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To protect the hot parts of the engine turbines, thermal barrier coatings (TBCs) are
exceedingly applied. TBC decreases the temperature of the turbines during operation
and hence enhances the engine performance. Recently, researchers have
concentrated on developing and processing TBCs for turbine parts. Promoting the
thermal barrier coatings will authorize the gas turbines to serve at elevated
temperatures. TBCs mostly consists of 2 layers, the bond coat and the topcoat. The
topcoat is mainly composed of ceramic materials that possess low thermal
conductivity properties, and its main job is to protect the metallic parts from high
temperatures.Apparent attempts are being carried out to figure new materials having
beneficial fulfillments. To defeat the yttria partially stabilized zirconia (YSZ)
troubles, pyrochlore rare-earth zirconate ceramics (A,B,0;) have been suggested as
most of them are refractory and thermally stable. Hexaaluminates are another
suggestion that meets the current requirements of TBCs.The present review
summarizes and reviews the novel advance of the materials suitable for Thermal
Barrier Coatings, their selection criteria, and their processing techniques.

1. Thermal Barrier Coatings (TBCs):

Thermal Barrier Coatings (TBCs) are widely
applied for producing protection for gas turbine's
metallic components such as combustion chamber,

blades, and vanes [1, 2]. So, the aim of using thermal
barrier coatings is to reduce the heat transfer from the
high-temperature gas to the metal surface, which leads
to enhancement in all of the durability, efficiency, and
operating temperature of these engines inside the gas
turbines. The thermal barrier coating system consists
of a multilayer structure: a bond coat and a topcoat.
The topcoat is thermally resistant, whereas the bond
coat can be oxidation-resistant [3, 4].

Some basic requirements restrict the selection of
TBC materials: a) low thermal conductivity, b) no
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phase transition between room and operating
temperatures. ¢) high melting point, d) chemical
inertness, e) matching the thermal expansion of the
metallic substrate, f) good adherence to the metallic
substrate, and g) low porous microstructure sintering
rate [5]. So, it is a must to select the materials used for
TBCs depending on these requirements. Accordingly,
the most selected material acceptable to these
requirements is ceramics due to its excellent
properties such as good mechanical properties, low
ductility, melting point and thermal expansion, high
dimensional stability, and resistance to corrosion and
chemical attack, reasonable thermal expansion, and
thermal conductivity, etc. [6, 7].

Accordingly, looking for materials with eligible
properties to be used for high-temperature thermal
barrier coatings is necessary [8]. The main problems
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in developing new thermal barrier coating materials

are:

e Finding oxide materials, which possess the ability
for high thermal resistivity.

e Access oxides that are thermodynamically stable
with alumina.

e To produce and stabilize the internal porosity as
the reduction in the heat transfer cross-section
through the pores leads to an essential decrease in
the thermal conductivity from the intrinsic
thermal conductivity of the material.

2. Material for TBC:
2.1. Zirconia (ZrO,):

In the engine industry field, zirconia is found to

be good to use in many applications such as thermal
insulative coating [TBC] or as (Environmental
Barrier Coating [EBC]). Accordingly, zirconia-based
coatings are considered a practical choice for
providing combined protection and increasing the
lifetime of the metallic components [9].
Zirconia is used for coating due to its characteristics,
such as the extremely low thermal conductivity,
which almost lower than these for the metallic
components as it’s approximately about (2 W/m.K).
It is widely available and easy to use for deposition
as coatings through various thermal processes. The
components with a high lifetime could be produced
from these high insulative ceramics with a thickness
of approximately 2 mm or less. The lifetime could be
enhanced for several orders of magnitude. Although
these coatings provide promising solutions for the
industry of TBC, many obstacles hinder its spread.
One of these barriers is its poor adhesion to the metal
substrate, which causes a limiting in the lifetime and
durability of the coating [9].

Finally, the most effective way for producing
zirconia coating is through thermal processes such as
the thermal spray process, which is considered the
most effective way with less engineering issues. Such
coatings are characterized by high thermal insulating,
high wear, and oxidation and corrosion resistance [9].

2.2. Zirconia-Toughened-Alumina (ZTA):

Although Al,O; has favorable properties, it did
not prove itself as the proper material for TBC
application. Alumina has a low thermal expansion
coefficient and relatively high thermal conductivity
in comparison to YSZ, which is considered as
alumina’'s most drawbacks [10]. So, alumina alone
isn’t suitable to use as a thermal barrier coating

(TBC). ZrO,, which has low thermal conductivity
and high toughness, was combined with alumina,
which has a high hardness to form zirconia-
toughened-alumina  (ZTA) composites. ZTA
possesses promising properties that candidates can
use as functionally graded TBC material for so many
applications [11].

(ZTA) Composites consist of an alumina-rich
composition where the matrix microstructure is
modified by zirconia as a second phase. The even
dispersion of zirconia in the alumina matrix produces
a ceramic body with superior strength and toughness,
improved chemical stability [12], an appropriate
thermal conductivity of about 20 W/mK, and a
composite body serving at an elevated temperature of
about 1650-1700°C [13, 14]. At the same time,
alumina does not lose its high hardness and stability
by preventing crack propagation and abnormal grain
growth [12]. It was found that the addition of small
ZrO, grains to the alumina matrix reduced the aging
process [15, 16]. Mechanical strength, elasticity,
hardness, and wear resistance improvement of the
ZTA composites are accomplished through the
transformation toughening phenomenon, which is
responsible for transforming (t-zirconia) into the (m-
zirconia) under loading. The microstructure of the
alumina/zirconia composite has a complicated effect
on toughening, such as shape, volume fraction, size,
location, and size distribution of ZrO, [17].

2.3. Rare Earth Zirconates:

In the literature, various approaches have been
found to overcome the YSZ problems. The tendency
for phase transformation at elevated temperatures has
been addressed by changing the oxides used for
stabilizing the ZrO,. The A,B,0; - type rare-earth
zirconate ceramics, such as Sc,Zr,0;, In,Zr,04,
La,Zr,07, NdyZr,07, Sm,Zr,0; and Gd,Zr,0;, have
obtained massive interest from researchers as
potential TBC materials in the future. [18, 19]. They
crystallize into an ordered pyrochlore structure over a
range of compositions. Small amounts of impurities,
especially SiO,, are added to decrease the sintering of
YSZ coatings [20]. CeO, is an alternative stabilizer.
It has good corrosion resistance, and at high
temperatures, the phase stability is excellent [21].
CeO,-stabilized ZrO, (CSZ) has a lower thermal
conductivity than YSZ. Furthermore, spalling
resistance has been reported during thermal cycling
[22]. The ZrO,-CeO, system has a narrow range of
compositions (> 15 wt% and < 19 wt%). Within the
tetragonal field at1400-1500°C, these compositions
are non-transformable and intrinsically phase-stable.
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[23]. At elevated temperatures, disordered fluorite is
the stable phase [23, 24]. It is also the stable phase
outside the composition range [23]. Cao et al. [25]
showed that lanthanum zirconate (LZ) coatings have
good heat stability. And they claimed that
enhancement of the thermal cycling life of LZ
coatings could be achieved through: (1) doping
elements into LZ to improve the thermal expansion
coefficient, (2) increasing the L,0O5 content by about
5%, and (3) using graded coatings with YSZ.

The effect of adding Ta,Os and Nb,Os to bulk
Y,0s-stabilized tetragonal ZrO, has been studied by
many researchers [26, 27]. When immersed in the
ZrO, lattice, pentavalent oxides, unlike trivalent
oxides, are positively charged. In the zirconia lattice,
they exist as substitutional defects, eliminating the
vacancies of oxygen caused by yttria doping. Thus,
Because of the mismatch in ionic radius and atomic
interaction, it is assumed that defects produced by
pentoxides will lower thermal conductivity by
dispersing phonons. [28, 29]. Lowering thermal
conductivity, enhancing mechanical characteristics,
and raising the temperature at which t-ZrO2
transforms to m-ZrO2 could be obtained through
Doping YSZ with pentavalent oxides. [30]. The
alloying influence on the tetragonality of t-zirconia is
the reason for the increase in phase transition
temperature. [31]. These systems, on the other hand,
have a high tetragonality, showing that pentavalent
oxides cause greater tetragonal deformation of the
cubic lattice.

3. Hexaaluminates:

Lanthanide hexaaluminate has been employed for
TBCs applications as a result of its low thermal
conductivity, high thermal expansion and melting
point, structure stability up to 1800°C, and excellent
long-term  sintering resistance. The nominal
composition is (La, Nd) MAI;;0,9 where M = Mg,
Mn to Zn, Cr, or Sm [32]. The most exciting
composition is LaMgAl;;0;9 [33, 34]. Lanthanate
species doesn’t have a vital role in The thermal
expansion of LnMgAl;;049 (Ln = La, Gd, Sm or Yb),
and co-doping can be used for decreasing its thermal
conductivity, which is the same as the behavior of
zirconate pyrochlores [35, 36]. High fracture
toughness and low young’s modulus is the reason for
long thermal cyclic life of these coatings. The
randomness of lanthanum hexaaluminate platelets has
a great effect on the coating’s properties, which
reduces the thermal conductivity and produces a
well-balanced micro-porosity of the product. The
morphology of these platelets is dependent on the

sampling process as well as its composition [37]. The
major drawbacks of these materials are:

e  The recrystallization phenomenon during plasma
spray deposition.

e The  temperature requirements  during
calcination of sol-gel or the dipping technique.

e The volatilization of magnesium during the EB-
PVD process [38].

The segmentation crack networks formed by
plasma-sprayed coatings are remarkable, which are
thought to be the result of a stress release mechanism,
and also improves the coatings' strain tolerance. A
superior lifetime was found during a thermal-gradient
burner rig test of a hexaaluminate multilayers TBC
system with an intermediate YSZ layer [39].

4. Processing techniques for TBCs:

Figure.l illustrated the different methods applied
for the preparation of the TBC layers [40]. Despite
the abundant techniques employed for the deposition
of the TBCs, the air plasma spray (APS) and electron
beam-physical vapor deposition (EB-PVD) remains
the most extensively used techniques for the
deposition of YSZ coating, which has 7-8 wt% Y,0;
[41, 42].

The following illustrated some techniques used
for the deposition of the ceramic coatings on the
metallic substrate.
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Fig.1. classification of coating processing methods
[40].

4.1. Air plasma-sprayed (APS) process:

In this technique, the used TBC powder is
inserted into an elevated-temperature plasma plume,
where the powder was fused and expedited toward
the substrate. The molten droplets are diffused to
form splats, which are quickly dampened down. It is
possible to deposit several consecutive splats by a
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single pass, and the thickness of the coating can be
boosted by repeating the passes. The ideal cross-
section of plasma sprayed coating is represented by
splats layers having interlamellar pores, cracks, and
spherical pores [43]. The parameters that governed
the coating microstructure rely on the operation status
like, 1) the spray parameters (torch flow, the speed of
torch traverse, carrier and plasma gas flow rate, and
standoff distance and 2) feedstock materials
(velocity, temperature, and grain size). The shocking
particle impact angle affects the morphologies of
splats. [43]. Because of the oxidation of the bond
coat, a Thermally-Grown Oxide (TGO) coat is
formed amidst the top coating and the bond-coating
during service at elevated temperatures. The TGO
coat is negatively affected the lifetime of the thermal
barrier coating. Functionally graded TBC coating was
developed in order to decrease the big residual
stresses accompanied by the TGO coat formation
[44].

4.2. Electron Beam-Physical Vapor Deposition (EB-
PVD):

EB-PVD is one of the most common techniques
for TBC top coatings. The coating procedure is
carried out by converting the coating material into
vapor through its heating by an electron beam. Then
the evaporated material is condensed on the metallic
substrate to form crystal nuclei, which later grow to
develop the particular sideways ZrO2 pillar
microstructure [43]. The deficiency of this technique
is the formation of a thermally growing oxide layer
(TGO layer) on the bond coat. The formation of the
TGO layer is destructive for the TBC execution as its
presence enhanced the residual stresses, which boosts
the brittleness of the topcoat and decreasing the
adhesion between the bond coat and the topcoat [45].

4.3. Electrostatic Spray-Assisted Vapor Deposition
method (ESAVD):

The electrostatic spray-assisted vapor deposition
(ESAVD) method is a modern low expensive
procedure for YSZ coatings deposition. This method
is based on splattering Zr and Y alkoxides small
drops within an electric field. Such a procedure will
evaporate the droplets and led to a chemical reaction
between the precursors in the vapor phase very close
to the hot substrate, where they will precipitate [46].

4.4. Solution-Precursor Plasma Spray (SPPS)
process:

This technique is based on injecting the starting
materials in an aqueous form into the plasma jet. It
will subject the starting materials droplets to physical
and chemical reactions before coating the substrate.
TBCs deposited by the (SPPS) technique display
outstanding durability comparing to TBCs applied by
the APS and (EB-PVD) processes [47]. They show
an average thermal cycling life of 820 cycles
comparing to 40 thermal cycles for the conventional
air plasma-sprayed coatings [48].

4.5. Sol-gel process:

A novel sol-gel method was achieved to prepare
and precipitate the TBCs [49]. It is possible to form
and precipitate either thin or thick non-directed TBC
coating by dipping or spraying for the prepared sol-
gel TBC coat or combining both techniques. It was
noticed that the TBCs prepared by such methods
started to degrade and to form a network of
systematic cracks either during the sintering process
of the sol-gel or during the 1st run of oxidation. After
that, and because of the compressive heating runs,
expansion and cohesion of the cracks occur, which
encourage the separation of the TBC layers and, at
last, the complete fragmentation of the TBC. There
are two ways to overcome such a problem: 1)
improving the oxidation process of the precipitated
sol-gel, or 2) stabilization of the crack network by
stuffing the crack channels by an additional dip or
spray-coating [50].

5. Conclusions

TBC systems are used for protecting gas turbines
and other engine components to serve in high-
temperature environments and improve these engines'
durability and efficiency. To achieve its purpose,
TBCs required the design and development of
advanced ceramic materials such as yttria partially
stabilized zirconia (YSZ), pyrochlore rare-earth
zirconates (A;B,0;), and Hexaaluminates. There are
S0 many coating processing techniques used for the
deposition of the ceramic coatings on the metallic
substrate that allow good bonding between the metal
substrate and the ceramic layers. This study
comprehensively reviews the current techniques used
for ceramic layer deposition on the surface of the
metallic substrate.
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