internal combustion engine components or molds due to its resistance to molten metals,
particularly light ones such as aluminum, copper or zinc [124,125].

This material shows promising potential for application in SI engines, as Fouad
et al. [126] conducted a finite element analysis covering the piston of a SI engine with
various TC thicknesses using specific parameters for YSZ, MgZrOs, alumina and mullite.
The increase in TC thickness directly influences the temperature rise on the piston surface
and is inversely proportional to the substrate temperature. MgZrO3 has been reported
to perform the best, for the maximum TC thickness of 1.6 mm, reducing the substrate
temperature by almost 7% and increasing the surface coating temperature by over 140%,
which favors combustion.

Also, it may be evident that the use of MgO in combination with other elements can
lead to the optimization of coating systems. Azhar. et al. [127] reported that adding MgO
to zirconia-toughened Al,O3; (ZTA) enhances its hardness and boosts wear resistance by
50%. Yamagata et al. [128] experimentally demonstrated that doping ZrO, with Y,03-MgO
completely stabilizes the cubic phase and additionally increases hardness.
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5.2.1.4. Ceria-Stabilized Zirconia (Ce-SZ/Ce0,-ZrO,)

CeO; is added to ZrO; primarily to decrease thermal conductivity and increase CTE,
to bring it closer to the behavior of the substrate. Gul et al. [129] show that doping at a
concentration of 8% Ce is sufficient for a significant reduction in thermal conductivity.

Following a comprehensive study on the properties of a plasma-sprayed Ce-SZ coating,
Sodeoka et al. [130] demonstrate that for a concentration of 50 mol% CeQO,, the thermal
conductivity is below 0.5 Wm~!K~! and the CTE is around 12.5 x 107¢ K~!, measured over
a range of ambient temperature up to 800 °C. Additionally, above 1000 °C, the compound
appears to lose its insulating properties due to sintering. In their study, Mousavi et al. [131]
demonstrate that air plasma-sprayed CSZ exhibits good corrosion resistance in Na;SOy
+ V,05 salt environments at temperatures of 950 °C when deposited on a BC obtained
through spark plasma sintering. Adding to this, Keyvani et al. [132] highlight that the
nanostructured combination Al,O3/Ce-SZ presents better resistance than conventional
YSZ and CSZ in saline environments at temperatures of 1050 °C. In another study, Krogstad
etal. [133] reported that co-doping ZrO, with CeO, and TiO; offers a way to simultaneously
improve toughness and phase stability at temperatures of 1350 °C.

5.2.2. Rare Earth Zirconates (RE-Zirconates)

In addition to the perovskite structure, rare earth zirconates can also form combina-
tions in the form of pyrochlores. The general form for these materials is RE;Zr,O7, where
RE = lanthanide group, especially La, Nd, Sm and Gd, which form the most used composi-
tions for TBCs [134]. It is important to note that rare earth zirconates come in a variety of
types, with some having complex chemical compositions or being improved by adding other
elements. Therefore, the chemical formula can change based on the precise composition.

Due to their composition and structure, RE zirconates exhibit high melting points,
low thermal conductivity and chemical stability at high temperatures, which can exceed
1400 °C [135].

One issue could be the relatively low CTE, which may induce stress in the coating,
leading to a decrease in the number of operating cycles. One potential solution could be
the utilization of a multilayer coating strategy [136].

The thermal characteristics of some RE-zirconates are provided in Table 1 [137,138].

Table 1. CTE and thermal conductivity of RE-Zirconates (data from Refs. [137,138]).

Thermal Conductivity

; -6 K1
Material CTE (106 K1) at1200 °C (Wm—1K-1)
Lanthanum zirconate (LayZr,Oy, LZ) 9.1 1.98
Samarium Zirconate (Sm,Zr,0O7, SZO) 10.8 2.09
Neodymium Zirconate (Nd,Zr,O7, NZO) 9.5 1.83
Gadolinium Zirconate (GdyZr,O7, GZO) 11.6 1.91

These properties can be improved by creating more complexly doped zirconate structures.
Zhou et al. [139] formed structures of La,ZryO7 doped with Dy,03, Nd,O3 and CeO,. Follow-
ing testing, the materials obtained exhibited lower thermal conductivity and improved CTE
compared to undoped zirconate and in some cases even better CTE than the classic 8YSZ.

High-entropy materials could also represent a promising option. In their study, Li
et al. [140] prepared high-entropy coatings with a pyrochlore structure represented as
(5RE()>Zr,O7 where 5RE can consist of combinations of five rare earth oxides out of the
following: LapyO3, Nd;O3, Smy03, EupO3, GdO3 and Y,03. All combinations exhibited
thermal conductivity about 50% lower than that of traditional YSZ, below 1 Wm™K, over
the range of 300-1200 °C. Liu et al. [141] also reported improved mechanical properties for
the high-entropy coating (Lag2Nd2Smg2Gdg2Ybg 2)2Zr,Oy, with a thermal conductivity
of 0.9-1.72 Wm~ K~ over the range of 0~1000 °C and an increased CTE of 10.9 x 1076 K~!
at 1000 °C.
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Aspects related to high-entropy coatings will be briefly summarized below in this
section.

5.3. Rare Earth Niobates (RE-Niobates) and Tantalates (RE-Tantalates)

Niobate and tantalate can be found in coatings in various forms, but due to their
properties, they are mostly encountered alongside rare earth elements, forming two classes
of materials: rare earth niobates and rare earth tantalates. Of course, they can be found in
various chemical forms, but due to their high melting points, the forms REgNbO7, RENbOy,
RETaOy4, RE3;TaO7 and RETazOg are the ones used in TBCs [142,143].

An interesting aspect is highlighted by Yang et al. [144], who demonstrate that sim-
ple combinations under the structure RE3NbO7, formed from rare earth oxides RE;O3
(RE =Dy, Er, Y, Yb) and niobium oxide (Nb,Os), but with significant internal chemical inho-
mogeneities caused by charge disorder and bond fluctuation, can exhibit better properties
than YSZ and even better properties than complex structures containing multiple elements,
such as high-entropy ones. The thermal conductivity at 1000 °C is half that compared to
YSZ, with values ranging between 1.25 and 1.5 Wm 'K~

In a follow-up study, Yang et al. [145] determined good CTE values for these combinations
ranging between 9 and 11 x 107% K~ at 1000 °C. Additionally, Dy3NbO; and Y3NbO; exhibit
enhanced resistance to CMAS attack compared to 7YSZ. An issue requiring further investigation
are fracture toughness and hardness, which recorded lower values than those of YSZ.

For the RENbO, compound (RE =Y, La, Nd, Sm, Gd, Dy and Yb) tested by Wu
et al. [146], thermal conductivity values of 1.42-2.21 Wm K~ were achieved, measured
over the range of 500-900 °C, along with a CTE of 9.8-11.6 x 10~® K~!. Improvements in
properties are suggested by Zhang et al. [147], who report that, through lattice distortion,
the CTE of RENbO; can reach values of 12.8 x 1070 K1

Regarding compounds containing tantalum, the thermal characteristics are highlighted
in Table 2 [143].

Table 2. CTE and thermal conductivity of RE-Tantalates (data from Ref. [143]).

Thermal Conductivity

-6 K1
Compound CTE (106 K1) (Wm-—1K-1)
RETaOy4 5.2-10.7 1.27-7.92
RE3;TaOy 6.1-10.5 1.20-1.97
RETa30q 41-9.6 117241

It can be observed that a problem with tantalates is their low CTE, particularly in the
case of RETazOy, leading to bonding mismatches.

Based on a study conducted on RETa3Og (RE = Ce, Nd, Sm, Eu, Gd, Dy and Er), Chen
et al. [148] assert that this parameter is highly dependent on the rare earth element used,
with the study showing higher values for CeTazOq.

However, the negative aspects of RE3TaO; and RETa3Oy are given by their low fracture
toughness, with values of 1.0-2.6 MPa-m!/2, below the YSZ reference (3.5 MPa-m! / 2y, which
makes the topcoats prone to failure. On the other hand, RETaO4 and RENbO, show high
fracture toughness of 2.4-3.8 MPa-m1/2, which makes them some of the best coating struc-
tures [143]. Additionally, Chen et al. [149] highlight the potential use of RETaO4 (RE = Yb,
Lu and Sc) in the monoclinic-prime () phase at high temperatures, with the compounds
showcasing remarkable compatibility with alumina and maintaining their structure without
phase transition up to temperatures of 1500 °C. It should be also noted that the CTE exhibited
(3-8 x 107° K~ in the range 200—1200 °C) is not entirely satisfactory.

5.4. Other Materials
5.4.1. Mullite (Porcellanite)

Mullite is a relatively simple material consisting of silica (5i0;) and alumina (Al,O3)
in the form of (3A1,03-25i0,). It is used as a coating material due to its low density and
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resistance to corrosion and creep [150]. Its thermal properties include a melting point of
1880 °C, thermal conductivity of 3.5 Wm~ 1K land a relatively low CTE of 5.3 x 106 K1
at 1000 °C [151]. At temperatures of 1000 °C, the amorphous phase of mullite transitions
into crystalline form accompanied by volume contraction, which can lead to the failure
of the TBC [152]. Although it is not favorable for use in applications with extremely high
temperatures, it exhibits excellent insulation and corrosion protection performance at
lower temperatures, such as in industrial incinerators or internal combustion engines in
automotive or naval applications [153,154].

5.4.2. Aluminates

Rare earth aluminates, mostly found in the form of RE4Al,Og and rare earth hexaalumi-
nates with the general formula AByAljp_xO19 (A = Na, Ba, La, Ca, Sr and Ce; B = transition
metal or noble metal ion) are the most representative in this group, with use in applications
that can exceed 1300 °C on the surface of components [155,156]. LaTip AlyO19 exhibits phase
stability up to 1600 °C, a thermal conductivity of 1.0-1.3 Wm~!K~!, measured from 300
to 1500 °C, and a promising CTE of 11.2 x 107¢ K~!, measured from 200 to 1400 °C [157].
Another commonly encountered aluminide is Y4Al;Og, which exhibits chemical stability
up to 1300 °C and a thermal conductivity of 1.81 Wm~'K~! at 1000 °C but with a relatively
low CTE (8.91 x 1076 K~1) [158].

5.4.3. Silicates and Phosphates

Silicates and phosphates are less commonly used in TBCs due to their low CTE.
However, they may be found in environmental barrier coatings (EBC) as protection against
CMAS attack [159,160].

5.4.4. High-Entropy Coatings (HECs)

High-entropy coatings, derived from high-entropy alloys, are a recent subject in spe-
cialized literature. These coatings are based on the principle that a higher level of atomic
disorder can lead to a more distorted crystal lattice. This complexity can inhibit the move-
ment of dislocations, thereby enhancing the mechanical properties and decreasing thermal
conductivity compared to traditional materials. High-entropy coatings (HECs) are a blend
of five or more elements, usually added in similar quantities, to combine the properties of
all constituents. Despite the presence of multiple elements, high-entropy oxides maintain a
single-phase crystal structure, contributing to their unique properties. Even though HECs are
a recent topic, numerous functional variants have already been discovered [161,162].

In their study, Yao et al. [163] present findings on a series of zirconia-based ceramics
with the formula Zrj_4,YxYbyTayNbyO,, where x = 0.2, 0.172, 0.142, 0.114 and 0.083.
They achieved remarkable thermal properties, including a thermal conductivity of around
1.37 Wm™'K~! at 900 °C and a CTE of 11.3 x 10~® K~ at 1000 °C. Moreover, the material
demonstrated good toughness, reaching up to about 4.59 MPa-m!/2. The compound also
exhibited stability up to 1600 °C and good resilience against degradation by CMAS.

According to the study conducted by Hsu et al. [164], high-entropy materials may
have multifunctional potential in TBC systems. They explored the capabilities of the alloy
NiCog ¢Fep,Cry 551AlTig 5, highlighting its suitability, particularly as a bond coat. This
compound can form a protective x-Al,O3 layer at 1100 °C, offering enhanced thermal
stability and reduced thermal conductivity, along with a lower CTE compared to the
traditional MCrAlY bond coat.

6. Design of TBCs

The properties of TBCs are tied to their design, emphasizing the importance of ju-
diciously selecting coating techniques, optimizing structural density and strategically
structuring layers to fulfill diverse functional requirements.
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These aspects determine the adhesion between layers, thermal protection and overall
lifespan. These considerations play a pivotal role in tailoring TBCs to meet specific perfor-
mance criteria and effectively address the varied demands of their intended applications.

6.1. Coating Techniques

The diversity of available coating techniques is vast. The choice among these processes
depends on the precise engineering needs, balancing factors such as coating thickness, bond
strength, thermal properties generated, cost-effectiveness to achieve the optimal outcome,
as well as their environmental impact.

A brief categorization of the coating techniques commonly used can be found in
Figure 6 [165,166] at the end of this section.

6.1.1. Air Plasma Spray (APS)

APS stands out as a preferred coating technique due to its simple setup with atmospheric
operation, cost efficiency and adaptability, suitable for both metallic and refractory ceramic
materials. The process predominantly uses powdered materials as feedstock. Within this
process, a carrier gas propels the material’s particles at high speeds into the plasma, where
they melt or semi-melt into droplets that adhere and crystallize on the target surface [167,168].

APS coatings are characterized by flattened, lamellar particles known as “splats” and
micro-cracks parallel with the substrate. Such a formation is less resistant to thermal and
mechanical stress. The key factors for this vulnerability are the inter-splat boundaries and
cracks alignment, which facilitate the propagation of heat and stress, making the coating
more susceptible to degradation. The porosity of the coating ranges from 5% to 25%,
contributing to a thermal conductivity of 0.8-1.0 Wm~'K~!. Typically, this coating has a
thickness of 250-300 um, although in certain industrial gas turbine engines, it can extend
up to 600 um, providing enhanced protection and performance [169-171].

To increase the durability of APS coatings, a relatively high but moderate surface
roughness is necessary to enhance the adhesion surface area [169].

The APS technique is commonly selected for applying TBCs on stationary turbine
components like combustors and vanes, areas with lower temperatures and for larger parts,
owing to its cost-effectiveness and high deposition rates [10].

6.1.2. Electron Beam-Physical Vapor Deposition (EB-PVD)

In the EB-PVD process, a powerful electron beam is used to vaporize the coating
material (target) within a protected atmosphere inside a vacuum chamber (pressure below
102Pa). Magnetic fields and a high voltage direct the electron beam to the target surface.
As this vapor traverses the chamber, it deposits and crystallizes on the substrate, yielding a
uniformly thin coating [172]. The resulting structure is columnar/feather-like columnar,
with a thermal conductivity of up to 1.7 Wm 1K~ [173].

EB-PVD coatings are regarded as more durable than those applied via APS, a dis-
tinction that is largely due to the unique microstructural features of EB-PVD coatings,
specifically the formation of inter-columnar voids within the structure. These voids confer
three major benefits: they impart flexibility to the coating during thermal cycling, which
helps mitigate the mismatch in the CTE between the coating and the BC or substrate.
This leads to increased fracture toughness in the coating. Additionally, they act as crack
deflectors, preventing the spread of cracks parallel to the substrate that could lead to
delamination [167,169]. The structure is quite porous due to the gaps between columns, the
feather-like appearance and pores within the columns, which disrupt heat flow, making it
more challenging for heat to pass through the coating [174].

A significant drawback limiting wider application is the high cost of the equipment
required. EB-PVD is applied to technologically precise parts where the surface to be coated
must be smooth, as it even adheres to fine surfaces, unlike APS, due to chemical bonding,
resulting in much thinner layers than APS. It is typically used for parts subjected to high
thermal and mechanical stress, which are in motion [10,167].
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6.1.3. Suspension Plasma Spraying (SPS)

In SPS, the raw material consists of an extremely fine mixture of either ceramic or
metal particles (nanometers to micrometers) suspended in a liquid medium, often water
or alcohol. The suspension is injected into a plasma torch where the liquid carrier quickly
evaporates, allowing the plasma jet to melt the tiny particles, which subsequently adhere
to the substrate upon contact [175].

SPS merges the characteristics of both APS and EB-PVD, offering a relatively low-
cost alternative to EB-PVD. It achieves a finer structure compared to APS, enhancing
coating quality. SPS’s adaptability, influenced by spray parameters and the formulation
of the suspension, enables it to produce coatings with a wide range of porosities. This
includes achieving highly porous coatings beyond what APS or EB-PVD typically offer,
even over 50% [176]. Remarkably, SPS can create columnar structures, similar to EB-PVD or
cauliflower-like structures, providing enhanced strain tolerance and better thermal fatigue
strength than coatings applied via APS [177-179].

Bernard et al. [180] showed in their study on YSZ coatings the possibility of de-
veloping columnar structures via both SPS and EB-PVD techniques. Through the fine-
tuning of processing parameters, they achieved a notable decrease in thermal conductivity:
1.3 Wm 'K~ in YSZ coatings applied using EB-PVD and 0.7 Wm~!K~! for those applied
with SPS, measured at 1100 °C.

Costly PS-PVD and SPS coating techniques can be effectively rivaled by APS by se-
lecting appropriate materials and operational settings. Kubaszek et al. [173] demonstrated
this with APS, applying ZrO, x 8Y,03 oxide powders. They used micrometric particles
(<10 pm) to produce 100 um thick coatings with about 8% porosity and nanometric par-
ticles (<1 um) to achieve 40 um thick coatings with 16% porosity. Using 7-8YSZ particles
ranging from 50 to 150 nm, Gao et al. [181] achieved with APS a thermal conductivity of
0.8-0.95 Wm~'K~! across temperatures of 300-450 °C.

Physical Vapor Deposition Electron Beam—Physical Vapor Deposition (EB-PVD)

Pulsed Laser Deposition (PLD)

Chemical Vapor Deposition Sol-Gel Processing

Metal-Organic Chemical Vapor Deposition (MOCVD)

Thermal Spray Methods

Flame Spraying (FS)

Solution Precursor Plasma Spray (SPPS)

High-Velocity Oxy-Fuel (HVOEF)

Detonation Gun Spraying (D-Gun)

Suspension Plasma Spraying (SPS)

Air Plasma Spraying (APS)

Plasma Low-Pressure Plasma Spraying (LPPS)

Spraying Vacuum Plasma Spraying-Physical Vapor Deposi-
(PS) Plasma tion (PS-PVD)

Spraying Plasma Spraying—Chemical Vapor Depo-
(VPS) sition (PS-CVD)

Figure 6. Classification of the most common TBC processing methods (data from Refs. [165,166]).
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6.2. Porosity

Porosity is an aspect that must be considered in the design of TBC as it influences the
properties and performance of the coating. It does not represent a defect or a vulnerability
in TBC as long as it is controlled. Porosity decreases the material’s density, impacting
its mechanical and thermal behaviors. Subjecting ceramic coatings to prolonged high
temperatures can stimulate grain enlargement and aid in the repair of micro-cracks, which
is beneficial in certain scenarios. This process also contributes to a reduction in porosity.
A decrease in porosity leads to an increase in the elastic modulus, hardness and fracture
toughness, but it increases the thermal conductivity. Hence, controlling porosity is essential
for balancing thermal and mechanical properties, making the selection of the coating
process crucial [182].

Generally, employing finer powder particles (under 50 pm) for coatings decreases
porosity due to particle agglomeration [183]. The porosity of a standard TBC typically
stands at around 15% [10]. For porosities exceeding 20%, poor erosion resistance has been
reported, with high-porosity TBCs having more limited use [184]. On the other hand,
thermal conductivity can be reduced to as low as 0.4 Wm~!'K~! when the porosity level is
increased beyond 30% [176].

Thermal transport in TBCs is influenced by the thermal conductivity of the coating
material and the gas trapped in the formed pores. In coatings produced via plasma spraying
(PS), the gas conductivity within the pores can reach 0.025 Wm~'K~!. As the pores become
finer, thermal conductivity decreases, reaching as low as 0.01 Wm~'K~! for pore sizes of
around 1 pm, even at coating temperatures exceeding 1700 °C [185].

6.3. Multi-Layer Topcoat

The concept of a topcoat composed of multiple layers of different materials, each
stacked upon another and serving distinct functions, is a foundational principle in the de-
velopment of advanced TBCs. This multi-layer strategy enhances the overall performance
of the coating by leveraging the unique properties of each material layer. The benefits
include enhanced mechanical, thermal and chemical resistance, the creation of diffusion
barriers or the mitigation of CTE mismatch [186].

A good example is the case of zirconates with reduced CTE, with the combination
with YSZ being commonly encountered. In their study, Liu et al. [187] compared electron
beam—physical vapor depositioned YSZ/LaYZrO double-ceramic and LaYZrO single-
ceramic coatings on a NiCoCrAlYHf bond coating. Thermal performance was assessed
through heating at 1150 °C and subsequent cooling cycles. The durability of the double-
layer coating was found to be approximately 8 times greater than that of LaYZrO alone.
LaYZrO exhibits low thermal conductivity (app. 1.6 Wm~'K~! at 1000 °C) and a low
CTE (app. 9.3 x 107 K~! at 1000 °C), while YSZ was effective in mitigating the CTE
mismatch with the bond coat. However, the increase in TGO and topcoat cracking requires
careful consideration.

In their study, Mahade et al. [188] examined the oxidation behavior of double and
triple multi-layer coating systems YSZ/Gd,Zr;O7 and YSZ/GdyZr;O7/GdyZr,O7, created
via suspension plasma spraying on NiCoCrAlY bond coats when exposed to 1150 °C.
The multi-layer systems exhibited lower TGO thickness compared to single-layer YSZ
coatings, indicating better oxidation resistance. After exposure, the triple-layer system
showed the lowest porosity, enhancing the barrier against oxygen penetration to the bond
coat. Furthermore, both multi-layer coatings maintained good microstructural integrity;,
featuring vertical cracks and pores beneficial for absorbing thermal stresses. In a more
recent study on double-layered YSZ/Gd,Zr,0O7, Mahade et al. [189] demonstrated that over
a certain thickness of YSZ, the durability of TBC decreases under thermal exposure, possibly
due to stress caused by too large a difference in CTE. YSZ exhibits higher conductivity and
absorbs more heat.
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6.4. Functionally Graded Thermal Barrier Coatings

Advanced TBC systems known as functionally graded thermal barrier coatings (FGT-
BCs) have a progressive change in composition and structure across the coating’s thickness.
In contrast to conventionally defined layer counts, FGTBCs do not have a set number of
layers but are made with the intention of having a material property gradient from the
substrate to the outside [190].

They are designed with flexibility, where chemical composition and crystalline struc-
ture, mechanical attributes like Young’s modulus, shear modulus, material density and
thermal properties such as thermal conductivity, the CTE, etc. transition smoothly across the
coating in specified orientations. These coatings are ingeniously developed to mitigate the
impacts of mechanical and thermal stresses, as well as thermal shock, chemical degradation
and corrosion, enhancing the coating’s overall resilience and longevity [191,192].

7. Degradation and Failure of TBCs

Regarding negative changes that may occur during the operation of components
protected with TBC, they can manifest in the form of degradation and failure. Degradation
refers to the physical or chemical changes that occur within the TBC structure as a result of
exposure to extreme temperatures and stress, diminishing the insulation and protective
capabilities over the substrate.

Failure refers to the loss of functionality or the inability of the TBC material to fulfill
its purpose and it is considered when the BC is exposed to a harsh environment because a
significant part of the TC has split off [91]. In both cases, monitoring and understanding
the mechanisms that generate them and through which they manifest are essential for the
efficient design and implementation of TBCs.

7.1. TGO Growth

As previously mentioned, oxidation at high temperature is the process responsible for
forming the TGO diffusion barrier at the BC/TC interference, resulting from the reaction
between oxygen and the reactive elements of the BC, with a specific focus on the formation
of (X—Aleg.

Following experimental observations, it was found that the growth of TGO is a
diffusion-controlled process that follows a parabolic law given by Equation (3):

5% = kp x t [um] (3)

where 82 is the TGO layer thickness, kp represents the growth rate constant of TGO

(measured in [um2 / h} and influenced by the oxidation system and BC constituents) and t

is the oxidation exposure time [193,194]. The growth rate of the TGO is not constant over
time; instead, it decreases with its thickening due to the accumulation of protective oxides
that hinder oxygen diffusion toward the BC [91]. Controlling the growth of TGO is crucial
because, once its thickness reaches 5-10 pm, it becomes a problematic phenomenon that
significantly impacts the lifespan of the TBC [195]. Dong et al. [196] and Ding et al. [197]
observed that an increase beyond the threshold of 5 pm of TGO thickness significantly
reduces the lifetime of the TBC, decreasing exponentially even by up to 90%. On the other
hand, Torkashvand et al. [198] demonstrate that a TGO thickness of 2-3 um can be enough
to provide protection against thermal shock. Therefore, uncontrolled oxidation of the BC,
along with the excessive growth of TGO, can lead to excessive stress and reduced adhesion
between layers which can result in delamination and spallation.
The stages of delamination and spallation phenomena are illustrated in Figure 7.
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Figure 7. The stages of delamination and spallation phenomena: (a) the occurrence of horizontal
cracks; (b) delamination; (c) the occurrence of vertical cracks; (d) spallation.

Delamination is the process by which individual layers of the TBC separate from each
other due to cracks propagating parallel to the surface, occurring at the edges or corners of
the component (edge delamination) or internally, causing wrinkles on the surface of the
TBC (buckling delamination).

Spallation is the process by which layers peel off through brittle rupture mechanisms
and depart from the surface on which they were deposited, with the cracks this time being
transverse through the coating layers [199]. In general, delamination serves as a precursor
to spallation. Specifically, buckling delamination weakens the TBC structure and reduces
adhesion between layers, leading to the formation of transverse cracks and facilitating
exfoliation [200]. Spallation can occur at both the TC/TGO interface and the TGO/BC
interface. Typically, a thicker TGO layer may result in the displacement of the spallation
plane toward the TGO/BC interface due to significantly higher residual stress in this region
and reduced adhesion [194,201].

Stress can be generated by multiple sources, including external loads, vibrations, de-
formations, thermal cycling or shock to which components are subjected during operation.
In this section, the focus is on that induced by the development of TGO. From this perspec-
tive, the existence of a cumulative stress can be considered. which includes: (a) growth
stress found within the TGO due to the volumetric expansion of high-density metals
and their transformation into low-density oxides; (b) CTE mismatch between TC/TGO
and/or TGO/BC evident during heating—cooling cycles [194,202,203]. Evans et al. [204]
highlight the fact that TGO exhibits residual compressive stress at ambient temperature,
resulting from the differences in the CTE of the TC (11-13 x 10-¢ K~ for ZrO,/Y,03),
TGO (8-9 x 107° K~! for a-Al,03), BC and a Ni-based alloy substrate (13-16 x 107¢ K~ 1).

7.2. Aluminum Depletion

Aluminum depletion is a type of chemical failure, referring to the process in which
the Al content in the BC is reduced during high-temperature operation, determining
spallation [205]. One of the causes can be the consumption of available Al in the BC
through oxidation and the decrease in its concentration below the threshold necessary to
sustain the formation of x-Al,O3. At this point, there is favored accelerated association
of other elements in the BC (Cr, Ni and Co) with O,, leading to the rapid growth of
oxides, generically called spinels, which are much bulkier and more brittle, accentuating
stress in the TGO. The formation occurs either through direct reaction or through the
decomposition of already formed Al,O3, leading to its complete or partial replacement
with oxides such as NiO, CoO, Cr,03 and (Ni, Co)(Cr, Al);O4, which allow deep oxidation
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of the BC, reducing the insulating capacity of the TBC system [203,206-208]. The reactions
(4)—(8) below describe the formation mechanisms of certain oxides [208]:

2Cr + %Oz — Cry03 (4)

Ni + %02 — NiO 5)

NiO + Cr,03 + ALO; — Ni(Al, Cr),0, ©)
NiO + Al,O3 — NiAl,Oy (7)

2Cr,03 + 2A1L0; —+ AlLCr,0((AL Cr),03) ®)

On the other hand, in some situations, the controlled growth of these oxides can have
beneficial effects, such as forming an additional protective barrier or reducing thermal
conductivity. Taylor et al. [209] reported that the formation of Cr,O3 provides resistance
to type I (900 °C) and type II (700 °C) hot corrosion in TBCs. Nevertheless, Berthod [210]
and Eriksson [211] underline that exposure to temperatures above 1000 °C causes chromia
to evaporate due to its volatility, decomposing into CrO;. Regarding the deep (internal)
oxidation of the BC, Wang et al. [212] observed that the presence of oxides within the BC
is characterized by the existence of isolated oxidized zones that can have positive effects
by reducing the thickening and implicit the stress of TGO, as the formation of oxides
is distributed within the BC. Additionally, the oxidized zones decrease the rate of crack
propagation. Still, Zou et al. [213] mention that the benefits of internal oxidation are minor
compared to the negative effect it has on the durability of the TBC.

Another cause that can lead to aluminum depletion is interdiffusion occurring at high
temperatures when Al diffuses into the substrate, leading to the formation of voids that
reduce the bonding between the BC and superalloy. This phenomenon can be mitigated
by creating a diffusion barrier through the addition of refractory elements such as Ta and
Re [214,215].

7.3. Sulfur Segregation

The presence of impurities, even chemical elements, leads to a decrease in the adhesion
of TBC layers, resulting in spalling. The most problematic situation is the segregation of
sulfur at the BC/TGO level in the voids resulting from alumina formation. Sulfur can be
introduced into TBCs from various sources such as raw materials used in substrate and
bond coat production, turbine or engine fuels or environmental pollution interacting with
the components during operation [216,217].

The effect of sulfur segregation can be reduced by using desulfurized superalloys
and by adding reactive elements such as and Zr, Y or Pt along with Hf [218,219]. Smialek
et al. report that superalloys perform well at an extremely low S concentration < 10 ppm;
however, desulfurization to a concentration below 1 ppm of S significantly favors adhe-
sion [220].

7.4. Foreign Object Damage and Erosion

Foreign object damage (FOD) represents a critical issue, especially for aircraft, as
hard foreign objects, generally larger than 100 um, (sand, rocks, birds, etc.) can penetrate
open turbines, potentially damaging the TBC or the entire component [221,222]. FOD can
cause various forms of damage, including erosion, delamination, spallation, mechanical
deformation or even penetration (pitting) of the TBC, resulting in material loss, material
fracturing and local thermal stress. Additionally, the affected areas retain residual stresses
due to the shock, serving as crack propagation origins [223]. In their transit, the particles
are heated by the combustion environment and entrained by the motion of the blades
can break into small fragments that become projectiles damaging, in particular, jet engine
blades and nozzle guide vanes.
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Erosion is the physical process of deterioration caused by abrasion resulting from the
impact of solid or semi-melted particles striking the surface of the TBC, compromising
its functionality and durability. The level of degradation induced depends on particle
properties (size, velocity, temperature, solid or molten state, etc.), the angle of impact and
the microstructure of the TBC [224]. Particles smaller than 2 pm have a minor erosive effect,
while those between 10 and 20 um impact the back of the airfoil, whereas those >40 um
affect the leading edges of the blades [225]. The speed at which the particles are carried
varies depending on the speed of the blades and the size of the particles; therefore, as their
size decreases, the speed increases, reaching up to 350 m/s [225,226]. Chen. et al. [227]
specify that particles heated to 1450 °C impact the surface at a velocity of 10 m/s, including
those measuring 560 pm, and at 170 m/s, those of 50 um in size.

Protection against FOD is typically achieved at the turbine’s construction level by
incorporating filters or protective elements.

7.5. Corrosion and CMAS Attack

Corrosion is the chemical process of deterioration that commonly occurs during
turbine operation, where the TBC is affected by reactions with substances present in
the working environment, such as oxides, salts, gases or vapors containing corrosive
compounds, which are deposited on the surface of components. Corrosive compounds
can originate from different sources, such as low-quality fuel, atmospheric pollution, FOD,
etc. [222]. High temperature plays a significant role in the occurrence of corrosion because,
in most cases, TBC layers are penetrated by corrosive particles in a molten state. Solid
particles are less commonly encountered in this phenomenon [228]. At temperatures
exceeding 680 °C, hot corrosion will cause the oxidation of the TBC. Oxygen will penetrate
through the pores of the TC and may diffuse deeply into the BC, potentially leading to the
destruction of the protective oxide layer [229]. Hot corrosion occurs in stages, beginning
with initiation, when salts reach the surface of the component and break the protective oxide
layer, creating conditions for the propagation of the attack, thus distinguishing between
type I hot corrosion at high temperature, above the melting point of salts (800-950 °C), and
type Il hot corrosion at a lower temperature, below the melting point (600-800 °C) [207,230].
These can be identified by the presence of the main corrosive salts Na;SO4 (MP 884 °C),
NaCl (MP 801 °C) and V05 (MP 690 °C), which can form mixtures among themselves and
with other elements [231-234].

Corrosion can also commonly occur due to the attack by molten silicates, especially
the compound calcium-magnesium-alumino-silicate (CMAS). CMAS is composed of CaO-
MgO-Al,03-5i0; in varying proportions, depending on the environmental conditions [235].
CMAS can particularly affect aircraft turbines when flying at low altitudes and in arid areas.
The compound forms from dust, sand, volcanic ash and industrial ash, and upon reaching
temperatures above 1100-1200 °C in the propulsion system, it adheres to the turbine
components, forming a glassy mass [236,237]. CMAS can interact with the TBC through
two degradation mechanisms that can occur concurrently: (a) thermo-chemical impact,
where CMAS dissolves the topcoat, leading to phase transformations, and (b) thermo-
mechanical impact, where molten CMAS infiltrates deeply through the porous structure
of the topcoat. As the temperature decreases to below the melting point of CMAS, the
compound solidifies. Large differences in CTE and stiffness of the topcoat lead to premature
failure [207,237-239].

7.6. Sintering of the TC

Sintering is an undesirable phenomenon in the case of TBCs, which, once it present,
often leads to failure. It refers to the process in which TC particles agglomerate and adhere
to each other during exposure to high temperatures, resulting in the formation of a dense
and improper layer [240].

Excessive densification is highlighted by the reduction in the size of material porosities
and micro-cracks and even the closure of extremely fine ones. This leads to the increased
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elastic modulus and thermal conductivity of the TC, as there are fewer empty spaces to
limit stiffness and heat flow [229].

In generic terms, a TBC is more long-lasting when it has lower values for these
two parameters. The increase in stiffness results in increased stress due to the material
shrinking, reduces strain tolerance and makes the TBC more susceptible to damage from
FOD. Additionally, insulation is reduced due to increased thermal conductivity. All of these
factors can result in early spallation [91,207,241-243].

The ceramic sinters at high temperatures, typically around T® = 0.5 x Try (Tm-melting
temperature), but this phenomenon also depends on other parameters, such as exposure
time and the composition of the TC [237]. To reduce the likelihood of sintering, practical
measures include doping with elements such as La, Yb, Nd, Gd, Ti, etc. [244,245].

7.7. Creep and Rumpling

Creep is another phenomenon that can lead to the degradation of TBCs and represents
continuous and progressive deformation of materials over time under mechanical and
thermal loading, manifesting in all layers, but especially at the TC and TGO levels. Failure
typically results in spallation. [246,247]. In general, creep occurs at T° = (0.4 — 0.5) X Tr,
(Tm-melting temperature) [248]. Creep predominantly occurs in metals. The lower creep
rate in ceramics is due to their reduced diffusion rate, requiring a higher activation energy
compared to metals. The use of single-crystal alloys provides an advantage by eliminating
grain boundaries, reducing the likelihood of deformation [249]. During creep deformation,
the ceramic TBC does not deform plastically like metal, but rather through mechanisms
of crack initiation and propagation, ultimately leading to failure typically manifested by
spallation [248,250].

Rumpling (also known as progressive roughness, undulation or ratcheting) is another event
that can lead to the degradation or failure of TBCs. Rumpling refers to the formation of
wrinkles/waves on the surface of the TBC under the influence of high heat as a result of
cyclic creep or cyclic oxidation [92,251,252]. It manifests especially at the BC level, which
acquires a wavy shape induced further to the TGO and TC [253]. Rumpling occurs in the
case of BCs made from MCrAlY and particularly in the case of aluminides of Ni and Pt
(Ni,Pt)Al with the observation that for the latter ones, there is a significant increase in TGO
roughness due to excessive oxidation. This could lead to the detachment of the TC from
the TGO [254]. The negative effects of rumpling are manifested by the appearance and
propagation of cracks due to internal tensile stress at the peaks and compressive stress in
the low areas, layer delamination and spallation [251,254,255]. The occurrence of rumpling
depends especially on the heating cycle history, temperature intervals and the type and
thickness of the TBC [255].

The manifestation of rumpling at the BC layer level is illustrated in Figure 8.
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Figure 8. Rumpling at the BC layer level.

8. Study Perspectives

As for promising research directions, coatings for the fifth and sixth generation of
superalloys present a path worth exploring to increase the operating temperatures of
components, as there is an ambition to surpass operating temperatures of 1700 °C in
turbines.
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Additionally, the development of simple rare earth combinations, but with structures
incorporating charge disorder and bond fluctuation, may exhibit performance that equals
or surpasses high-entropy materials with a large number of elements in their composition.

Depending on the application domains and working conditions, the elements coated
with TBCs may store a certain amount of residual stress. Practical studies on the formation
and influence of this phenomenon on failure should be approached in a manner that
provides measured results following experimental conditions. Additionally, experimental
studies on stress relief methods originating from the science of heat treatments can be
investigated.

Delving into the nanometric or atomic scale to study how thermal vibrations travel
through the ceramic coating layer and its interface with the metallic substrate can lead to
advancements in minimizing heat transfer and managing thermal expansions.

9. Conclusions

This review provides a comprehensive analysis of TBCs applied to metallic materials,
offering insights into their structure, role, various materials, coating processes, durability
mechanisms and failure processes. It is important to note that this paper does not cover all
aspects related to TBCs due to the broad subject matter. Instead, it examines the challenges
and opportunities involved in the evolution of thermal protective coatings, exploring
various structural and compositional dimensions. This paper condenses a structured
collection of information representing a relevant document for the current state of TBCs.

Following the review of the literature, several key insights and areas of interest have
emerged in the field of coatings. TBCs play a pivotal role in protecting metal components
exposed to extreme thermal conditions in harmful working environments, such as in the
aerospace industry, energy generation and the automotive and maritime sectors. The
classic double-layer coating consisting of a BC and a ceramic TC remains a focal point
with diversification in doping possibilities using rare earth combinations, which, in some
applications, can match the performance of high-entropy coatings and multi-layer coatings.
Coating methods such as APS, EB-PVD and SPS remain highly relevant, with them being
the most widely used techniques.
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