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Abstract: With the rising demands of industry to increase the working temperature of gas turbine
blades and internal combustion engines, thermal barrier coatings (TBC) were found to be an effective
way to further enhance the lifetime of aero components through the improvement of mechanical
properties and oxidation-resistance. Thus, this paper aims to review coating technologies with special
emphasis on plasma-sprayed thermal barrier coatings (PS), and those produced by physical vapor
deposition (PVD) and chemical vapor deposition (CVD) methods. Each technology was assessed
in terms of its effectiveness to enhance the mechanical response and oxidation resistance of nickel-
based parts working at high temperature. The effect of coating technology on mechanical strength,
hardness, fatigue and creep of nickel alloys was discussed to reveal the potential candidates for future
applications in aggressive environments.

Keywords: high temperature corrosion; fatigue; creep; aggressive environment; turbine blade

1. Introduction

Nickel-based superalloys are widely used for engine parts since they effectively work
under extreme conditions. The main advantages of these materials are their superior
heat resistance and high strength, which could be maintained over a wide temperature
range [1]. These properties make them particularly attractive materials for aerospace and
power engineering applications, including internal combustion engines or gas turbines
operated in the air or steam [2]. The recent trends in the power engineering industry
require improving the efficiency of these engines by increasing the temperature of the
working medium. Such a phenomenon leads to the expansion of the gas in the turbine
chamber, thus more energy could be produced [3,4]. However, the combination of high
temperature and air to which nickel alloys are exposed leads to their oxidation. Therefore,
protective coatings must be applied to increase the material’s high-temperature corrosion
resistance [5].

These protective coatings are known as thermal barrier coatings (TBC). The research
on their particular application to protect turbine blades has continuously developed since
the late 1940s. It is important to mention that the still progressing research on TBC is
related and driven by both the development of nickel-based superalloys (from casting
alloys to directionally solidified alloys and single crystal alloys) and their fabrication
methods. The evolution of materials and coatings used for turbine blades was presented
in Figure 1 [6,7]. It should be highlighted that a significant improvement in the operating
temperature from 900 ◦C to almost 1500 ◦C could be obtained by the application of TBC.
On the other hand, the increase of working temperature of about 100 ◦C was observed for
nickel-based superalloys manufactured by using different technologies. One can conclude
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that application of TBC could improve the high-temperature performance of nickel-based
alloys more effectively than the modification of the alloy.
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Continuous development of TBC and materials for high-temperature applications
require a deep understanding of their mechanical and microstructural properties, especially
in relation to their behaviour at elevated temperatures. Although there are a number of
review papers found on the TBC deposited on nickel alloys, the effect of coating technology
and coating itself on the mechanical response of the substrate material at high temperature
and their corrosion resistance was insufficiently discussed. Therefore, the main aim of
this paper was to discuss the relationship between coatings and the high-temperature
performance (mechanical behaviour and corrosion resistance) of nickel-based alloys.

2. Review Methodology

The literature review involved the detailed investigation of thermal barrier coatings
applied on nickel-based superalloys with particular emphasis on their high-temperature
performance (mechanical response and oxidation resistance). The review was conducted in
the PubMed and Web of Science databases with the following keywords used in various
combinations: “thermal barrier coatings, nickel alloys, high temperature performance,
fatigue, creep, wear, coatings, oxidation, turbine blades, deposition”. A total of 120 scientific
papers and conference proceedings were found through the electronic databases. They
were subsequently considered by independent reviewers to assess their eligibility. The
assessment includes screening the title, abstract and summary of each paper using the
pre-specified inclusion and exclusion criteria. In the next step, the papers not fitting the
inclusion criteria were excluded. A total number of 98 papers were found as relevant, and
thus, they were used in this review.

3. Deposition of TBC Layers

Thermal barrier coatings could be deposited on the material using diffusion or overlay
coating processes. During the diffusion process, the protective materials (commonly
aluminum and chromium or aluminum and silicon) are evaporated on the hot component
(approx. 900 ◦C) without contact between the substrate material and the powder. However,
the powder is in direct contact with the substrate during the overlay coating process.
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Despite such a difference, both processes are designed to apply a coating that protects the
component against high-temperature corrosion, oxidation and erosion, especially in harsh
environments [5,8].

The purpose of a heat insulating coating application is to protect the substrate against
high temperatures by inhibiting the transport of heat deep into the material, and thus,
extending the life of the component. Specifically, an application of TBC increases the
efficiency of turbines by increasing their operating temperature. Additionally, it reduces
the proportion of CO2 and NOx emissions into the atmosphere.

TBCs are typically composed of three layers (Figure 2). The ceramic topcoat is the one
of most exposed to high temperatures, thus it is characterized by superior heat resistance,
non-conductivity and a low coefficient of thermal expansion. Another important property
of the topcoat is its high crack resistance [5,9,10]. The most common material used for
the topcoat layer is yttria-stabilised zirconia (YSZ), which has a very high melting point
of 2700 ◦C and one of the lowest thermal conductivities and thermal expansion among
conventional ceramic materials [11]. The layer below, called the bond coat, connects the
ceramic material with the substrate. The main alloys used for the bond coat are NiCrAlY
and NiCoCrAlY. They are characterized by increased corrosion resistance due to their
chromium content and improved adhesion related to the addition of the yttrium. One
should mention that yttrium, like aluminum, contributes to the inhibition of grain growth,
which makes the alumina layer formed at elevated temperatures adherent, continuous
and thermally stable [12]. A thin layer of barrier oxides formed between the bond coat
and the ceramic topcoat protects the bonding layer from high-temperature oxidation. This
layer of thermally grown oxide (TGO) is formed during oxidation of the bond coat and is
associated with:

• the formation of microcracks in the topcoat, through which oxygen reacts with the
metal to form Al2O3 scale; or

• the diffusion of oxygen from the YSZ decomposition.

Despite the high-temperature corrosion resistance of the alumina oxide and beneficial
effects leading from the addition of Y, many contradictions can also be found in the literature.
They demonstrate the negative effect of such an addition on the long service life of the
coating [13]. The effect of the Y addition in the coating on oxidation was studied by
et al. Hu [12], who performed detailed microstructural studies on oxidized TBC, paying
particular attention to the YSZ/NiCrAlY interface region. Isothermal oxidation testing in
the air at 1050 ◦C for 24, 96 and 192 h were performed on Ni-based superalloy GH3030
specimens with YSZ coating applied by the APS technique. The result showed that the
YAG layer formed on the Al2O3 layer after high temperatures oxidation leads to a reduction
of the service life of the TBC. Such behaviour was related to the reduction of Al2O3 layer
thickness and subsequent acceleration of the outward diffusion of Ni and Cr elements [9,14].

One should highlight that almost 98% of alloys and superalloys capable of operations
above 700 ◦C in an oxygen environment contain as high as 18 wt.% of Cr and less than
2 wt.% Al. Chromium-rich alloys usually form Cr2O3 oxide during air or oxygen exposure,
and thus, the dissociation of Cr2O3 to CrO3 limits their oxidation resistance to 950 ◦C [15].
Therefore, a special group consisting of nickel and iron aluminides possessing a high
melting point, low density, excellent high-temperature endurance, and corrosion resistance
above 950 ◦C was developed [15,16]. Iron and nickel aluminide-based alloys (Ni3Al, NiAl,
Fe3Al and FeAl) exhibit superior resistance to high-temperature corrosion in the aggressive
environment due to the formation of a protective alumina layer, even when the partial
pressure of oxygen is low. Among these materials, iron aluminides based on Fe3Al and
FeAl exhibit attractive properties in comparison to steels and superalloys as indicated
below [17–22]:
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- lower density than stainless steels, and better strength-to-weight ratio;
- higher Al content (in the range of 15–30 wt.% depending on the intermetallic) as

compared to Al content of 6 wt.% or less in steels and superalloys;
- excellent oxidation resistance up to 1000 ◦C;
- better corrosion resistance in oxidizing and reducing environments;
- the ability to either reduce or eliminate the application of strategic elements such

as Cr;
- the ability to match thermal expansion properties with those of the steels;
- high electrical resistivity that increases with temperature;
- good corrosion resistance in many aqueous environments.

Reinshagen et al. [23] obtained Fe3Al-based coatings by spraying 5.5–62 µm size gas
atomized powder of Fe-15.9 wt.% Al-2.2Cr-0.01B onto the Inconel 718 substrate using APS
and HVOF techniques. Interestingly, coatings of HVOF exhibited low porosity, a high
number of partially unmelted particles and a stable connection, whereas a large amount of
intersplat porosity with low adhesion was observed for APS coatings. Al-Taie et al. [24]
investigated the potential use of Fe3Al-based coatings for corrosion and erosion resistance
in coal gasification systems by application of Fe3Al-based coatings on 800H, 304, Sanicro
28 and Monit substrates. Interestingly, Fe3Al coatings exhibited limited corrosion even
after 1500 h exposure at 600 ◦C in a CO-30%H2-3.5%H2O-1.5%H2S atmosphere despite
spallation of the coatings from the substrates. Spallation is a serious concern and requires
either modification of the substrate prior to application of the coating or deposition of an
intermediate bond coating. Senderowski et al. [25] applied NiAl and NiCr interlayers for
GDS Fe-Al intermetallic coatings obtained from self-decomposing powders. The successful
application of a coating system enabled to enhance mechanical and thermal resistance
above 950 ◦C, hardness and the adhesion of the coating/substrate bond. Deevi [15] shown
that HVOF and APS protective Fe3Al- and FeAl-based coatings exhibit excellent oxidation
and corrosion resistance in air and in complex corrosive environments such as H2-H2S,
N2-11.2O2-7.5CO2 with SO2, O/S mixed-gas environments with or without chlorine, sulfur,
molten salts and condensed alkali deposits in the temperature range of 700–1100 ◦C for
extended periods of time.
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Figure 2. Schematic of TBC system formation.

Typically, TBCs also consist of a bilayer material system that involves a bond coat (BC)
and a ceramic topcoat (TC). TCs are commonly deposited by using atmospheric plasma
spray (APS) and electron beam vapor deposition (EB-PVD) methods. Other techniques
include suspension plasma spray (SPS) and plasma spray–physical vapor deposition (PS–
PVD) which form a coating with a columnar microstructure similar to EB-PVD, however,
at a considerably lower cost [26]. On the other hand, the BC could be applied by using all
the plasma spraying processing methods including air, vacuum and low-pressure (APS,
VPS and VLPPS) methods, as well as high-velocity oxy-fuel (HVOF) and chemical vapor
deposition (CVD) [27].
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3.1. Thermal Sprayed Methods

Thermal spraying is a process during which a material, usually with a high melting
point, is applied to a component using a plasma jet or supersonic flow of a gas stream in the
HVOF or DGS (D-gun spraying) methods. The plasma or energy-carried medium is used
to heat or melt the feedstock material, which is subsequently injected into the plasma in
the form of a powder, rod or wire. The high pressure and velocity of the heated feedstock
cause particle droplets to flatten upon impact and build up subsequent layers of droplets
(Figure 3). The coatings obtained during such process are characterized by a layered
structure. In this structure, interlayer pores formed during rapid solidification and uneven
sputtering can usually be observed. The uniform distribution of voids between the particles
is very important during the application of ceramic coatings, as they reduce the flow of
heat flux to the bonding layer and the component [28–31]. In addition, this microstructure
enables the introduction of more scattering centres, which effectively diminish the amount
of radiative heat build-up on processed components, such as gas turbines [32]. This
coating process was found to be excellent for large-area components, since the deposition is
performed at high speed and with considerable efficiency [33]. Depending on the specific
gas atmosphere, the PS process could be classified into several variants:

• atmospheric plasma spraying (APS) carried out in a controlled air atmosphere;
• low-pressure plasma spraying/vacuum plasma spraying (LPPS/VPS) performed

under controlled vacuum (at pressures of 3–7 kPa);
• very low-pressure plasma spraying (VLPPS), which is also performed under a con-

trolled vacuum within the pressure range from 50 Pa to 200 Pa [30];
• suspension plasma spray (SPS) and solution precursor plasma spray (SPPS) pro-

cesses [31] in which the coating material is delivered into the plasma jet as suspended
solid particles in a nanometer or micron size range (in the SPS process) or an aque-
ous or non-aqueous solution (which is fed into the plasma) containing the cations
necessary to form the oxide coating (in the SPPS process).
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A relatively new method among thermal spray coating techniques is the high-velocity
oxygen fuel (HVOF) method, which, in contrast to the previous methods, uses a supersonic
jet for the powder atomization. The supersonic velocity (above 1000 m/s) of the gas passing
through the converging/diverging nozzle is created by the combustion of a mixture of liq-
uid or gaseous fuel (propane, acetylene, propylene, hydrogen, kerosene) with oxygen in the
chamber. Depending on the oxygen and fuel ratio, the gas stream has a different pressure
and temperature between 2500–3100 ◦C. Such conditions enable the powder material to be
heated to its molten state and notably increase its speed towards the substrate [32,33]. The
higher velocity of the particles improves the properties of the coatings, since shorter transit
time reduces the formation of oxides on the one hand and reduces porosity to less than 1%
on the other [33,34].
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Slightly different from HVOF technology is the D-gun spraying method (DGS), which
enables us to obtain much higher particle velocities than HVOF [35,36]. Contrary to known
HVOF–HVAS-type thermal spraying techniques, the detonation spraying procedure is
characterized by a much higher complexity of the thermophysical detonation phenom-
ena [35,36]. It is related to the unstable gas flow conditions with high temperature and
pressure gradients and high rates of local temporal DGS parameters change during the
gas detonation process with a specific frequency. D-gun-sprayed coatings exhibit excellent
adhesion to the substrate with very low structure porosity [37,38].

3.2. Vapor Deposition Techniques

TBC can also be produced by using vapor deposition techniques. These methods
are used to fabricate thin layers with thicknesses ranging from a few nanometers to sev-
eral hundred microns. Technologies for producing coatings using gas-phase deposition
techniques can be classified into physical vapor deposition (PVD) and chemical vapor
deposition (CVD) [39]. The main advantage of these coatings is that they can be applied
on a variety of complex-shaped objects (insides and undersides of features, elements with
holes, etc.) [40–43].

PVD is a deposition process in which a material is sublimated or evaporated under
heat into atoms or molecules, and transported to a substrate where it is condensed atom by
atom (Figure 4). The deposition chamber is kept either under low pressure gas (or plasma)
or a vacuum. It enables the particles to move towards the substrate (usually following a
straight path) and reduces gaseous contamination [44].
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Among a number of PVD processes, EB-PVD is one of the most commonly used
in the industry. In this method, the target material is bombarded and melted by an
electron beam, vaporized and subsequently deposited on the surface, resulting in a unique
columnar microstructure formation [45]. Columnar grains are aligned perpendicularly to
the substrate and demonstrate the ability to stress accommodation, enhancing thermal-
shock resistance during part performance. TBC coatings produced by the EB-PVD process
are more frequently deposited on components for the most difficult applications, such as
turbine blades in aircraft engines [46,47]. However, the main disadvantage of this process
is that thermal conduction paths occur between the columns, which increases the thermal
conductivity of the coating. Furthermore, it is also considered the most expensive and
complex industrial coating process [48,49] with a significantly lower deposition rate of the
coating deposition [50].
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CVD is another widely used diffusion method for the deposition of thin films in
which material in the vapor phase is deposited on the heated substrate surface. In a
typical CVD process, one or more volatile precursors are located in the chamber, where
they react with each other and/or decompose on the surface to form a layer of a single
material. Usually, some components of the gas undergo chemical decomposition during
interaction with the substrate, forming volatile by-products that are pumped out of the
reaction chamber (Figure 5a) [51]. The advantage of this method over PVD is the possibility
of depositing a large variety of materials at relatively low temperature (500–1000 ◦C) and
atmospheric pressure (10 mbar). The deposited coatings are homogeneous and exhibit
high purity [52]. A typical example of morphology showing the coating obtained during
CVD process was presented in Figure 5b, while its cross section was shown in Figure 5c.
The deposition process was performed at a temperature of 950 ◦C for 4 h on MAR 247 as a
substrate material.
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3.3. Perspective Methods—Physical Vapor Deposition (PS-PVD), Suspension Plasma Spray (SPS)

Another evolving technique combining the advantages of APS and EB-PVD methods
is plasma spray–physical vapor deposition (PS–PVD). This promising technology was
developed to achieve conditions that were unattainable for the two methods mentioned
above. First of all, PS–PVD has the ability to deposit columnar structure coatings such
as EB-PVD; however, this is completed by using thermal spray technology, during which
the material is evaporated. Evaporation of the feed material was achieved by reducing
the working pressure. It results in a change of the plasma plume properties and increases
the energy of the plasma (temperature up to 10,000 ◦C). Additionally, PS–PVD coatings,
as well as those produced by APS, exhibit porosity, which is not possible to obtain with
the EB-PVD method. Mentioned properties are favourable for the achievement of high
in-plane strain tolerance with low thermal conductivities [53,54].
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The second alternative method is suspension plasma spray (SPS), which enables us
to manufacture of columnar structures. The difference between APS is mainly related to
the size of injected particles during the process. Suspension plasma spray process used
nano or submicron-sized powder feedstocks and a liquid medium. In contrast, APS cannot
use particles with diameters lower than 5 µm [49]. The ability to deposit the fine particles
provides higher thermal mechanical properties as compared to micron-sized powders [55].
Thus, during the SPS small particles are deposited by using liquid (water or alcohol) in
which the particles are suspended. The suspension is injected by the nozzle, and then
penetrates through the plasma jet with adequate velocity. Subsequently, the suspension is
fragmented during the transport, the solvent is vaporized, and the particles are melted and
finally deposited on the substrate [56].

In the SPPS process, a precursor with a high molar concentration is used. However,
it should be highlighted that it is challenging to find the stable precursor solutions from
soluble and mutually compatible chemicals in a given solvent. Typically, the various
steps of SPPS coating formation include droplet breaking, solvent evaporation, particle
pyrolysis, melting, and finally, deposition could be distinguished. A unique feature of the
SPPS process is that chemical precursors can exhibit endothermic or exothermic chemical
reactions, or a combination of both, during pyrolysis. The specific energy of these reactions
is often sufficiently high to accelerate particle decomposition and melting. Therefore, the
use of specific features of the SPPS process, such as the occurrence of exothermic reactions,
enable us to obtain unique microstructure in TBCs coatings, including metastable phases
and homogeneous two-phase structures.

4. Effect of Deposition Methods on Corrosion Resistance and Mechanical Properties

Since coated nickel superalloys operate mainly at high-temperature and high-pressure
environments for a long period of time, several tests have been conducted to verify their
oxidation resistance and mechanical response under such aggressive conditions. These
properties are mainly affected by the structure, which can be classified into columnar
and lamellar depending on the method used. Moreover, the parameters applied during
the process (size of powder, spray distance, spray rate, current value, etc.) also have a
significant effect on the coating’s microstructure. Hence, they should be carefully controlled
during deposition [57].

4.1. Effect of TBC on Corrosion Resistance

Failure of TBC exposed to high temperature is commonly associated with the growth
of TGO due to BC oxidation. Such growth causes the occurrence of additional stress
acceleration of the nucleation, growth and propagation of microcracks between layers or
in the TGO layer. Thus, controlling the formation and thickness of TGO is one of the key
factors in the determination of the TBCs lifetime and durability [46]. The cross-section view
of NiAl coating obtained during CVD process on Inconel 740 (Figure 6a) and subjected
to high temperature at 1000 ◦C for 1 h and 25 h in air are presented in Figures 6b and 6c,
respectively.
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One could observe the growth of oxides and microvoids between substrate material
and coating resulting from the mentioned bond coat oxidation. Similar micro-cracks have
been observed in pure nickel plates aluminized in an Ar atmosphere by using a halide-
activated pack-cementation in a powder mixture of Al + 55 wt.% Al2O3 + 5 wt.% NH4Cl [58].
It was reported that, after 5 h of high temperature exposure in the air at 1000 ◦C, microcracks
on the topcoat were observed. These cracks were related to the compressive stress found in
the coating. Such a type of stress originates from the oxide volume contraction converted
during the transformation of the θ-Al2O3 phase to α-Al2O3. Doleker et al. [59] reported
cracking and columnar spallation on the YSZ/Gd2Zr2O7 ceramics coating deposited on
Inconel 718 by using the EB-PVD method. The effect of oxidation on as-received and coated
specimens was examined at 1000 ◦C for 8, 24 and 100 h in the ambient atmosphere. The
dominant phase found in oxidized Inconel 718 was Cr2O3, with internal oxidation and
thickness of the oxidation increasing in time. However, after the 100-h oxidation test, the
stresses induced by the formation of NiO, TiO2, CrNbO4, TiNb2O7, CrMoO4 and their
thermal expansion led to the cracking along the interface of the topcoat. Nevertheless, it
was concluded that the application of the ceramic coating layer provides higher oxidation
resistance by hindering oxygen penetration into the material as compared with the as-
received Inconel 718. Similar observations were performed by Barwinska who investigated
the oxidation of Inconel 740 alloy coated with NiAl. It was found that after exposure for
100 h at 1000 ◦C, the coated alloy exhibited microstructural changes in depth of 35 µm
(Figure 7a), while the as-received alloy was oxidized for up to 80 µm (Figure 7b). Such
results clearly indicate that the protective layer effectively protects Inconel 740 against hot
corrosion.
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The TBCs also spall due to the coefficient of thermal expansion (CTE) mismatch be-
tween metals/alloys and ceramics upon cooling to ambient temperature. One should
highlight that it is important to combine materials with similar thermal expansion coeffi-
cients to reduce tensile stress generation and further avoid coating cracking [60]. Several
studies have been performed to assess a suitable sprayed MCrAlY bond coat [61–63]
that could potentially enhance the high-temperature performance of nickel-based alloys,
however, with limited success. The durable TBC coating over long thermal cycles was
developed by He et al. [60], who used advanced MCrAlY alloys applied on Hastelloy-X.
In this research, five different materials (AE11964, AE11965, AE11966, Diamalloy 4700
and Amdy 386) were deposited on the substrate as the bond coat by using HVOF/DJ
2600 method. Additionally, the 7YSZ topcoat was applied by using the air plasma (Sinplex)
sprayed method. The coatings of 300 µm thickness were heat-treated under vacuum for
4 h at 1080 ◦C. Subsequently, furnace cycle testing (FCT) was carried out at 1135, 1155 and
1165 ◦C. The specimens were heated up to the testing temperature for 10 min, then annealed
for 50 min, and subsequently, cooled for 10 min by air quenching. The results showed that
all alloys have higher thermal cycle properties than benchmarking alloy D4700. Significant
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improvement was observed for AE11966, where thermal cycle resistance increased by
248% at 1135 ◦C and 158% at 1165 ◦C, as compared to D4700. It was highlighted that the
higher temperature of tests reduced TBC lifetime 5-fold for every 100 ◦C. The excellent FCT
performance was related to the fact that AE11964, AE11965 and AE11966 bond coats were
characterized by more than 50% less thermal expansion below 800 ◦C between the topcoat
and a slower TGO growth rate. Different results were presented by Wells et al. [64], who
have shown how the APS thermal barrier coating influences the oxidation resistance of
nickel alloys. The curved specimens of Inconel 6203 were protected by using two coatings:
LPPS CoNiCrAlY bond coat and an APS 8 wt.% YSZ topcoat. One of the specimens was
edged with a radius of 1.5 mm, while the other with 0.35 mm. Such curvatures were chosen
to simulate the corrosion process that occurs on blade rounding. Subsequently, specimens
were subjected to continuous isothermal heating at 850 ◦C for 1000 h and cyclic oxidation
at 900 ◦C for 1 h, followed by air cooling. The observation of specimens’ surface after
the testing showed that small radii may contribute to a more rapid hot corrosion process,
potentially as a result of increased scale spallation. Furthermore, the specimens exposed to
isothermal process were characterized by thinner TGO than those after the cyclic oxidation.
Despite a thinner TGO, delamination cracks on TBC were observed under such conditions,
which were not evident on the specimens after cyclic process. On the other hand, the
thicker areas of TGO with potentially more mixed oxides may have created localized high
stress regions to cause delamination cracks. The effect of the APS topcoat application on
the oxidation resistance of the Haynes 230 was also performed during the cycle oxidation
test every 100 h at 850 ◦C for 1000 h on the three different specimens: without APS topcoat,
with APS topcoat and with damaged APS topcoat [64]. Specimens were also covered by
LPPS bond coat. The test was performed in a corrosive environment of 0.7 vol% SO2,
14.6 vol% O2 and N2 and with a Na2SO4:K2SO4 applied to the surface of specimens every
100 h. The results showed that TBC reduced the hot corrosion of the alloy significantly. The
observed TGO was thinner and more stable, even where the TBC had been pre-cracked,
than in the specimens with no topcoat. The effect of corrosion atmosphere could be clearly
observed in Figure 8, in which the images of morphology of MAR247 with NiAl coating
obtained during CVD process in the as-received state (Figure 8a), after being subjected to
high temperature corrosion test at 1000 ◦C for 100 h (Figure 8b) and after corrosion test in
0.3 M NaCl solution (Figure 8c) are presented.

The as-received coating after deposition process was characterized by a large number
of craters with a relatively smooth surface. The high temperature exposure led to the
formation of needle-like features on it. On the other hand, the corrosive environment of
0.3 M NaCl solution resulted in the growth of alumina-based crystals.
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Similarly, the influence of different bond coats in SPS TBCs on a lifetime of Hastelloy-X
and Inconel 792 was examined by Gupta et al. [65]. In this work, NiCoCrAlY bond coats
prepared by HVAF and VPS were compared to PtAl diffusion bond coat. Specimens were
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covered with a YSZ topcoat by using the SPS method; however, some of them were grit-
blasted before the deposition. The microstructure observation showed that even though all
specimens were covered with the same SPS parameters, the formed columns in the topcoat
were thinner than in others, resembling an EB-PVD coating. This phenomenon has been
observed due to the characteristic lower surface roughness of the diffusion layer. It provides
higher adherence of large particles during deposition in the first few layers to further create
more initiation peaks, as reported in the literature [66–68]. However, due to the poor
mechanical bonding between SPS topcoat and a smooth bond coat surface, spallation
frequently occurs during metallography preparation for microscopic observations. Such a
low adhesion also affects the formation of spallation during the isothermal heat treatment
test at 1100 ◦C. The selected images of cracked coating observed after preparation of
the metallographic specimen are presented in Figure 9a. One should highlight that the
TBC layer have a fragile nature, so they crack easily when subjected to excessive loading.
However, if the optimized parameters of deposition process are selected, the coating is
well-adhered to the substrate. Figure 9b shows the fracture area of the Inconel 740 with
NiAl coating subjected to cyclic loading at room temperature. It should be noticed that
even if the surface cracks appear, the coating remains on the substrate, which may confirm
the effectiveness of the process parameters applied.
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On the other hand, both HVAF and diffusion bond coat form a thin, dense and
uniform TGO layer after 200 h of high temperature exposure [65]. Such slow growing TGO
layer is typically desired, since it could prevent excessive oxidation. Moreover, it could
potentially lead to the increase of high internal stress. Moreover, the uniform and thin
alumina layer was responsible for exhibiting the highest TFC resistance in the diffusion
layer. In comparison to the HVAF and VPS after TFC testing, it was observed that the HVAF
bond coat was characterized by around 20% higher TCF lifetime than VPS. However, in
both cases, no significant improvement in TCF service life was found after the application
of grit-blasted bond coats. Similar observation was reported by Kumar et al. [26] who
have identified and distinguished the properties of columnar TBC produced by different
processes. In this study, nine different sets of TBCs were investigated to optimize the
manufacturing process that will further enable us to obtain ideal columnar microstructure,
which exhibits a combination of relatively low thermal conductivity and improved lifetime.
The TFC tests also exposed that all specimens of HVAF BC were characterized by longer
lifetimes than those of VPS BC. Moreover, in comparison to APS, SPS and PS–PVD TC in
different configurations (standard, porous and dense), dense PS–PVD coating was proven
to be the most durable in terms of thermal cyclic fatigue and burner rig resistance. Based
on the results and existing knowledge, a theoretically ideal TC columnar microstructure
concerning column density, intracolumnar porosity and intercolumnar gap was proposed. It
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was reported that such an ideal columnar microstructure should offer a high column density
similar to PS–PVD and EB-PVD coatings. Moreover, it should have narrow intercolumnar
gaps improving their strain tolerance and the desired features in this structure would be
medium intracolumnar porosity, resulting in lower thermal conductivity. A quality of the
coating is influenced by the structure, which depends mainly on the method used. It is
also related to the process parameters, among which the most important is the powder
particle size. Interesting studies showing the dependence of the oxidation resistance on
the particle size used during the VPS deposition process were carried out by Seo et al. [69].
It was reported that particle size significantly influences statistic oxidation. CoNiCrAlY
and CoCrAlY powders with various particle size ranges were deposited on Inconel 718
substrates as coatings. In order to identify oxidation behaviour, isothermal oxidation
experiments at 1000 ◦C up to 1000 h under air conditions were performed. Co-series
coatings were characterised by higher weight gain and thickness of TGO than CoNi ones.
However, smaller particle sizes of powder produce a relatively smooth surface that enables
the formation of a continuous alumina layer. It prevents the rapid growth of TGO by
blocking the diffusion process. The summary of the oxidation behavior in relation to the
deposition method was presented in Table 1.

Table 1. Summary of the oxidation performance depending on the deposition method applied.

Deposition Method/Substrate Oxidation-Related Behavior/Main Finding Ref.

pack-cementation in a powder mixture of
Al + 55 wt.% Al2O3 + 5 wt.%

NH4Cl/pure nickel

- appearance of cracks after 5 h air exposure at 1000 ◦C due to
compressive stress in the coating;

- stress originates from the oxide volume contraction converted
during the transformation of the θ-Al2O3 phase to α-Al2O3

[58]

EB-PVD/Inconel 718

- oxidation on the as-received and coated specimens was examined
at 1000 ◦C for 8, 24 and 100 h in the ambient atmosphere;

- cracking and columnar spallation on the YSZ/Gd2Zr2O7 ceramics
coating due to formation of NiO, TiO2, CrNbO4, TiNb2O7, CrMoO4
and their thermal expansion.

[59]

HVOF/Hastelloy-X

- furnace cycle testing (FCT) was carried out at 1135 ◦C, 1155 ◦C and
1165 ◦C;

- thermal cycle resistance increased by 248% at 1135 ◦C and 158% at
1165 ◦C.

[60]

APS/Inconel 6203

- continuous isothermal heating at 850 ◦C for 1000 h;
- cyclic oxidation at 900 ◦C for 1 h, followed by air cooling;
- the specimens exposed to isothermal process were characterized by

thinner TGO than those after the cyclic oxidation; however, the
delamination cracks were observed.

[64]

APS/Haynes 230

- cycle oxidation test every 100 h at 850 ◦C for 1000 h;
- a corrosive environment of 0.7 vol% SO2, 14.6 vol% O2 and N2 and

with a Na2SO4:K2SO4 applied to the surface of specimens every
100 h;

- TBC reduced the hot corrosion of the alloy significantly.

[64]

HVAF/Hastelloy X and Inconel 792 - formation of dense and uniform TGO layer after 200 h of high
temperature exposure.

[65]

VPS/Inconel 718

- CoNiCrAlY and CoCrAlY powders with various particle size
ranges were deposited;

- isothermal oxidation experiments at 1000 ◦C up to 1000 h under air
conditions were performed.

[69]
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4.2. Effect of TBC on Mechanical Properties

The TBC is a combination of multiple materials, which are characterized by different
thermo-mechanical properties. Therefore, it is problematic to manufacture a defect-free
coating that could withstand a very high temperature and be durable enough to ensure
thousands of safe take-offs and landings of the plane engines within the operational time of
up to 30,000 h. The thermo-mechanical interactions that occurred in the TBC during their
exploitation make them more unpredictable in terms of physical behaviour as compared
to any other components made of metal or ceramic [70]. The main factor impacting TBC
lifetime is their fracture toughness. The initiation of a fracture in brittle materials subjected
to thermomechanical loading is often caused by the presence of manufacturing or process-
ing defects such as pores, cavities, cracks, etc. [71]. On the other hand, both pores and
controlled artificially introduced vertical cracks also increase the durability of TBC [72,73].
Porosity is an inherent feature of coatings that reduces thermal conductivity of the TC
leading to an increase in the thermal fatigue life of the coated material. However, excessive
pore formation affects adhesion significantly and decreases the Young’s modulus [74]. In
the case of cracks, the properly introduced vertical cracks during the manufacturing process
can significantly lower the stress concentration during TGO layer formation. The thicker
coating also provides greater thermal barrier performance and minimizes thermal stress,
although in aggressive environments the thick coating can lead to faster degradation of
coated components [75].

Besides manufacturing defects that accelerate total failure, coated parts are also ex-
posed to complex mechanical loading at high temperature. Continuously increasing de-
mands of the contemporary industry enforce the reduction of the components’ weight and
maximization of their high-temperature performance. Such combination frequently leads
to the induction of high stress levels, that are close to the fatigue limit. Thus, it is extremely
important to understand how coating affects the fatigue behaviour of the component [76].
Ray et al. [77] presented that the fatigue limits of C-263 Ni-base superalloy with TBC at
800 ◦C highly depend on the stress applied. It was reported [77] that lower stress gener-
ated higher fatigue limits for coated material than those obtained for the as-received alloy.
However, the opposite results were captured for higher stress. Such behavior was related
to pores or microcracks formed in the YSZ topcoat since they propagated rapidly in the
Ni22Co17Cr12.5Al0.6Y metallic bond coat into the substrate under high stress. The reason
for the reduced endurance limit of the substrate material at lower stress was associated
with oxidation of the coating surface. On the other hand, Ray et al. [78] indicates that
the durability of C-263 Ni-base superalloy coated with YSZ/Ni22Co17Cr12.5Al0.6Y under
accelerated creep conditions at temperature 550–800 ◦C is significantly higher than that of
the base material. Since the substrate material possesses relatively low rupture strength
at high temperature, the application of TBC will not enhance it properties either. It was
concluded that the TBC-coated material should not be used for more than 1000 h under
continuous operation at 800 ◦C, as its strength drastically decreases. Dong et al. [79] ob-
served a completely different dependence during the fatigue testing of the DD6 single
crystal superalloy with NiCoCrAlYHf BC deposited by the arc ion plating and zirconia-
based EB-PVD TC in which the TBC-coated alloy exhibited higher fatigue limits under
high stress at 900 ◦C. It was found that two factors are responsible for the fatigue life
improvement. The first one is related to the fact that the coating can transfer a part of the
load. The second one is associated with the residual stress which is formed between the
layers during deposition. In addition, the fatigue life of the coated alloy decreases with
decreasing stress, which may be influenced by the mutual interdiffusion between the layers.
Since high temperature exposure accelerates the growth of TGO, a simultaneous reduction
of outer layer thickness could be observed. Additionally, the interdiffusion process can also
determine materials properties due to excessive transition of the strengthening elements to
the bond coat. Interdiffusion could also lead to the formation of pores and other defects
between the substrate and BC, which may cause more rapid failure through spallation when
subjected to load. Kopec et al. [80] also reported that the NiAl coating deposited on MAR
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247 nickel-based superalloy by using CVD process increases fatigue response of the base
material at 900 ◦C. It was found that coated material has almost twice the higher strength at
900 ◦C. Additionally, the creep tests at 600 ◦C in the air atmosphere also demonstrated that
aluminized layer enhances the strength of the MAR 247 by approximately 50 MPa after
500 h of high temperature exposure.

The durability of coating deposited on the material is also frequently assessed through
a bending test during which modulus of elasticity and fracture toughness are calculated [81].
Zhu et al. [82] proposed a three-point bending test supported by digital image correlation
(DIC) for determination of the critical adhesion energy of the TBC deposited on GH4169
superalloy. It was reported that such an experimental approach could be effectively used
for the coating quality assessment. In another research study by Zhu et al. [82], the modulus
of elasticity and fracture toughness were determined on the GH536 nickel alloy specimens
with TBC (NiCoCrAlY BC and 8YSZ TC prepared by air plasma spraying) by using a high
temperature three-point bending test combined with DIC system. The tests were performed
at temperatures equal to 30 ◦C, 400 ◦C, 600 ◦C and 800 ◦C. The results showed that TC
elastic modulus gradually decrease with the increase of the temperature. Furthermore, no
significant differences were observed between coated and uncoated materials in terms of
the loads and the slopes of load-deflection curves obtained. Since the test was monitored
by DIC, the critical stress of crack propagation was determined, and subsequently, fracture
toughness was calculated. It was found that the fracture toughness of TC decreases from
1.31 MPa m1/2 to 1.16 MPa m1/2 with temperature increase from 30 ◦C to 800 ◦C.

In order to prevent premature damage caused by interfacial delamination between
BC and TC, it is also important to understand the anisotropic properties of TBC. The
main reason for TBC fracture is local out-of-plane tensile strain energy between these
layers. Thus, it is important to study the anisotropy of mechanical properties that include
the Young’s modulus and fracture strength (e.g., strain of fracture and toughness) [83].
Chen et al. [84] investigated in-plane and out-of-plane modulus and fracture toughness
of the APS TBC (NiCoCrAlY-BC and 8YSZ TC) deposited on the Hastelloy X superalloy
substrate. Specimens were cut by using a focused ion beam (FIB) on a polished surface
of the TBC in two orientations: longitudinal and transverse. The mechanical properties
were assessed by using micro-cantilever bending, which revealed that the APS TBC was
elastically anisotropic at the microscale. The variation between in-plane and out-of-plane
modulus of elasticity was 31%. It was attributed to the dissimilarity of the microstructures
in the different orientations and the occurrence of defects and their density. Similar bending
tests were performed by Yamazaki et al. [85] on the TBC on the IN738LC substrate prepared
by using two techniques. The CoNiCrAlY bond coat was prepared by using HVOF method,
while the 8YSZ topcoat with alcohol solvent was deposited by using SPS method. The
out-of-plane Young’s modulus and shear strength were also determined by using cantilever
bending tests. Tests were conducted on the single column of the SPS before and after
thermal ageing at 1000 ◦C for 300 h. The load-displacement curves captured from the
shear test showed that the applied load value decreased before a single column crack. In
order to compare Young’s modulus out-of-plane and in-plane orientations, the researchers
conducted a three-point bending test. The results showed that SPS TBCs possess higher
anisotropy than APS TBSs of more than 34%. Additionally, it was observed that all investi-
gated properties increased significantly after thermal ageing. It was related to the formation
of the porous layers, which occur at high temperature. Moreover, the results suggest that
columnar structure increases thermal cycle durability compared to conventional lamellar
APS TBCs. On the contrary, another research study [86] showed that the Young’s modulus
of APS also increases with the number of thermal cycles at 1150 ◦C, whereas the values
of hardness gradually increases for the first 100 cycles, and then, decreases from 80 GPa
to 75 GPa after 175 thermal cycles. In the study conducted by Wei et al. [87], the Young’s
modulus value of APS coating was changed with high-temperature exposure time. Once
APS coating was detached from the Ni-based superalloy substrate, the elastic modulus was
measured by using the ultrasonic method in the longitudinal and in transversal directions
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before and after heating at 1400 ◦C for 1, 2, 5, 10 and 20 h. The results showed that the elastic
modulus has a different value depending on the cross-section direction, which confirms
an anisotropic character of the coating. In addition, elastic modulus determined for both
directions rapidly increased with the high-temperature exposure time in the period less
than 5 h, and then, decreased slowly. This was the effect of sintering process of the ceramic
materials filled with microcracks and pores. This process was responsible for the shrinking
or partial closing of defects after longer exposure at high temperature. Such features were
confirmed by porosity and density tests. However, after 5 h of annealing, a new form of
the micro-defects in the coating contributes to the decrease of the elastic modulus. Similar
observations were presented by Tan et al. [88] for two YSZ coatings produced from different
powder feedstock by using APS system on the steel substrate. The first type of coating was
deposited with the fused and crushed powder (FC), and the second one with the hollow
sphere powder (HOSP). After depositions, the coatings were detached from the substrate
by polishing and subsequently examined. The Young’s modulus was measured by the
Resonant Ultrasound Spectroscopy (RUS) in different directions for both coatings before
and after heat treatment at 1200 ◦C for 225 h. The results showed that the Young’s modulus
was higher after heat treatment for both coatings, and furthermore its value varied with
the direction. In addition, materials with the HOSP coating exhibited a lower stiffness
due to the larger scale of interlaminar pores and cracks. The authors also compared the
anisotropic behaviour of the HVOF and APS nickel coatings at room temperature. The
Ni-HVOF coating was characterized by a higher Young’s modulus and a higher degree of
elastic isotropy in comparison to the Ni-APS coating. Higher velocity during HVOF process
guarantees the formation of uniform splats and layered structure with inhibited oxidation.
The difference in the elastic isotropy was attributed to the increased number of cracks in the
HVOF coating. However, the Ni-HVOF was less durable in the through-thickness direction
even though it was still more isotropic than the Ni-APS.

Damage of the TBC coating can also occur due to insufficient adhesion between
the BC and substrate. Since operation at elevated temperature leads to coating peeling or
delamination, qualitative tests should be also carried out on the bond (adhesive or cohesive)
at the interface between the bonding layer and the topcoat [89]. Kukla et al. [90] assessed
the adhesion of the CVD-deposited aluminide coating on MAR 247 alloy. Its quality was
verified by a scratch test under increasing force from 0 to 100 N and displacement of 10 mm.
The results confirmed that the CVD-deposited coatings are able to withstand a critical force
of 100 N during scratching without any spallation and breakdown of the layer.

The coated material typically exhibits an improved hardness of its surface. Liu
et al. [91] clearly indicate that the mechanical properties of coating depend on the ma-
terial and the deposition process used. Kukla et al. [90] reported that the hardness of MAR
247 with CVD aluminide coating gradually increased from the core material to the edge.
The maximum hardness of the material was 650 HV0.05, while the core hardness was
approximately 460HV0.05. Kopec et al. [80] obtained the maximum hardness of Inconel
740 with CVD aluminum layer, which occurred in the interdiffusion zone of 780 HV0.1.
Hariharan et al. [92] investigated the impact of the thermal oxidation of coated Inconel
625 and Incoloy 800H superalloys on mechanical properties. In the research, YSZ coating
with a thickness of 150 microns was used as the TC material with the BC material of
NiCoAlY. The high-temperature oxidation testing of coated and uncoated specimens was
performed at 1000 ◦C with molten salts: 70 g of sodium chloride and 30 g of potassium
chloride in a muffle furnace for 8, 12 and 16 h, respectively. The heated specimens were
used for mechanical testing (tensile and hardness tests). The tensile test conducted on
uncoated and coated Inconel 625 and Incoloy 800H specimens exhibited that YSZ coating
increased the yield strength and ultimate tensile strength regardless of the heating duration.
Additionally, it was noted that the longer the heating time of specimens was, the higher
difference of yield and tensile strength was obtained between the uncoated and YSZ coated
specimens. Additionally, the hardness measurements revealed that the coating increases
the mechanical properties of both alloys in question. It was concluded that YSZ-coated
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materials after 16 h of annealing reduce hardness value more in the case of pure Incoloy
800H than Inconel 625. Li et al. [93] indicated that by means of the PS–PVD process, it is
possible to deposit a YSZ coating of similar hardness value as the fully sintered zirconia
ceramics. Furthermore, significantly higher hardness was observed for PS–PVD than for
typical YSZ-coating deposited by using APS and EB-PVD systems. In the authors’ latest
work [94], the aluminization of Inconel 740 by using CVD process improved its fatigue
response by around 100 MPa in the range of stress amplitude from 350 MPa to 650 MPa, as
well as the hardness of the modified surface by a factor of 200%. The authors reported that
the application of the aluminizing process can significantly improve the corrosion resistance
of Inconel 740. It was concluded that the aluminizing process improves the heat resistance
of Inconel 740 remarkably, and therefore it can be treated as a promising tool for material
protection against high-temperature corrosion. The summary of the mechanical behaviour
in relation to the deposition method and coating applied was presented in Table 2.

Table 2. Summary of the improved mechanical properties depending on the coating, deposition
method and substrate applied.

Coating Substrate Method Improved
Properties Reference

YSZ/
Ni22Co17Cr12.5Al0.6Y C-263 APS fatigue limit at high

temperature [77]

YSZ/
Ni22Co17Cr12.5Al0.6Y C-263 APS creep at 550–800 ◦C [78]

zirconia-based/
NiCoCrAlYHf

DD6 Single
Crystal

Superalloy

EB-PVD/
arc ion plating

fatigue limit at high
temperature [79]

NiAl MAR 247 CVD fatigue limit at high
temperature [80]

Y-PSZ - APS Young’s module at
high temperature [87]

YSZ - APS Young’s module at
high temperature [88]

Ni - HVOF Young’s module at
high temperature [88]

NiAl MAR 247 CVD hardness [90]

YSZ/NiCoAlY Inconel 625 APS

tensile strength,
yield strength,
hardness: after

heating at 1000 ◦C in
the atmosphere of

sodium and
potassium chloride

molten salts

[92]

YSZ/NiCoAlY Incoloy 800H APS

hardness: after
heating at 1000 ◦C in

the atmosphere of
sodium and

potassium chloride
molten salts

[92]

YSZ - PS–PVD hardness [93]

NiAl Inconel 740 CVD
fatigue, hardness,
hot temperature

corrosion
[94]
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5. Conclusions and Future Trends

The characteristics of the most extensive materials used for thermal barrier coatings
and deposition methods have been presented. It can be observed that most of the pa-
pers considered in this review are focused on the improvement of the particular property,
including oxidation resistance, hardness, and mechanical behaviors. It should be em-
phasized, however, that the components protected with thermal barrier coatings operate
under extreme conditions and in aggressive environments; thus, they are subjected to the
combination of excessive loadings and oxidation. Hence, the coatings deposited on the
substrate material, ideally whole components, should be subjected to the service loads
under working conditions to simulate their real mechanical response in order to increase
the reliability of the study performed. One should mention that the specific tests, either
corrosion or mechanical, should not be performed on the coating only since its interaction
with the substrate material should be investigated as well. The coating itself may have
outstanding wear properties or be extremely resistant to oxidation; however, if it will
not be adhered enough to the substrate, then its application will not possible. Thus, it is
recommended to perform more studies which will focus on the actual interaction between
the coating and substrate material subjected to loading under high temperature to assess
the applicability of new methods or materials.

The direction of future investigations is proposed with a special emphasis on novel
coating materials to provide oxidation-resistant and highly durable components. Nowa-
days, the vast majority of high-temperature components are based on nickel alloys, due to
their high durability and standardized technology. Nevertheless, further improvements,
such as structure or surface modification or industrialization of 3D printing, are mandatory
to meet the requirements of the continuously expanding thermal barrier coatings mar-
ket [95]. Based on the trends observed in the industry [96,97], it is estimated that the global
thermal barrier coatings, market valued at USD 15.97 billion in 2021, are expected to grow
at a compound annual growth rate (CAGR) of 4.6% during the forecast period of 2022–2030.
It was reported [96] that the main damage mechanisms responsible for TBC failure are wear
and corrosion. The deposition of hard-faced barrier coatings has been proposed as a useful
approach to minimize the occurrence of such phenomena. Among conventionally used
deposition methods, HVOF spraying was found as one of the most effective. On the other
hand, the flame spraying can also be applied to form WC-based barrier coatings on nickel
substrates. One should mention the applicability of plasma-transfer arc (PTA) welding in
the mining and oil and gas industry. The thick tungsten carbide overlaying barrier coatings
obtained during such a process improve the durability of protected components signifi-
cantly. As reported in the recent literature [98], deposition techniques with non-line-of-sight
capabilities in combination with columnar structures (SPS, PS–PVD) appear to be attractive
for the application of TBCs, with special dedication for complex shaped parts. On the other
hand, double-/multilayer coatings made of novel thermally stable materials combined
with tough YSZ used directly on the bond coat will probably be the most reliable approach
for high-temperature applications [98].

Author Contributions: Conceptualization, M.K.; methodology, I.B.; formal analysis, I.B. and M.K.;
investigation, I.B.; resources, M.K.; data curation, I.B. and D.K.; writing—original draft preparation,
I.B. and M.K.; writing—review and editing, C.S. and Z.L.K.; visualization, I.B. and D.K.; supervision,
M.K. and Z.L.K.; project administration, M.K.; funding acquisition, M.K. and C.S. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Coatings 2023, 13, 769 18 of 21

References
1. Pavlenko, D.; Dvirnyk, Y.; Przysowa, R. Advanced materials and technologies for compressor blades of small turbofan engines.

IOP Conf. Ser. Mater. Sci. Eng. 2021, 1024, 012061. [CrossRef]
2. Sahith, M.; Giridhara, G.; Kumar, S.R. Development and analysis of thermal barrier coatings on gas turbine blades—A Review.

Mater. Today Proc. 2018, 5, 2746–2751. [CrossRef]
3. Szczepankowski, A.; Przysowa, R. Thermal degradation of turbine components in a military turbofan. Eng. Fail. Anal. 2022,

134, 106088. [CrossRef]
4. Przysowa, R. Blade Vibration Monitoring in a Low-Pressure Steam Turbine. In Proceedings of the ASME Turbo Expo 2018:

Turbomachinery Technical Conference and Exposition, Oslo, Norway, 11–15 June 2018; Ceramics; Controls, Diagnostics, and Instru-
mentation; Education; Manufacturing Materials and Metallurgy. ASME: New York, NY, USA, 2018; Volume 6, p. V006T05A025.

5. Chellaganesh, D.; Khan, M.A.; Jappes, J.T.W. Thermal barrier coatings for high temperature applications—A short review. Mater.
Today Proc. 2021, 45, 1529–1534. [CrossRef]

6. Naik, S. Basic Aspects of Gas Turbine Heat Transfer. In Heat Exchangers; Murshed, S.M.S., Lopes, M.M., Eds.; IntechOpen: Rijeka,
Croatia, 2017; pp. 111–143.

7. Zhang, X.; Deng, Z.; Li, H.; Mao, J.; Deng, C.; Deng, C.; Niu, S.; Chen, W.; Song, J.; Fan, J.; et al. Al2O3-modified PS-PVD 7YSZ
thermal barrier coatings for advanced gas-turbine engines. npj Mater. Degrad. 2020, 4, 31. [CrossRef]

8. Szczepankowski, A.; Przysowa, R.; Perczynski, J.; Kułaszka, A. Health and Durability of Protective and Thermal Barrier Coatings
Monitored in Service by Visual Inspection. Coatings 2022, 12, 624. [CrossRef]

9. Moskal, G. Thermal barrier coatings: Characteristics of microstructure and properties, generation and directions of development
of bond. J. Achiev. Mater. Manuf. 2009, 37, 323–331.

10. Bonaquist, D.; Feuerstein, A.; Buchakjian, L.; Brooks, P. The Role of Thermal Barrier Coating in Maximizing Gas Turbine Engine
Efciency and Lowering CO2 Emissions; Praxair Techology, Inc.: Danbury, CT, USA, 2017.

11. Bakan, E.; Vaßen, R. Ceramic Top coats of Plasma-Sprayed Thermal Barrier Coatings: Materials, Processes, and Properties.
J. Therm. Spray Technol. 2017, 26, 992–1010. [CrossRef]

12. Falcón, J.C.P.; Echeverría, A.; Afonso, C.R.M.; Carrullo, J.C.Z.; Borrás, V.A. Microstructure assessment at high temperature in
NiCoCrAlY overlay coating obtained by laser metal deposition. J. Mater. Res. Technol. 2019, 8, 1761–1772. [CrossRef]

13. Hu, Y.; Cai, C.; Wang, Y.; Yu, H.; Zhou, Y.; Zhou, G. YSZ/NiCrAlY interface oxidation of APS thermal barrier coatings. Corros. Sci.
2018, 142, 22–30. [CrossRef]

14. Daroonparvar, M.; Yajid, M.A.M.; Yusof, N.M.; Farahany, S.; Hussain, M.S.; Bakhsheshi-Rad, H.R.; Valefi, Z.; Abdolahi, A.
Improvement of thermally grown oxide layer in thermal barrier coating systems with nano alumina as third layer. Trans.
Nonferrous Met. Soc. China 2013, 23, 1322–1333. [CrossRef]

15. Deevi, S.C. Advanced intermetallic iron aluminide coatings for high temperature applications. Prog. Mater. Sci. 2021, 118, 100769.
[CrossRef]

16. Senderowski, C.; Cinca, N.; Dosta, S.; Cano, I.G.; Guilemany, J.M. The Effect of Hot Treatment on Composition and Microstructure
of HVOF Iron Aluminide Coatings in Na2SO4 Molten Salts. J. Therm. Spray Technol. 2019, 28, 1492–1510. [CrossRef]

17. Senderowski, C.; Panas, A.J.; Fikus, B.; Zasada, D.; Kopec, M.; Korytchenko, K.V. Effects of Heat and Momentum Gain
Differentiation during Gas Detonation Spraying of FeAl Powder Particles into the Water. Materials 2021, 14, 7443. [CrossRef]

18. Panas, A.J.; Senderowski, C.; Fikus, B. Thermophysical properties of multiphase Fe-Al intermetallic-oxide ceramic coatings
deposited by gas detonation spraying. Thermochim. Acta 2019, 676, 164–171. [CrossRef]

19. Pawlowski, A.; Czeppe, T.; Major, L.; Senderowski, C. Structure Morphology of Fe-Al Coating Detonation Sprayed onto Carbon
Steel Substrate. Arch. Metall. Mater. 2009, 54, 783–788.

20. Pawlowski, A.; Senderowski, C.; Wolczynski, W.; Morgiel, J.; Major, L. Detonation Deposited Fe-Al Coatings Part II: Transmission
Electron Microscopy of Interlayers and Fe-Al Intermetallic Coating Detonation Sprayed onto the 045 Steel Substrate. Arch. Metall.
Mater. 2011, 56, 71–79. [CrossRef]

21. Senderowski, C.; Vigilianska, N.; Burlachenko, O.; Grishchenko, O.; Murashov, A.; Stepanyuk, S. Effect of APS Spraying Parame-
ters on the Microstructure Formation of Fe3Al Intermetallics Coatings Using Mechanochemically Synthesized Nanocrystalline
Fe-Al Powders. Materials 2023, 16, 1669. [CrossRef]
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