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Many factors influence the durability of thermal barrier coatings (TBCs), therefore, in order to tailor these
engineering materials for high-temperature applications, it is required to have a comprehensive under-
standing of the effects of the contributing factors and their interaction for the development of advanced
TBCs. This article gives an overview of the failure mechanisms including sintering, TGO growth, thermal
shock, CMAS attack, hot corrosion, erosion, and foreign object damage. Also, the approaches that have
been investigated to alleviate the adverse effects of the degradation mechanisms were discussed. In addi-
tion to chemical and structural modifications of conventional TBCs, new ceramic materials, such as
La2Zr2O7, La2Ce2O7, Gd2Zr2O7, SrZrO3, and LaMgAl11O19, as further candidates for TBC applications were
reviewed. These TBC candidate materials have been discussed in terms of their thermal conductivity,
thermal expansion coefficients, corrosion resistance characteristics, thermophysical properties, and ther-
mal cycling lifetime.
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1. Introduction

Thermal barrier coatings are an effective class of ceramic coat-
ings with a low thermal conductivity that are applied onto nickel-
based superalloys. By the successful application of these coatings,
the operating temperature of high-temperature parts (stator/rotor)
of land-based gas turbines and aircraft engines increases, leading
to the increment in durability, performance, and efficiency [1]. A
typical TBC system is composed of a layer of top coat (TC), which
is commonly yttria-stabilized zirconia (YSZ), an oxidation-
resistant bond coat (BC), and a creep-resistant, high strength Ni-
based superalloy transitional layer [2]. By applying TBCs, the tem-
perature and the driving force for the thermal fatigue and creep
failure of the alloy substrates are thus reduced resulting in the
durability of the substrates. The role of the ceramic top coat is to
provide a thermal barrier and corrosion resistance. Whereas, the
adhesion between the metal substrate and ceramic TC and protec-
tion of substrate from high-temperature corrosion and oxidation
are provided by the BC layer. The coefficient of thermal expansion
(CTE) of zirconia (11–13 � 10�6 �C) is low compared to that of
metal substrates (18–20 � 10�6 �C), although it is higher than most
ceramic materials. Thus, for the reduction of the CTE mismatch
between TC and the substrate, a NiPtAl diffusion or an MCrAlY
overlay bond coat is used. Based on the type of superalloy and dif-
ferent working environments, M can be any one of Co, Ni, CoNi,
NiCo, or Fe [3].

Many factors influence the durability of TBCs such as imposed
profiles of thermal load, a thermal mismatch at the interface of
BC and TC, and adhesion strength [4]. Therefore, during service
conditions, each of these factors affects the induced internal stres-
ses in the individual constituents in a different way, resulting in
different failure modes in the system [5]. Hence, there is a need
for a comprehensive understanding of the effects of the contribut-
ing factors and their interaction to develop advanced TBCs. Shed-
ding light on failure mechanisms of conventional TBCs under
service conditions can help the adjustment of their properties by
the modification of their microstructure and architecture.

YSZ loses its phase stability and damage tolerance owing to sin-
tering at 1300 �C, making it unsuitable for next-generation jet and/
or gas turbine engines (with operating temperatures exceeding
1500 �C). Furthermore, raising the operating temperature of the
jet and/or gas turbine engines requires lower thermal conductivity
[6]. Therefore, it is vital to develop new TBC materials with
improved high-temperature stability and reduced thermal conduc-
tivity. In addition to acting as a thermal barrier, the TBC materials
must also meet other performance requirements, such as a high
melting point, good corrosion resistance, no phase transformation
during thermal cycling, good damage tolerance, a low sintering
rate, and thermal expansion matching with the metallic substrate.

In this paper, degradation mechanisms that the TBC system
might be subjected to during service life have been reviewed. Addi-
tionally, the recent investigations on chemical and structural mod-
ifications of YSZ for tailoring the properties were discussed. Lastly,
novel TBC materials and their characteristics were reviewed.
Fig. 1. Typical structure of TBC coatings.
2. Structure of TBCs

The first layer deposited on a metallic substrate is the MCrAlY
bond coat layer composed of metal alloys with high CTE. Typically,
the applied bond coat thickness is generally in the range of 50 to
125 lm. BC improves the bonding strength between the substrate
and the ceramic top coat. In addition, it provides excellent oxida-
tion resistance and minimizes thermal expansion mismatch stres-
ses between the ceramic top coat and the substrate. Materials with
suitable ratios of thermal expansion can improve bonding. This
2

approach could minimize the thermal expansion stress applied to
the coating during heating and cooling cycles. The second function
of the bond coat is to protect the substrate from oxidation and hot
corrosion. Due to the porous structure, YSZ is transparent for oxy-
gen and cannot be protected [7]. Thus, an oxide layer between the
interface surface and the top coat is formed due to the contact of
the bond coat with oxygen with a thickness of around 2–8 lm
called the thermally grown oxide (TGO) layer rich in aluminum.
At high temperatures, the formation of the TGO layer is the critical
mechanism of the failure of TBCs. However, if their growth rate is
low and they adhere well to the substrate, high-temperature oxi-
dation protection will be provided [8,9]. The typical structure of
these coatings is depicted in Fig. 1.

The selection of ceramic TC materials must accomplish a few
requirements. Some key properties include high oxidation resis-
tance, excellent thermal shock resistance, good erosion resistance,
high melting point, high fracture toughness, sintering resistance,
good phase stability, relatively high CTE compared to other cera-
mic materials, and low thermal conductivity makes zirconia-
based coatings appealing. Furthermore, when they are exposed to
thermal cycling and thermal shock, they provide high thermody-
namic stability and good mechanical integrity. No single material
satisfies the entire requirement. But zirconia fulfills most of the
requirements. The desired properties of ZrO2 make it the leading
material for TBC applications. However, due to the high quenching
rate during the plasma spraying, polymorphic phase transforma-
tions occur in the ZrO2 structure [10].

Pure ZrO2 is polymorphic in nature. Around 1443 K and 2643 K,
monoclinic to tetragonal and tetragonal to cubic phase transforma-
tion occurred. As a result of the tetragonal to monoclinic phase
transformation during cooling, a change in volume of around 4 %
occurs. The component is failed due to this volume change during
thermal cycling, which leads to the spallation of the coating [11].
By the addition of phase-stabilizing agents (3–8 wt%) such as
MgO, CeO2, Al2O3, Y2O3, and CaO to zirconia, the volume change
originated from the higher-temperature phase transformations is
prevented. Among these oxides, Y2O3 is recommended as a good
stabilizer due to its similar ionic radius and vapor pressure equal
to that of zirconia and longer stability than other oxides. The addi-
tion of yttria to zirconia is not only used to stabilize but also to
reduce thermal conductivity due to the creation of oxygen vacan-
cies. These vacancies act as phonon scattering centers, which
reduces thermal conductivity. The commonly used top coat
yttria-stabilized zirconia (YSZ) provides good chemical stability,
high fracture toughness, relatively high thermal expansion coeffi-
cient, and low thermal conductivity. Therefore, it is utilized in
the form of commercial powder in several industries [12].
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2.1. Deposition of TBC coatings

The techniques that are commonly employed for the fabrication
of TBCs are plasma spray physical vapor deposition (PS-PVD) [13],
electron beam physical vapor deposition (EB-PVD), and air plasma
spraying (APS) [14]. Nevertheless, the more popular technique for
coating is APS due to its ease, cost-effectiveness, and possessing
high deposition efficiency [15].

Atmospheric plasma spraying is widely used to deposit TBC
over the engine components. Larger engine components such as
shrouds, the combustor, and nozzles are being deposited by APS
with a thickness of 250 to 500 lm. APS is composed of a cathode
and a nozzle-form anode creating a plasma torch. In the plasma
torch, an electric arc discharge is produced by the ionization of a
gas mixture such as argon and hydrogen [16]. In this process, feed-
ing the particles into the plasma flame is the first step followed by
melting and semi-melting of the particles resulting from the high-
temperature plasma flame. Reaching the melting point of all mate-
rials is achievable by the plasma atmosphere that reaches the tem-
perature range of 3000–15000 K. The pressurized gas is streamed
continuously and forms plasma leading to transforming the feed-
stock into millions of molten droplets with high velocities between
80 and 300 m s�1 [17]. The velocity depends on the particle size
and the characteristics of the plasma [16]. After the melting of
powders, they are highly accelerated toward the substrate and
impinge upon it followed by the rapid solidification in the form
of splats (flattened particles).

The molten particles impinge successively and bonds between
them are developed to deposit coatings. Due to shrinkage during
splat cooling constrained by depositing substrate surface, vertical
cracks termed intra-splat cracks, occur within individual splats.
In addition, inter-lamellar pores occur resulting from cracking of
the bonded interface between splats. The incorporated porosity
between the splats and a crack-like network of voids are desirable
for the sprayed coatings because the strain tolerance is provided,
while the thermal conductivity is reduced [18]. The porosity con-
tent that can be developed by APS is in the range between 10
and 15 percent, which can be controlled by processing parameters.
The splat morphology and the formed cracks and voids are shown
in Fig. 2a. As a result of the higher economic feasibility, operational
stability, and deposition rate, the APS process is extensively
employed for the preparation of TBCs with lamellar structure and
low thermal conductivity in turbine airfoils and engine combustion
chambers [19].

The fed particles undergo different heating levels in the flame or
plasma resulting from the simultaneous exposure of millions of
particles in the flame. Some unmelted particles may be trapped
in the coating and form porosity in the coating structure. The depo-
sition rates of this approach are as high as 100–1000 lm min�1,
and the production of various metallic and oxide coatings is possi-
ble. However, the drawbacks of the spray processes are that a
homogeneous and dense microstructure cannot be obtained and
the surface of the coating is relatively rough. Additionally, lower
Fig. 2. Typical microstructure of TBCs coated by a) APS (splat morphology), b) E
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mechanical properties of the sprayed coating such as wear, impact,
ductility, corrosion, and resistance to oxidation are due to the exis-
tence of some defects including micro-porosity, micro crack, and
non-bonded interfaces. The presence of porosity in TBCs is favored
for high strain compliance to decrease the thermal conductivity of
the coating during heating [2].

As a result of some disadvantages of the APS process such as
unmelted particles, voids, non-bonded interfaces, weak bonding
between splats, and the inhomogeneous microstructure, the EB-
PVD technique has been practiced for the enhancement of the life
of coated turbine components. The columnar structure in TBC
obtained from the EB-PVD technique (Fig. 2b) has been shown to
lengthen the lifetime of turbine components by a factor of two
[6]. In this technique, an electron gun is directed to ingots leading
to melting and evaporation as well as the substrate preheating by
electron beams in the vacuum chamber. Then vapor clouds con-
densate on the surface of the substrate and coat the substrate.
Due to the prevention of the contact between the evaporated
material and the crucible, highly pure coatings are deposited using
the EB-PVD method. High thermal efficiency, production of dense
and smooth coatings, precise composition control, high deposition
rates, columnar and polycrystalline microstructure, strong metal-
lurgical bonding, and low contamination are other advantages
associated with this process. In addition, metallic coatings, as well
as multilayered ceramic coatings, can be applied on large compo-
nents at low temperatures by changing the EB-PVD processing
[23].

A deposition method that fills the gap between the vapor phase
and conventional thermal spray methods is PS-PVD. In this coating
process, the coating materials are heated and evaporated by hot
plasma gas. Taking advantage of this process, it is possible to
deposit coatings on large and complex area components using
vapor, solid, or liquid material in a deposition unit. In contrary to
the conventional PVD and PS methods, PS-PVD generally renders
a non-line-of-sight deposition. This means that it is possible to
deposit a coating on surfaces that are positioned in the non-line-
of-sight of the deposition source. Different microstructures of
columnar, lamellar, and mixed coatings can be achieved by PS-
PVD. The mixed microstructure is illustrated in Fig. 2c. Among
these structures, columnar structures deposited by vapor atoms
have shown outstanding thermal shock resistance. A high evapora-
tion degree of feeding powders is essential for a coating deposition
with a columnar structure. The powder evaporation degree can be
controlled by different parameters including the powder feed rate,
feedstock powder size, the plasma gas composition, pressure envi-
ronment, deposition unit (droplet/vapor/cluster), and energy of the
plasma torch resulting in the formation of different microstruc-
tures suitable for various applications [13,24].

3. Limitations of conventional YSZ TBCs

At present, the state-of-the-art YSZ has been widely used as
ceramic top coat material for more than four decades. Increasing
B-PVD (columnar structure), and c) (mixed structure) PS-PVD (Refs 20–22).
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the turbine inlet temperature brings about phase transformations
and sintering of porous coating leading to the crack formation in
the coating and an increase in thermal conductivity. However, an
increase in operating temperature higher than 1200 �C promotes
phase transformation from toughened tetragonal prime (tʹ) to
tetragonal (t) and cubic (c) phases. It was reported that after about
9 h at 1300 �C, 60 vol% of tʹ phase was transformed into t and c
phases [25]. Upon cooling down to room temperature YSZ trans-
forms from tetragonal to the monoclinic structure causing volume
change of about 3 to 5 percent as well as an increase in Young’s
modulus and thermal conductivity due to sintering. This would
result in the acceleration of the spallation failure of the coating
[26]. Thus, the main problem for the development of next-
generation turbine engines is the production of new TBC materials
with low thermal conductivity, high sintering stability, and long-
term lifetime. Generally, there are some properties that TBC cera-
mic materials must possess low thermal conductivity for the effec-
tive thermal barrier effect, phase stability during thermal cycles,
and good sintering resistance at high temperatures [27]. Moreover,
the coatings should have the tailoring ability to develop a well-
controlled microstructure with stoichiometric composition using
different manufacturing methods. The morphology, uniformity,
and properties of the coatings would differ based on the prepara-
tion method [28]. All these criteria could not be fulfilled with a sin-
gle material. Recently, several ceramic materials, mostly rare earth
ceramic oxides, have been offered as new materials applicable for
TBCs. These new ceramic materials include especially doped zirco-
nia, aluminates, perovskites, fluorite, and pyrochlores.
4. Failure modes of TBCs

The long-term stability of the coating is a concern associated
with the TBC application as prime reliant. It is not known how
the long-term operation of TBCs at typical land-based turbines that
work at operating temperatures below 1010 �C affects their failure
mode [29].

During thermal cycling, high stresses could be applied between
the layers and their interfaces because of the large temperature
gradient and CTE mismatch across the layers. These stresses cause
the formation of cracks and spallation of the coatings. Particularly,
in the cooling stage vertical cracks may be formed on the surface of
the coating due to large tensile stress and temperature gradient
across the coating thickness originated from transient thermal
shock on the outer surface of TC. There is the possibility for the sur-
face crack to propagate towards the interface due to the tensile
stresses. The crack may deflect along the interface or penetrate
the next layer when the tip of the crack touches the interface. In
fact, the spallation of the coatings occurs when interface cracks
propagate and coalesce. Hence, the dominant mechanisms of fail-
ure in TBCs are induced interfacial delamination and surface crack-
ing. Delaying the growth of interface cracks can enhance the
service durability of the coating [30].

Along with the growth of primary cracks, there exist the possi-
bility of the new crack formation from weak locations, causing the
presence of multiple cracks in the coatings simultaneously. For
instance, under the condition of loaded tension, the surface crack
formed in TC could deflect and extend along the interface of TC
and BC. Simultaneously, some cracks in the interface of BC and
the substrate may be induced by new vertical cracks arising from
the bond coat. With the further increment of the applied load,
the competitive propagation of these two interface cracks contin-
ues until one of them reaches the critical length. Hence, common
modes of fracture in TBCs, apart from spallation at the interface
of TC and BC, are delamination at the interface of BC and the sub-
strate as well as at both interfaces [31,32]. There is a need to shed
4

light on the fracture parameters’ evolution over the failure process
and the influence of surface crack density on the formation of fail-
ure modes. As we are aware the fabrication of coatings by thermal
spraying is commonly conducted at elevated temperatures. There-
fore, as a result of the thermal expansion mismatch across different
layers of the coating, initial thermal strains and residual stresses
can be introduced into the coating when it cools down to room
temperature. The driving force at the tip of the crack and the for-
mation of fracture modes are significantly affected by the residual
stresses. Therefore, it is required to clarify how residual stresses
affect the failure modes in TBCs with dense vertical cracks [33,34].

To conclude, the failures in thermal barrier coatings are a three-
dimensional fracture phenomenon, although the two-dimensional
model of plane strain can be used for their characterization, as
illustrated in Fig. 3. The w denotes the spacing of the periodical
cracks on the surface and the width of the unit cell model. The
common failure modes of A, B, and C are shown in Fig. 3 In mode
A, the deflection of the vertical surface crack along the interface
of TC and BC occurs and the propagation continues until TC spalls
off. In mode B, the penetration of surface cracks into BC occurs fol-
lowed by the deflection and propagation along the interface of BC
and the substrate without debonding at the interface of TC and BC.
Simultaneous delamination at both interfaces appears in failure
mode C. Apparently, the study of modes A and B is relatively simple
due to dealing with the deflection or penetration of surface cracks
at the interface of TC and BC. On the other hand, the initiation,
propagation, and branching of new cracks in mode C is a complex
process [35]. It should be noted that cracks are not generally
formed on ductile bond coats such as MCrAlY and metallic alloy
substrates. Hence, modes B and C usually occur in brittle bond
coats.

Numerical analyses and modeling also play an important role in
studying the reliability and durability of TBCs. Especially, finite ele-
ment modeling FEM is very effective in calculating the thermal
insulation and the fracture failure of the TBCs. Thermal insulation
properties, the residual stress, as well as the failure problems of
the TBCs under the real service conditions can be simulated and
calculated [36].
5. Failure mechanisms and tailoring approaches of YSZ TBC

The failure mechanisms contributing to TBCs are complicated
multifaceted processes with various extrinsic and intrinsic mecha-
nisms. In the following sections, failure mechanisms in conven-
tional TBSs are described and approaches employed to face these
challenges are discussed.
5.1. Intrinsic mechanisms

5.1.1. Tolerance degradation from TGO growth
Many factors contribute to the applied stresses within APS-TBC

such as YSZ structure, the microstructure of TGO, TGO growth,
chemical compositions of BC, surface roughness, and thermal
expansion mismatch. However, the strain and stress induced by
the growth of TGO are the prominent factors failing TBCs. Beyond
700 �C, the bond coat is oxidized and the TGO layer is formed
between BC and YSZ (Fig. 4) [37]. It is preferred to have an a-
Al2O3-based TGO layer rather than other mixed oxides because
the outward diffusion of metal elements can be effectively reduced
[38]. During thermal cycling, under complex stress in plasma-
sprayed TBCs, microcracks are linked up and TBCs fail [39].

Li et al. [40] quantitatively studied the TGO composition effect
on the thermal cyclic lifetime. In this regard, they measured the
ratio of coverage attributed to the mixed oxides on the surface of
BC. The results revealed a dense BC microstructure without oxida-



Fig. 3. Schematic illustration of failure modes of TBCs.

Fig. 4. Stress induced by TGO growth.
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tion. In addition, after the thermal cyclic test, TGOs with different
constituents and morphologies were formed. It was found that pre-
treatment conditions significantly influenced the formation of
TGOs. Two kinds of TGO including a-Al2O3-based TGO and the
mixed oxide were found to be formed on the surface of BC after
the spallation of YSZ. The thermal cyclic lifetime was found to be
inversely proportional to the ratio of coverage by the mixed oxides
present at the interface between BC and YSZ. The early spallation of
YSZ coating was noticed when the interfacial coverage ratio of the
mixed oxide was high.

There have been intensive investigations on the isothermal oxi-
dation behavior of BC at high temperatures to comprehend the fail-
ure mechanism as well as lifetime controlling factors of TBCs. The
oxidation of BC is affected by numerous factors including the mor-
phology of MCrAlY powder, high-temperature creep stress, tem-
perature, time, microstructure, and chemical compositions of BC
[41]. However, the oxidation kinetics of thermally-grown oxides
usually follows a parabolic equation (Eqn. (1)):

d ¼ kp � t1=2 ð1Þ
5

where d, t, and kp denote the thickness of TGO, oxidation time,
and the parabolic rate constant, respectively. It is noticed that the
stress intensity, stress distribution as well as interface structure
can be altered by the TGO growth significantly [42]. In thin layers
of TGO, as illustrated in Fig. 4, the tensile stress and compressive
stress are applied at the peaks and the valleys, respectively. How-
ever, in thicker TGOs, a complete change from compression to ten-
sion stress occurs in the YSZ undulation valleys [43]. In plasma-
sprayed TBCs, the structure of the interface between YSZ and BC
is significantly influenced by the TGO growth leading to a decrease
in the interfacial adhesion strength. After reaching a certain thick-
ness of TGO, separation is observed at the interface, which is com-
mon in relatively smooth BC with EB-PVD deposited TBC over it
[44].

In plasma-sprayed coatings, the TGO thickness has been shown
to affect the maximum crack length in TBCs. Nevertheless, it has
also been reported that the failure of APS TBCs is caused by
micro-cracks link-up [39]. Thus, there is still an unclear explana-
tion for the influence of the TGO thickness on the thermal cyclic
lifetime of APS thermal barrier coatings. However, the significant
growth of TGO occurs during most thermal cycling tests. Therefore,
the distinction between the effects of TGO thickness and other con-
tributing factors is difficult. Additionally, the effects of the TGO
growth on the failure modes of thermally sprayed thermal barrier
coatings have not been well documented due to the complicated
evolution of this layer in different compositions formed at the
interface of BC/TC. Dong et al. [8] studied the influence of TGO
thickness on the failure mode and thermal cyclic lifetime of TBCs
prepared by plasma spraying. It was revealed that over a critical
thickness value of TGO, the increment of the thickness leads to a
more significant reduction in the thermal cyclic lifetime.

Nakajima et al. [45] simulated thermal and internal stress fields
upon thermal cycling in TBC using the finite element code. They
employed inelastic constitutive equation, bilinear-type constitu-
tive equation, and Chaboche-type inelastic constitutive equation
for ceramic coating, bond coating, and the substrate, respectively,
along with mass transfer equation to consider oxygen diffusion
and its chemical reaction with aluminum. It was argued that in
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the vicinity of the convex location in top coat, equivalent stress
reaches maximum value.

The formation of the TGO layer with better thermal stability and
lower ion diffusion rate improves the oxidation resistance of BC.
However, BC is mainly composed of Al, Cr, Ni, and Co, and when
these elements react with oxygen, the TGO layer formed is com-
posed of Al2O3, Cr2O3, NiO, and CoO. Spinel oxides can be formed
by the reaction of these oxides with each other at high tempera-
tures resulting in the variation in the composition of TGO [8].
The a-Al2O3 phase is the ideal TGO component among these oxides
due to exhibiting the lowest ion diffusion rate and best thermal
stability. In comparison with other TGO compositions, TGO com-
posed of a-Al2O3 shows greater oxidation resistance of BC [38].

As a result of the large value of thermal expansion differences
between the TGO layer and the substrate, the formation of oxides
and their growth lead to spallation and the failure of the TBC
[37]. After an EB-PVD process, because of the large differences in
CTEs of the layers and the shrinkage of BC, compressive stress is
accumulated at the initial state of a typical as-deposited YSZ coat-
ing. The typical CTE values of the layers are listed in Table 1. The
average stress passes through the zero value and TC is held in
the tension state by the substrate during heating to the operation
temperature. As a result of the large mismatch in CTEs, high in-
plane residual compressive stresses are applied in TGO upon cool-
ing to room temperature (Fig. 5). Therefore, to prevent delamina-
tion, the development of strong bonding at the interface between
BC and Al2O3 is essential [46].

Thermodynamic calculations have shown that the formation of
the continuous, slow-growing alumina layer is impaired by the
microstructure and composition evolution in BC, and other less-
noble oxide spinels are precipitated, resulting in high-speed oxida-
tion and increment in TGO thickness [37] The depletion of Al in BC
is the consequence of the growth of the a-Al2O3-based TGO. The
severe Al depletion would lead to the formation of other oxides like
Y2O3, Y3Al5O12, and Co– and Ni-containing spinel oxides. As a result
of this, the structural integrity of TGO is impaired and fast oxygen-
diffusion paths are provided and localized oxidation is accelerated
[47].

To reduce TGO growth kinetics, many efforts have been
reported from the viewpoint of bond coating composition modifi-
cation, diffusion strengthening heat treatment, and pre-oxidation
heat treatment. Oxygen active elements, such as Y or Hf, are added
into conventional NiCrAl bond coat materials [48]. By using diffu-
Table 1
Typical thermal expansion coefficient values [37].

Layers Alloy substrate BC TGO TC

CTE (10-6 K�1) 15–20 13–15 7 10

Fig. 5. Residual stresses within the layers upon the cooling process.
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sion strengthening heat treatment, the bonding strength between
the bond coat and substrate can be significantly increased
from less than 30 MPa to greater than 60 MPa [49]. Furthermore,
the good bonding between splats within the bond coat will make
sure enough Al element in the near-surface region of the bond coat
to form a-Al2O3-based TGO [50]. To form a-Al2O3-based TGO
before high-temperature thermal exposure of TBCs, pre-oxidation
is proved to be an effective way to reduce the TGO growth rate.
During the pre-diffusion and pre-oxidation, the cracking of the pri-
mary oxide scale is followed by the reforming of a continuous scale
with a large grain size, which in turn significantly reduces the TGO
growth rate by suppressing oxygen diffusion in the grain boundary
[38].

5.1.2. Tolerance degradation from YSZ stiffening
For higher energy efficiency, the temperature of the turbine

inlet gas might be increased. When the service temperature
reaches 1200 �C, the conventional YSZ thermal barrier coatings
undergo mechanical degradation due to sintering. Sintering is
caused by the connection between ceramic splats and is driven
by the surface energy reduction of the whole system. This results
in changes in mechanical and microstructural properties [51]. In
order for the free surface or interface to be reduced, the defects,
particularly-two-dimensional cracks and pores, would vanish.
The undesirable increase in stiffness and a decrease in strain toler-
ance are caused by the healing of micro-cracks and shrinkage of
pores. The elastic modulus can be enhanced by 80 % of the bulk
material leading to the deterioration of strain bearing [52].

There are two stages in the overall sintering process of YSZ coat-
ings deposited by APS. At the initial short stage (stag-I), sintering
proceeds with ultrafast kinetics because inter-splat pore tips are
healed rapidly. Although the first stage occurs in a short time, a
major part of sintering is completed at this stage with ultrafast
kinetics. By the following thermal exposure, sintering continues
with much slower kinetics at the second stage (stage-II) [53]. It
has been observed that after heat treatment for 100 h at 1300�C,
the increase in the in-plane elastic modulus can be obtained (by
200 %). Consequently, the strain tolerance could remarkably dete-
riorate, and the subsequent formation of some large cracks is
observed leading to the spallation of TC. Thus, the main concern
in plasma-sprayed coatings during their operation is the perfor-
mance degradation resulting from sintering [54].

Many investigators have reported that stiffness continuously
increases above 1000 �C. The changes in microstructure during
heat exposure are responsible for underlying stiffening mecha-
nisms [55]. The change in microstructure and hardness of YSZ after
thermal exposure is shown in Fig. 6. As seen, hardness enhanced to
9.1 GPa after heat treatment at 1400 �C. According to the
microstructure, the boundaries of splats disappeared, the size of
pores was reduced, and microcracks were barely identified. This
results from the grain growth of YSZ with the increment of expo-
sure temperature. Therefore, the hardness increases with exposure
temperature due to the sintering behavior (densification) of YSZ.

At stage-I, the mechanical properties of the coating increase at a
much faster rate compared to stage-II which occurs in a longer
duration. The in-situ pore healing at the first stage has been shown
to be the result of the rapid healing caused by low amounts of the
narrow intra-splat cracks together with multipoint connections
present at the inter-splat pore tips. The much lower kinetics of sin-
tering at stage-II is due to the reduction of multipoint connections
in the wide intra-splat cracks as well as the residual wide inter-
splat pore parts at their counter-surfaces [26]. Studies have
demonstrated that the sintering kinetics of plasma-sprayed ther-
mal barrier coatings depends on their nano to microscale sintering
process. Firstly, the surface of wedge-shaped inter-splat pores
roughens with multiscale convex; and then counter-surfaces form



Fig. 6. Microstructure and hardness change of YSZ before and after thermal exposure at 1100, 1300, and 1400 �C for 100 h (Ref 56).
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multiple contacts leading to microscopic pore healing and the
ultrafast kinetics at the first stage of sintering. The rate and level
of nanoscopic roughening can be affected by external factors such
as temperature. The macroscopic elastic modulus and the micro-
scopic healing ratios are influenced by the temperature [57].
Understanding the behavior of pore healing can lead us to tailor
the TBC structure to develop advanced thermal barrier coatings
with a higher thermal-barrier effect and prolonged lifetime.

The above-mentioned stages have been reported for free-
standing coatings. However, the overall evolution of properties
and the microstructure has been proposed to proceed in 3 stages
due to the substrate constraint effect: stage-I) due to the CTE mis-
match strain, intra-splat cracks, as well as inter-splat pores, are
further extended leading to a slight increment of 2D pre densities
and noticeable reduction of the macroscopic Young’s modulus;
stage-II) the intra-splat cracks are widened, while the inter-splat
pores are narrowed under the in-plane tensile effect caused by
the substrate constraint. Consequently, multi-connection healing
of the inter-splat pores’ counter-surfaces would be faster and sev-
erer than the healing of intra-splat cracks. Therefore, the 2D pores
would heal anisotropically, stage-III owing to the healing of inter-
splat pores, the network of connected 2D pores is destroyed and
the stiffness of the coating is increased. As a result, large vertical
cracks are generated in the coating under the substrate constraint
leading to a change from integrated to segmented structure, in
which the healing of intra-splat cracks is increased [58].

As a result of the large CTE mismatch between the substrate and
TC, thermal mismatch strain is produced in TC upon thermal
cycling resulting in further structural changes in TC. Due to the gra-
dient thermal cycling, gradient stiffening could occur across TC and
macroscopic vertical cracks could be formed in zones with higher
stiffness. Consequently, when some interfacial cracks connect with
the large vertical cracks, partial delamination occurs leading to the
TBC failure [59].

For enhancement of the durability and sintering resistance, it is
required to understand the microstructure effect on mechanical
degradation. Besides conventional TBCs, some advanced
7

microstructures such as porosity gradient as well as nanostruc-
tured zones have been found to be beneficial to the sintering resis-
tance [54]. Upon high-temperature service conditions, sintering-
induced microstructure evolution leads to the degradation of the
mechanical properties of TBCs. Due to limitations associated with
experimental methods, degradation of mechanical properties was
mostly evaluated by hardness evolution and Young’s modulus dur-
ing sintering [52].

The sintering behavior is different in nanostructured TBCs in
which a bimodal structure of lamellar zones and nano zones is pre-
sent. It has been demonstrated that faster healing of flat pores is
the governing microstructural change in stage-I. In stage II, large
macroscopic voids and much slighter changes in the properties of
the coating are observed. Therefore, the noticeable changes in the
mechanical properties at the initial stage are the result of pore
healing in lamellar zones, while the formation of macroscopic
voids at the second stage is caused by the sintering of the nano-
zones [60].

Spraying parameters can be controlled to deposit columnar
microstructures with vertical cracks for improving thermal shock
resistance and strain tolerance. Moreover, numerical analyses have
shown that when the density of the periodic vertical cracks is
appropriate, the coating/substrate system exhibit improved dura-
bility due to the stress relief [52]. Furthermore, in a real applica-
tion, composites have often shown enhanced performance. In
composite coatings, differential sintering behaviors due to the
insertion of another composition between dense splats can make
interfacial opening easier. Upon the co-sintering behavior of com-
posites, this phenomenon could be observed [61]. It has been
reported that the self-improved thermal insulating behavior can
be achieved by tailoring the orientation of the 2D pores formed
spontaneously in composite coatings [62].

In TBCs, heat flux could be prevented by the interfacial openings
that act as pores. Therefore, undesired degradation can be allevi-
ated to some extent by the composited structure. The pioneering
composited structure is nanostructured thermal barrier coatings
formed by composited splats and nanozones [63]. The splats are
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dense, while loosely compacted nanopowders are called nano-
zones. Differential contractions are the result of various
microstructures in a composited form. Consequently, after thermal
exposure, new pores are generated resulting in enhanced degrada-
tion resistance in thermal barrier applications of TBCs with a com-
posited structure are capable of [64]. As mentioned, pores that are
perpendicular to the heat flux show the most effective barrier
effect. Thus, it would be of interest to develop a method to orient
the pores in the desired direction to optimize the composited TBCs’
degradation resistance [65]. By the development of composited
structures, Li et al. [64] prepared degradation-resistant TBCs. Upon
thermal exposure, the spontaneous formation of thermal insula-
tion two-dimensional pores was observed (Fig. 7). In addition, they
could tailor the orientation of the pores, and consequently, they
could increase the degree of resistance from 20 % to 50 % revealing
the self-improving thermal barrier performance.

Based on comprehending unique stiffening characteristics and
the resultant failure mechanism of TBCs, Wang et al. [52] tailored
strain tolerant structures for degradation resistance. They stated
that sintering kinetics dependent on temperature causes gradient
stiffening across the TBC thickness. Therefore, the scale-
progressive formation of in-plane and vertical cracks is observed.
The simulation results demonstrated that the main cause of crack-
ing at the interfaces is the differential stiffening degree. Subse-
quently, they proposed a strain tolerant structure. They tailored
the structure by the decrease in the rate of stiffening in areas
exposed to higher temperatures. By this approach, the driving force
for the extension of the interfacial cracks was remarkably reduced,
and degradation resistance enhanced owing to decreasing differen-
tial stiffening degree.

Wang et al. [66] studied mechanical properties and changes in
the microstructure of plasma sprayed La2Zr2O7 (LZO) coatings dur-
ing thermal exposure. They observed noticeable variations in hard-
ness, two-dimensional pore density, and porosity of the coatings
during thermal exposure. Hardness was mostly affected by the
change in the 2D pore density rather than porosity. Thus, the 2D
pores play an important role in changing the mechanical properties
(Fig. 8). Additionally, it was found that the 2D pores healing pro-
motes the driving force for the induction of cracks in LZO coatings.
Upon the thermal cyclic test, the main reason for the spallation of
Fig. 7. Schematic of thermal insulation by spontaneous
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TC is this healing process. The variations of fracture toughness
cause different patterns of spallation in isothermal cyclic tests
and gradient thermal cyclic tests.
5.1.3. Thermal shock
The low thermal shock resistance of brittle ceramics is one of

their weakest points. Some factors influence thermal shock resis-
tance such as thermal conductivity, CTE, Poisson’s ratio, elastic
modulus, and fracture toughness. When a specimen is heated or
cooled rapidly, the temperature difference is created between the
surface and center resulting in stress induction. Fig. 9 illustrates
stresses induced and the changes that occur under thermal shock
conditions. In the figure, DT, Tp, and Tz represent temperature dif-
ference, the temperature at the surface of the specimen, and tem-
perature at its center, respectively [67].

High melting temperature is a characteristic of ceramic materi-
als, which makes them suitable for high-temperature applications.
Several primary properties are required for the TBC ceramic mate-
rials to have thermal shock failure resistance, including low elastic
modulus, high CTE, high-temperatures phase stability, low thermal
conductivity, and good toughness [68].

An important issue for the application of TBCs is their reliability
in service conditions. As there are severe fluctuations in tempera-
ture, material properties undergo some changes. For instance, gas
turbines frequently run and stop resulting in activation of mecha-
nisms such as high-temperature friction, sintering effect, and ther-
mal expansion, which bring about continuous alteration of the
internal stresses in turbine blades [69]. Under service conditions,
cracks continuously close and grow leading to the variation of elas-
tic modulus that considerably affects the life of TBC. Due to rapid
thermal cycling in service conditions, the studies of their behavior
are rather difficult. Thermal shock resistance has a pivotal role in
the determination of the coatings’ endurance under service condi-
tions [70].

The development of the residual stress in the TBCs during ther-
mal shock has been simulated by Wang et al. [71]. Based on the
results, in a thermal cycle, the maximum residual stress is at the
initial stage of cooling. The concentration of the stress at the sur-
face crack’s tip is higher than that of the inner crack in the ceramic
formation of properly oriented 2D pores (Ref 55).



Fig. 8. Variation in microstructure and hardness of plasma sprayed LZO coating a) change in hardness, porosity and 2D pore density, and b) changes in mechanical properties
with respect to 2D pore density (Ref 57).

Fig. 9. Stresses developed under various thermal conditions.
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layer, furthermore, the stress intensity factor is the highest.
Additionally, in the case of small distance between the crack and
its neighbored pores, the stress concentration is relieved by the
pores leading to the delay in the crack initiation and reduction of
its propagation rate. When there is a large distance, the influence
of pores on the neighbored cracks is not evident.

Removing or separation of TBC ceramic coatings under high-
cycle conditions results in their failure. Some efforts have been
made to enhance the thermal shock performance of the coatings
such as the development of coatings with a gradient layer struc-
ture, graded porosity, or special structures [67]. Chang et al. [72]
fabricated TBCs with peg-nail structure and treated the coatings
with a pulsed Nd:YAG laser. They reported that the thermal shock
resistance of the coatings was enhanced due to several factors
including; 1) providing more compliance by the creation of the
columnar and lamellar alternate microstructure with hybrid prop-
erties of rigidity and toughness; 2) enhanced bonding strength
owing to the formation of metallurgical bonding; 3) strain accom-
modation improvement and delayed crack propagation because of
dendritic columnar structure in the peg-nail regions; 4) network
segmented cracks that were formed perpendicular to the surface.

Ganvir et al. [73] aimed to tailor the columnar microstructure of
TBCs that were deposited by axial suspension plasma spraying to
achieve improved thermal shock performance. The fabricated TBCs
varied in pore-size distribution, porosity, and column density. The
9

thermal shock test was carried out on the coatings, and the results
showed that with the increment of total porosity, the lifetime of
TBCs progressively decreased. They also proposed a design strategy
for tailoring the columnar structure of suspension plasma sprayed
coatings to obtain superior performance.

The sintering stiffening effect contributes significantly to ther-
mal shock failure. To enhance the high-temperature performance
of TBCs, materials with lower sintering resistance and thermal con-
ductivities are required. Upon the rapid cooling stage, a rapid
shrinkage occurs at the surface of the coating originating from
the temperature gradient and the elastic modulus. Therefore, large
tensile stress is produced on TC due to the localized shrinkage. As a
result, due to the sintering effect, preexisting cracks present near
the surface of TC in the weak bonding regions connect with the
coating surface followed by further extension and multi-splats lay-
ered delamination [74]. Cheng et al. [75] prepared layered La2Zr2-
O7/YSZ TBCs and evaluated their lifetime by thermal gradient cyclic
test. The results showed that differential distribution of the elastic
modulus and porosity was observed across TC resulting from the
temperature gradient. This is an indicator of the differential sinter-
ing of TC and its prolonged durability.

5.1.4. Cycling creep of the materials
The rotation of turbine blades is in the air at high speed at high

temperatures; therefore, thermal barrier coatings are subjected to
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mechanical loads and thermal cycles. According to investigations,
the main factor for interfacial cracking is the unstable TGO layer
subjected to thermal cycling. Because of thermal expansion misfit
and TGO growth, a large value of residual compressive stress is
applied. Upon in-plane stress accumulation, TGO instability dis-
places upward at its periphery and down at the valley motivating
cracks within top coat. Tensile stress is applied above the valley
and compressive stress occurs at the periphery of the imperfection
[76]. The TGO instability generates strains in TBCs. Moreover, the
strains resulting from the TGO growth and thermal expansion mis-
match are superimposed. However, stress relaxation occurs due to
the microcracks and plastic deformation within the top coat. The
stress level is reduced as a consequence of plastic deformation
and material creep at high temperatures. Meanwhile, TGO instabil-
ity is promoted by microcracks and plastic deformation. This can
lead to stress accumulation upon thermal cycling, which motivates
early cracking at TGO/bond coat and TGO/TBC interfaces [77].

Wang et al. [78] used the finite element method to investigate
the effect of vertical and horizontal cracks in the ceramic layer
on the stresses around TGO upon thermal cycling. The results
demonstrated that the location of the horizontal and vertical
cracks affect the concentration of stress in the TBCs. When the
location of the crack is above the TGO layer peak, the vertical crack
is able to partially release the stress. In the case of the horizontal
crack, the maximal compressive stress occurs at the inner of the
TGO at the spinodal position. Whereas, the maximal tensile stress
is created at the peak of the bond coat/TGO interface.

A numeric investigation was carried out by Su et al. [79] by
studying the influence of TGO creep on top coat cracking. Accord-
ing to the results, in the geometrically imperfect zones and the
areas in which accumulation of TGO displacements was evident,
TGO displacement instability occurred during thermal cycling.
The displacement was upward around the periphery and down-
ward at the center. The predominance of shear stress was observed
around the periphery of the instability zone, while above the cen-
ter of the instability zone, the tensile stress perpendicular to the
interface between TGO and top coat is predominant. TGO creep
causes the reduction of shear stress and tensile stress is reduced.
In the instability zone, this would lead to the restraining of mor-
phology distortion. Moreover, the rate of energy released from
top coat cracking is decreased both in the shear stress dominating
and tensile stress dominating zones.

As a result of cyclic creep of the BC during thermal cycling, the
roughening of the BC/ /TGO/TC interfaces occurs progressively. This
phenomenon is often known as ‘‘ratcheting” and is seen in thermal
cycling conditions rather than isothermal exposures. It is also
required to have some initial surface imperfection of minimum
size, as well as a progressive increase in the TGO length because
of in-plane growth during oxidation or TGO cracking. This rough-
ening in flat BC/TGO interface of EB-PVD TBC is in the form of pen-
etration of TGO into BC. In APS TBC in which the interface is
undulated, the roughening appears in the form of the amplified
undulation amplitude. Out-of-plane stresses are normal to the
interface between ceramic and metal are created resulting from
these geometrical factors. With thermal cycling, the severity of
these stresses increases, and besides the interfacial imperfections
are the primary reason for TBC failure [47].

5.2. Extrinsic mechanisms

The predictable failure mechanisms are extrinsic mechanisms,
which are caused by the chemical attack by molten salt, ash, and
ingested sand as well as foreign object particulate damage. These
are common factors for both preparation methods.
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5.2.1. Erosion
TBCs are more affected by erosion damage, which leads to

material removal followed by structural failure of the gas turbine
engine components. Erosion mechanisms are strongly influenced
by the processing techniques of TBCs. APS coated TBC coating
shows horizontally arranged splat microstructure which is rela-
tively easy to remove since it contains a high number of oriented
cracks and particle boundaries parallel to the surface. In the case
of EB-PVD TBCs, the formation of a new crack surface across the
individual column have to be created at a much higher energy
level. It has been noticed that EB-PVD TBCs provide better erosion
resistance than APS TBCs [80].

Mahade et al. [81] deposited multi-layered coatings of gadolin-
ium zirconate (GZ)/YSZ using suspension plasma spray and tai-
lored their microstructures. The results revealed that the fracture
toughness of the GZ + YSZ layer in the composite coating was
slightly higher in comparison with the porous GZ layer in the lay-
ered coating. The erosion performance of the composite TBC at
room temperature demonstrated higher erosion resistance com-
pared to the layered TBC.

A number of mechanisms contribute to the erosion of TBCs.
Three factors affect these mechanisms: 1) size of impacting parti-
cles; 2) microstructure variation resulting from the coating meth-
ods (PS or EB-PVD); 3) temperature of the impacting particle in
the form of solid particles or semi-molten (pasty’) state; 4) velocity
and density of the small particles or foreign objects; and 5)
impingement angle of the particle.

Erosion of TBCs deposited by EB-PVD is categorized into two
mechanisms including foreign object damage and near-surface
cracking [82]. Mapping of the conditions that contribute to these
mechanisms has been done and has been shown to be associated
with both particle size and velocity [83]. The contributing mecha-
nisms are illustrated schematically in Fig. 10. The damage mecha-
nisms can be described as follows.

Mode I – Erosion (near-surface cracking or lateral cracking).
Engines usually generate small, low-energy particles when

operating. When these particles impact the TBC coating, cracks
are formed near the surface of individual columns (top 20 lm). If
several neighboring columns are impacted and cracked, material
loss is observed. Under the impacting particles, the crack initiation
occurs at the elastic/plastic transition [82].

Mode II - Compaction damage.
Compaction damage is intermediate between foreign object

damage (FOD) and small particle erosion. This mechanism could
have the role of a transition stagebetween the twomechanisms. This
state happens when the TBC columns present in EB-PVD-deposited
coatings are compacted. However, the near-surface cracking in
Mode I or the gross plastic deformation and cracking in Mode III
are not observed in this mechanism. Columns are compacted but
not fractured due to the lower stain rates of the impact and the high
porosity in the columns. The density of these coatings is less than
90 %. In Mode I, a similar compacting occurs where one or two col-
umns are only subjected to near-surface damage and subsequently,
lateral cracking is initiated from the elastic/plastic interface. Never-
theless, the initiation of cracks does not occur at this interface,when
a significant number of columns are exposed to impact (Mode II).
This is suggested to be the result of a lower strain rate originating
from a lower energy input rate by the decelerating particle [84].

Investigation of the compaction damage mechanism is still
ongoing. However, the studies on the initial single impact showed
that there are differences between this mechanism and other exist-
ing mechanisms. Studies are being carried out on multiple impacts
for the determination of the exact mechanism associated with the
material removal in Mode II conditions.



Fig. 10. Mechanisms of TBC erosion.
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Mode III - Foreign object damage.
FOD is the result of smaller particles with high velocities or lar-

ger particles with low and intermediate velocities. In this condi-
tion, the gross plastic deformation of the columns in the coating
is observed which can penetrate the substrate. When slow-
moving large particles impact the high-velocity rotating turbine
blades, FOD damage may occur.

Indeed, two types of FOD have been identified. Gross plastic
deformation and the densification cracking and bending of the col-
umns are known as FOD Type 1. It explains whether EB-PVD TBCs
are able to deform plastically at high temperatures. In FOD Type 2,
noticeable buckling of adjacent columns is observed, while there is
no significant cracking [84].
5.2.2. Chemical attack by molten salts
Hot corrosion is known as corrosion resulting from molten salts

in the environment of an oxidizing gas at high temperatures. Hot
corrosion occurs when salt films cover the surface of metals and
alloys at the temperature range of 700 to 925 �C. Alkali and alkaline
earth sulphates are the involved salts [85]. Hancock proposed that
the reaction between sulphur compounds and sodium chloride in
the surrounding gas phase results in the formation of sulphate
deposits. In the temperature between 700 and 900 �C and the pres-
ence of these deposits accelerates the oxidation process called ‘‘hot
corrosion” [86]. Various factors, such as coolant, air compositions,
fuel impurities, and particular industrial processes influence the
exact composition of these salts. Fuel oils and coal contain sulphur
which can yield SO2 on combustion and then transform to SO3 by
partial oxidation. Na2SO4 is formed via the reaction between SO3

and water vapor with NaCl (impurity in the air/fuel). This product
deposits on the surface of metal or alloy, and it can be liquid at a
relatively high temperature. Highly corrosive sodium vanadates
with a low melting point are formed through the reaction between
V2O5 (produced on combustion from small amounts of V in the
fuel) and Na2SO4. The melting point of Na2SO4 is 884 �C, therefore,
it causes accelerated attacks on the Co-based and Ni-based super-
alloys at high temperatures [87].

Jamali et al. [88] compared the hot corrosion behavior of con-
ventional and nanostructured YSZ coatings prepared by plasma
spraying. Hot corrosion evaluation was performed by applying a
molten mixture of V2O5 and Na2SO4 on the surfaces of the coatings.
According to the results, a further reaction with the salt was
observed in the nanostructured coating, but higher resistance to
hot corrosion degradation was indicated compared to the conven-
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tional coating. This was reported to be the result of increased com-
pliance capabilities due to the existence of nano-zones as an extra
porosity source.

Corrosions occurring above the salt’s melting point and at the
lower values of the temperature range are called ‘‘type I hot corro-
sion” and ‘‘type II hot corrosion”, respectively. In both hot corrosion
types, the protective oxide layer on the surface of coatings and
superalloys are adversely affected by fluxing with corroding salts.
Consequently, internal sulphidation and oxidation are initiated
when the protective layer becomes ineffective. Hot corrosion has
been found to have two stages: 1) broken down of protective oxide
layer (initiation stage); 2) accelerated corrosion and deterioration
process due to the access of the salts to the unprotected metal
(propagation stage) [89].

The molten salts can diffuse into the coating through cracks and
pores, leading to the reaction with BC. Moreover, the chemical
reaction between the stabilizing phases of YSZ and deposits leads
to the accelerated sintering of zirconia and/or the formation of
monoclinic zirconia from the tetragonal phase resulting in the
degradation of TBCs [90]. Both events cause an increase in stress
build-up in the zirconia layer. As mentioned, around 4 % volume
expansion is the consequence of the zirconia phase transformation,
which results in the structural integrity degradation of the coating.
The Young’s modulus of the zirconia coating increases due to sin-
tering, hence a decrease in the mechanical properties. Further-
more, additional stresses could be applied to the coating due to
the thermal expansion mismatch between zirconia and infiltrated
molten deposits [91].
5.2.3. Calcium-magnesium–aluminum-silicate environmental attack
Currently, great attention has been paid to the damage on TC

called calcium-magnesium–aluminum-silicates (CMAS) environ-
mental attack. CMAS is the result of mineral debris containing sil-
ica, such as dust sand, and ash, entering the engine during the
operation [92]. Due to the penetration of the molten CMAS into
the porosity of APS-deposited YSZ or the inter-columnar spaces
of EB-PVD-deposited YSZ, yttrium from the coating is depleted.
Additionally, the solidification of the molten CMAS during cooling
stages occurs and TC faces the loss of strain tolerance resulting
from the formation of monoclinic zirconia phase (depletion of
yttrium) as well as the unwanted glass, which accelerates TBCs
failure. Partial removal of TC is also induced by CMAS. Hence, there
is a need for the development of more complex ceramic systems
with a multilayer structure, and new mitigation strategies includ-
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ing metallic layers or dense ceramic layers for reducing or blocking
the molten CMAS infiltration [93]. Upon rapid heating, residual
stresses are induced on the top of YSZ causing a vertical crack
(mode I in Fig. 11). During rapid cooling, in-plane cracks are also
formed, which depends on the penetration depth of the CMAS.
Generally, degradation steps are as follows:

1. At high temperatures, CMAS is deposited on top of the TBC and
penetrates to a depth below the surface into the columnar
structure.

2. The penetration causes vertical cracks (mode I).
3. As a result of the large thermal stresses near the CMAS-

deposited surface and the penetration of CMAS, in-plane cracks
parallel to the surface are induced below the TBC surface.

4. CMAS deposited might partially melt when the temperature
increases beyond 1400� C because the melting temperature of
CMAS is around 1200 �C [94]. Due to capillary pressure, CMAS
melt could enter into the in-plane cracks.

As a result of the thermal expansion of CMAS particulates in the
vicinity of the tip of the crack, further propagation of the CMAS-
filled cracks could occur. The YSZ top coat is partially removed
due to the joining of two adjacent cracks [37]. Naraparaju et al.
[95] changed the contributing parameters of the EB-PVD process
to alter the porosity and columnar morphology of 7YSZ coatings
and investigated its influence on the CMAS infiltration. They
reported the formation of two different pore geometries in TBC.
According to the results, the increase in the ‘feathery’ structure
resulted in higher CMAS resistance.

Li et al. [96] combined experiments with numerical simulations
(the software ABAQUS 6.14) to study the mechanical performance
of SPS TBCs under CMAS attack. The findings demonstrate that the
CMAS corrosion significantly affects the stress field, including the
peak stress, but only slightly affects the steady-state temperature
field. The peak of stress rises with holding time, raising the possi-
bility of TBC rupture. Along the reaction layer’s thick direction, the
Mises stress rises nonlinearly. Additionally, it is evident that during
CMAS corrosion, the stress changes in the traditional failure zone,
like the area where the top coat and bond coat meet.

Kang et al. [97], used femtosecond laser ablated YSZ to reduce
the wetting ability of molten CMAS. The outcomes reveal that
the initial contact angle of the femtosecond laser ablated coating
was smaller than that of polished or as-sprayed YSZ. However, its
spreading rate was lower and the equilibrium contact angle was
larger. They proposed two reasons for this variation: 1) micro-
rod-like structure in the ablated squares retarded penetration of
Fig. 11. Mechanisms of crack initiat
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CMAS; 2) pinning the triple-phase contact line of solid–liquid-
vapor by the ablated squares restricted CMAS spreading. This
investigation suggested that femtosecond laser treatment was an
effective technique for the enhancement of the CMAS resistance.

In line to develop CMAS-resistant TBCs, Zhou et al. [98] studied
the corrosion behavior of La2(Zr0.7Ce0.3)2O7 TBC prepared EB-PVD.
It was reported that two steps comprise the creation of the interac-
tion layer between CMAS deposits and TC coating. In the initial
phase, the CMAS deposits melt at a high temperature, enter the
coating, and react with the adjacent TC. During the latter, the glass
is enriched locally with La and Ce, and their concentrations
increase as the glass penetrates deeper into the TBC. Due to the
incorporation of Re (Re = La, Ce) into the glass, the ‘‘difficult-to-crys
tallize” glass composition is likely to shift to a rE-rich ‘‘crystalliz-
able” glass composition, causing the crystallization of CMAS into
(Ca,La)2(La,Ce)8Si6O26 apatite, which effectively seals the inter-
columnar gaps and inhibits the inward flow of CMAS. High-
entropy zirconate like (La0.2Nd0.2Sm0.2Eu0.2Gd0.2)2Zr2O7 (HEZ) also
showed high resistance to CMAS corrosion, much better than La2-
Zr2O7 coating at 1300 �C. The high-entropy apatite precipitated due
to the reaction with CMAS had fine-grained structure, which led to
a reaction layer without cracks [99]. Other coatings such as
gadolinium zirconate [100,101], LaPO4/YSZ TBCs [102], and La2Zr2-
O7/YSZ [103] also exhibited improved corrosion behavior.
6. Modified yttria-stabilized zirconia

YSZ has been used as conventional ceramic top coat material for
more than four decades because of its excellent thermomechanical
properties, phase stability, and fracture toughness. However, when
operating temperature increases above 1200 �C, phase transforma-
tion occurs causing volume change up to 3–5 %. These phase trans-
formation and sintering behavior contribute to the degradation of
YSZ above 1200 �C. In addition, YSZ is susceptible to CMAS attack,
which affects the ceramic TC at higher operating temperature lead-
ing to loss of strain tolerance compliance and mechanical proper-
ties, as a result of delamination of TBCs. This issue has to be
overcome in order to increase the turbine inlet temperature by
more than 1200 �C. Therefore, researchers have shown more inter-
est in developing new TBC materials through tuning the composi-
tion of YSZ or alternatives for YSZ as new TC and thus paving a way
for exploring the next generation TBCs. Incorporation of a small
amount of cubic oxide stabilizers such as ceria (CeO2), magnesia
(MgO), and calcia (CaO) to YSZ can delay the phase transformation.
In addition, YSZ in their tetragonal or cubic system remains stable
at room temperature [104].
ion and propagation by CMAS.



A. Pakseresht, F. Sharifianjazi, A. Esmaeilkhanian et al. Materials & Design 222 (2022) 111044
6.1. CeO2-doped YSZ

Based on recent investigations, ceria-stabilized zirconia (CSZ)
coatings exhibit better performance in hot corrosive environments
in comparison with YSZ coatings. In addition to that, CSZ coatings
also have higher CTE and lower thermal conductivity than that of
YSZ, besides showing high fracture toughness, good corrosion
resistance, and high-temperature stability. This is due to the supe-
rior resistance of CeO2 against the chemical attack of sulphates and
vanadate salts [105].

However, the claim of the hot corrosion resistance improve-
ment by the replacement of yttria with more acidic stabilizers such
as ceria is still being argued. The reason is inconsistency in
reported results and limited understanding of hot corrosion mech-
anisms and microscopic degradation of TBC. Jiang et al. [106]
reported that the fracture toughness of 40 mol.% ceria-stabilized
zirconia (2.0 ± 0.1 MPa.m1/2) did not change remarkably with aging
time. In the regions near the indentation crack-tip and crack-
middle, no monoclinic ZrO2 was observed. Therefore, after high-
temperature aging, the fracture toughness was also high.
Hajizadeh-Oghaz et al. [107] prepared nanostructured CeO2 and
Y2O3 co-stabilized zirconia (CYSZ) coatings using plasma spraying
and investigated their hot corrosion behavior. The results indicated
that the CYSZ nanostructured coating showed further reaction with
the corrosive salts, however, significant degradation resistance was
observed upon the hot corrosion test. It was proposed that the rea-
son is resistance against diffusion in the nanoporous structures,
which prevents the deeper layers of the coatings from the further
diffusion of molten salts.

CYSZ shows improved phase stability at elevated temperatures.
CYSZ also exhibit good corrosion resistance, higher CTE (12.6 � 10-
6 �C�1 for CYSZ and 10.7� 10-6 �C�1 for YSZ), and improved thermal
insulation (1.4–1.7 W/mK for CYSZ and 2.2–2.9 W/mK for fully
dense YSZ) [15]. Improvement in thermal cyclic performance of
TBC was achieved with the addition of CeO2 to YSZ. This better per-
formance was attained due to stability in monoclinic to tetragonal
phase transformation and less oxidation induced stress with the
addition of CeO2 [108].

6.2. CaO-doped YSZ

Below 1027 �C, thermal diffusivity of CaO (3–5 wt%) stabilized
zirconia deposited by APS has been reported to be four or three
times lower than that of sintered zirconia. Above 1027 �C, the
CaO–ZrO2 coating suffers from a sintering effect which causes a
noticeable reduction of the thermal insulation effect [109]. The via-
bility of this coating as advanced TBCmaterial has not been proven.
The drawback of this material has been found to be the transfor-
mation of the as-sprayed cubic zirconia phase (c–ZrO2) into the
monoclinic zirconia phase (m–ZrO2). The aim of the CaO addition
to zirconia is to extend the c-phase field from high-temperature
down to room temperature, however, it has been found that the
c–ZrO2 is unstable below 1140 �C [110]. On the other hand, the
addition of CeO2 to the CaO–ZrO2 coating has shown the potential
to provide high thermal-shock resistance superior to 5 wt% CaO–
ZrO2 system at 1000 �C and 1200 �C. Furthermore, no c/t–ZrO2

destabilization was observed upon thermal shock tests [111].
Imran et al. [112] deposited CaO-ZrO2 using plasma spraying. The
results showed that the porosity of all the coatings was low with
uniform distribution and small pore size. It was concluded that
the addition of 5 % calcia cannot stabilize the coating and the phase
transformation occurs.

Bhattacharya et al. [113] incorporated CaO in YSZ (CaYSZ) using
wet chemical synthesis. The results showed nomonoclinic phase in
the powders produced by the chemical method and the amount of
monoclinic phase in the solid-state synthesized sample was mea-
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sured to be only 1.31 vol%. After long-term heat treatment, there
was not an increment of the secondary m-ZrO2 phase in the CaYSZ
system, and high stability was observed at 1250�C for 600 h. The
sintering temperature of the system was found to be 1220�C and
its CTE was measured to be 1�10-6 K�1. These values were compa-
rable to those of 7YSZ. Additionally, the increase in dopant concen-
tration led to an increase in the sintering rate.

6.3. MgO-stabilized YSZ

MgO (15–24 wt%) stabilized zirconia (MSZ) has been proved to
be able to prevent the detrimental phase transformation of t-ZrO2

to m-ZrO2 with the MgO and c-ZrO2 equilibrium phases [114]. A
relatively high thermal expansion coefficient has been reported
for MgO (24 wt%)-ZrO2 (12.3 � 10�6 K�1) [115]. Moreover, in a
highly corrosive environment caused by low-quality fuels and liq-
uid salt deposits, the MSZ system shows better resistance to vana-
date attack; however, sulphidation of the MgO is still a problem. As
a result of the reaction between MgO and SO3 in the presence of
molten NaVO3, melt-soluble MgSO4 is formed even at low partial
pressures of SO3 [116]. The noticeable formation of MgSO4 leads
to MSZ degradation observed in the low-quality fuel burner rig test
[117]. Additionally, MSZ coatings are progressively destabilized in
thermal cycling to 1000 �C/1050 �C. This is because the tetragonal
MSZ grains coarsen rapidly and subsequently, phase transforma-
tion of t ? m occurs. The MSZ system also exhibits lower erosion
resistance and lower strength compared to YSZ. It has been shown
that the addition of MgO cannot provide a stable c-phase below
1400 �C [110]. The practical upper temperature for MgO-ZrO2 for
gas turbine applications was suggested to be 950 �C by Toriz
et al. [118]. Hence, MSZ cannot be offered as a promising material
for ship engine applications. Doleker et al. [119] prepared the MSZ
and YSZ top coat with a total thickness of 300 lm. According to the
investigations, the YSZ coating was composed of the tetragonal
phase and a small amount of the monoclinic phase before and after
oxidation. After oxidation, cubic, monoclinic, and tetragonal phases
were observed in the MSZ structure. The volume increase resulted
from the phase transformation brings about more damage to MSZ
compared to YSZ.

Overall, stabilization of zirconia with CaO, CeO2, and MgO does
not provide TBCs with high stability at high temperatures. CSZ
have lower thermal conductivity, higher CTE, and high fracture
toughness than that YSZ, however, the its hot corrosion resistance
is controversial. The CaO–ZrO2 coating suffers from phase transfor-
mation and sintering at high temperatures. MSZ exhibits lower
corrosion and erosion resistance, and lower strength compared to
YSZ. However, co-doping of these oxides and yttria shows
enhanced performance compared to YSZ.

6.4. YSZ stabilized with rare earth oxides

Besides yttria and ceria, several rare earth oxides have been
used for the stabilization of zirconia such as Nd2O5, Ta2O5, Gd2O3,
Sc2O3, Yb2O3, Sm2O3, Nd2O3, Er2O3, and Dy2O3 [120]. Based on
the migration of cations at high temperatures and different stabi-
lizing mechanisms, various levels of the stabilizing are observed
in different stabilizers. Raghavan et al. [121] summarized the sta-
bilization ability of various oxides. It was reported that the stabi-
lization ability was enhanced with the increase in the cation
radius from Sc3+ to Y3+, while a decrease in the stabilization ability
was observed with the further increment of the radius from Y3+ to
La3+.

Schulz et al. [122] investigated the resistance of different coat-
ings including 7YSZ, 14YSZ, CeSZ, 29DySZ, and HfSZ, against CMAS
attack. It was found that all coatings were fully infiltrated by CMAS
and dissolution/re-precipitation occurred in the gaps between
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columns, on column tips and rims, and also far root areas close to
TGO. Therefore, no mitigation potential was provided by the inves-
tigated coatings, because they were not able to rapidly form crys-
talline reaction products. In a study by Schmitt et al. [123], Yb and
Gd-doped YSZ showed an erosion rate similar to that of YSZ and
enhanced thermal conductivity. In addition, enhanced thermal
insulation and corrosion resistance were reported in Yb and Gd-
doped YSZ systems [124,125].

The deposition of the nanostructured Y2O3 (0.4 mol.%) and
Sc2O3 (3.6 mol.%) co-stabilized zirconia (SYSZ) thermal barrier
coating was carried out by Loghman-Estarki et al. [126]. According
to the results, mixed oxide (NiO, NiCr2O4, and NiAl2O4) formed in
BC was reported to be the reason for the failure of this TBC. Based
on their findings, the failure mechanism of the SYSZ system follows
five steps: 1) molten salts penetrate into SYSZ through its defects;
2) small amounts of rod-type YVO4 crystals are formed due to the
reaction between the molten salts with Y2O3 of the coating; 3) Y2O3

depletion leads to the phase transformation of zirconia (t-ZrO2 to
m-ZrO2) and the consequent destructive volume expansion; 4)
the formation of crystals of YVO4 and monoclinic zirconia apply
stresses to the top coat resulting in the creation of horizontal
micro-cracks; 5) destructive compounds of NiO, NiCr2O4, and
NiAl2O4 are continuously formed by the oxidation of Al, Cr, and
Ni in BC due to the penetration of oxidizing agents. On the other
hand, zirconia stabilized with Sc2O3 and CeO2 exhibited stability
at high temperatures and resistance to thermal shock [127].

To summarize, the stability of rare earth oxide-stabilized zirco-
nia is improved with the increase in the rare earth cation radius
from Sc3+ to Y3+, and is decreased with the further increment of
the radius from Y3+ to La3+. Doping rare earth oxides improve ther-
mal insulation properties, however, their resistance against molten
salts and CMAS attach is argued. According to the literature doping
with mixed oxides can lead to enhanced stability, insulation prop-
erties, corrosion resistance, and resistance to thermal shock.
Fig. 12. Growth of TGO layer with respect to time of oxidation at 1100 �C for
conventional and nanostructured YSZ TBCs (Ref 113).
6.5. YSZ with alumina overlayer

Al2O3 is a ceramic with a high melting temperature with high
stability in chemical environments. It is also insoluble in ZrO2

and acts as a barrier for oxygen, therefore, a dense layer of Al2O3

over TBCs can decrease the infiltration of molten salts into the
coatings and improve hot corrosion resistance [15]. Using direct
current circular magnetron sputtering, Al could be deposited on
YSZ leading to acquiring homogenous a-Al2O3 film on the surface
of the coating. Thus, this method is able to improve the corrosion
resistance of YSZ against CMAS [128].

An a-Al2O3 layer was applied on TBC through in situ reaction of
zirconia with Al after vacuum heat treatment done by Zhang et al.
[128]. Compared to the as-sprayed TBC, Al-deposited TBC showed
enhanced CMAS corrosion resistance after vacuum heat treatment.
It was proposed that the protective effect of the synthesized alu-
mina layer was attributed to 1) the penetration of molten CMAS
is hindered due to partial filling of open cracks and pores by a-
Al2O3; 2) inhibition of further infiltration of CMAS by forming
MgAl2O4 and CaAl2Si2O8 from the reaction of CMAS with a-Al2O3.

Pakseresht et al. [129] used the plasma spraying technique to
deposit the functionally graded TBC with a double top layer of zir-
conia/alumina. According to their results, the hot corrosion resis-
tance of YSZ at 1050 �C could be enhanced by applying a
nanostructured Al2O3 top layer. The amount of monoclinic zirconia
in the coating consisting of nano Al2O3 overlayer was lower than
other TBCs. The absence of monoclinic zirconia was observed over
the nano Al2O3 layer which could be due to preventing the YSZ
layer from the molten salt infiltration.
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6.6. Nano-YSZ

Recently, nanostructured materials have attracted the attention
of researchers for the improvement of material properties such as
toughness, ductility, strength, and hardness [130]. In comparison
with conventional TBCs, nanostructured TBCs have shown promis-
ing potential in enhancing thermal cycling lifetime and thermal
insulation properties [131]. As known, TBCs undergo spallation or
debonding under thermal cycling at high temperatures. Therefore,
thermal shock behavior has a pivotal role in indicating the perfor-
mance of TBCs. Based on recent thermal shock studies from 1000 to
1300 �C, the number of cycles before failure obtained for nanos-
tructured YSZ was about 2 to 3 times longer than that of the con-
ventional YSZ coatings [132]. Compared to conventional coating,
nanostructured coating shows lower TGO growth with respect to
high-temperature oxidation at 1000 �C (Fig. 12). Therefore, the
superior compliance capacities of the nanostructured coatings
have been proved [133].

Initial studies showed that it is required to control the plasma
spray parameters for the deposition of nanostructured YSZ coat-
ings, in order to prevent the nanostructured YSZ agglomerates
from complete melting in the plasma jet and embed part of the
agglomerates into the coating microstructure. Due to embedding
semi-molten agglomerates, a bimodal feature is created. This orig-
inates from the combination of zones formed by semi-molten
material and a structure created by the re-solidification of fully
molten agglomerates. The mechanical response of coatings could
be changed by controlled amounts of porous semi-molten and pre-
viously molten particles. Hence, the mechanical properties of the
coating can be affected by the bimodal microstructure [134]. For
instance, compared to the conventional YSZ coatings, nanostruc-
tured YSZ coatings demonstrated a smaller number of acoustic
emissions (AE) observed in scratch testing. Moreover, the nanos-
tructured coating with the maximum fraction of semi-molten por-
ous nano-agglomerates exerted lower transversal loads during
scratch testing [135]. Therefore, improved compliance characteris-
tics have been observed in the nanostructured coatings.

Performance of nanostructured coatings is promising. However,
the applicability of the coatings as thermal barrier coatings is skep-
tical. Nanostructured coatings would have much higher sintering
(densification) rates than conventional YSZ coatings when they
are exposed to the high service temperature of gas turbines. The
increment of elastic modulus values and thermal conductivity to
the above critical values is the result of the high densification rates
of these coatings leading to their premature failure and impeding
their application as TBCs [136].
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The microstructural variations, as well as the change in thermal
conductivity of bimodal nano-structured TBCs upon thermal expo-
sure, have been investigated. Zhang et al. [137] reported that the
initial stage of the sintering causes a rapid increase in the thermal
conductivity of the nanostructured coating. The main change in the
structure was the continuous pore healing. At the second stage of
sintering, the decrease in the thermal conductivity was observed
and the structural change was suggested to be the opening of
pores. In another study, they deposited a bimodal coating using
plasma co-spraying with a solid powder and wet suspension. It
was proposed that the thermal conductivity of the co-sprayed
composite coating was lower compared to the plasma-sprayed
coating with solid powder [138]. Considering the aspect ratio of
pores in TBCs and its effect on the thermal conductivity, Zhang
et al. [65] proposed a new structure design based on multiscale
pores and developed a corresponding structural model as well as
the relation between the pore-rich structure and thermal proper-
ties to shed light on tailoring new TBCs with advanced
characteristics.

Zhou et al. [139] investigated the CMAS corrosion resistance of
plasma-sprayed nanostructured 8 wt% Y2O3-stabilized ZrO2

(n-YSZ). According to the results, the variation of CMAS content
led to the formation of different products from the thermo-
chemical reaction of YSZ with CMAS, both in the form of coatings
and powders. The diffusion of calcium into YSZ grains resulted in
the formation of a cubic phase at a low concentration of CMAS.
The n-YSZ coating was composed of less c-ZrO2 in comparison with
the conventional YSZ. Tetragonal to monoclinic phase transforma-
tion occurred when the CMAS concentration reached 15 mg/cm2

and this phenomenon more readily happened for n-YSZ. Generally,
the nanostructured coating exhibited lower CMAS resistance com-
pared to the conventional YSZ. This was reported to be due to the
enhanced CMAS infiltration rate through the nanozones and accel-
eration of the chemical reaction.

Jonnalagadda et al. [140] compared the damage development of
a nanostructured, high purity YSZ with the conventional YSZ dur-
ing thermal cycling. It was found that the effective stress intensity
factor of the nanostructures coating was higher than that of the
standard TBC. Due to the lower effective stress intensity of the con-
ventional YSZ compared to the high purity nanostructured TBC, the
conventional coating had better thermal cycling fatigue resistance.
Pakseresht et al. [141] employed APS to produce nanostructured
TBCs with bimodal microstructure on the Hastalloy X substrate.
After deposition, the coatings were heat-treated by an Nd:YAG
laser. They reported that three mechanisms contribute to
enhanced hot corrosion resistance and prolonged lifetime of the
glazed coatings: 1) specific surface area reduction; 2) decrease in
surface roughness; 3) reduction of molten salt penetration. The
results also demonstrated the higher hot corrosion resistance of
the nanostructured TBC compared to other samples.

In general, nanostructured YSZ forms bimodal structures con-
sisting of zones formed by semi-molten material and a structure
formed by the re-solidification of fully molten agglomerates. The
variation in the combination of these zones could result in changes
in mechanical and thermal properties. Nanostructured TBCs have
shown enhanced thermal cycling lifetime and thermal insulation
properties, Nevertheless, nanostructured coatings have much
higher sintering rates and lower CMAS resistance compared to con-
ventional YSZ coatings.
7. New ceramic materials in TBCs

The temperature capability of the current generation of superal-
loys, such as cobalt-based or nickel-based superalloys, has been
enhanced to their initial melting temperature, which is their max-
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imum permissible temperatures. A further increase in their service
temperature had become arduous in recent years. Therefore, there
is a need for the investigation of new materials with the potential
to be used as TBCs.

7.1. Fluorite oxides

HfO2, ThO2, and CeO2 oxides are candidates of TBCs with fluorite
structure. CeO2 has lower thermal conductivity and higher CTE
than those of YSZ, although it is not a practical selection due to
volatilization, the high sintering rate at high temperatures, and
reduction into Ce2O3 [142]. La2Ce2O7 (LC) is a solid solution of
La2O3 in ceria with a fluorite structure. This material shows a high
thermal expansion coefficient close to that of BC even at high tem-
peratures. The thermal conductivity value of LC is about 0.51 W.m-

1K�1 which is four times lower than that of 8YSZ. The possible rea-
son of low thermal conductivity could be due to the introduction of
vacancies and strain produced by La ion addition. In addition, no
phase transformation is observed in this coating after long-term
annealing at 1400 �C. The studies have revealed that the thermal
cycling life of a single LC coating is comparable to the conventional
YSZ. Additionally, the double-ceramic layer composed of La2Ce2O7

and 8YSZ exhibited enhanced thermal cycling life [143].
Zirconia-based and zirconia-free compositions containing HfO2

have been widely investigated. Based on the studies, in the case of
a higher amount of Y2O3 up to 27 wt% in HfO2–Y2O3 TBCs, the
obtained thermal cycling resistance is comparable to 7YSZ because
a fully cubic crystal structure was achieved. The lowest value of
thermal conductivity (1.1 W�m�1�K�1) was obtained for 25 wt%
Y2O3-stabilized HfO2 at 1316 �C. This composition also showed
good sintering resistance and a low conductivity increase rate
[144].

7.2. Pyrochlore oxides

As mentioned, with the developments in the fields of gas tur-
bines, the temperature of the gas inlets has been increased to
above 1500 �C. Therefore, some complex pyrochlore rare-earth oxi-
des with the general formula of A2B2O7 are considered as promis-
ing materials for TBC applications [145]. In this composition, A
represents a 3 + cation including La to Lu and B is a 4 + cation
including Zr, Hf, and Ti. The properties that make these oxides suit-
able for TBC applications are their low thermal conductivity, rela-
tively high CTE, and high melting points. This type of material is
attracting attention because there is a close relationship between
the pyrochlore structures and fluorite ones (Fig. 13). The pyro-
chlore unit cell can be considered as eight unit cells of fluorite.
Each unit cell contains one oxygen vacancy on average.

Doping of oxide into the pyrochlore materials has also been
practiced. In this approach, a part of cation A is replaced by other
cations, for example, A1-xMxB2O7, in which M is rare earth or other
cations and � varies from 0 to 0.5. Doping with larger ions can
increase the stability of the pyrochlore structure. As an example,
rare-earth-oxide-substituted pyrochlores including (La,Gd,Yb)2Zr2-
O7, (La,Yb)2Zr2O7, and (La,Gd)2Zr2O7 showed lower thermal con-
ductivity compared to un-doped La2Zr2O7. By co-doping of Gd
and Yb, the thermal conductivity decrease is about 30 %. According
to the results, doping and especially co-doping of pyrochlore oxi-
des can greatly reduce their thermal conductivity [146].

Schulz et al. [122] deposited Gd2Zr2O7 and La2Zr2O7 coatings
using EB-PVD and studied their corrosion resistance against CMAS.
The results demonstrated that the reactivity of both coatings was
high within inter-columnar gaps, along column tips and rims, or
the reaction front moved downward parallel to the initial TBC sur-
face leading to fully reacted and disintegrated column interiors.
Therefore, pyrochlore thermal barrier coatings have been



Fig. 13. The unit cell of a) the fluorite structure and b) the pyrochlore structure; the A3+ ions are shown in blue, the B4+ ions are illustrated in yellow, and O ions are presented
in red (Ref 124).
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suggested to show significant but varying resistance against TBC
damage by deposits. It was found that the microstructure, espe-
cially the gap width between the columns influences the reaction
of TBC with deposits resulting in the different reaction modes.
When the inter-columnar gaps were narrower, the infiltration
depth was lower indicating that the channels were effectively
sealed by crystalline phases. As a consequence, the morphology
of these TBCs could be tailored to produce coatings with enhanced
resistance against deposits.

High-entropy single-phase rare-earth zirconates with the gen-
eral formula of (5RE1/5)2Zr2O7 were produced by Li et al. [147].
The oxides were produced by solid-state reactions between ZrO2

and rare-earth oxides. After sintering at the temperature of 1500
℃, the relative densities obtained for the pyrochlore oxides were
70 %-80 %, which was suggested to be the result of the sluggish dif-
fusion of materials with high-entropy. In the range of 300 ℃ to
1200 ℃, the thermal conductivities of the oxides were below 1.0
Wm–1K�1. It was proposed that these thermally stable pyrochlore
oxides were resistant to sintering and could be offered as promis-
ing TBC materials.

Several zirconate pyrochlores show lower thermal conductivi-
ties making this class of materials interesting. Moreover, their ther-
mal stability is excellent due to the fixed positions of cations in the
crystal. Co-doping can give some increase in sintering resistance of
these oxides and decrease their thermal conductivity.
7.3. Perovskite oxides

The ABO3-type perovskites have numerous structural variants
and provide several numbers of options for cations in A and B sites
(Fig. 14). Thus, perovskite oxides could be promising materials to
engineer thermal conductivity [148]. As a result of the rigid struc-
ture of corner-shared octahedra in ABO3 perovskite oxides contain-
ing ions with high atomic mass, low thermal conductivities are
obtained. For example, the thermal conductivities of BaZrO3 and
SrZrO3 at 1000 �C are 3.4 W. m�1. K�1 and 2.1 W. m�1. K�1, respec-
tively. It has also been reported that by doping Yb2O3 into the B
atoms of SrZrO3, a thermal conductivity reduction of 20 % could
be obtained between 200 �C and 1200 �C. Additionally, new com-
plex perovskite structures can be obtained with an increase in
the doping level. For instance, the complex perovskite of La(Al1/4-
Mg1/2Ta1/4)O3 exhibits high CTE around 1.9 � 10–6 K�1 and low
thermal conductivity around 2 W. m�1. K�1, which suggests it as
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a good candidate for TBC applications. Likewise, Ba(Mg1/3Ta2/3)O3

has the highest melting point among all oxides (�3000 �C) and
its thermal conductivity at 1100 �C is 2.5 W. m�1. K�1. However,
due to the low toughness of the TBCs produced based on the com-
plex perovskites, these coatings show low thermal shock resistance
and short thermal cycling life.

In the perovskite structure of Ba2LnAlO5, one-sixth of the oxy-
gen sites are vacant. The thermal conductivity of Ba2LnAlO5 at
1000 �C has been obtained to be 1.1 W. m�1. K�1. By the increment
of the number of atoms in the unit cell and the unit cell size, the
reduction of thermal conductivity, and the increase in the number
of optical phonons, complex superlattice structures can be formed
by these perovskite structures. In this regard, different structures
such as the Dion–Jacobson phases of BaLa2Ti3O10, Aurivillius
phases of Bi4Ti3O12, and Ruddlesden–Popper (RP) structures of
Srn+1TinO3n+1 and Ln2SrAl2O7 have been investigated, and their
thermal conductivities were 1–2 W m�1 K�1, which are lower than
that of YSZ (2.5 W. m�1. K�1) [149].

According to Ejaz et al. [150], CaZrO3 exhibited higher potential
as TBCs in advanced turbine engines in comparison to the YSZ. This
was reported as showing higher CTE, lower thermal conductivity,
and stability at temperatures above 1500 �C. Schlegel et al. [151]
deposited the complex perovskite coating of La(Al1/4Mg1/2Ta1/4)
O3 (LAMT) using the SPS process. The coating was found to have
a columnar microstructure. Although some phase decomposition
occurred in thermal cycling gradient tests, the performance of
the coating was reported as excellent. They also stated that the
excellent microstructure of the coating gives the ability to bear
high thermal stresses as well as stresses induced by the formation
of secondary phases. Consequently, the SPS LAMT coatings showed
improved lifetime compared to APS YSZ coatings.

Ma et al. [152] co-doped Yb2O3 and Y2O3 into SrZrO3 (SZYY) and
noted long-term stability from ambient temperature to 1400�C and
also above 1450�C. Moreover, in comparison with 8YSZ, and SrZrO3,
the doped sample showed lower thermal conductivities (around
30 %). Additionally, after heat treatment at 1250�C for 24 h, SZYY
exhibited good chemical compatibility with alumina or 8YSZ
powders.

Overall, ABO3 perovskite oxides have low thermal conductivi-
ties and the thermal conductivity can be further decreased by dop-
ing other element or obtaining complex structures by increasing
the doping level. Complex perovskite TBCs have also high CTE,
however, due to the low toughness, these coatings show low ther-
mal shock resistance and short thermal cycling life.



Fig. 14. Structure of ABO3 perovskite oxide.
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7.4. Lanthanum hexaaluminate

Compared to YSZ, Lanthanum hexaaluminate (LHA) has shown
better thermochemical and structural stability while having simi-
lar thermophysical properties. The crystal structure of LHA is a spi-
nel superlattice (magnetoplumbite structure) (Fig. 15a). Based on
the closest packed spheres model, the stacking of oxide ions could
occur in two ways. AB sequence in cubic ABC belongs to hexagonal
structures, while in LHA magnetoplumbite structure, four spinel
layers are stacked on one LaO3 layer (Fig. 15b) forming a mix of
cubic and hexagonal layers, which lead to general hexagonal sym-
metry. Therefore, physical properties are anisotropic [153].

A crystallographic mirror plane is represented by the LaO3 layer.
In the magnetoplumbite structure of LHA, La3+ cations are located
in oxygen sites. Therefore, due to the reduction of vacancies in the
structure, the diffusion of oxide ions is effectively suppressed, par-
ticularly in LaMgAl11O19 composition. The crystallization of Lan-
thanum hexaaluminate occurs in the habit of platelets. These
platelets are randomly arranged causing a well-balanced micro-
porosity and consequently, lower thermal conductivity [154].

As mentioned above, thermal shock resistance and thermal
cycling are important thermophysical characteristics that affect
the TBC lifetime. These properties are usually affected by the aging
behavior of TBC, microstructure, and CTE. It has been found that at
the end of the aging evaluation, the shrinkage of LHA was eightfold
less than that of YSZ. As the volume change is observed after the
first thermal load and is irreversible, the shrinkage is proposed to
Fig. 15. Lanthanum hexaaluminate crystal
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be the result of initial crystallization. The crystalline phase of
LHA is stable up to 1300 �C and no phase transformation occurs.
The thermal expansion of YSZ is reported to be in the range of
10.0 to 11.1 � 10-1 K�1 between 100 �C and 1300 �C, whereas, this
value is from 7.7 to 9.3 � 10-6 K�1 for LHA in this temperature
range. As the CTE of LHA is dependent on temperature, this differ-
ence is reduced at higher temperatures [153].

The corrosion resistance of bulk and plasma-sprayed LaMgAl11-
O19 (LaMA) was investigated against molten salt containing V2O5 at
710–1050 �C by Chen et al. [155]. According to the results, bulk
LaMA that was well crystallized showed better corrosion resistance
than did the plasma sprayed coating with an amorphous phase. In
both the bulk and coating samples, the lowest bond energy in the
LaMA crystal that was easily broken by the molten salt was related
to the La-O chemical bond leading to the formation of LaVO4 in the
whole temperature range. It was suggested that by the adjustment
of the spraying parameters, the amorphous phase in the sprayed
LaMA coating could be reduced and corrosion resistance would
be improved. Moreover, it was proposed that the corrosion attack
by the molten salt can be mitigated by the formation of the inter-
mediate corrosion product of AlVO4 at each temperature level,
whereas, such capability does not exist in the conventional YSZ
coating.

To sum up, lanthanum hexaaluminates have low thermal
conductivity, high thermal expansion, high melting point, struc-
tural stability up to 1800 �C, and excellent longtime sintering
resistance. Among these materials, LaMgAl11O19 is the most
lographic structure, and b) LaO3 layer.
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interesting one which has been extensively studies in terms of
processing issues and thermophysical properties showing
promising properties.

Sun et al. [183] used APS to deposit LaMgAl11O19 coatings from
powders produced at different temperatures between 1300 �C and
1600 �C. It was shown that the synthesis temperature affected the
density of the powders and also the second phase LaAlO3 amount
leading to altering the feedstock melting degree. As a consequence,
the fabricated LaMgAl11O19 coatings possessed various microstruc-
tures and amorphous phase contents. Moreover, it was observed
that the coatings with a lower amount of amorphous phase
showed lower shrinkage during recrystallization and thus exhib-
ited a longer thermal cycling lifetime. In the case of similar amor-
phous contents, the grain size seems to be the result of the
differences in the thermal cycling lifetime. The most prolonged
thermal cycling lifetime belonged to the LaMA coating deposited
by powders produced at 1450 �C, which possessed moderate grain
size and relatively low amorphous content. The properties of the
conventional and some new TBC materials are summarized in
Table 2.
8. Other oxides

Some other oxides such as YAlO3 (YAP) [184], Y3Al5O12 (YAG)
[184], Y4Al2O9 (YAM) [185], Mg2SiO4 [186], and SrAl12O19 [187]
Table 2
Properties of new TBC materials.

Material Young’s
modulus,
GPa

Fracture
toughness,
MPa m1/2

CTE 30 �C-1000 �C,
10-6/K

Th
co
at
W

YSZ 210 ± 10
[156]

1–2 [156] 11.5 [157] 2.

Pyrochlores
La2Zr2O7 175 [156] 9.1 [158] 1.

Gd2Zr2O7 10.4 [162] 1.

Perovskites
zirconates
BaZrO3 181 ± 11

[159]
7.9 [159] 3.

SrZrO3 170 ± 4 [166] 1.5 ± 0.1 [167] 10.9 [156] 2.

CaZrO3 8.4–8.9 [169] 2.

Hexaaluminates
LaMgAl11O19 (LMA) 130 ± 11[173] 9.5 [174] 2.

GdMgAl11O19 9.6 [174] 2.

Gd0.7Yb0.3MgAl11O19 9.6 [174] 1.
Complex forms
Ba(Mg1/3Ta2/3)O3 186 ± 2 [164] �0.7 [164] 10.9 [178] 2.

La(Al1/4Mg1/2Ta1/4)
O3

174 ± 2 [164] �0.6 [164] 9.7 [178] 1.

BaLa2Ti3O10 10–13 [200–1200 �C]

[181]
0.
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have also been explored for TBC applications. YAP (yttrium alumi-
nate perovskite) shows no phase transformation from room tem-
perature up to its melting point (1913 �C) and it has an average
CTE [188]. Y3Al5O12 shows extremely low oxygen diffusivity and
excellent mechanical properties, however, the main limitation to
its high-temperature structural applications is its relatively high
thermal conductivity. Y4Al2O9 has been reported to be thermally
stable up to 1300 �C. Its thermal conductivity is much lower than
that of YSZ and it has moderate CTE in the temperature range of
27–1200 �C. Moreover, YAM has lower density and higher
sintering- resistance ability compared to YSZ [185]. Mg2SiO4 shows
good phase stability up to 1300 �C, its thermal conductivity is
lower than that of YSZ, its CTE is moderate, and its mechanical
properties are comparable to those of YSZ. Furthermore, it shows
a promising low-sintering activity and thermal shock resistance
[186]. The properties of these oxides are summarized in Table 3.
9. Challenges and future insights

While the primary function of TBCs is to serve as a thermal bar-
rier, the TBC materials must also satisfy other stringent perfor-
mance requirements, such as a high melting point, good
corrosion resistance, no phase transformation during thermal
cycling, good damage tolerance, a low sintering rate, and thermal
expansion matching with the metallic substrate. The correct eval-
ermal
nductivity
1000 �C,
/m K

Melting
temperature,
oC

Properties in comparison with YSZ

12 [158] 2680 [159]

56 [158] 2300 [158] Lower thermal conductivity and CTE, good
corrosion resistance in liquid salt
[160,161]

6[800 �C] [158] Lower thermal conductivity and CTE,
higher resistance against CMAS attack and
hot corrosion [163]

42 [164] 2690 [156] Higher thermal conductivity, lower CTE,
high phase stability, and good mechanical
properties at high temperatures [165]

3 [166] 2800 [156] Comparable thermal conductivity and
CTE, lower mechanical properties, and
lower sintering rate [168]

0 [170] 2550 [171] Comparable thermal conductivity, lower
CTE, and good resistance to sulfate
vanadate hot corrosion [172]

7 [174] Lower CTE, higher thermal conductivity,
contractions due to phase transitions of
alumina and the re-crystallization of LMA,,
low Young’s modulus and a high stress
tolerance leading to the long thermal
cycling life [175]

6 [174] Lower CTE, higher thermal conductivity,
better resistance to the CMAS attack at
1350 �C [176,177]

9 [174] Lower thermal conductivity and CTE [174]

71 [178] 3100 [179] Higher thermal conductivity and lower
CTE, low fracture toughness, inferior
thermal shock performance [180]

82 [178] Lower thermal conductivity and CTE, low
fracture toughness, stability up to 1250 �C
[178]

7 [1200 �C] [181] Comparable thermal conductivity and
CTE, excellent sintering resistance, and
phase stability up to 1500 �C [182]



Table 3
Properties of new oxides as TBC materials.

Material Young’s modulus, GPa Fracture toughness,
MPa m1/2

Coefficient of thermal
expansion 30 �C-1000 �C, 10-6/K

Thermal conductivity
at 1000 �C, W/m K

Melting
temperature, oC

YAlO3 318 [184] 1.61 [184] 1913 [189]
Y3Al5O12 290 [184] 1.59 [184] 1940 [190]
Y4Al2O9 191 [191] 3.36 [192] 7.37 [192]

7.51 [191]
1.13 [191] 2000 [193]

Mg2SiO4 185 ± 10 [186] 2.8 [186] 8.6–11.3 [186] 1.68 [186] 2173 [194]
SrAl12O19 7.52 [187] 1.36 [187]
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uation of TBC material performance in service is a second signifi-
cant obstacle. Combining high temperatures, rapid temperature
transients, steep temperature gradients, additional mechanical/-
corrosion loads, and high hot gas pressures, the working conditions
of TBCs are exceedingly severe. In addition, the majority of existing
investigations are limited to identifying one or several oxides with
decreased thermal conductivity. Consequently, there are a huge
number of multi-oxides with complex crystal structures that have
not been investigated for TBC applications, and the origin of the
chemical and structural bond properties underlying the low ther-
mal conductivities is still unknown.

Accurate measuring techniques for parameters like hardness
and fracture toughness at high temperatures are needed to supple-
ment our understanding of material behavior at high tempera-
tures. Additionally, accurate surface and interface temperature
measurements are required for a TBCs lifetime prediction model
under complicated operation loads. Additionally, it is desired to
have better process controls with online sensors to increase
reliability.

The thermal conductivity of coating materials is constrained by
the mechanics of phonon scattering, which is connected with the
intrinsic features of materials, such as structure, architecture, and
atomic bonding. Further thermal conductivity reduction at a given
layer thickness remains a challenge. The goal of recent efforts is to
adjust the density, composition, and microstructure of ceramics in
order to achieve the desired properties. In addition, the physical
mechanism underlying the thermal protection properties of
nano-structured ceramic materials and their use to increase insu-
lation temperature must be investigated further for practical appli-
cations and improved scientific comprehension.

Reducing CMAS damage at higher temperatures demands inex-
pensive compositional and process adjustments. In this context,
the use of rare earth zirconates has shown promise. Multilayered
architecture with a customized microstructure can mitigate the
impact damage produced by impinging particles. Gradient struc-
tures allow for the smoothing of stress distribution across layers
and reduce stress concentration at the interface. Future research
for applications such as mitigating CMAS/impact damage will focus
on further developing processing methodologies and effective TBC
compositions that meet specific requirements.

Investigating the extended range of chemical compositions
associated with all refractory minerals and oxides for the develop-
ment of promising compositions is costly and time-consuming.
Extending our knowledge about crystal structures along with com-
plementary atomic-level simulations can guide experiments to
more rapid progress.
10. Conclusions

TBCs provide essential thermal protection against hot gases in
turbines and engines and have therefore proven to be a key tech-
nology for reducing the surface temperature of substrate compo-
nents. However, they are subjected to a variety of life-limiting
difficulties due to their operation in a harsh, high-temperature
19
environment. Corrosion, sintering, thermal shock, erosion, phase
transitions, and foreign object damage are some of these concerns.
In service, the TBC system itself is a dynamic system. Throughout
their service life, the constituents of the TBC system undergo con-
stant changes in their composition, crystalline phases, and
microstructure. These modifications result in changes in the phys-
ical and mechanical properties of TBCs at various periods of their
service lives.

There is an ever-increasing demand for the development of new
ceramics with low thermal conductivities for modern TBC applica-
tions. It could be achieved by the reduction of materials’ thermal
conductivity. Due to the interaction of phonons with lattice imper-
fections in real crystal structures, the phonons are scattered as a
result of low thermal conductivity. The imperfections include grain
boundaries, dislocations, vacancies, atoms having various masses,
and other phonons. The new ceramic system must possess less
thermal conductivity with low Young’s modulus, large mean
atomic masses, and random distribution of point defects are rela-
tively low while having high densities. Among the new generation
of advanced ceramic TBCs with much lower thermal conductivity,
there are several interesting ceramics such as La2Zr2O7, La2Ce2O7,
Gd2Zr2O7, SrZrO3, and LaMgAl11O19 materials. Additionally, owing
to the increased intensity of grain-boundary scattering, nanostruc-
tured materials have proved to show lower thermal conductivities.
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