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Abstract: The quest for increased performance in the aeronautical and aerospace industries has
provided the driving force and motivation for the research, investigation, and development of
advanced ceramics. Special emphasis is therefore attributed to the ability of fine ceramics to fulfill an
attractive, extreme, and distinguishing combination of application requirements. This is impelled
by ensuring a suitable arrangement of thermomechanical, thermoelectric, and electromechanical
properties. As a result, the reliability, durability, and useful lifetime extension of a critical structure or
system are expected. In this context, engineered ceramic appliances consist of three main purposes
in aeronautical and aerospace fields: thermal protection systems (TPS), thermal protection barriers
(TBC), and dielectric barrier discharge (DBD) plasma actuators. Consequently, this research provides
an extensive discussion and review of the referred applications, i.e., TPS, TBC, and DBD, and discusses
the concept of multifunctional advanced ceramics for future engineering needs and perspectives.

Keywords: thermal protection systems; thermal barrier coatings; dielectric barrier discharge;

structural ceramics; multifunctional ceramics

1. Introduction

Advanced ceramics are inorganic, nonmetallic solids, basically crystalline materials
of rigorously controlled composition and raw materials that are prepared from powdered
materials and fabricated into products through the application of heat, which display
properties such as hardness, strength, low electrical conductivity, and brittleness [1-3]. In
this way, the term advanced ceramics refers to high-performance, high-tech, engineered,
fine, or technical ceramics, i.e., materials with highly specialized and unique properties
capable of outstanding performance under the most extreme conditions and, consequently,
able to solve today’s challenges in research, manufacturing, and use.

Concerning high-performance ceramics, a distinction is made between structural and
functional ceramics. Briefly, advanced structural ceramics are conventionally best suited in
mechanical, structural, tribological, thermal, or chemical load applications, owing to their
chemically inert nature, high compression, flexural strength, and toughness, in addition to
their high corrosion, wear, and thermal shock resistance. In contrast, advanced functional
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ceramic applications are based on their functional capabilities ruled by microstructural
Licensee MDPI, Basel, Switzerland.

effects that involve semiconducting, piezoelectric, ferroelectric, pyroelectric, and supercon-
ducting properties. Nevertheless, from a chemical composition perspective, two classes of
fine ceramics may be identified: oxide and non-oxide ceramics. Oxide ceramics are recog-
nized for properties such as oxide resistance, chemical inertness, thermal non-conductivity,
and electrical insulation with a slightly complex manufacturing process. Conversely, non-
oxide ceramics are characterized by low oxide resistance, being extremely hard, chemically
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inert, highly thermally and electrically conductive (due to their covalent bonding), highly
energy-dependent to manufacture, and quite expensive [1-3].

Considering the versatility of advanced ceramics, this sector comprises different fields
inscribed with new challenges in exploring the concept of multifunctional ceramics, which
are materials still with unexplored potential, namely [3]:

- Structural ceramics where enhancement of the mechanical properties (based on afford-
able raw materials, optimized technologies, and simulations of the complete process
chain) as well as exploration of the reliability of the materials (by auxiliary sensor
integration for structural health control or even self-healing ceramics) are mandatory.

- Miniaturization and integration density of devices and systems. To this aim, better
understanding and control of corresponding changes in specific properties of materials,
new testing, and measurement methods are crucial.

- Modeling is a sensitive issue of uplift since complete production chains and faithful
multi-scale modeling (digital twins) must be matured for new materials and devices
with higher emphasis in cases of coupled (multifunctional) properties.

- Functional ceramics in which defective structure (atomic and electronic) dissemination
should be achieved to take advantage of full temperature dependence.

- Functional ceramics and property enhancement allow investigation of multifunctional
ceramics exhibiting additive effects, based on the coupling of their properties. These
effects are little explored, yet they promise to provide and stimulate scientific and
technological advancements henceforward.

To leverage the entire innovative potential of advanced ceramics, new lines of research
are needed to guarantee the sustainable development and growth of the advanced ceramic
materials market using accessible raw materials and preferably with optimized energy
costs. Thus, it is essential to know the properties required for a component subject to
multiple functions.

The quest for increased performance in the aeronautical and aerospace industries
has provided the driving force for the development of high-temperature ceramics with
attractive combinations of thermomechanical properties, oxidation resistance, as well as
low-to-moderate density [4]. One of the most common and well-known uses for high-
performance ceramics in aviation, rocketry, and space technologies is as part of thermal
protection systems. This application of ceramics protects the intended components against
hazardous aerothermal environments. Examples of thermal protection systems can be
encountered in coatings of various heat-resisting materials for aircraft engine nacelle, thrust
reverser fire protection, helicopter cowlings, gas turbine engines, satellites, rockets, and
re-entry vehicles [5]. In addition to thermal protection itself, the coating enables higher
operating temperatures, consequently increasing, for example, an engine’s combustion effi-
ciency, which in turn reduces consumption and harmful residual emissions. Additionally,
another application is shielding against foreign objects. Examples of shielding purposes
based on advanced ceramic materials include the conservation and safety of propulsion
components from existing particles in the surroundings or residuals resulting from poor
combustion processes, space debris, or micrometeoroid particles in the case of a spacecraft
or rocket [6].

Lastly, an important field of application of high-tech ceramics is electroceramics, a
specific category in which materials are combined with specific characteristics, such as
piezoelectric and dielectric properties and corrosion and thermal resistance, for use in
aircraft instrumentation and control systems, such as missile guidance systems, satel-
lite positioning equipment, ignition systems, instrument display, and engine monitoring
equipment [7].

The presented review is specifically focused on the needs of the aerospace and aeronau-
tical industries and research performed to date to find solutions for three current functions:
thermal protection system (TPS), thermal barrier coating (TBC), and dielectric barrier dis-
charge (BDB). In this context, the subsequent three subsections aim to provide an in-depth
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introduction, contextualization, delineation, and analysis of the role of state-of-the-art
advanced ceramics in these three domains.

2. Advanced Ceramics in Aerospace and Aeronautical Engineering
2.1. Thermal Protection System (TPS)

Thermal protection systems (TPSs) play a crucial role in the aerospace and aeronautical
industries as they are single point of failure systems that work above all as thermal shields,
i.e., a subsystem that protects structures, aerodynamic surfaces, payload of probes, missiles,
warheads, and space vehicles from severe aerothermodynamic heating. Accordingly, an ef-
fective TPS system must uphold a reliable shield against aerothermal loads, without adding
significant weight penalties or compromising the structure of the vehicle. Nonetheless,
TPSs also work as structural components and aerodynamic bodies [8-10].

The idea of using a protection layer to prevent damage to interior parts of a vehicle
dates back to 1920 and is attributed to Robert Goddart, who developed the concept of
a heat shield after observing the behavior of meteors entering the Earth’s atmosphere.
However, the origin of modern protection systems, as they are known nowadays, can be
traced back to the period of World War II. This period, considered the golden age of space
flight, ushered countries to invest in developing long-range missiles and rockets capable
of leaving the earth’s atmosphere and subsequently reenter to deliver payloads. Several
studies were conducted during this period, and it was soon concluded that the vehicles had
no capacity for reentering the earth’s atmosphere due to high heat loads and high reentry
speeds, as well as a lack of suitable TPS materials. From the mid-twentieth century to date,
various TPS technologies have been developed and tested with the aim of ensuring the
safety of space vehicles [11].

2.2. TPS Classification

The type of protection on any space-venturing vehicle or, more precisely, on any given
area of a vehicle, depends largely on the magnitude and duration of the heat load as well as
various operational considerations. In the broadest sense, thermal protection systems can be
categorized into three major classes—passive methods, semi-passive methods, and active
methods—based on their physicomechanical working principle for thermal management,
which can be insulation, ablation, dissipation, or cooling, as shown in Figure 1 [11-13].
Uyanna and Najafi (2020) [11] presented a review gathering information regarding TPS
methods and materials employed in different space missions throughout the years since
the 1950s. Notably, the authors presented a timeframe graph illustrating in-depth the
tendencies and preferences of TPSs during the last decades since their conceptualization.
More specifically, passive thermal protection systems are the simplest TPS and, as the name
itself suggests, have no moving parts. Examples of passive TPS are heat sinks, hot structures,
or insulated structures. In turn, semi-passive methods that have been explored and tested
for TPS applications, including heat pipes and ablative surfaces. Lastly, convective, film,
and transpiration cooling are three different active TPS technologies widely investigated
in applications such as rockets and hypersonic vehicle engines. All in all, the correct
selection of a TPS includes considering first and foremost the propulsion system of the
vehicle, its geometry, and the amount of heat flux on the surface, as well as the time of
exposure [8,11,12,14-16].

Despite the provided classification, it is important to emphasize that some authors
suggest a different grouping of TPSs. Based on the properties and nature of the application
of TPS, a distinction is hence made between a TPS that is reusable (also designated insulative
or radiative TPS, i.e., non—ablative TPS) and ablative TPS [13,17-21]. It should be noted
that this type of classification is a simplification since dissipation and cooling mechanisms
are put aside [8]. To cover every aspect, reusable insulative systems are usually relegated to
parts of the vehicle that experience less intense heating during reentry. Reusable insulative
systems consist of materials that are mechanically or chemically unchanged by flight
mission—no mass variation or composition of the materials occurs during their exposure
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to the hazard environments—and can be relatively safely flown a number of times, with or
without service. In contrast, when the vehicle is subjected to very high heat fluxes, ablative
TPS can withstand much higher heat loads through the processes of phase change and
mass loss [17,22,23]. Ablative forms of TPS include organic polymers and composites, as
well as inorganic polymers/oxides and metals.

Passive Semi-active Active
methods melhots methods
Heat sink Heat pipe Convective cooling
Hot structure Ablation Film cooling
Insulative structure Transpiration cooling

Figure 1. TPS classification based on their working principle and developed structures of each method.

The insatiable aspirations of the aerospace industry are the source of intense demand
for more efficient and powerful vehicle-structure thermal protection systems. To put it
simply, severe operating conditions, including higher temperatures, faster speeds, higher
stress, and hostile environments require the constant investigation and improvement of
available materials in conjunction with cooling systems for TPS applications [23]. Therefore,
the TPS of next-generation hypersonic and reentry space vehicles must offer a combina-
tion of suitable properties [22], including high melting point (>3000 °C), high softening
temperature, low areal density, low recession rate, high impact resistance, high ablation
resistance, ability to withstand radiative heating, superior oxidation resistance, thermal
shock resistance, high fracture toughness, high-temperature strength, and low-to-moderate
thermal conductivity (depending on the area of application).

2.3. Ceramic Materials for TPS Systems

Advanced structural ceramics play a key role in addressing these challenges con-
sidering the vast range of improvements they offer, such as weight reduction, longer
lifetime, and thus cost savings. Intuitively, oxide ceramics, such as alumina, zirconia,
and mullite, appear to be ideal candidates for high-temperature structural applications
due to their high-temperature stability, high hardness, and good corrosion and erosion
resistance, together with comparatively low costs. Nevertheless, relatively poor mechanical
properties, videlicet, creep, fatigue, fracture toughness, large volume change (generated
by phase transformation), and significant grain growth above 1000 °C severely limit oxide
ceramics as structural components in high—temperature applications [22]. In contrast,
non-oxide ceramics, such as nitrides, carbides, and borides, can achieve high strength
and excellent creep resistance at elevated temperatures due to their predominant covalent
bonding. Unfortunately, the fundamental drawback of these materials is their susceptibility
to oxidation [24].

Thus, to overcome the problems associated with conventional ceramics, ceramic matrix
composites (CMCs) were developed to achieve damage tolerance and favorable failure
behavior. CMCs are called “inverse composites” because, unlike polymeric or metallic
matrix composites, the failure strain of the matrix is lower than the failure strain of the fibers.
Hence, under load, the matrix fails first. Overall, long-term high-temperature stability,
creep resistance, and oxidation stability properties are sought. In essence, CMCs consist
of ceramic fibers or whiskers in a ceramic matrix and interphase generally provided by a
fiber coating. Both the fibers and matrix can be made of any ceramic material. The choice
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of systems with similar matrices and fibers is mainly justified by the need to minimize
the residual stress associated with a mismatch between the thermal expansion coefficients
of the matrix and reinforcement material. Nevertheless, by carefully combining different
ceramic matrix materials with especially suitable fibers, new properties can be created and
tailored [25,26].

The most commonly used CMCs are non-oxide CMCs, namely carbon/carbon (C/C),
carbon/silicon carbide (C/SiC), and silicon carbide/silicon carbide (SiC/SiC). Hybrid
composites and composites with nanostructured reinforcements, such as carbon nanotubes
(CNTs) and graphene, have paved the way for further investigations. Cho et al. (2009) [27]
reviewed the status of the research and development of CNT-loaded ceramic matrix com-
posite materials, whilst Porwal et al. (2014) [28] provided a comprehensive overview of
graphene ceramic matrix composite (GCMC) in comparison to polymer composites. Never-
theless, carbon fiber—reinforced silicon carbide (C/SiC) CMCs are among the most famous
composites for high-temperature structural applications.

Wei et al. (2018) [29] focused their research on integrated thermal protection systems
(ITPS) comprised of a cellular core sandwich panel and filling insulative material in the
core. Compared to using metal sandwich panels, ITPS incorporating CMC sandwich panels
gave notable advantages of high-temperature resistance up to 1600 °C and areal density of
17.22-30.56 kg /m?, which was much lower than that of reported ITPSs (23.66-88.84 kg/m?).
Notably, Heidenreich et al. (2021) [30] studied the shear properties of C/C-SiC sandwich
structure samples based on different core types. The results showed that sandwich samples
with fold—cores were preferred because they offered higher specific stiffness and effective
shear modulus of up to Gg = 6.4 GPa/(g/cm?) compared to sandwich samples based on
grid—cores (G = 4.2 GPa/(g/ cm?)).

Interestingly enough, Huang et al. (2022) [31] investigated a novel SiC coating with a
relatively high crack resistance property, in addition to outstanding thermal shock resistance
achieved by means of the pack cementation technique. The improvements verified in the
microstructure resulted in superior mechanical capabilities, antioxidation performance
(900 °C), and thermal shock resistance (up to 1500 °C).

Despite this broad investigation of CMC materials, ultra-high temperature ceramic
(UHTC) materials have been the focus of intensive research in recent years in order to
extend the temperature range capabilities of state-of-the-art materials in addition to de-
veloping components able to withstand larger and multiple aerothermal-chemical loads.
Fundamentally, UHTCs encompass carbides, nitrides, and borides of transition metals, e.g.,
zirconium diboride (ZrB;), hafnium diboride (HfB,), titanium diboride (TiB;), zirconium
carbide (ZrC), hafnium carbide (HfC), and tantalum carbide (TaC), that are characterized by
melting points above 3000 °C, high temperature strength, and excellent oxidation ablation
resistance. This portends that they can maintain non-ablative properties and structural
integrity in hazardous environments above 1800 °C for long periods [6,30].

Among UHTC materials, ZrB; and HfB, are the most widely investigated. Opila et al.
(2004) [32] reported that the addition of SiC up to 30 vol.% improved both the oxidation
resistance and mechanical properties of sintered ZrB,-SiC and HfB,-SiC composites. Like-
wise, Chamberlain et al. (2004) [33] investigated zirconium diboride ZrB, composites
containing 10, 20, and 30 vol.% of either SiC or molybdenum disilicide (MoSiy) prepared
by hot pressing. The results exhibited an improvement in the strength of ZrB,, reaching
a maximum of ~1 GPa at 30 vol.% additives. In particular, SiC additives increased the
fracture toughness to 5.25 MPa-m!/2. Overall, the addition of MoSi, and SiC decreased the
oxidation rate when compared to monolithic ZrB,. Later, Zhang et al. (2019) [34] proposed a
novel eutectic engineered microstructural design of ZrB,-SiC UHTCs to improve oxidation
resistance by means of directional solidification.

Notwithstanding the advances in the TPS materials already obtained, continuous
investigation led to follow-up research on the strengthening and toughening of UHTCs.
By combining the unique properties of UHTCs with the concepts of CMCs, a new class of
materials known as fiber-reinforced UHTCMCs (ultra-high temperature ceramic matrix
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composite) was developed. This class of materials focused on overcoming the inherent
brittleness and poor mechanical resistance of bulk UHTCs. Therefore, UHTCMCs are very
promising for applications in extreme conditions and are considered the best candidates
for a new generation of high-thermal protection materials [35].

The EU-funded project CCHARME aspires to combine the best features of CMCs and
UHTCs to design, develop, manufacture, and test UHTCMCs with self-healing capabil-
ities to be achieved in situ by nanosized ceramic dopants. Within this line of reasoning,
Sciti et al. (2018) [36] reported that the preferred matrix was essentially based on ZrB,
enriched with secondary phases and different functionalities.

It is worth noting that hybrid technology, i.e., TPSs combined with TBCs, has paved
the way for continuous investigations in this domain in the research community.

In 1998, Gary B. Merrill and Thomas B. Jackson released a method of ceramic high-
temperature insulation for ceramic matrix composites under high-temperature and high-
heat flux environments. The authors explained the thin thickness drawback of TBCs, as
well as their thermal and dimensional instability, dictated by conventional application
methods, i.e., air plasma spray and physical vapor deposition. Additionally, the inventors
highlighted the prolonged high-temperature exposure and cooling constraints of CMCs.
Therefore, ceramic compositions comprising a plurality of hollow oxide-based spheres of
various dimensions, a phosphate binder, and at least one oxide filler powder were proposed
to insulate CMCs and provide them with erosion and thermal shock resistance [37].

As a follow-up in 2007, Gary B. Merrill and Thomas B. Jackson disseminated a method
describing the application of an outer thermal barrier coating to a ceramic matrix composite
to offer components and/or structures with the high-temperature stability of ceramics
without the characteristic brittleness of monolithic ceramics [38].

In parallel, Zhu (2018) extensively reviewed NASA’s evolution of thermal and environ-
mental coatings technologies. Special attention was given to the application of EBC layers
to protect the SiC-based ceramic components in gas turbine engines for high-pressure and
high-temperature section components and exhaust nozzles. The author described the core
problem of nickel-based superalloys reaching their upper temperature limit and how SiC
fiber-reinforced SiC/SiC CMCs are perceived as an alternative next-generation turbine
engine hot-section material. Typically, silicon-based ceramics and composites, such as
SiC/SiC, are selected for this purpose due to their low density, high-temperature creep
strength, and oxidation resistance in dry oxidizing environments. However, EBCs are
necessary to prevent the SiC/SiC ceramic matrix composite from water vapor attack in the
engine combustion process, originated by the volatilization of the protective SiO, scales on
SiC when reacting with water vapor [39].

Additionally, a study by Zhu et al. (2002) investigating the thermal gradient cycle
behavior of thermal and environmental barrier coatings on SiC/SiC CMSs was conducted to
develop high-performance ceramic coating systems as well as to simulate coating operation
temperatures and stress conditions [40].

Carbon fiber-reinforced UHTC composites, consisting of carbon fibers embedded in a
UHTC matrix or C-SiC-UHTC matrix, are also a promising class of materials for surpassing
monolithic UHTC materials in terms of fracture toughness and thermal shock resistance.
Tang et al. (2016) [41] reviewed this topic, including the design, preparation, and properties
of such materials for aerospace applications.

Carbon-reinforced ultra-high temperature ceramic matrix (C/UHTC) composite fabri-
cation processes—hot pressing (HT), chemical vapor infiltration (CVI), polymer impregna-
tion and pyrolysis (PIP), and melt infiltration (MI)—were reviewed by Arai et al. (2019) [42].
In detail, the fracture toughness, thermal conductivity, and recession behavior in an oxi-
dizing atmosphere of C/UHTC were evaluated. It was concluded that Zr- and Hf-based
mechanical behavior and thermal conductivity can be tailored by varying their fiber volume
fraction and by the formation of a “weak” interface using fiber coatings. Further, MI was
pointed out as an efficient approach for the preparation of C/UHTC composites.
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An extensive aerothermodynamic characterization of UHTCMCs produced by sinter-
ing technology, including ZrB,-SiC matrix reinforced with short random or continuous
fiber. was performed by Mungiguerra et al. (2022) [43]. This study tested conditions aiming
to reproduce the typical heat fluxes (around 2 MW /m?) and stagnation pressure (around
70 kPa) of a reference re-entry mission with a high amount of dissociated oxygen, i.e.,
approximately 22 wt.%. All of the materials successfully passed the base qualification and
cycling exposure three times, achieving temperatures of approximately 2000-2500 K. The
materials developed and tested were ZS-SF and ZSY (53 vol.% ZrB,-SiC matrix, 45 vol.%
chopped carbon fibers, with porosity below 2%. The difference between the two samples
was the SiC content with respect to the UHTC matrix); ZSY-LF (45 vol.% ZrB,—SiC matrix,
50 vol.% continuous carbon fibers (0°/90° configuration) with porosity of 5%); and CS
(baseline C-SiC material loaded with 10 vol.% ZrB, phase and porosity of approximately
10%). Altogether, the capability of these novel UHTCMCs to maintain their functionality
and structural integrity after repeated exposure was confirmed, making them extremely
appealing for future reusable TPS applications.

3. Thermal Barrier Coating (TBC)

Thermal barrier coating (TBC) systems are generally explored to enhance energy
durability and therefore the efficiency of hot components of aero-engines, gas turbines,
and parts for combustion power plants. Thus, TBCs protect the substrate structure by
preventing them from experiencing high temperatures and harsh environmental degrada-
tion. Consequently, thermal barrier coating, as a surface modification technique, provides
resistance to wear, oxidation, thermal shock, and corrosion for prolonged service times and
thermal cycles without failure, increasing both the efficiency and lifetime of the desired
components [44—46]. Ultimately, TBCs are multifunctional systems that provide a wide
range of benefits, such as [47]:

shielding of metallic structure,

decreased thermal conductivity,

high thermomechanical stability,

increased exhaust gas temperature,

increased engine power efficiency,

decreased fuel consumption, and

increased lifespan of parts through decreased fatigue and stress.

The concept of “thermal barrier coating” is believed to have been first introduced by
the National Advisory Committee for Aeronautics (NACA) and the National Bureau of
Standards (NBS) with the publication of the earliest turbine blade-oriented ceramic coatings
research entitled “Review of an Investigation of Ceramic Coatings for Metallic Turbine
Parts and Other High-Temperature Applications” by W.N. Harrison, D.G. Moore, and J.C.
Richmond in 1947 [48-50]. The pioneer ceramic coatings for aerospace applications were
frit enamels used in aircraft engines throughout the 1950s [50]. With the development of the
flame-sprayed ceramic coating technique, further applications included the protection of
sheet metal in jet engines and rocket engine thrust chambers. With regard to the materials
appraised for TBC purposes, flame-sprayed zirconia-calcia coatings were widely applied to
the regeneratively cooled XLR99 thrust chamber for the X-15 experimental rocket planes. In
addition, “modern” plasma-sprayed TBCs began to be employed on hot section transition
ducts and other hot section sheet metal components in commercial gas turbines in 1970 [51].
Most recently, the microstructure of thermal barrier coatings, the materials applied, the
coating preparation technologies, and the failure mechanisms, as well as lifetime prediction
models, have all been part of the different branches of extensive investigation [48].

3.1. TBC Structure, Fabrication Techniques, and Failure Mechanisms

A great deal of effort has been devoted over the past few decades so that TBCs
systems could enable higher operating temperatures and reduce cooling systems costs, thus
improving the overall capabilities and effectiveness of components [47]. Irrespective of
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the evolution achieved, the stability of TBC systems continues to be a major concern of the
scientific community. During operating service, TBCs are exposed to complex phenomena,
such as thermomechanical stress, corrosion by foreign objects, erosion, diffusion, oxidation,
phase transformation, and sintering [46]. In essence, the TBC is a complex, multilayered,
and multi-material coating system composed of (1) a top coat, (2) a metallic bond coat,
(3) a thin thermally grown oxide (TGO) layer, and (4) a superalloy substrate (structure), as
depicted in Figure 2 [45,47].

Hot gas

VLT

Ceramic Top Coat

Superalloy Substrate
Material

AVATRTATATATAN

Cold gas

Figure 2. Schematic illustration of a traditional TBC system (not to scale).

The ceramic top coat also referred to in the literature as the “TBC layer”, is generally,
as the name itself implies, a ceramic material layer that provides, more importantly, ther-
mal protection to the substrate, but also strain tolerance and thermal shock resistance for
components through reduction of heat transfer. Consequently, to decrease the tempera-
ture of the metal substrate, this top coat should have essentially low thermal conductiv-
ity [44,45,47]. A state-of-the-art TBC top coat material is yttria-stabilized zirconia (YSZ) com-
posed of ZrO, with 7-8 wt.% Y03 because it has excellent thermomechanical properties,
such as [44,45,52]:

very high mechanical strength,

very high wear resistance,

very high erosion resistance,

high impact resistance,

high corrosion resistance,

high chemical resistance,

very low thermal conductivity, and

relatively high coefficient of thermal expansion when compared to other ceramics.

Following this, the TGO layer is created via the diffusion of oxygen from the bond coat
through the top coat of metallic elements during manufacturing and operation processes.
The TGO layer acts as a protective layer to retard further thermal and oxidation diffusion.
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Nonetheless, the TGO layer may increase the internal stress in the TBC system, hence
potentially originating cracking at the interface between the bond and top coats. This
phenomenon may eventually lead to the unwanted spallation or delamination of the top
coat in service [46,47,53].

Lastly, the metallic bond coat acts as a precoating interface between the substrate and
top coat, aiming to protect the superalloy substrate from oxidation and corrosion, increasing
the adhesion between the layers, and ultimately guaranteeing the structural integrity of the
coating by matching the thermal properties and stress between the substrate and ceramic
coating [46,47]. Two types of metallic bond coats are common. The first-generation bond
coat of platinum (Pt)-modified aluminide is recognized for having good stabilization and
adhesive strength of the coating by reducing inter-diffusion between the coating and sub-
strate layers. Unfortunately, Pt is an expensive component and it does not possess desirable
mechanical robustness at high temperatures [48,54]. Another second-generation bond coat
consists of the MCrAlY coatings. These include NiCrAlY, CoCrAlY, and NiCoCrAlY, which
have good oxidation and hot corrosion resistance [44,48,55]. Moreover, these compositions
can be enhanced by adding Ta (Tantalum), Nb (Niobium), Re (Rhenium), Hf (Hafnium),
Zr (Zirconium), and/or other components to improve the high-temperature performance,
extend the lifespan, and match specific requirements [44,48].

Concerning the fabrication techniques of TBCs, several different methods are known
and ready to be used, e.g., atmospheric plasma spraying (APS) and electron beam physical
vapor deposition (EB-PVD), whereas others are promising candidates to achieve better
results in the near future, such as plasma spray physical deposition and vapor deposition
technology. Plasma-sprayed (PS) TBCs were proposed in the 1960s. Subsequently, several
different variations of this technique appeared, including APS, low-pressure plasma spray-
ing (LPPS), solution precursor plasma spraying (SPPS), vacuum plasma spraying (VPS),
and protective atmosphere plasma spraying (PAPS).

Among them, APS and LPPS are the two main methods utilized in TBC deposi-
tion since they are characterized by low cost, rapid deposition rate, high efficiency, and
easy management [48]. APS and LPPS are distinguished by their complex horizontal
laminated structure [55]. Substantially, the acceptable porosity of APS TBCs lies in the
range of 10-15%, which is essential for high strain compliance and effectively further
reduces thermal conductivity. Despite the advantages that these methodologies offer, inter-
lamellar pores, microcracks, and microstructural defects give way to the possibility of
delamination and spallation. Therefore, APS and SPPS are useful for structures with large
volumes and weaker mechanical properties needed, i.e., combustion chambers and stator
vanes [47,48,56,57].

In the 1980s, the focus shifted to TBC deposition techniques by EB-PVD, which was
quickly popularized with the advent of low-cost EB-PVD equipment in the 1990s. In 1994,
Thomas E. Strangman disclosed a methodology to provide a superalloy substrate with a
TBC coating that included a ceramic layer resistant to sintering during high-temperature
gas exposure. Additionally, the protective ceramic layer was shown to have a colum-
nar microstructure due to the electron beam physical vapor deposition procedure [58].
Overall, EB-PVD coatings exhibit excellent aerodynamic properties, with better surface
roughness, and they do not block fine cooling holes. EB-PVD coatings exhibit a columnar
morphology within randomly distributed multi-scale porosity, as well as a thin layer in the
form of equiaxed grains near the interface between the bond and ceramic top coat. This
microstructure improves the TBC system’s strain tolerance and thermal shock resistance, in
addition to relaxing the thermal expansion mismatch stress. Nonetheless, EB-PVD TBCs
unfortunately have higher thermal conductivity and lower thermal insulation than APS
TBCs [47,48,56,57].

Figure 3 illustrates the contrast in the coating produced by the EB-PVD process which,
as mentioned, exhibits a columnar morphology whereas the coating deposited via APS
exhibits a lamellar morphology.
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Figure 3. Photographs of (a) APS TBC showing a laminar morphology and (b) EB-PVD TBC showing
a columnar morphology (Adapted from Beele et al. (1999) based on ref. [59] with the permission
of Elsevier).

For the sake of completeness, as explained, a critical property of solid materials is
surface morphology. The microstructural properties are an important link between material
processing and their performance. Therefore, microstructure quality control is essential for
all material processing routes [60].

Apart from their morphology, the functional properties of materials are governed
by the composition considered [61]. Therefore, an increasingly growing development in
the literature of functional coatings is based on a layered, also known as graded, func-
tional coating architecture, since one individual layer or the complete thin film system
may simultaneously fulfill several functions, among them mechanical, thermal, and elec-
trical. Consequently, it is increasingly important to assess and optimize the TBC layer
characteristics not only individually, but in their complexity, with respect to their metallic
compatibility and designed applications [62].

In view of reducing the weight of structural elements, Kaczmarek et al. (2013) studied
the deposition of carbon coatings at room temperature by pulsed laser deposition, which is
a promising methodology for mono- and multilayer coatings even at temperatures below
100 K. The authors presented a study on the influence of pressure and composition of the
processing atmosphere parameters on the deposition of carbon coatings with a titanium
interlayer on an aluminum alloy 7075 substrate [63].

Within the same framework of thought, Deng et al. focused on the design, fabrication,
and characterization of deposited graded thermal barrier coatings. More specifically,
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the authors focused on the assessment of adhesion strength and thermal conductivity
of functionally graded YSZ coating by fabricating 2 pm thick lab-scale YSZ coatings. A
continuously varying composition profile was produced using the dual-beam pulsed laser
deposition method on stainless steel 316 L [64].

TBC failure can occur in a multitude of ways depending on the TBC system and
the service conditions due to the sheer complexity of the interactions between the three
primary layers described. It is important to note that all of these layers have distinct
physical, mechanical, and thermal properties. When the word “failure” is applied in the
TBC context, it implies that the coating is no longer capable of fulfilling its functional
requirements. Simply put, when the top coat spalls due to, for example, fatigue, corrosion,
or erosion, the TBC is considered unfit and has “failed” [65,66].

Generally, damage in TBCs may result from thermal shock and gradients, sinter-
ing, phase transformation, oxidation, external mechanical damage, calcium-magnesium-
aluminosilicate (CMAS) attack, corrosion, as well as environment-induced erosion. Nev-
ertheless, the different existing failure types of TBC structures, such as thermal fatigue,
corrosion, and erosion, are the basic damage mechanisms [65,66]. Thermal fatigue-based
failure mechanisms are related to impairment of the TBC structure motivated by cyclic
thermal stresses due to temperature oscillations; corrosion-based failure mechanisms are
responsible for destabilization of the coating by the acceleration of oxidation and/or me-
chanical damage; whilst erosion-based failure mechanisms of the top coat may happen
thanks to the impact of abrasive particles existing in the environment on the coating surface.
Smaller particles are normally the origin of erosion, whilst, in contrast, larger particles are
the cause of so-called foreign object damage. Figure 4 presents a schematic illustration of
the major drives of material failure in TBC structures when subject to harsh environments.

Thermal shocks and

gradients

Hot gas

Environment-induced
erosion
Ceramic Top Coat
Corrosion
Superalloy Substrate
Material
Y. v v v v v v
Cold gas
TBCs exposed to harsh
environments
CMAS attack

External mechanical
damage

Figure 4. Different damage types that occur to TBCs in hazardous environments.
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3.2. Ceramic Materials for TBC Systems

The selection of effective materials for TBC applications is highly restricted by many
desirable properties, such as [54,67-69]:
high melting point,
crystalline phase stability in the operating temperature range,
chemical inertness,
low thermal conductivity,
low thermal diffusivity,
thermal shock resistance,
no oxygen transparency (i.e., impermeable),
good adherence to the metallic substrate,
low sintering rate of the porous microstructures,
thermal expansion matches with the metallic substrate.

Table 1 summarizes the major material requirements for thermal barrier coatings and
briefly explains their importance [70].

Table 1. Material requirements for the ceramic top coat of thermal barrier coatings [70].

Property Requirement Fundament

Melting point High Operating environment at high temperatures
Temperature reduction inversely proportional
to thermal conductivity
Coefficient of Expansion should be close to that of substrate

Thermal conductivity Low

thermal expansion High and bond coat on which coatings are deposited
Crystalline phase Stable Phase change in thermocycl.ing environment is
structurally detrimental
Oxidation resistance High Operating environment highly oxidizing
Corrosion resistance Moderate to high Operating environment may be corrosive
Strain tolerance High Operating environment large strain ranges

Consequently, the number of materials that can be used as TBCs is very limited. To
date, only a few ceramics have been found to satisfy the majority of these requirements.
Naturally, a single compound ceramic can hardly meet all the requirements for TBC appli-
cations; therefore, the combination of two or more ceramic materials becomes mandatory.
Among the properties referred, special attention should be paid to thermochemical stability,
thermal conductivity, as well as the thermal expansion coefficient.

Yttria-stabilized zirconia, YSZ, is the most successful top coat ceramic material and
considered an industry standard. The development of YSZ started way back in the 1970s and
continues to dominate the TBC field. The main reason behind this truth is that YSZ has a
considerable number of features that make it an attractive top coat, including relatively low
density, high strain tolerance, high fracture toughness, a high coefficient of thermal expansion,
and low thermal conductivity attributed to its high concentration of point defects, ability to
relax stress caused by compatible CTE, and high resistance to thermal shock when compared
to other ceramic top coats, as well as thermochemically compatible with the protective TGO.
Hence, a superior successor to YSZ has not yet been developed [54,67-69].

Better performance of YSZ is typically achieved by varying the Y,0O3 content from
6 to 8 wt.% in ZrO,. This improves both the thermal and mechanical properties, i.e.,
high melting point, low thermal conductivity, and a high thermal expansion coefficient
are obtained. Fundamentally, yttria is added to zirconia to stabilize its phase at high
temperatures. Pure zirconia is allotropic; it exhibits a monoclinic structure up to 1170 °C, a
tetragonal structure in the temperature range of 1170-2370 °C, and a cubic structure up
to its melting point at 2690 °C. The phase transformation of zirconia from tetragonal to
monoclinic is martensitic and leads to a significant volume expansion of approximately
4-6%. This is sufficient to damage the mechanical integrity of the coating, which is a serious
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concern, due to fatigue failure when the coating is subjected to repeated thermal cycle and
thermal expansion mismatch. Yttria, when added to zirconia in the range of 7-8 wt.%,
forms a non-transformable tetragonal prime (t") phase. This phase is stable up to 1200 °C,
above which a phase transition causes catastrophic delamination of the top coat [65,68,69].

For this reason, YSZ has a functional operation limit of approximately 1200 °C, which
means that YSZ barrier coatings are unreliable for long-term use at temperatures of over
1200 °C due to their catastrophic phase transformation, which in turn escalates thermal
conductivity and boosts spallation in the TBCs. In addition, sensitivity to hot corrosion,
sinterability, and accelerated TGO formation caused by extremely high ionic oxygen diffu-
sion in ZrO,—based ceramics also restricts YSZ usage. Early studies suggested a double
layer coating design of the top coat to minimize the delamination phenomenon by compen-
sating for thermal expansion mismatch, whereas some authors claimed that changing the
stabilizing oxide or adding components in YSZ, such as aluminum oxide, calcium oxide
(Ca0), titanium dioxide (TiO;) and magnesium oxide (MgO), was critical in overcoming
the limited phase transition of YSZ [65,68].

As a result, many parallel investigations have been carried out exploring alternative
materials to YSZ. Substantially, two approaches may be considered: (1) development
of new structural coating materials with higher temperature resistance, i.e., advanced
multicomponent oxide-doped ZrO, and HfO, (hafnium dioxide or hafnia) solid solution-
based ceramics; and (2) multi-element modification and optimization of YSZ materials.
From the literature, it is generally accepted that defect cluster TBCs, crystal structures of
perovskite, pyrochlore, and lanthanum compounds, are regarded as potential materials
for advanced TBCs. Some other materials, such as mullite, silicates, and garnet, were also
considered candidate materials through the years, but, regrettably, their typical low CTE
precludes the likelihood of their implementation [48,54,67-69,71].

3.3. Defect Cluster TBCs

As mentioned, many new TBC materials have been proposed to achieve the low
thermal conductivity and high-temperature capability mandatory for a coating system. In
particular, ZrO, and HfO, solid solution-based ceramic coatings co-doped with Y,0Oj3 as
a primary stabilizer and additional paired rare-earth (RE) cluster oxides were suggested
to offer significantly better features. Defect cluster TBCs possess much lower thermal
conductivity, and, consequently, confer better thermal stability to the material since the
resulting point defects are thermodynamically stable. In addition, they have better sintering
resistance at high temperatures than the state-of-the-art YSZ due to the reduction of effective
defect concentration and the increase in activation energy by clustering [72].

Zhu et al. [73] studied the conventional oxidation behavior of advanced multicompo-
nent oxide-doped zirconia—based TBCs designed based on the defect cluster concept. The
aim was to report the furnace cyclic oxidation performance of plasma-sprayed multicom-
ponent rare-earth (RE,O3) oxide-doped zirconia thermal barrier coatings as a function of
dopant concentration and processing variation. The analyzed coatings were ZrO;-based
oxides, stabilized with the primary yttria, YoOs, dopant, and/or paired Group A and Group
B RE oxide co-dopants. Group A dopants consisted of neodymium(Ill) oxide (Nd,O3),
gadolinium(III) oxide (Gd;O3), and samarium(IIl) oxide (SmpO3), whilst Group B dopants
were ytterbium(III) oxide (Yb,O3) and scandium(IlI) oxide, also known as scandia (Sc;O3).
The results showed that the tested multiphase coatings had significantly lower thermal
conductivities and better thermal stability, mainly in the lower total dopant concentration
(which varied between 4.5 and 52.5 mol.%) compared with ZrO,-8 wt.% Y,Oj3 coating. The
defect cluster coatings consisted of a 180-250 um thick ceramic top coat, a 120 pm thick
NiCoCrAlY or NiCrAlY bond coat, and finally, a 3.2 mm thick nickel superalloy. It was
proven that the oxide defect cluster had the potential to achieve better cyclic performance
than the binary ZrO,-Y,03 coatings owing to their high-temperature stability, reduced
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grain growth, and increased toughness. Nevertheless, it was pointed out by the authors that
the cyclic lifespan of the ceramic coating generally decreased as the dopant concentration
increased due to the reduced fraction of the tetragonal phase and increased fraction of
the cubic phase. The fully stabilized cubic phase normally showed an enhanced grain
growth behavior and also lacked the additional grain-refining and toughening mechanism
of the tetragonal to monoclinic phase transformation, which was present in a partially
stabilized tetragonal phase. Therefore, in the high-dopant-concentration coating, a very
low toughness of the coating structure was distinguished.

In subsequent research, Zhu et al. (2005) [74] similarly proposed advanced alternative
oxide ceramic compounds, a low-conductivity and high-stability TBC based on an oxide
defect-clustering design approach, but obtained this time by applying a laser high-heat-flux
thermal conductivity technique. The laser test approach emphasized real-time monitoring
of the coating conductivity at high temperatures to evaluate its performance under engine-
like heat-flux and thermal gradients. Briefly, the advanced oxide coatings were designed by
incorporating multicomponent, paired-cluster rare—earth oxide dopants into conventional
zirconia— and hafnia—yttria oxide systems. The dopant oxides were selected by considering
their interatomic and chemical potentials, lattice elastic strain energy, polarization, as well
as electroneutrality within the oxides. Selected oxide cluster TBC systems, including ZrO,—
Y703-Ndy03(Gd035m;03)-YbyO03(Sc,03), were synthesized and their conductivity and
sintering behavior were investigated. The tests aimed to essentially promote the production
of thermodynamically stable, highly defective lattice structures and /or nanoscale ordered
phases that would in turn reduce the oxide coating thermal conductivity and improve the
coating sintering resistance. The study highlighted the conclusion that despite a similar
trend between the advanced oxide cluster coatings and the binary ZrO,-Y,03 coatings in
the furnace cyclic behavior (where, as discussed, the cyclic lifespan generally decreased
with the increase in total dopant concentration), the oxide cluster coatings showed promise
to have significantly better cyclic durability (comparable to that of zirconia—4.55 mol.%
yttria) than the binary ZrO,-Y, O3 coatings with equivalent dopant concentrations.

Further improvements are expected in defect cluster TBCs by utilizing advanced
coating architecture design, dopant type and composition optimization, and improved
processing techniques [72-74].

3.4. Perovskites

Perovskite oxides are a class of ABOj3 crystal structure that can accommodate a wide
variety of ions in a solid solution, including ions with large atomic mass. Perovskite-
type oxides have been favored by researchers because of their enthusiastic structure fea-
tures and properties, especially ABO3; (A = Ca [calcium], Sr [strontium], Ba [barium];
B = Zr, Ti [titanium], Ce [cerium]) perovskites. The major advantage of using perovskite
oxides as thermal barrier coatings is their 20% lower thermal conductivity than YSZ, which
provides good thermal stability at high temperatures [68,75-78].

In greater depth, materials exhibiting a perovskite structure have attracted much
attention as YSZ replacements mainly due to their high melting point (higher than 1800 °C),
high thermal expansion coefficient (higher than 8.5 x 1076 K1), relatively low thermal
conductivity (lower than 2.2 W/mK), and low Young’s modulus (approximately 210 GPa).
The biggest drawbacks of materials exhibiting a simple perovskite structure are mainly
their inferior fracture-related mechanical properties, as well as the partial evaporation
of constituents of the perovskite phase during plasma spraying process. This leads to
impurity phases in the coating, that, in turn, often have detrimental effects on the coating
performance [76,79]. Perovskites offer the possibility of extensive substitution of ions
at the A or/and B site, thus allowing their properties to be tailored towards specific
requirements [80]. The well-known and studied simple perovskite oxide materials for TBC
applications include strontium zirconate (SrZrQO3), barium zirconate (BaZrOs), and calcium
zirconate (CaZrO3) [81].
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The early candidate for TBC applications, BaZrOs3, first attracted attention due to its
high melting temperature of 2600 °C; however, both a relatively poor thermal expansion
coefficient and interior chemical stability induced the coating to failure in the course of
thermal cycle tests, minimizing the TBC service lifetime [77]. Contrarily, SrZrO; exhibits
better performance on these cyclic tests with surface temperatures above 1250 °C with
respect to its high melting temperature (2800 °C), relatively low thermal conductivity, and
high thermal expansion coefficient of ~ 11 x 10 K~! (30-1000 °C). Therewith, both the
sintering rate and Young’s modulus of SrZrO; are lower than those of YSZ, which is of
assistance to favorable mechanical responses [77,80,82]. Unfortunately, this perovskite has
been reported to suffer temperature-induced phase transformation that has a detrimental
effect on the performance of this type of TBC material. Some studies highlighted that such
transformation could be suppressed by doping gadolinium oxide (GdyOs3) or ytterbium(III)
oxide (Yb,0O3) in addition to enhancing the thermophysical properties of the coatings [82].

CaZrOs, on the other hand, is the latest material to be considered for TBC application
in this group. Although its melting temperature is lower than that of YSZ, it has an
encouraging thermal conductivity of approximately 2 W/mK and excellent mechanical
properties [78,82,83]. For instance, Garcia et al. (2008) [83] carried out a comparative
study of CaZrOs coatings prepared by air plasma and flame spray processes. The results
showed that the two techniques produced coatings with different microstructures and
thus properties. All of the coatings were porous, but the flame-sprayed coatings exhibited
interplast cracks whereas the atmospheric plasma-sprayed coatings had larger round pores.
Nevertheless, all of the CaZrOj3 coatings showed very low thermal conductivity.

Generally speaking, perovskites may be subdivided into the discussed zirconates and
complex forms. Under the concept of compositional control of properties, complex substi-
tuted structures have also been a focus of studies as YSZ substitutes. In particular, complex
forms with an A(B’y/3B",3)O3 structure, such as BaLa,TizO10, Ba(Mg; /3Ta;,3)O3, and
La(Aly /4Mg; /2 Ta1/4)O3, have promising bulk properties for TBC applications [69,77,82].
However, the thermal expansion coefficients of these materials remain lower than those
of substrates and bond coats, leading to thermal stresses in TBC systems. Moreover, rel-
atively low toughness values are observed. As a result, the thermal cycling properties
are poorer than those of YSZ coatings and further improvements are necessary [71]. The
application of complex perovskites as TBCs was considered by Jarligo et al. (2009) [76],
concluding that these compounds show promising TBC performance since the means to
control the propagation of interfacial cracks from TGO along the interface of the coatings
was proven possible.

3.5. Pyrochlores

The group of pyrochlore-structured oxide compounds have gained gradual impor-
tance as advantageous ceramic top coats to replace the state-of-the-art YSZ. The features
that have drawn special attention is their distinctive arrangement of ions and vacancies
within the AxBxO, (or also sometimes found in the literature as A;B,0O7) compositional
structure where the first metal cation A is a rare earth element, typically a lanthanide such
as lanthanum (La), gadolinium (Gd), neodymium (Nd), yttrium (Y), etc., and the second
metal cation is Zr, Hf, titanium (Ti), or molybdenum (Mo). The vacancies at the A3 BH
and O sites make the composition flexible to achieve attractive material properties by
incorporating other RE elements [84]. Materials with pyrochlore structures show excellent
thermophysical properties, i.e., high melting point, stable phase conditions and morphol-
ogy at temperatures up to 1400 °C, a relatively high coefficient of thermal expansion,
low thermal conductivity, and pronounced CMAS resistance, making them suitable for
applications as high-temperature thermal barrier coatings. Conversely, the lower thermal
expansion coefficient (9-10 x 107¢ K1) than that of YSZ (10-11 x 107% K~!) may lead to
higher thermal stresses in the TBC system as both substrate and bond coat have higher
thermal expansion coefficients (approximately 15 x 1076 K1) [84-87].
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Among pyrochlore materials, lanthanum zirconate, LZ (La;Zr;0Oy7), gadolinium zir-
conate, GZ (GdyZr,0Oy), cerium zirconium oxide (CeyZr,Oy), samarium dititanium oxide
(Sm,TiyOy), dilanthanum dihafnate (IV) (LayHf,0O7), and neodymium zirconate (Nd,Zr,O7)
are especially interesting candidates [87].

Specifically, LayZr,O7 seems to be one of the most promising pyrochlores for TBC
application due to its outstanding bulk properties compared to standard YSZ, with a high
thermal stability up to 2000 °C, low thermal conductivity of 1.56 W/m K, and eminent
sintering resistance. A major drawback, however, is the relatively low thermal expansion
coefficient of approximately 9 x 107¢ K~! compared to YSZ with 10-11 x 10° K~!, which
leads to higher thermal stress from thermal expansion mismatch and poor toughness that
lowers the thermal cycling lifetime of LZ as a TBC. In this regard, the higher thermal
expansion coefficient of GdZr,Oy (1.1 X 10° K1) is advantageous [84].

To overcome the thermal cycling lifetime issue of LZ pyrochlore, VaSen et el. (2004) [87]
suggested a pyrochlore/YSZ double layer systems based on LayZr,O7 and GdyZr,O7 py-
rochlores. The results showed similar performances to YSZ coatings at temperatures
below approximately 1300 °C. At higher temperatures, however, the double-layer system
coatings revealed excellent thermal cycling behavior, i.e., at the highest test conditions,
the lifetime was orders of magnitude better than that of YSZ coatings. In another study,
Bansal et al. (2007) [88] focused on lowering even further the thermal conductivity of
pyrochlore oxide compounds. An oxide doping approach was used where part of cation
A was substituted by other cations, e.g., Ay_xMxB;O7 (where x = 0-0.5 and M = RE or
other cation) in the pyrochlore materials. Pyrochlore oxide powders of various composi-
tions were synthesized using the sol-gel process and hot-pressed into 2.54 cm diameter
discs, whereas the thermal conductivity was measured using a steady-state laser heat
flux test. It was concluded that the performed investigation was successful since doping
with RE cations at the A sites in the La;Zr,O7 (A;B,0O7) pyrochlore greatly reduced the
thermal conductivity.

Yang et al. (2018) [89] investigated and synthesized the pyrochlore-related SmyFeTaOy
compound as a potential material for TBC top coat with low thermal conductivity, better
mechanical properties, and high-temperature phase stability. It was concluded that the
compound had low thermal conductivity (approximately half of YSZ) due to a complex
and distorted crystal lattice, high concentration of defects, and large differences in the
atomic masses of cations. Lastly, Che et al. (2021) [90] studied the sintering behavior of
nanostructured pyrochlore-type Lay(Zrg7Ce3)207, designated as LZ;C3. It was proven
that the novel LZ;C3 compound exhibited significantly higher sintering resistance than the
host LayZr,O7 and typical 8YSZ at temperatures up to 1773 K.

3.6. Hexaaluminates

Two important thermophysical properties influence the lifespan of TBC materials:
thermocycling and thermal shock resistance. These parameters are mainly influenced by
the microstructure, the coefficient of thermal expansion, and the aging behavior of the TBC
material [91]. Lanthanum hexaaluminate (LHA) with a magnetoplumbite structure has
proven to be a promising competitor to the state-of-the-art yttria stabilized zirconia as a
TBC material, especially bearing in mind that most zirconia-based coatings age significantly
due to thermal loads and thus include undesired densification at temperatures exceeding
1200 °C. Fortunately, in contrast to zirconia, lanthanum hexaaluminate permits operating
at high temperatures owing to its high-temperature thermal stability (up to 1600 °C) and
electrical insulating properties. In addition to these features, LHA particularly possesses a
high melting point, high thermal expansion, low thermal conductivity, high fracture tough-
ness, and outstanding sintering resistance since such kinds of oxides usually crystallize in
hexagonal platelet-like grains [91,92]. LHA materials have both superior thermochemical
and thermophysical characteristics, which grants them an attractive thermal cycling lifes-
pan and makes them a sublime candidate material for TBC application. As a last remark,
oxides with a magnetoplumbite structure have a nominal composition of LnMAl;1O19
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(Ln = La to Gd; M = Mg [magnesium], Mn [manganese] to Zn [zinc], Cr [chromium] or
Sm [samarium]) [93]. Some specific examples of investigated LHA materials for TBC
applications include LaMgAl;1019, LaZnAl;1 019, and LaTip AlyOq9 [94].

Among LHA materials, LaMgAl;;019 (also known as LaMA or LMA) has been the
most widely studied during the last decades. LaMA with a magnetoplumbite-type structure
displays like its analogues a high thermochemical stability, superior sintering resistance,
and high fracture toughness [95]. Furthermore, LaMA single-layered coating exhibits a
thermal cycling lifetime similar to the traditional YSZ coating. However, the relatively
lower CTE than traditional YSZ in combination with the recrystallization behavior that
reduces the bond strength between the ceramic coating and bond coat results in the single
LaMA coating being less durable under higher service temperatures. The recrystallization
issue forces LaMA to have some shortcomings [96]. On the one hand, the ED-PVD LaMA
coating, usually characterized by the columnar structure with a superior strain tolerance
and service lifetime, has shown difficulties in being successfully prepared, whereas partial
decomposition of LaMA oxide usually occurs in the APS LaMA coating, originating a large
amount of amorphous phase due to rapid quenching from the molten state. Therefore, sub-
sequent recrystallization of the coating during high temperature service may compromise
the reliability of the LaMA layer, in terms of variation of the heat capacity of the material,
that consequently will have a strong influence on the thermal conductivity and CTE, giving
rise to the formation of residual stress [68].

Chen et al. (2011) [97] approached this problem and investigated the thermal aging
behavior of plasma-sprayed LaMgAl;10O19 thermal barrier coatings. LaMA powders were
synthesized using a solid-state reaction method. Lay;Os3, y-Al,O3, and MgO were selected
to be the starting materials. The results showed that the recrystallization and grain growth
rates could be significantly accelerated when LaMA coating was isothermally aged at tem-
peratures above 1173 K. The well-crystallized LaMA coating exhibited improved properties,
such as reduced microhardness, with consequently enhanced strain tolerance and thermal
shock resistance, as well as CTE and heat capacity close to its bulk counterpart.

Furthermore, to overcome the mentioned drawbacks of LaMgAl;1O9—relative lower
CTE than traditional YSZ in combination with the recrystallization behavior—double
ceramic top coat TBCs based on the LaMA/YSZ system were studied. For instance,
Chen et al. (2011) [98] evaluated the thermal cycling failure of LaMgAl;1019/YSZ dou-
ble ceramic top coat material, and the weak bond strength at the interface of LaMA and
YSZ were addressed with the help of two different types of LaMA /YSZ composite coatings.
The results exhibited improved strain tolerance and thermal cycling lifetime in comparison
to single layer YSZ and LaMA coatings. It was noted that specific crystal chemistry in addi-
tion to the nano-crystallization of the LaMA coating induced by recrystallization during
thermal cycling also made contributions to further enhance the LaMA layer-containing
LaMA /YSZ double ceramic TBCs.

On top of that, functionally graded thermal barrier coatings systems based LaMgAl;1 019
and YSZ designed and prepared by APS were introduced to improve the durability and
temperature capability of LaMA top coat materials. Thus, Chen et al. (2012) [99] prepared
a new five-layer quasi-gradient functionally graded thermal barrier coating based on
LaMgAl;1019/YSZ, of which the microstructure, thermal, and mechanical properties were
investigated. It was proven that the burner-rig thermal cycling lifetime increased by
approximately 50% in comparison with the double-layered TBCs of the same ceramics.
More recently, and to further understand the factors related to thermal cycling lifetime,
Chen et al. (2020) [100] analyzed three multilayered TBCs similarly based on LaMA/YSZ,
but this time with different variations in composition and thickness of the intermediate
gradient layers.

Table 2 provides as a summary of the properties, discriminated as “advantages” and
“disadvantages”, of the materials and categories of materials discussed throughout this
last subsection.
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Table 2. Summary of parallel research on material alternatives to YSZ that could be used as TBCs

based on ref. [68,69].

Category

Material

Advantages

Disadvantages

Zirconium oxide

7-8 wt.% Y203

Low thermal conductivity
High thermal expansion coefficient

Sintering above 1473 K
Phase transition above 1443 K

(Zr0Oy) +92-93 wt.% ZrO, Thermal shock resistance Corrosion resistance
High fracture toughness Oxygen transparent
High bond strength and hardness Phase transition above 1273 K
Al,O3 (Alumina) Corrosion resistance Low thermal expansion coefficient
No oxygen transparency High thermal conductivity
Lower thermal diffusivity Destabilization
Y52+ Ca0 Corrosion resistance Sintering effect above 1300 K
Zirconium Low thermal conductivity Low strength
oxide-doped Y5z +MgO High thermal expansion coefficient Low erosion resistance
Low thermal conductivity
High thermal expansion . o
YSZ + CeO, High thermal shock resistance High .s‘T‘teFmg rate
High corrosion resistance CeO; precipitation (>1373 K)
Low phase transition
Defect cluster Low thermal conductivity 1 .
(ZrO, /HfOp-Y,03 _ GZ;%__\:?bOSo High thermal stability Low (ti(;uga}s’:_ecsjn(;/;’;t&;g;f;l51ng
— RE oxides) 23T High sintering resistance p
BaZrO Low thermal shock resistance
3

Perovskite oxides
(simple form, ABO3)

(barium zirconate)

Low sintering rate

Low thermal expansion coefficient
Poor thermal and chemical stability

SrZrO3
(strontium zirconate)

Low thermal conductivity
High thermal expansion coefficient
Low sintering rate

Phase transition
Low thermal shock resistance

Low thermal conductivity

Pyrochlore oxides
(AXBXOZ or A2B207)

ey Covdhomaishoc e Aeicensilin
High chemical stability P
High thermal stability Highly prone to decomposition
Low thermal conductivity during plasma spraying
LaxZr207 High hardness Low thermal expansion

(lanthanum zirconate)

Low sintering rate
High temperature capability

Poor toughness
Low lifetime

GdzZI‘zO7

(gadolinium zirconate)

Good resistance to CMAS attack
Cost effective with YSZ
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4. Dielectric Barrier Discharge (DBD)

The dielectric barrier discharge (DBD) mechanism was introduced more than a century
and a half ago and its research continues to suffer ongoing technological developments as
well as industrial exploration on a large scale [101-103].

Dielectric barrier discharge (also known as barrier discharge, silent discharge, or
ozonizer discharge) is a simple device that is ignited by applying a high voltage—both
at low and atmospheric pressure—between two electrodes wherein at least one of the
electrodes is insulated by a dielectric [102,104,105]. Typically, dielectric materials of low
dielectric loss and high breakdown strength are used, including glass, quartz, ceramics,
enamel, mica, plastics, silicon rubber, Teflon, or Kapton [102,103,106].

By using an insulator, which works in the same manner as a capacitor, many fine
plasma filaments are usually formed between the electrodes, and the formation of a spark or
an arc discharge is thus prevented [104,105,107,108]. Specifically, with increasing pressure
and neutral gas density, gas discharge has the tendency to become non-uniform, unsta-
ble, and constricted. Consequently, a glow-to-spark/arc transition occurs. Thereby; it is
fundamental to accurately design and control some parameters, such as the use of special
geometries, electrode arrangements, excitation methods, and other techniques to obtain
non-equilibrium plasmas at elevated pressures [109]. It is worth emphasizing that these
filaments (also called microdischarges) have a random distribution over the dielectric sur-
face, as well as a very short lifetime, more precisely in the range of a few nanoseconds. This
occurs due to the accumulation of charge carriers on the dielectric surface, which generates
an opposite field to the externally applied voltage, so that the discharge disappears again.
Additionally, in DBDs, microdischarges are observed in every half cycle of the applied
voltage [110,111].

The main aspects that influence the general performance of dielectric barrier discharge
plasma actuators, are (a) geometry (configuration), (b) dimensions of the electrodes, (c) gap
between the electrodes, (d) dielectric thickness, (e) dielectric material, (f) applied voltage,
(g) voltage waveform, and (h) AC frequency. The influence of these parameters is highly
nonlinear and interdependent, which regrettably makes it more difficult to design, optimize,
and mathematically model these devices. For this reason, the continuous investigation of
dielectric barrier discharge plasma actuators is crucial to guide their future implementation
for several applications. Despite the above mentioned parameters, the most important
characteristic of DBD devices is that non-equilibrium plasma conditions can be provided
more simply than those based on other existing alternatives—for instance, low-pressure
discharges, fast pulsed high-pressure discharges, or electron beam injections. The flexi-
bility of DBD concerning geometrical configurations, operating medium, and operating
parameters is unprecedented [112]. Therefore, advantages such as low costs associated
with the construction of reactors, the low-frequency power supply needed, as well as easy
scalability by numbering-up, make dielectric barrier discharge an attractive and easily
adaptable technology for particular desired applications [104,106].

The literature indicates that DBDs are predestined for a large volume of applications,
including ozone and UV generation, plasma display panels of large-area flat television
screens, pollution control by air and wastewater treatment, sterilization of packing and
food, as well as activation, cleaning, etching, and coating of surfaces [104,111-113].

Figure 5 summarizes and highlights some of the main aspects that influence the
general performance of DBD plasma actuators.

4.1. DBD Actuator Classification System

Based on the described general working principle of the DBD mechanism, as well as the
different existing applications, dielectric barrier discharge designs may be divided into two
main categories. It is noteworthy that the classification of configurations is distinguished
by the presence and usage of the insulating material in the discharge path [102,106].



Ceramics 2023, 6

214

e  If the space between the electrodes includes both a dielectric and discharge gap, the
plasma is therefore ignited in the volume existing between the two electrodes. In that
case, the DBD is considered a volume dielectric barrier discharge, or VDBD geometry.

e  Otherwise, if the space between the electrodes is completely filled by a dielectric,
the plasma is consequently ignited on the surface of the dielectric exposed to the
gas volume. In that case, the DBD is named a surface dielectric barrier discharge, or
SDBD geometry.

It is important to highlight that SDBDs, as shown in Figure 6, have been considered
for space applications for decades. Since the 1990s, surface dielectric barrier discharge
actuators—which are non-equilibrium plasma devices capable of generating forces in
air without any moving parts—have been considered an engaging technology in the
aerospace sector.

Dielectric Kapton [114]
[ Materials Teflon [115]
PMMA [116]
PIB rubber [117]
Macor [118]
Cirlex [119]
PVDF (polyvinylidene fluoride) [120]
Glass reinforced epoxy [121]
Configuration Single DBD plasma actuator [122]
(Geometry) Micro DBD plasma actuator [123]
Nano second pulsed plasma actuator [124]
Multiple encapsulated electrode actuator [114]
Sliding DBD plasma actuator [116]
Surface DBD Plasma Stair-shaped DBD plasma actuator [125]
Actuator Performance Segmented electrode DBD plasma actuator [126]
Plasma heat knife actuator [127]
Plasma synthetic jet actuator Linear [128]
Annular [129]
Curved plasma actuator Horseshoe [130]
Serpentine [131]
Geometries Exposed electrode width (1 — 10 mm) [123, 119]
Parameters Embedded electrode width (8 — 20 mm) [115-116]
Gap between the electrode (0 — 3 mm) [115]
Dielectric thickness (0.3 — 4 mm) [117]
Input Signal Voltage amplitude (1 — 80 kVpp) [132-133]
Characteristics

Frequency (1 — 60 kHz) [134-135]

Sinusoidal [136]
Quadratic [136]
Triagular [136]

Waveform type

Figure 5. Surface DBD plasma actuator impact performance parameters [114-136].
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Exposed Electrode

Dielectric

Layer HV AC Source

Embedded
Electrode

Figure 6. Schematic representation of surface DBD (SDBD) plasma actuator configuration.

In 1993, Roth et al. disclosed methods and an apparatus for generating low-power
density glow discharge plasmas at atmospheric pressure. To generate the plasma dis-
charge, the inventors used a pair of electrically insulated metal plate electrodes mounted
face-to-face in parallel or uniformly spaced alignments covered with dielectric insulation.
Although this invention considered an arrangement similar to the conventional plasma
actuator configuration, it did not disclose the possibility of performing active flow control
operations [137].

Only in 2004, Enloe et al. disclosed the conventional plasma actuator configuration
and explained that this device enabled partial ionization of gases using one or more
electrode pairs, each having one electrically encapsulated electrode and one air stream
exposed electrode that was energized by a high-voltage alternating current waveform.
They also mentioned that this invention was particularly appropriate for use in airfoils
for aerodynamic purposes, such as drag reduction, stall elimination, and airfoil efficiency
improvement [138].

Overall, the engaging features of DBDs, such as their mechanical simplicity, light
weight, planar and low drag-structure, as well as relatively low-performance power level
consumption make them a great choice for, for example, aerodynamic flow control and
aircraft propulsion investigations [113]. It is noted that various adaptations of DBDs to
different problems have directed this technology towards the adoption of several special
configurations. Just to name a few, DBD-based plasma jet actuators, multiple encapsulated
electrode plasma actuators, nanosecond-DBD (i.e., NS-DBD), sliding discharges, and capil-
lary plasma electrode discharges have been demonstrated and applied in numerous studies
over the last few years, with special focus on aeronautical and aerospace purposes [102,139].

4.2. DBD Technology in Aerospace and Aeronautical Sectors

The origin of the dielectric barrier discharge is attributed to Ernst Werner von Siemens in
1857 [101-103,112]. The first experimental investigations performed by Siemens et al. [140]
were focused on the generation of ozone and the experiment discharge apparatus de-
sign featured many novel traits, including electrodes positioned outside the discharge
chamber that were not in contact with the plasma. For this reason, DBDs were consid-
ered ozone discharges for a long time [101,103,112,141]. In 1860, Andrew and Tait [142]
named the system silent discharge because of its quiet and silent discharge process.
Such nomenclature is still frequently used in English, German, and French scientific lit-
erature [101,103,141]. Later, K. Buss [143] made a notable contribution to characterizing the
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discharge in 1932 by reporting that the breakdown of atmospheric pressure air between the
planar parallel electrodes covered by dielectrics always gave origin to a large number of
tiny short-lived current channels. The first photographic traces—Lichtenberg figures—of
these channels (or microdischarges) and oscilloscope recordings of current, in addition
to the voltage applied, were obtained [103,112]. Further investigation of channels (or fila-
ments) in more detail was conducted by several research groups, including Klemenc et al.
(1937) [144], Suzuki (1950) [145], Honda and Naito (1955) [146], and later by Gobrecht et al.
(1964) [147], Bagirov et al. (1971) [148], Tanaka et al. (1978) [149], Hirth (1981) [150] and
Heuser (1984) [151]. Despite the ongoing research through the years, another key contribu-
tion was made by T.C. Manley in 1943 [152] who proposed a method for determining the
dissipated power in DBDs using closed voltage/charge Lissajous figures and derived an
equation that became known as the power formula for ozonizers [102,141].

Over the last years, plasma actuators based on the dielectric barrier discharge mech-
anism have attracted much attention for aerospace and aeronautical applications [153].
Broadly speaking, DBD actuators may be applied in research investigating aerodynamic
active flow control and heat transfer [139].

4.3. Plasma Actuators for Aerodynamic Flow Control and Drag Reduction

Active flow control is an important subject of study since it allows for improving the
efficiency of several mechanical systems by enhancing their performance through both fuel
consumption and environmental impact reduction [154,155]. Thus, the ability to manipu-
late a flow field is crucial for the scientific community worldwide. In particular, dielectric
barrier discharge plasma actuators are a technology with great characteristics for this aim,
since it is characterized by easy implementation (i.e., simple construction), absence of
moving parts, extremely low mass, robustness, low power requirements, and fast response
to electrical signals [154-157]. From a practical point of view, this type of actuator allows
modification of the airflow owing to the electrokinetic conversion mechanism, which is
called the electrohydrodynamic (EHD) phenomenon. The exploited electrohydrodynamic
force originating from the electrohydrodynamic phenomenon is produced due to momen-
tum transfer from charged species accelerated by an electrical field to neutral molecules
by collision [154,155]. On the whole, research regarding plasma actuators for active
flow control includes turbulent boundary-layer separation control, steady airfoil leading-
edge separation control, oscillating airfoil dynamic stall control, and circular cylinder
wake control [154].

4.4. Plasma Actuators for Heat Transfer

Apart from the main described aerodynamic applications, dielectric barrier discharge
plasma actuator devices can be considered and used within the field of heat transfer,
for example, for film cooling of gas turbine blades and heat generation for de-icing or
anti-icing objectives [157,158]. In essence, the thermal behavior of DBD plasma actuators
has great importance for these types of applications. Nevertheless, there have been a
relatively limited number of studies reporting these applications [158]. The concept of
using plasma actuators for active flow control in the case of film cooling enhancement was
introduced by Roy and Wang in 2008 [159], and it was shown by numerical simulations
that the application of plasma discharges could improve the film cooling efficiency up
to 26% [139,160]. Other studies were conducted over the years; however, the general
conclusion is the same: despite different boundary conditions or geometries of components
to be cooled, plasma aerodynamic actuation improves the overall efficiency of the film
cooling process by enhancing the adherence of the coolant working fluid (also called
“coolant jet”) [139,161]. Lastly, and regarding the application of plasma actuators in aircraft
icing mitigation, Van den Broecke [162] was the first to conduct research on the feasibility
and effectiveness of using DBD plasma actuators to remove ice accretion from a stationary
flat plate. Currently, more studies have been carried out on this topic and plasma actuation
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has gained great attention concerning icing mitigation due to its unique features [163,164].
SDBD was described by Jia et al. (2022) [165] as a “novel anti-icing method featuring low
energy consumption, geometrical simplicity, and rapid heating effect” and both nanosecond
pulse SDBD (nSDBD) and alternating-current SDBD (AC-SDBD), depending on the driving
waveform, have been verified through experiments for anti-icing purposes.

4.5. Ceramic Materials for DBD Systems

The performance of DBD plasma actuators may be predominantly considered in terms
of their three major features, i.e., their electrical parameters, the geometry chosen, and the
material properties of particular interest (dielectric barrier materials). Despite the several
advantageous features of DBD plasma actuators, one of the major weaknesses of these
devices is their longevity.

Moreau (2007) [166], Corke et al. (2009) [167], and Bernard and Moreau (2014) [168]
have elaborated comprehensive reviews of the physics, modeling, experiments, and ap-
plications of plasma actuators [169,170]. In addition, the properties of dielectric materials
have been described by Bian et al. (2017) [170] and Rodrigues (2019) [139]. For instance,
parameters such as dielectric thickness and its influence on DBD plasma actuator perfor-
mance, the relationship between the concentration of discharge filaments and the con-
sequent dielectric breakdown, as well as the surface temperature of the dielectric and
its impact on the transition from glow to filamentary discharge have all been addressed.
Furthermore, both novel dielectric barrier materials and material modifications, focusing
mainly on polymers—due to their simplicity of use—have also been part of the current
research regarding DBD devices [167]. Nevertheless, polymers have been reported to be
very vulnerable to ion bombardment, radical species, and ultraviolet radiation emitted by
plasma filaments in air at atmospheric pressure, thus making them extremely susceptible
to material degradation [139,171].

As a result, ceramics appear to be a suitable substitute for the widely used polymers,
since this type of material offers several superior and favorable traits, such as corrosion
resistance, high- and low-temperature resistance, excellent dielectric properties, and heat
conduction—which clearly highlights the possibility of ceramics being a good dielectric
barrier in the years to come [170]. In spite of today’s advancements in many technical and
scientific fields, extensive research exploring dielectric barrier layers in standard applica-
tions of dielectric barrier discharge is lacking in the literature [172]. This is particularly
concerning since physical properties and plasma-chemical efforts are highly dependent on
the material of the dielectric barrier. In other words, both surface and electrical properties of
the DBD actuator are particularly influenced by the chemical composition of the dielectric
barrier. These features are of utmost importance since they affect charge accumulation,
charge traps, and electric field distribution in the vicinity of the dielectric surface [173,174].

In an attempt to emphasize the most prominent investigations on dielectric barrier
materials found in the literature, some studies will be summarized below.

Pons et al. (2008) [171] analyzed the surface degradation of two types of polymers as a
dielectric barrier on a DBD actuator, i.e., polymethyl methacrylate (PMMA) and polyvinyl
chloride (PVC) materials, and compared them with borosilicate glass. Images captured
of both polymers showed clear degradation after operation in terms of roughness and
burning, as well as color changing. Contrary to the evaluated polymers, images captured of
borosilicate glass plates presented no obvious modification of the surface. It was concluded
that this material is indeed more robust to chemical and radiation exposure.

Silica glass (ceramic) dielectric barriers have been successfully utilized in many DBD
experiments and have demonstrated improved resilience over organic materials, including
epoxies and polyimide film (Kapton tape) [170,175]. Zito et al. (2013) [175] fabricated
microscale dielectric barrier discharge plasma actuators and experimentally characterized
silicon dioxide for the dielectric barrier. It was stated that by using SiO, as a dielectric bar-
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rier, the lifetime of the actuators was extended when compared with the first generation of
DBD actuators, i.e., polymer dielectric material. Furthermore, Fine and Brickner (2010) [176]
proposed the addition of a heterogeneous catalyst on the surface of the dielectric exposed
to the plasma as an approach to increase actuator thrust. It was reported, according to the
results obtained, that the use of titania (TiO,) as a plasma catalyst increased the actuator
thrust by 120% compared to a catalyst-free actuator.

In addition, in order to determine the time-resolved body force induced by a DBD
plasma actuator and a correlation between induced body force, flow behavior, and phase
of the dielectric discharge, Neumann et al. (2012) [177] performed flow studies captured
with high spatial and temporal resolution. A ceramic dielectric manufactured using low
temperature co-fired ceramics technology (LTCC) was applied which, according to the
authors, allowed the use of a very durable and lasting ceramic, possibly enabling the
future application of this material in harsh environments, such as turbomachines. In
turn, Segawa et al. (2007) [128] reported the characteristics of a DBD actuator under
elevated temperatures—up to 600 °C. In their study, the authors developed a DBD plasma
actuator with ceramic and quartz insulators and verified the performance deterioration
with increasing temperature.

On top of all the investigations described, to obtain a homogeneous DBD in air at
atmospheric pressure, many methods—including different types of barrier materials, power
supply, and electrode arrangements—have been explored [178].

Ran et al. (2018) [178] focused their work on the factors that influence the formation of
homogeneous discharges at atmospheric pressure in air with a greater focus on dielectric
properties on discharge modes. The experimental set-up featured plane-parallel electrodes
which were covered with quartz plates of 0.5 to 1 mm thick or Al,O3 ceramic plates of
0.5 to 3.25 mm thick. It was found that the dielectrics played a crucial role in the formation
of atmospheric pressure Townsend discharge (APTD) in the open air. Briefly, the Townsend
discharge consists of a gas ionization process where an initially small amount of free
electrons, accelerated by a sufficiently strong electric field, gives rise to electrical conduction
through a gas by avalanche multiplication. Once the number of free charges drops or the
electric field weakens, the phenomenon ceases [179]. Three dielectric characteristics were
distinguished of major importance: type of dielectric material, thickness of the dielectric
barrier, and surface roughness of the dielectric barrier. Nevertheless, it was highlighted by
the authors that the rougher the dielectric material, the greater number of shallow traps, so
more electrons can be provided for the next half-cycle discharge of the DBD. In addition, it
was shown that the surface roughness of the dielectric also reduced the breakdown electric
field due to its uneven surface. The ceramics used in this study had more shallow traps
than quartz glass, which explained the difficulties quartz has in generating homogeneous
DBD in air.

As a follow-up, Ran et al. (2020) [180] approached the factors that affect the transition
of discharge mode for obtaining a homogeneous atmospheric pressure discharge in air.
The surface morphology of different dielectric materials—quartz glass and ceramic—was
given special attention. Once again, it was concluded that the surface morphology of
different applied dielectrics has a remarkable influence on the discharge mode and emission
spectrum of the discharge.

Particularly interesting about DBD actuators is the efficiency of the DBD plasma chem-
ical reaction. In fact, this efficiency is expected to increase by increasing the permittivity of
the barrier material, since the transported charge of the plasma reaction is proportional to
the permittivity of the dielectric material. Ceramics with high permittivity tend to break
by supplying a high voltage thanks to their modest dielectric strength, and therefore SiO,,
which has a low permittivity, is generally used as a dielectric material [181]. Nevertheless,
MTiO3z (M = Ca, Sr, Ba) ceramics are actually recognized as a typical dielectric material pos-
sessing a variety of dielectric properties. Li et al. (2004) [181] investigated the sinterability
and mechanical and dielectric properties of Ca 7Srg3TiO3; using Li»Si;Os as a sintering
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additive. The produced ceramic was applied as a dielectric barrier for the decomposition
of CO,. For comparison purposes, alumina and silica glass were also used as dielectric
barriers. The results indicated that the permittivities of the three types of ceramics at 100 °C
and 10 MHz were in the order of Cag Sro3TiO3 (207) >> alumina (10.4) > silica glass (4.6);
and the CO, conversions greatly changed depending on the barrier materials in the same
order as the permittivity, i.e., Cag 75rg 3TiO3 >> alumina > silica glass.

In the same train of thought, Song et al. (2016) [174] evaluated the performance of
Cayg.gSrg 2 TiO3 ceramics as a dielectric barrier, based on different amounts of glass addition,
in the decomposition of carbon dioxide at atmospheric pressure. Several conclusions were
reached, including the feasibility of using CagSrp,TiO3 for the decomposition of CO,,
since both the conversion rate and efficiency increased with increasing glass content.

Moreover, the literature states that alumina ceramics are widely applied as ceramic
dielectric barriers, since they are considered sufficient for DBD actuator applications due to
their advantageous features, such as high mechanical and dielectric strength, high resistivity,
and small dielectric losses [173]. Regarding the influence of the DBD actuator above the
construction threshold on the two-dimensional subsonic boundary layer, Moralev et al.
(2018) [182] used an actuator design with a two-layer underlying electrode to stabilize the
position of the filaments and 1 mm thick dielectric plates of alumina ceramic were placed
between these two electrode layers, as well as above them. Recently, Kelar et al. (2020) [173]
determined the ignition and quenching voltage of the DBD regarding the effect of adding
several types of oxides to a pure alumina ceramic. The aim was to determine the impact of
the chemical composition of the dielectric barrier. Overall, the final findings showed that
the addition of small amounts of oxide dopant into pure alumina ceramic affected both the
chemical composition and surface structure of the ceramic, which in turn influenced the
plasma parameters. Similarly, the work carried out by Pribyl et al. (2020) [173] consisted of a
complex study on alumina-based ceramic barriers doped with spinel, i.e., MgAl,O4. It was
concluded that the change in the sample composition resulted in a nonlinear response of the
physical properties for coplanar DBD (CDBD). It was remarked that the determination of
bulk and surface properties is necessary for complex analysis of the suitability of materials
for use as a dielectric barrier for CDBD; however, based on the knowledge and experience
already acquired, alumina-based ceramics with a small addition of MgAl,Oy are promising
materials for effective cold nonthermal plasma generation.

Lastly, a remarkable investigation was carried out by Bian et al. (2017) [170] in which
the material characterization and performance evolution of an AIN ceramic-based DBD
plasma actuator was reported. A conventional Al,O3 ceramic was also investigated as
a control. Many conclusions were extrapolated, but, in general, the authors highlighted
that the AIN-based actuator produced a more uniform discharge whilst the discharge of
the Al,O3 actuator easily became filamentary. The latter condition unfortunately leads to
higher power consumption and earlier failure due to electrode oxidation.

5. Multifunctional Advanced Ceramics

The function of an engineered ceramic material may be defined as the specific purpose
for which it is used in a particular application. Moreover, multifunctional ceramic sys-
tems composed of different materials—each offering primarily a single function—are well
known. Nevertheless, sometimes even for a monofunctional application, a fine ceramic
is frequently able to fulfill a set of secondary purposes based on their secondary proper-
ties [183]. Taking into consideration the three aforementioned and reviewed applications of
advanced ceramics in aerospace and aeronautical engineering fields, i.e., thermal protection
systems, thermal barrier coatings, and dielectric barrier discharges—Figure 7, in addition
to the materials assessed in each subsection, the following three chemical compositions
of ceramic systems carefully studied follows: MgO-doped aluminum oxide, MgO-doped
calcium zirconate oxide, and yttria-stabilized zirconia.
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(b) (©)

Figure 7. Examples of engineering applications of (a) TPS woven material (adapted from
Uyanna et al. (2020) based on ref. [11] with the permission of Elsevier), (b) TBC space shuttle tile,
and (c) DBD plasma actuators during discharge phenomenon.

5.1. MgO-Doped Aluminum Oxide

Aluminum oxide, commonly referred to as alumina, is one of the most widely used,
cost-effective materials in the family of fine ceramics. With an excellent combination of
properties and reasonably priced, available raw materials, fine-grain technical alumina has
a very wide range of applications. In detail, this material possesses strong ionic interatomic
bonding, which consequently gives rise to its desirable key properties, such as:

high-temperature stability,

excellent size and shape molding capabilities,

high strength, stiffness, hardness, and wear resistance,

good corrosion and erosion resistance,

resistant to strong acid and alkali attacks at elevated temperatures,

high dielectric strength and small dielectric losses, and

commercial availability in purity ranges from 94% to 99.8% for the most demanding
high-temperature applications.

Moreover, the listed characteristics make alumina-based ceramics the material of
choice for a wide range of applications, including high temperature and aggressive envi-
ronments, wear and corrosion resistance, metal cutting tools, microwave components, and
electrical insulation.

Furthermore, authors such as Pribyl et al. [173], Molla et al. [184], and Ramirez
Gonzalez et al. [185] evaluated the addition of magnesium-based dopants in standard
alumina ceramics. It was reported and highlighted that Mg-based dopant components are
usually used as a sintering aid in the alumina fabrication process since they inhibit grain
growth and increase the final density of the material. Accordingly, and bearing in mind two
crucial considerations described in Sections 2.1 and 2.3, respectively, that (a) oxide ceramics
are intuitively good candidates for passive TPS application, (b) alumina is a state-of-the-art
ceramic dielectric barrier material of DBD actuators.

From the TBC point of view, alumina oxide is a very stable phase with very high
hardness and chemical inertness. However, the plasma-sprayed coating of alumina contains
mainly unstable phases, such as gamma- and delta-Al,O3. These unstable phases will
transform into alfa-Al,O3 during thermal cycling, accompanied by a significant volume
change (~15%), which results in microcrack formation in the coating [67,186,187].

Nevertheless, in hexaaluminates, MgO played an important role in recrystallization
and grain growth rates that promote coatings with improved properties, such as reduced
microhardness, greater strain tolerance and thermal shock resistance, as well as better CTE,
as described by Chen et al. (2011) [98]. The MgO-doped alumina increased the densification
and grain size reduction, thus improving the mechanical properties of the alumina coating,
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such as coating hardness and substrate oxidation resistance. Furthermore, the formation of
MgAl,Oy4 spinel phase can promote cracking-healing behavior within the coating [188].

5.2. MgO-Doped Calcium Zirconate Oxide

Calcium zirconate oxide, also named calcium zirconate (CZ), is reported to be a
potential candidate for many purposes in mechanical, coating, and electrical applications.
As described in Section 2.2, calcium zirconate has appealing and exciting thermal properties,
rendering this ceramic material a convenient candidate for thermal barrier applications. In
addition, CZ is a material with a perovskite structure that is of fundamental significance
for its electrical properties. All in all, some of the attractive properties of calcium zirconate
oxide include:

excellent mechanical properties,

low thermal conductivity,

high thermal and chemical stabilities,

good thermal shock resistance,

high melting point, and

excellent dielectric properties, i.e., high dielectric constant, low loss factor, and both of
qualities are stable between 1 kHz and 1 MHz.

Calcium zirconate has been applied in different sectors, for example, as a sensor
material in aluminum melts, refractory material for titanium metallurgy, and microwave
dielectric ceramic in modern communication systems. Nonetheless, it is considered to be an
alternative material to YSZ in thermal barrier coatings in aeronautical and aerospace fields,
as pointed out by Ma et al. [82], Garcia. et al. [83], and explained in Section 4.4 (perovskites).

Additionally, the literature indicates that simple perovskite structure materials are of
essential significance for their electrical properties, including ferroelectricity, piezoelectricity,
and superconductivity. Studies showed that perovskite ceramics increased the efficiency of
the dielectric barrier discharge process. Li et al. [181] and Song et al. [174] focused their
studies on the family of CaTiO3-based compositions, however, these ceramics had the
drawback of lower temperature stability when compared to CaZrOs.

In the literature, studies proposing CaZrOj for TPS are limited; however, in some
previous works [189-193], research was carried out on the behavior, mechanical prop-
erties (flexural resistance, compression, wear, hardness, and toughness), and thermo-
mechanical characteristics (diffusivity, heat transfer, thermal conductivity, and CTE) of
the CaZrO3-MgO system, showing that it is a valid option for structural applications at
high temperatures.

Taking the above aspects into account and the densification and inhibition of grain
growth during the sintering process, the MgO-doped CaZrOj3 ceramic system is also
considered to be a reasonable and suitable material for TPS, TBC, and DBD applications.

5.3. Yttria-Stabilized Zirconia

As described in Section 4.2 (Ceramic Materials for TBC Systems), yttria-stabilized zir-
conia has been widely considered and adopted for thermal barrier coatings on gas turbine
blades typically made of a Ni-based superalloy because of its attractive properties, such as
high thermal stability, low thermal conductivity, and a relatively large thermal expansion
coefficient, which is close to that of the metal substrate. In addition, it is known that zirconia
or ZrO, has a very high melting point (3053 K), as well as high-temperature, wear, and
corrosion resistance. Nonetheless, pure zirconium dioxide undergoes a phase transforma-
tion from monoclinic (stable at room temperature) to tetragonal (at approximately 1170 °C)
and then to cubic (at about 2370 °C). Therefore, in order to obtain stable zirconia ceramic
products, stabilized zirconia has been developed and studied by doping ZrO,. Particularly,
by adding yttrium oxide or yttria (Y,O3), which has excellent chemical inertness and high
corrosion resistance, it is possible to obtain a fully stabilized zirconia. Precisely, ZrO, with
7-8 wt.% Y,0O3 composition has been studied for years for TBC applications due to its
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unique properties enumerated in Section 3 on Thermal Barrier Coatings, and enumerated
once again:

very high mechanical strength and wear resistance,

very high erosion resistance,

high impact resistance,

high corrosion resistance,

high chemical resistance,

very low thermal conductivity, and

relatively high coefficient of thermal expansion when compared to other ceramics.

Recent MSc work by Balga (2021) [194] specifically studied the optimization of mul-
tiphase composites of zirconium oxide for thermomechanical aeronautical applications
by applying DoE analysis. On the whole, the research consisted of the fabrication and
microstructural, physical, mechanical, and thermal characterization of seven multiphase
distinct ceramic compositions in which pure (monoclinic phase, mZ), tetragonal phase
(8YSZ, tZ), and cubic (8YSZ, cZ) zirconias served as the base materials. After performing a
DoE study, the composition (wt.%) of 1:3 cZr, 1:3 tZ, and 1:3 cZ (1:3 all YSZ) was selected,
based on the mechanical and thermal results, as the best fit for a thermal barrier coating
and passive thermal protection system.

It is important to emphasize that the choice was mainly influenced by the material’s
high mechanical resistance and notably low thermal conductivity, which is a crucial pa-
rameter for the two applications referred. To sum up, Figure 8 outlines the three ceramic
systems chosen to be investigated, i.e., MgO-doped Al,O3, MgO-doped CaZrOs3, and 1:3
of all yttria-stabilized zirconia, in addition to their intended applications based on the
aeronautical and aerospace implementations exploited (TPS, TBC, and DBD) illustrated in
Figure 7.

DBD TBC

Multifunctional
ceramic

TPS

Figure 8. Ceramic systems proposed by the literature and likely possible applications in aeronautical
and aerospace fields.

The selections were made in the sense that, when possible, one of the functions of each
candidate ceramic system should be based on their usual state-of-the-art application. For
example, yttria-stabilized zirconia is a state-of-the-art material for TBCs, whereas alumina
ceramic is used for DBD. The second application should be an alternative application
according to the literature reviewed. The third and remaining application, which is always
opposite to the material considered in the diagram, serves as a suggestion and, therefore,
further studies are expected to determine its suitability, such as MgO-doped calcium
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zirconate as a TPS, MgO-doped alumina for TBC usage, and lastly, yttria-stabilized zirconia
as a dielectric barrier for DBD actuators.

6. Conclusions

The premise that materials permeate the technological innovations that contribute to
our social well-being and impact our daily lives is well accepted, so we have two major
challenges: (i) increase energy savings and consequently increase the energy efficiency and
durability of products; (ii) access more economical and local raw materials, thus minimizing
transport and geopolitical constraints. Therefore, continuous research and enhancing our
understanding of materials allow us to optimize new products by improving existing
materials, adapting them to new manufacturing processes, and developing new functions
for them. Hence, novel opportunities arise. Advanced ceramics can be designed to add
value to forms of current manufacturing and may provide innovative alternative solutions
to current problems.

This review presents solutions with multifunctional ceramic composites for funda-
mental applications in aerospace and aeronautics, including thermal protection systems
(TPS) and thermal barrier coatings (TBC). In this context, TPS and TBC are mature systems
with valid industrial solutions. However, new proposals and solutions are welcome with
the objective of improving energy efficiency and increasing durability. The integration of
new functionalities, such as dielectric barrier discharge (DBD) requires the use of reliable
ceramic composites with predictable properties and well-known manufacturing processes
that allow their adaptation to new designs and specifics.

Thus, the proposed ceramic composites are valid solutions for some functions and
still little known for other uses. For example, MgO-doped aluminum oxide is proposed for
passive TPS application and in dielectric barrier discharge; however, like TBC, there are
other alternatives. Nevertheless, their application in view of a multifunctional response
is a potential solution. The ceramic MgO-doped CaZrOj3 system used in TBC is a good
candidate for DBD due to its electrical properties, and its proposed use in TPS is a reliable
solution. Yttria-stabilized zirconia (YSZ) is a widely adopted material for TBC and TPS
functions. The proposal of mixing zirconias (1:3 monoclinic, 1:3 tetragonal, and 1:3 cubic
phases) as a base ceramic composite may enhance thermal barrier coatings and passive
thermal protection system applications. The multiphase microstructure of this ceramic
creates the fundamental electrical potential for DBD function.
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