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Abstract

Thermal barrier coatings (TBCs) provide effective thermal barrier to the components
of gas turbine engines by allowing higher operating temperatures and reduced cool‐
ing requirements. Plasma spraying, electron-beam physical vapor deposition, and sol‐
ution precursor plasma spray techniques are generally used to apply the TBCs on the
metallic substrates. The present article addresses the TBCs formed by different proc‐
essing techniques, as well as the possibility of new ceramic, glass-ceramic, and com‐
posite materials as TBCs. Promising bond coat materials for a TBC system have been
also stated.
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1. Introduction

Thermal barrier coatings (TBCs) enable the engines to operate at higher temperatures without
raising the base metal temperatures using cooling systems inside the hot section components
and thus, enhance the operating efficiency of the engines [1]. Therefore, continued develop‐
ment of TBCs is essential to increase the inlet gas temperature further for improving the
performance of gas turbines. Hence, TBCs with low thermal conductivity, phase stability, and
high resistance to sintering have ever increasing demands [2]. Generally, TBCs consist of a
ceramic (e.g., yttria partially stabilized zirconia) top coat and a NiCoCrAlY/PtAl-based metallic
bond coat. A bond coat is deposited between the metallic substrate and the top coat to protect
the metal substrate from oxidation and high temperature corrosion and assist the coupling of
the ceramic top coat and the metallic substrate [3]. Two methods are generally used to deposit
the ceramic top coat. These are the electron beam physical vapor deposition (EB-PVD) and the
atmospheric plasma sprayed (APS) methods. TBCs with EB-PVD top coats generally provide
longer thermal cycle lifetimes because of its more strain-tolerant columnar structure than those
observed with APS TBCs. However, APS TBCs are widely applied due to lower thermal
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conductivity and lower processing costs [3]. Recently, various processing techniques have been
developed to deposit the ceramic coatings.

The objective of this article is to present an overview of the TBC requirement, application of
TBCs, degradation mechanisms for TBCs, different processing techniques used for preparation
of TBCs, and their thermal properties. Recent developments in TBC material have been also
described. The prospect of innovative materials as bond coat in a TBC system has been
elucidated.

2. Main requirements for TBCs

TBCs must have low weight and low thermal conductivity and they should withstand large
stress variations due to heating and cooling, as well as thermal shock. They must be chemically
compatible with the underlying metal and the thermally grown oxide (TGO) and should
operate in an oxidizing environment. TBCs must provide thermal insulation to the underlying
superalloy engine parts. They must have strain compliance in order to minimize the thermal
expansion mismatch stresses with the superalloy parts. Additionally, they must reflect much
of the radiant heat from the hot gas and thereby, preventing it from reaching the superalloy
substrate. Further, TBCs must provide thermal protection to the substrate for prolonged
service times and thermal cycles without failure [4].

3. Applications of TBCs

TBCs provide thermal insulation to superalloy engine parts such as the combustor, rotating
blades, stationary guide vanes, blade outer air-seals, shrouds in the high-pressure section
behind the combustor, and afterburners in the tail section of jet engines. Significant gas-
temperature increase can be achieved by using TBCs in association with innovative air-cooling
approaches than that obtained by earlier materials including single-crystal Ni-based superal‐
loys [4].

4. Degradation mechanisms

During service, several kinetic processes occur in parallel. Interdiffusion occurs between the
bond coat and the superalloy. Consequently, Al diffuses from the bond coat to form the TGO.
Microstructural, chemical, and phase changes occur in all the materials including the ceramic
top coat. The rates of these thermally activated processes are expected to increase exponentially
with temperature. These processes generally lead to degradation and failure of the coating [5].
During service, failure of the TBC system occurs depending upon the following three factors:
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4.1. Bond coat degradation

Bond coat plays an important role in promoting the durability of the TBC system. But the role
of the bond coat is very complex and poorly understood. In most practical cases, oxidation of
the bond coat becomes the predominant coating failure mechanism. During high temperature
exposure, NiCrAlY bond coat is oxidized resulting in a TGO layer on the bond coat. After
reaching a critical thickness, the TGO becomes prone to spallation, which in turn results to the
failure of the TBC system. It is very difficult to establish the exact mechanisms of bond coat-
induced TBC failure for various coating types. However, all researchers agree on the signifi‐
cance of spallation or cracking of the TGO for the failure of air plasma-sprayed TBC system.
Detailed research is being conducted to find out a solution to the problem regarding bond coat
degradation in the TBC system [5]. Nanostructured NiCrAlY bond coat may improve the life
expectancy of thermal barrier coatings. Daroonparvar et al. [6] investigated the microstructural
evolution of TGO layer on the conventional and nanostructured atmospheric plasma sprayed
(APS) NiCrAlY coatings in TBC systems during oxidation. It was observed that the growth of
Ni(Cr,Al)2O4 (as spinel) and NiO on the surface of the Al2O3 layer (as pure TGO) in nano TBC
systems was much lower compared to that of normal TBC systems during thermal exposure
at 1,150°C. These two oxides play a detrimental role in causing crack nucleation and growth,
reducing the life of the TBC in air. This microstructure optimization of the TGO layer is
primarily associated with the formation of a continuous, dense, uniform Al2O3 layer over the
nanostructured NiCrAlY coating [6]. The interfacial failure mechanism of the TBC system was
numerically investigated by Xu et al. [7], considering the role of mixed oxides (MO), which
was induced by the discontinuous α-Al2O3 at the top coat-bond coat interface. High growth
rate of MO will stimulate the initiation and propagation of interface cracks resulting in
debonding of the top coat. The high coverage ratio of MO at the interface will accelerate the
propagation of an interface crack. Therefore, the durability and performance of TBCs can be
improved by suppressing the formation of MO [7]. The prediction for spallation of thermal
barrier coatings has proven to be an intricate problem [8]. The spallation usually occurs
through buckling that is driven by strain energy release within the ceramic top coat. If the
delamination interface is at the bond-coat/TGO interface, then spallation occurs within the
underlying TGO layer. Prior to spallation, substantial sub-critical damage must develop at one
or both of the TGO interfaces. Evans [8] stated that the strain energy within the TGO produced
during cooling contributes significantly to this damage development and not that within the
top coat. Critical strain energy within the TGO layer is assumed to be a possible pragmatic
method of predicting the spallation. Several factors such as phase changes in the bond coat,
mechanical constraint imposed by the top coat on the mechanical stability of the bond coat
interface, TGO growth on a non-planar interface on stress development, and localized Al
depletion in nucleating fast-growing non-protective TGO influence the TBC failure [8].

4.2. Generation of high residual stress

Residual stress has a vital effect on the performance of a TBC system. The role of residual stress
is very complex and varies with the difference in system configurations. Thermal expansion
mismatch between the three layers generates residual stress resulting in degradation of a TBC
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system. Although extensive research has been initiated to study the effect of residual stress on
TBC life, there is still ample scope to carry out this study on novel TBC systems involving novel
compositions [9]. High residual stresses are induced in the TBC due to thermal expansion
mismatch and bond coat (BC) oxidation leading to failure by spalling and delamination. An
analysis of the stress distributions in TBC systems, which is a prerequisite for the understand‐
ing of failure mechanisms, was performed by Sfar et al. [10] using the finite element method
(FEM). Cracks in the interface region were considered in the FE models in order to determine
the loading conditions for their propagation and thus, the failure criteria of the TBCs as
cracking usually occurs at or near the interfaces between BC/TGO and TBC/TGO depending
on the processing mode of the TBC. The modified crack closure integral (MCCI) method
combined with an FE analysis led to highly accurate energy release rate values. Moreover, this
method enables the determination of mode-dependent energy release rates. TBC failure
models could be developed and verified using this tool and appropriate crack propagation
criteria [10]. Yang et al. [11] investigated the residual stress evolution in air plasma-sprayed
yttria-stabilized zirconia (YSZ) TBCs after thermal treatments at 1,150°C. The residual stress
in the YSZ layer was measured using Raman spectroscopy and the curvature method.
Generally, as-deposited YSZ layer was under compressive stress and subsequently after
thermal treatment for 30 h it was under tensile stress partly due to the monoclinic to tetragonal
phase transformation in the YSZ layer. Sintering of the YSZ layer occurred with prolonged
thermal treatment resulting in the gradual transformation of the residual stress, from tensile
to compressive stress. Further, β-NiAl to γ/γ′-Ni3Al phase transformation in the bond coat also
plays an important role on the stress development in the top coat [11].

4.3. Top coat degradation

Top coat degradation is another parameter that governs TBC failure. The ceramic top coat has
a tendency to crack due to stress generated from thermal expansion mismatch between the
three layers of the TBC system. When the top coat cracks, oxygen easily diffuses to the bond
coat leading to the catastrophic failure of the TBC system. Significant research is being carried
out to improve the microstructure, mechanical properties, and stability of the ceramic top coat
[12]. TBCs are subject to many kinds of degradation, e.g., erosion, foreign object damage (FOD),
oxidation, etc., which deteriorate the integrity and mechanical properties of the whole system.
Moreover, a new type of damage has been highlighted, i.e., corrosion by molten Calcium-
Magnesium-Alumino Silicates, known as CMAS with the aim to increase the turbine inlet
temperature. Basu et al. studied interactions between YSZ materials synthesized via the sol-
gel process and synthetic CMAS powder via a step-by-step methodology. However, CMAS
can cause faster sintering of the ceramic and thereby, leading to loss of strain tolerance in the
protective coating. Further, a dissolution/re-precipitation mechanism between YSZ and CMAS
resulted in the transformation of the initial tetragonal YSZ into globular particles of monoclinic
zirconia. In addition, CMAS infiltrated both EB-PVD and sol-gel YSZ coatings at 1,250°C for
1 h [12]. Thompson and Clyne [13] deposited a vacuum plasma spray (VPS) MCrAlY bond
coat and atmospheric plasma spray (APS) zirconia top coat onto a nickel superalloy substrate.
They measured the stiffness of detached top coats by cantilever bending and also by nanoin‐
dentation technique. Measurements were made on as-sprayed specimens and after various
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heat treatments. Significant changes were detected in the Young's modulus of the heat treated
top coat. The rate of sintering was found to be a function of temperature and weather. The
coating was detached with the substrate during heat treatment. During high temperature
exposure the effects of stiffening of the top coat on the stress development within the TBC
system was included by using a well-known, modified numerical model. Sintering of the top
coat enhanced debonding at the top coat-bond coat interface resulting in top coat spallation
under service conditions [13]. It has been found by Abubakar et al. [14] that the use of low
grade fuels in land-based turbines in Saudi Arabia results in hot corrosion due to the diffusion
of a molten salt (V2O5) into the top coat of the TBCs. Consequently, volumetric expansion of
the coating occurs due to the tetragonal-to-monoclinic transformation of zirconia in the planar
reaction zone near the surface of the coating. They used a phase field model for estimating the
kinetics of microstructure evolution during the corrosion process at 900 °C and close agreement
between numerical and experimental results was achieved. The transformation-induced
stresses were predicted by coupling the phase transformation with elasticity. The result
showed that the coating spallation occurred due to very high compressive stress development
within the coating cross section [14].

5. Processing techniques for TBCs

5.1. EB-PVD process

In the EB-PVD process, the source material is heated with an electron beam, vapors are
produced, and the evaporated atoms condense on the substrate. Crystal nuclei form on favored
sites and grow laterally and in thickness to form individual columns that provide in-plane
compliance [15]. A TGO layer often forms on the bond coat in these TBC systems and increases
the residual stress. Further, brittleness of the top coat increases with the sintering of the coating.
Consequently, the adhesion of the bond coat to the top coat becomes weak at high tempera‐
tures. Therefore, the TGO layer is very detrimental for TBC performance [16]. Movchan and
Yakovchuk [17] described the design of a new generation of electron beam units for the
deposition of the TBCs and cost-effectiveness of the one-step deposition process. They
produced variants of graded TBC, which consist of bond coats of NiAl or MCrAlY+NiAl and
YSZ-based outer ceramic layer in a one-step cycle by evaporation of a composite ingot. The
composition and structure of the bond coats, outer ceramic layer, and the transition barrier
zones of the substrate/bond coat and bond coat/outer ceramic layers was controlled in a broad
range. They have shown distributions of chemical elements in the coating/substrate system
and microstructure after deposition and after heat treatment. Various types of graded TBCs
were subjected to thermal cycling tests at 1,150°C and their thermal cyclic resistance was
monitored [17]. Current numerical approaches in modeling the intrinsic failure of TBC relies
largely on the fact that spallation occurs when the accumulating strain energy stored in the
coating exceeds a fixed critical value resembling interfacial adhesion. If this is to be entirely
correct, one would expect that this critical value of interfacial adhesion varies with different
materials, but stays independent of their thermal exposure history. Wu et al. [18] characterized
the adhesion of oxide-bond coat interface among five systematically prepared material systems
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using a unique cross-sectional indentation technique. The results re-confirmed that interfacial
adhesion is a material-specific property and the adhesion is dynamic, particularly with time
and temperature. Certain parameters such as the oxide growth rate, rumpling of the oxide-
bond coat interface, and phase transformation of bond coat were studied as a function of
thermal exposure to understand the dynamics. They clearly indicated that the oxide-bond coat
interfacial adhesion depends strongly on the phase distribution of the bond coats and TGO
growth rate while having little effect from TGO rumpling and residual stress [18].

5.2. APS process

In the APS process, ceramic powders are introduced into a high temperature plasma plume,
melted inside the plume, and accelerated towards the substrate wherein molten droplets
spread and form splats that are rapidly quenched. In one pass, several successive splats are
deposited on the substrate and the coating thickness is increased by means of several passes
[19]. A typical fractured cross-section of the plasma sprayed ceramic coating show layers of
splats along with interlamellar pores, cracks, and globular pores [15]. Coating compliance is
increased by the presence of the cracks and thereby, extending their lifetimes [19]. The resulting
coating microstructure is strongly dependent on processing conditions such as spray param‐
eters (e.g., torch current, plasma gas flow rate, carrier gas flow rate, torch traverse velocity,
and stand off distance) and feedstock materials (e.g., size, temperature, and velocity). Splat
morphologies are changed with the angle of impact of impinging particle [15]. Higher substrate
temperatures lead to lower porosity and improved inter-splat contact resulting in enhanced
coating properties [20]. During service operations at high temperatures, a TGO layer, mainly
an Al2O3 layer, is developed between the bond coat and the top coat due to the oxidation of
the bond coat. This is the most important factor that determines the lifetime of the TBC system.
The thickness of this layer increases with increasing operation time. High stresses are present
at the bond coat and TGO interface because of oxide layer growth, thermal expansion misfit,
and applied loads. As a result, crack initiates and propagates resulting in spallation of the
ceramic layer, and finally, system degradation [3]. During thermal exposure at ≥1,000°C, Ni(Cr,
Al)2O4 (spinels) and NiO clusters are also formed at the interface of the Al2O3 layer and the
ceramic coating in the TBC system with MCrAlY (M=Ni, Co) bond coat. Cracks were nucleated
on these oxide clusters and grew into the ceramic coating leading to premature TBC separation.
A heat treatment in a low pressure oxygen environment was found to promote the formation
of a uniform, thin protective layer of Al2O3 at the ceramic-bond coat interface and can reduce
these detrimental oxides [21].

Thermo-mechanical properties of TBCs have been studied to improve TBC performance. The
Young’s modulus of the ceramic top coat is an important factor that affects the thermal stress
distribution in TBCs and thus, thermal fatigue behavior. Apparent Young’s modulus (Eap)
indicates the macro-elastic properties of the coatings. Eap of the top coat is usually much lower
than the value for dense YSZ due to the porous microstructure. The extremely low Eap values
are also attributed to the weak bonding between the particles because of the extremely high
cooling rate. Tang and Schoenung [22] conducted bending tests of the TBC specimens exposed
to thermal cycling to determine their Eap. The Eap decreased with increasing thermal cycles, up

Advanced Ceramic Processing116



to certain thermal cycles, and then remained unchanged for increased thermal cycles. The
breaking of the bonds at the splat boundaries or the formation of new cracks caused by thermal
strain is the reason for the decrease in Eap with increasing thermal cycles. Effect of heat
treatment on the elastic properties of the separated porous plasma sprayed zirconia TBCs was
investigated by D. Basu et al. [23]. The depth-sensitive indentation technique was employed
to determine the elastic moduli of the coatings. The characteristic moduli were dependent on
the indentation load. The increase of moduli with decreased indentation load was attributed
to the presence of small pores and micro-cracks at the subsurface. Heat treatment of the
coatings at 1,100°C increased the elastic moduli appreciably due to the formation of sintering
necks and the elimination of the micro-pores within the lamellae.

Functionally graded Al2O3–ZrO2 TBC was prepared by plasma spraying technique and
reported elsewhere [24]. Functionally-graded TBC was found to reduce the oxidation rate of
the TBC system. Thus, large residual stress associated with the formation of TGO was
minimized. The Al2O3 interlayer should be very thin to increase the adhesion of the layers.
However, low fracture toughness of Al2O3 might lead to TBC failure. In addition, phase
transformation of γ-Al2O3 to α-Al2O3 could induce additional residual stress, which should be
minimized to get reliable TBC systems. Thick thermal barrier coatings (thickness >1 mm) have
been developed for increased thermal protection by using the APS method [25]. However, low
thermal shock resistance is the problem with the thick coating. Certain degrees of porosity and
micro-cracks, preferably segmentation cracks, in TBCs favor to achieve high thermal shock
resistance. Chen et al. [26] prepared a new functionally-graded thermal barrier coating based
on LaMgAl11O19 (LaMA)/YSZ by using air plasma spraying technique. The coefficient of
thermal expansion (CTE) of the functionally-graded coating varied gradually from the YSZ
bottom layer to the LaMA top layer, resulting in the decrease in residual stress level than that
of the LaMA/YSZ double ceramic layered TBC system. Excellent thermal cycling lifetime
(~11,749 cycles at~ 1,372°C) of the functionally graded TBC proved the potential of these TBCs
for advanced applications [26].

5.3. Plasma-Enhanced Chemical Vapor Deposition (PECVD) method

Thick, partially yttria-stabilized zirconia coatings have been deposited by plasma-enhanced
chemical vapor deposition (PECVD) method. The morphology and phase composition of the
coatings was studied after annealing treatments at the temperature range of 1,100 to 1,400°C
up to 1,000 h. The as-deposited columnar morphology of the coating was similar to that
observed in the coating prepared by the EBPVD technique. The PECVD method is suitable for
developing TBCs as it provides thermally stable coating at elevated temperatures [27].

5.4. Electrostatic Spray-Assisted Vapor Deposition method (ESAVD)

TBCs, such as 8 wt. % Y2O3–ZrO2 (YSZ), provide effective thermal barrier to the gas turbine
blades and are able to protect them, leading to further increase in the operating temperature.
A novel and cost-effective electrostatic spray-assisted vapor deposition (ESAVD) technique
was utilized to prepare YSZ coatings, which involves spraying atomized zirconium and
yttrium alkoxide precursor droplets within an electric field wherein they are subjected to
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decomposition and/or chemical reactions in the vapor phase near the heated substrate. The
coatings were characterized by scanning electron microscopy, X-ray diffraction, and Raman
spectroscopy. Vyas and Choy [28] produced thick and uniform YSZ films using the ESAVD
method. Raman spectroscopy identified carbon to be present in the as-deposited coatings.
When heat treatment of the YSZ coating was conducted at 1,000°C for 2 h, carbon was removed
and the adhesion of the TBC coating to the bond coat improved [28].

5.5. Solution-Precursor Plasma Spray (SPPS) process

In this process, an aqueous chemical precursor feedstock is injected into the plasma jet where
the droplets undergo a series of physical and chemical reactions and then deposited on the
substrate as coating. Microstructural observations of this type of TBC show fine splats and
vertical cracks in a porous matrix. TBCs deposited by the optimized solution-precursor plasma
spray (SPPS) process exhibit superior durability relative to TBCs formed by the APS and EB-
PVD processes. Thick and durable TBCs can be deposited by this process. Failure of these TBCs
occurs by large scale buckling of the ceramic top coat [29]. The efficiency of TBCs used to protect
and insulate metal components in engines increases with the thickness of the TBCs. However,
the durability of thick TBCs deposited using conventional deposition methods has not been
adequate. Jadhav et al. [30] deposited highly durable, 4 mm-thick ZrO2–7 wt% Y2O3 (7YSZ)
TBCs on bond-coated superalloy substrates using the SPPS method. The average thermal
cycling life of the SPPS TBCs was 820 cycles, while most of the conventional air plasma-sprayed
coatings of the same composition and thickness deposited on similar bond-coated superalloy
substrates were observed to be detached partially from the substrates in the as-sprayed
condition. Only the APS TBC failed after 40 thermal cycles. Significantly higher in-plane
indentation fracture toughness and high degree of strain tolerance due to the presence of the
vertical cracks in the SPPS TBCs led to the dramatic improvement in the thermal cycling life
of the SPPS TBCs over APS TBCs [30].

5.6. Sol-gel process

Recently, a new, attractive sol-gel route has been successfully developed to synthesize and
deposit the TBCs [31–34]. Non-directional deposition and formation of thin or thick coating
by dip or spray technique or the combined method of both techniques can be performed by
this technique. Sol-gel TBCs show an isotropic microstructure having randomly distributed
porosities leading to a good compromise between thermal conductivity and mechanical
strength. The degradation of sol-gel TBCs is initiated by the formation of a regular crack
network either during the post-deposition thermal treatment required to sinter the deposit or
during the first cycles of oxidation. In both cases, this regular surface crack network forms on
account of the in-plane stress release due to the sinter-induced shrinkage of the zirconia scale.
Subsequently, enlargement and coalescence of the cracks occur under cumulative oxidation
cycles promoting the detachment of individual TBC layers and finally, the complete spallation
of the TBC. To improve the cyclic oxidation resistance of the TBCs, the sintering efficiency after
the TBC deposition needs to be improved or the crack network needs to be stabilized by filling
crack grooves by supplementary dip or spray coating passes [33]. In addition, the feasibility
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of consolidating sol-gel TBCs by additional fillings of zirconia into the sinter-induced cracks
was investigated by adjusting different process parameters such as the choice of either dip-
coating or spray-coating and the modification of the slurry viscosity [34]. Basically, the
optimization of both the sintering heat treatment and the procedure for filling the initial crack
network promotes a significant improvement of the sol-gel TBC durability during cyclic
oxidation at 1,100◦C. Typically, a sol-gel TBC that is properly sintered and adequately
reinforced can be cycled for 1 h at 1,100◦C one thousand and five hundred times without
spalling, which is nearly equivalent to the performance of EB-PVD TBCs [33, 34].

5.7. Composite sol-gel method

Composite sol-gel method and pressure filtration microwave sintering (PFMS) technologies
were utilized to form novel YSZ (ZrO2–6 wt% Y2O3)–(Al2O3/YAG) (alumina–yttrium alumi‐
num garnet, Y3Al5O12) double-layer ceramic coatings. The thin Al2O3/YAG layer showed good
adhesion with the substrate. Cyclic oxidation tests were carried out at 1,000°C, which indicated
that double-layer ceramic coatings can prevent the oxidation of alloy and improve the
spallation resistance. The 250 μm coating had better thermal barrier effect than that of the 150
μm coating during thermal stability tests at 1,000°C and 1,100°C at different cooling gas rates.
These beneficial effects are mainly attributed to the decrease of the rate of TGO scale devel‐
opment and the reduced thermal stresses by means of nano/micro-composite structure. This
double-layer coating can be considered as a promising TBC [35].

5.8. Spark Plasma Sintering (SPS) method

Pt-modified Ni aluminides and MCrAlY coatings (where M=Ni and/or Co) are widely used
on turbine blades and vanes for protection against oxidation and corrosion and as bond coat
in TBC systems. The SPS method can be used by Monceau et al. [36] to develop rapidly new
coating compositions and microstructures. This technique allows the formation of multi-
layered coatings on a superalloy substrate. They have shown the possibility of fabricating
MCrAlY overlays with local Pt and/or Al enrichment and coatings made of ζ-PtAl2, ε-PtAl, α-
AlNiPt2, martensitic β-(Ni,Pt)Al, or Pt-rich γ/γ′ phases. Further, they have demonstrated the
prospect of achievement of a complete TBC system with a porous and adherent YSZ layer on
a γ/γ′ low mass bond coating. Additionally, they have discussed the difficulties of fabrication
such as Y segregation, risks of carburization, local overheating, or difficulty to coat complex
shape parts [36]. Recently, Boidot et al. [37] prepared complete TBC systems on single crystal
Ni-based superalloy substrate in a one-step SPS process. A proto-TGO layer in situ was formed
during the fabrication of the TBC systems. Formation of a dense, continuous, slow-growing
alumina layer (TGO) between a ceramic top coat and an underlying bond coat during service
influences the lifetime of the TBC systems. During thermal treatment at 1,100°C in air, the
amorphous oxide layer transforms to α-Al2O3 in the as-deposited samples. Oxidation kinetics
during annealing was in good agreement with the protective α-Al2O3 layer formation [37]. In
the last decade, an increasing interest was given to Pt-rich γ–γ′ alloys and coatings as they
have shown good oxidation and corrosion properties. SPS has been proved to be a fast and
efficient tool to fabricate coatings on superalloys including entire TBC systems. Selezneff et al.
[38] used the SPS technique to fabricate doped Pt-rich γ–γ′ bond coatings on the superalloy
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substrate, whereas the doping elements were reactive elements (e.g., Hf, Y or Zr, Si) and
metallic additions of Ag. These samples were then coated with Y-PSZ TBC through the EBPVD
method. The performance of such TBC system was compared to a conventional TBC system
consisting of a β-(Ni,Pt)Al-based bond coat. Thermal cycling tests were performed in air and
spallation was observed during this test. It was noted that most of the Pt-rich γ–γ′ samples
showed better adherence of the ceramic coating than that of the β-samples. Cross-sectional
scanning electron microscopy was used to characterize the thickness and the composition of
the oxide scales after cyclic oxidation test. It was proved that the doping elements have
significant influence on the oxide scale formation, metal/oxide roughness, Al and Pt content
under the oxide scale, and TBC adhesion. It was established that RE-doping can not improve
the oxidation kinetics of Pt-rich γ–γ′ bond coat. Moreover, γ–γ′-based systems were superior
to β-(Ni,Pt)Al bond coat with respect to ceramic top coat adherence and better oxide scale
adherence [38].

5.9. Low-pressure plasma spraying process

The TBC must exhibit high thickness (100–300 μm), vertical cracks should be present in the
TBC in order to be a strain tolerant layer, and it must have high porosity to decrease the thermal
conductivity. Rousseau et al. [39] prepared a Y-PSZ layer using low-pressure plasma spraying
technique by introducing a solution of nitrate salt into a low-pressure plasma discharge. The
characteristics and stability of the Y-PSZ layers were analyzed by several techniques. Optical
emission spectroscopy indicated that the oxidant chemistry of the plasma caused oxide
formation and the nitrate elimination at low temperature (T<300°C). Effects of the several
parameters such as power of the plasma discharge, post-treatment and heat treatment on
structure, morphology, and stability of the Y-PSZ coatings was studied by X-ray diffraction
(XRD), scanning electron microscopy (SEM), water porosimetry, and thermal diffusivity
measurement. It was observed that Y-PSZ coating (porosity-50%) had good thermal barrier
property at high temperatures [39].

5.10. Thermal plasma process

Superior properties such as high-melting point, high phase stability, low sintering ability, low
thermal conductivity, and low oxygen permeability of lanthanum zirconate (LZ) have made
it one of the most promising TBC materials for high-temperature applications. However, the
production methods used to synthesize lanthanum zirconate are highly time-consuming and
the powder is not commercially available. Hence, the thermal plasma process was utilized to
synthesize, spheroidize, and spray deposits of lanthanum zirconate material by Ramachan‐
dran et al. [40]. They demonstrated the effectiveness of thermal plasma as a major materials
processing technique. Suitable characterization techniques were used to study the material
modifications after respective plasma processing exposures [40].

5.11. Cathodic Plasma Electrolytic Deposition (CPED) method

Inconel alloys (IN738) have a wide range of applications in industries as high temperature
structural materials. Further, different surface treatments and coatings have been developed

Advanced Ceramic Processing120



for the improvement of the properties of Inconel alloys. Bahadori et al. [41] deposited Al2O3

ceramic coating on MCrAlY bond-coated Ni-based superalloy using the CPED method in an
ethanol solution of Al (NO3)3.9H2O (18 g/l). Several samples were prepared under different
deposition conditions and characterized by XRD, SEM, and energy dispersive X-ray spec‐
trometer (EDS). The XRD analysis confirmed the presence of Al2O3 and Ni3Al phases. The
results were in good agreement with the composition of the MCrAlY bond coat based on the
thermal expansion data. SEM micrograph showed changes in the microstructure of the
specimen by varying the pH of the solution [41].

5.12. Detonation gun spray technique

Kim et al. [42] had taken a new approach and fabricated an excellent functionally-graded
thermal barrier coating (FGM TBC) by using the detonation gun spray process in association
with a newly-proposed shot-control method. FGM TBCs were sprayed in the form of multi-
layered coatings having a compositional gradient across the thickness. FGM TBCs consisted
of a finely mixed microstructure of metals and ceramics with no interfaces between the layers.
The gradient ranged from 100% NiCrAlY metal on the substrate to a 100% ZrO2–8 wt% Y2O3

ceramic for the topcoat. In the FGM layer of the FGM TBCs, the ceramics and metals maintained
their individual properties without any phase transformation during the spraying process.
They investigated the thermal shock properties of FGM TBCs and compared the data obtained
with those for traditional duplex TBCs [42].

5.13. Plasma laser hybrid spraying technique

Post-treatments of sprayed coatings and simultaneous spraying processes by a plasma laser
hybrid technique have been tried by Chwa and Akira [43] to improve the lifetime of TBC
coatings. An analytic technique using a low-viscosity resin with a fluorescent dye under a
high vacuum has been investigated for the accurate observation of the microstructure of
TBCs prepared by a  post-laser  treatment  and a  laser  hybrid spraying process.  Coatings
formed by post-laser treatments and laser hybrid spraying processes showed significantly
improved thermal shock resistance compared to as-sprayed coatings as a consequence of
water quenching tests.  The relationship of the microstructure of TBCs modified by laser
treatment and thermal shock resistance has been evaluated by the careful observation of
samples. They suggested the optimum process conditions for improving the thermal shock
resistance of TBCs [43].

5.14. Electrophoretic deposition method

Wang et al. [43] synthesized Gd2O3 doped 4-YSZ (G-YSZ) ceramic coatings by electrophoretic
deposition method followed by vacuum sintering and isothermally annealing at 1,000°C for
different times. XRD was used to investigate their phase composition. SEM was employed to
examine their microstructure, while EDS was used to assess the composition of the composite
coatings. The results showed that YSZ coating was composed of tetragonal and monoclinic
phases after vacuum sintering at 1,000°C for 2 h under vacuum (<10−3 Pa). G-YSZ composite
coatings were composed of tetragonal and monoclinic phases and a small amount of
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Gd2Zr2O7 phase after vacuum sintering at 1,000°C for 2 h while the content of the monoclinic
phase in G-YSZ composite coatings increased with the increase of Gd2O3 concentration. It was
found that after isothermal annealing at 1,000°C in air for 100 h, G-YSZ composite coatings
were composed of tetragonal ZrO2 phase, monoclinic ZrO2 phase, and cubic phase whereas
the Gd2Zr2O7 phase disappeared [44].

6. Relatively new developments of TBC materials

6.1. Ceramic top coat

Vassen et al. [45] investigated three zirconate materials as potential TBC materials. They
deposited 150 μm Ni-Co-Cr-Al-Y bond coat on IN738 substrate before deposition of zirconate
(thickness-240 μm) as top coat. They indicated that SrZrO3 can not be used as a top coat in TBC
systems as the coating showed a phase transition with a volume expansion at ~730°C that led
to the failure of the samples. BaZrO3 showed relatively poor thermal and chemical stability
resulting in early failure in thermal cycling tests. On the other hand, Young’s modulus of the
pyrochlore La2Zr2O7 was found to be lower than that of YSZ. Fracture toughness of this material
was comparable to the toughness of plasma-sprayed YSZ coatings. Furthermore, La2Zr2O7 has
favorable thermal conductivity at elevated temperatures, which is ~20% lower than that of
YSZ. Failure of La2Zr2O7 coating was not observed after the first thermal cycling tests at
temperatures >1,200°C and the coating showed thermal stability. Thus, La2Zr2O7 is a very
promising material for advanced TBCs. Moskal et al. [46] studied a double-ceramic-layered
(DCL) coating consisting of monolayer coatings Nd2Zr2O7 and 8YSZ. The coatings had ~300
μm thickness and porosities of ~5%. The chemical and phase composition analysis of the DCL
layers revealed an external Nd2Zr2O7 ceramic layer (~80 μm thick), a transitional zone (~120
μm thick), and an internal 8YSZ layer (100 μm thick). The Nd2Zr2O7 pyrochlore phase was the
only one-phase component. The surface topography of both TBC systems was typical for
plasma sprayed coatings, and compressive stress state had a value in the range of ~5–10 MPa.
Measurements of the thermal parameters, i.e., thermal diffusivity indicated better thermal
insulation for both new types of layers as compared to the standard 8YSZ layers [46].

Yb2O3 (10 mol%) and Gd2O3 (20 mol%) doped SrZrO3 was investigated by Ma et al. [47] as a
material for TBC applications. Measurement of thermal expansion coefficients (TECs) of
sintered bulk Sr(Zr0.9Yb0.1)O2.95 and Sr(Zr0.8Gd0.2)O2.9 displayed a positive influence on phase
transformations of SrZrO3 by doping Yb2O3 or Gd2O3. It was observed that both dopants can
reduce the thermal conductivity of SrZrO3. Dense Sr(Zr0.9Yb0.1)O2.95 and Sr(Zr0.8Gd0.2)O2.9 had
lower hardness, Young's modulus, and comparable fracture toughness as compared to YSZ.
At operating temperatures <1,300°C, the cycling lifetimes of plasma sprayed Sr(Zr0.9Yb0.1)O2.95/
YSZ and Sr(Zr0.8Gd0.2)O2.9/YSZ double DLC were comparable to that of YSZ coating. However,
at operating temperatures >1,300°C, the cycling lifetime of Sr(Zr0.9Yb0.1)O2.95/YSZ DLC was
about 25% longer than YSZ coating, while that was shorter for Sr(Zr0.8Gd0.2)O2.9/YSZ DLC
compared to YSZ coating [47]. The rare earth zirconates (M2Zr2O7, M = La →  Gd) have a low
intrinsic thermal conductivity and high temperature phase stability, which make them
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attractive candidates for TBC applications. Electron-beam evaporation, directed-vapor
deposition (EB-DVD) technique was used by Zhao et al. [48] to investigate the synthesis of
Sm2Zr2O7 (SZO) coatings and to explore the relationships between the deposition conditions
and the coating composition, pore morphology, structure, texture, and thermal conductivity.
The coatings exhibited significant fluctuations in composition because of the vapor pressure
differences of the constituent oxides. It was noticed that the coatings had a metastable fluorite
structure due to kinetic limitations that hindered the formation of the equilibrium pyrochlore
structure. The morphology of growth of EB-DVD SZO was identical to those of EB-DVD 7YSZ
and EB-PVD Gd2Zr2O7. The conductivity values of the as-deposited SZO coatings were nearly
one-half of their DVD 7YSZ counterparts. This may be ascribed to their lower intrinsic
conductivity [48].

Alumina-based ceramic coating with a composition of La2O3, Al2O3 and MgO (MMeAl11O19,
M-La, Nd; Me-alkaline earth elements, magnetoplumbite structure) has been developed as
TBC by the researchers [49, 50]. Lanthanum hexaaluminate (LHA) coating has long-term
structural and thermo-chemical stability of up to 1673 K and significantly lower sintering rate
than zirconia-based TBCs. The low thermal conductivity of LHA is ascribed to the random
arrangement of LHA platelets leading to micro-porous coating. The insulating properties of
the material are related to its crystallographic feature. To meet the demand of advanced turbine
engines, LaTi2Al9O19 (LTA) was proposed and investigated as a novel TBC material for
application at 1,300°C by Xie et al. [51]. LTA showed excellent phase stability up to 1,600°C.
The thermal conductivities for LTA coating were in a range of 1.0–1.3 W m−1 K−1 (300–1,500°C).
The values of thermal expansion coefficients increased from 8.0 to 11.2 × 10−6 K−1 (200–1,400°C),
which were comparable to those of YSZ. Both the LTA and YSZ coatings had a microhardness
value of about 7 GPa, whereas the fracture toughness value was relatively lower than that of
YSZ. However, the double-ceramic LTA/YSZ layer design balanced the lower fracture
toughness. The LTA/YSZ TBC showed thermal cycling life of ~700 h at 1,300°C [51]. Lathanum
phosphate (LaPO4) is considered as a potential TBC material on Ni-based superalloys because
of its high temperature stability, high thermal expansion, and low thermal conductivity [52].
Further, lanthanum phosphate is expected to have good corrosion resistance in environments
containing sulfur and vanadium salts. However, plasma spraying can not be easily used to
make this type of coating. Detailed research is needed to establish the suitability of LaPO4 as
TBC. Rare earth oxide coatings (La2O3, CeO2, Pr2O3, and Nb2O5 as main phases) can be used as
TBCs as they have lower thermal diffusivity and higher thermal expansion coefficient than
ZrO2 [53]. Most of the rare earth oxides are polymorphic at elevated temperatures [54] and
their phase instability affects the thermal shock resistance of these coatings to a certain extent.
When zircon is used as a TBC material, it dissociates during plasma spraying and consequently
coatings are composed of a mixture of crystalline ZrO2 and amorphous SiO2. For diesel engines,
the decomposed SiO2 in the coating may cause problems due to the evaporation of SiO and
Si(OH)2 [55]. The thermal barrier effect is supposed to be due to the ZrO2 phase in the coating
[56]. However, few other silicates such as garnet almandine [Fe3Al2(SiO4)3], garnet pyrope
[Mg3Al2(SiO4)3], garnet andradite-grossular [Ca3Al2(SiO4)3], and basalt (glass) have potential
as TBC materials [57]. The composite oxide coating consisting of 2CaO.SiO2-10 to 30 wt%
CaO.ZrO2 shows excellent resistance to thermal shock and hot corrosion [58].
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Researchers have conceived garnets [Y3AlxFe5–xO12 (x=0, 0.7, 1.4, and 5)] as TBC materials [59].
YAG (Y3Al5O12) has superior high-temperature mechanical properties, low thermal conduc‐
tivity, excellent phase/thermal stability up to the melting point and significantly lower oxygen
diffusivity than those of zirconia. However, the major drawback of this material is its low
melting point and relatively low thermal expansion coefficient [59]. Guo et al. [60] produced
BaLa2Ti3O10 (BLT) by solid-state reaction of BaCO3, TiO2, and La2O3 for 48 h at 1,500°C. BLT
showed phase stability between room temperature and 1,400°C. BLT showed a linearly
increasing thermal expansion coefficient with increasing temperature up to 1,200°C and the
coefficients of thermal expansion (CTEs) were in the range of 1 × 10− 5–12.5 × 10− 6 K− 1, compa‐
rable to those of 7YSZ. BLT coatings with stoichiometric composition were developed by APS
technique. The coating contained segmentation cracks and had a porosity of ~13%. The
microhardness for the BLT coating was in the range of 3.9–4.5 GPa. The thermal conductivity
at 1,200°C was about 0.7 W/mK and thereby, revealing it as a promising material in improving
the thermal insulation property of TBC. Thermal cycling results showed that the BLT TBC had
a lifetime of more than 1,100 cycles of about 200 h at 1,100°C. The failure of the coating occurred
by cracking at the TGO layer due to severe bond coat oxidation. Based on the experimental
results BLT can be considered as a promising material for TBC applications [60]. Xu et al. [61]
deposited DCL TBCs consisting of La2(Zr0.7Ce0.3)2O7 (LZ7C3) and YSZ by EB-PVD method.
They showed that the DCL coating had a much longer lifetime than the single layer LZ7C3
coating and much longer than that of the single layer YSZ coating. Similar thermal expansion
behaviors of YSZ interlayer with LZ7C3 coating and TGO layer, high sintering-resistance of
LZ7C3 coating and unique columnar growth within DCL coating led to the extension of
thermal cycling life of DCL coating. The failure of DCL coating occurred due to the reduction-
oxidation of cerium oxide, the crack initiation, propagation and extension, the abnormal
oxidation of bond coat, the degradation of t′-phase in YSZ coating, and the outward diffusion
of Cr alloying element into LZ7C3 coating [61]. Dy2O3–Y2O3 co-doped ZrO2 exhibits lower
thermal conductivity and higher coefficient of thermal expansion. Thus, it is a promising
ceramic thermal barrier coating material for aero-gas turbines and high temperature applica‐
tions in metallurgical and chemical industry. Qu et al. [62] prepared Dy2O3–Y2O3 co-doped
ZrO2 ceramics using solid state reaction methods. Dy0.06Y0.072Zr0.868O1.934 exhibited a lower
thermal conductivity and higher coefficient of thermal expansion as compared with standard
8 wt% Y2O3-stabilized ZrO2 used in conventional TBCs. The compatibility between the TGO
(Al2O3) and the new compositions is complicated to ensure the durability of TBCs.
Dy0.06Y0.072Zr0.868O1.934 was found to be compatible with Al2O3 whereas YAlO3 and
Dy3Al2(AlO4)3 were formed when Dy0.25Y0.25Zr0.5O1.75 and Al2O3 were mixed and sintered [62].

New alternative TBC materials to YSZ for applications above 1,473 K are being explored by
researchers. Zhou et al. [63] prepared Y4Al2O9 (YAM) ceramics by solid state reaction at 1,873
K for 12 h. They investigated the phase stability, thermophysical properties, and sintering-
resistance behavior of the material. XRD results revealed single monoclinic phase YAM. Even
no new phase appeared after long-term annealing. The thermal conductivities of YAM ceramic
decreased gradually with the increase of temperature ranges from room temperature to 1,273
K. The minimum value obtained was ~1.81 W m−1 K−1, which is lower than that of YSZ. YAM
showed moderate thermal expansion coefficient, i.e., 8.91 × 10−6 K−1 in the temperature range
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of 300–1,473 K. In comparison to YSZ, YAM has lower density and higher sintering-resistance
ability, which is very favorable for TBC applications. The results indicated that YAM is a
promising ceramic material candidate for application in the TBC system [63]. YSZ is usually
used as ceramic top coat for gas turbine blades and vanes. The accelerated phase transforma‐
tion and the intensified sintering of the YSZ top coat at temperatures between 1,200°C and
1,300°C lead to microstructural changes resulting in higher thermal stress generation and
lifetime reduction. Additionally, thermal conductivity (λ) of the top coat increases. Therefore,
lanthanum zirconate (La2Zr2O7) and gadolinium zirconate (Gd2Zr2O7) is being suggested by
researchers as a top coat because of their high phase stability up to their melting points and
the lower thermal conductivity compared to YSZ. Bobzin et al. [64] deposited single-(SCL) and
DCL top coats consisting of 7 wt% yttria-stabilized zirconia (7YSZ), La2Zr2O7, or Gd2Zr2O7

using the EB-PVD method. They wanted to investigate the temperature-dependent phase
behavior and change of thermal conductivity of SCL and DCL top coats, as well as the influence
of different top coat materials and architectures on the growth of the TGO. Morphology and
coating thickness were determined using SEM. The SCL and DCL systems showed a columnar
microstructure with a coating thickness of about 150 μm. The thermal conductivity of SCL and
DCL systems was measured between 400°C and 1,300°C by laser flash technique. The XRD of
SCL and DCL systems were carried out after isothermal oxidation at 1,300°C. Finally, the TGO
phase was identified by XRD and EDS analysis. Correlation between morphology, architec‐
ture, coating material, and TGO behavior can give details of oxygen diffusion processes [64].

Investigation of the ZrO2–YO1.5–TaO2.5 system reveals several promising aspects for TBC
applications. Unique presence of a stable, non-transformable, tetragonal region in this ternary
oxide system allows for phase stability to elevated temperatures, e.g.,1,500°C. Yttria- and
tantala-containing compositions exhibited significantly high resistance to vanadate corrosion
compared to 7YSZ. Further, yttria- and tantala-stabilized zirconia compositions within the
non-transformable tetragonal phase field exhibited toughness values comparable or higher
than those of 7YSZ and thereby, increasing their stability as TBCs. Pitek and Levi discussed
about these promising attributes based on recent experimental works [65]. Liu et al. [66]
prepared pyrochlore-type (La0.8Eu0.2)2Zr2O7 feedstocks by spray drying and used that to
produce ceramic thermal barrier coatings. DCL TBCs with a first layer of 8 wt% YSZ and a top
layer of (La0.8Eu0.2)2Zr2O7 were deposited by plasma spraying. Plasma-sprayed
(La0.8Eu0.2)2Zr2O7 coatings were composed of a defect fluorite-type phase and a t-ZrO2 phase.
However, after thermal shock tests at 1,250°C for 32 cycles, (La0.8Eu0.2)2Zr2O7 coatings exhibited
a pyrochlore-type structure. The thermal shock failure of DCL (La0.8Eu0.2)2Zr2O7/YSZ coatings
mainly occurred at the interface between the YSZ and (La0.8Eu0.2)2Zr2O7 layers. However, the
TGO layer from the bond coat had no effect on the thermal shock failure [66]. Two kinds of
rare earth zirconate (Sm0.5La0.5)2Zr2O7 and (Sm0.5La0.5)2(Zr0.8Ce0.2)2O7 ceramics were prepared by
Hong-song et al. [67] through solid state reaction at 1,600°C for 10 h. They investigated the
phase compositions, microstructures, and thermophysical properties of these materials. XRD
results confirmed the formation of single phase (Sm0.5La0.5)2Zr2O7 and
(Sm0.5La0.5)2(Zr0.8Ce0.2)2O7 with pyrochlore structure. Dense microstructures of these materials
and absence of other phases among the particles were revealed by SEM studies. The TEC of
the ceramic increased with the increasing temperature, while the thermal conductivity
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decreased. TECs of (Sm0.5La0.5)2Zr2O7 and (Sm0.5La0.5)2(Zr0.8Ce0.2)2O7 were lower than that of
Sm2Zr2O7. The CeO2 addition resulted in the higher TEC of (Sm0.5La0.5)2(Zr0.8Ce0.2)2O7 than those
of 8YSZ and (Sm0.5La0.5)2Zr2O7. Although the TEC of (Sm0.5La0.5)2Zr2O7 was lower than that of
8YSZ, still it can serve as a TBC. Doping with La2O3 or CeO2 led to phonon scattering resulting
in much lower thermal conductivities of (Sm0.5La0.5)2Zr2O7 and (Sm0.5La0.5)2(Zr0.8Ce0.2)2O7 than
that of Sm2Zr2O7. In comparison to the thermal conductivity of (Sm0.5La0.5)2Zr2O7 the thermal
conductivity of (Sm0.5La0.5)2(Zr0.8Ce0.2)2O7 was relatively lower. The experimental results
showed that (Sm0.5La0.5)2Zr2O7 and (Sm0.5La0.5)2(Zr0.8Ce0.2)2O7 are novel candidate materials for
TBCs in near future [67].

6.2. Composite top coat

A new TBC was developed by Dietrich et al. [68] from a powder mixture of metal and normal
glass by using vacuum plasma spraying technique. This type of TBC material had a similar
thermal expansion coefficient of a metal substrate. The thermal conductivity of this composite
top coat was about two times greater than that of YSZ. Long thermal cycling life of the metal-
glass TBC was attributed to high thermal expansion coefficient, good adherence to the bond
coat, and absence of open porosity and thereby, preventing the bond coat oxidation from
corrosive gases [68]. Majumdar and Jana [69] studied the properties of a TBC prepared from
3 wt% YSZ dispersed in a high temperature resistant alumino-borosilicate glassy matrix. The
YSZ-glass composite coating was applied on stainless steel substrate by a simple and cost-
effective enameling technique. The thermal gradient of 800 μm thick TBC was found to be 175–
180°C after 30 min exposure at 1,000°C. Significant improvement of the gradient to 650–675°C
was observed after long exposure of the coated surface at 1,000°C when compressed air cooling
was utilized [69]. The spallation of ceramic coating from the bond coat is an important problem
for TBC systems. Basically, the spallation is caused by the oxidation and hot corrosion at the
interface of the ceramic layer and bond coat. Keyvani et al. [70] investigated the oxidation and
hot corrosion behavior of plasma sprayed nanostructured Al2O3/YSZ composite TBC coatings
on Ni-based (IN-738LC) superalloy substrate and compared it with the conventional YSZ. The
coatings were deposited by plasma spray method. High temperature oxidation test at 1,100°C
and hot corrosion test at 1,050°C using Na2SO4 and V2O5 molten salts were conducted on the
coatings. The experimental data demonstrated that the nanostructured Al2O3/YSZ composite
coating had higher oxidation and hot corrosion resistance than those of the conventional YSZ
coating. The microstructural analysis indicated that the growth of TGO was much less for this
nanostructured Al2O3/YSZ composite coating. Further, the composite top coating prevented
infiltration of both oxygen and aggressive molten salt [70]. Novel YSZ (6 wt% yttria partially
stabilized zirconia)–(Al2O3/YAG) (alumina–yttrium aluminum garnet, Y3Al5O12) DLC coatings
were formed by using the composite sol-gel and pressure filtration microwave sintering
(PFMS) technologies by Ren et al. [71]. The microstructural observations showed that micro-
sized YAG particles were embedded in nano-sized α-Al2O3 film. A thin Al2O3/YAG layer had
good adherence with the substrate and the thick YSZ top layer. Cyclic oxidation tests at 1,000°C
indicated that they can resist oxidation of alloy and improve the spallation resistance. The
thermal insulation capability tests at 1,000°C and 1,100°C indicated that 250 μm coating had
better thermal barrier effect than that of the 150 μm coating at different cooling gas rates. The
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decrease in oxidation rate for forming a TGO scale using the sealing effect of α-Al2O3 and the
reduced thermal stresses by means of nano/micro composite structure led to these beneficial
effects. This double-layer coating can be considered as a promising TBC [71].

6.3. Glass-ceramics as TBC materials

MgO–Al2O3–TiO2 and ZnO–Al2O3–SiO2 based glass-ceramic coatings have been developed as
TBCs for gas turbine engine components by Datta and Das [72, 73]. These coatings were formed
on nimonic alloy substrates using the vitreous enameling technique. MgO–Al2O3–TiO2-based
glass coating was applied on nimonic alloy substrate by spraying the glass slurry, drying, and
then firing at about 1,160°C for 5–6 min. Further, the glass coating was heat treated for 1 h at
880°C followed by 1 h at 1,020°C to develop crystals such as magnesium aluminum titanate
as a major phase along with magnesium silicate and aluminum titanate as minor phases in the
glass matrix. The thermal shock resistance of the glass-ceramic coating was found to be more
than 10 cycles when repeatedly heated to 750°C and immediately quenched in cold water. No
chipping or spalling defect was observed. Slight weight gain was noted during the thermal
endurance test at 1,000°C for 100 h. However, the operating temperature of this coating is
limited to 750°C. Glass-ceramic coating based on ZnO–Al2O3–SiO2 systems can operate at high
working temperatures of up to 1,000°C. This type of glass coating was applied on a nimonic
alloy through the spraying of a suitable glass slip, drying, and firing at 1,200°C for 5–6 min.
The glass coating was subsequently heat treated at 1,000°C for 1 h to develop gahnite,
willemite, and cristobalite crystalline phases. Thermal shock at 1,000°C for 10 cycles showed
no chipping. During the thermal endurance test at 1,000°C for 100 h, negligible weight gain
was observed. Figure 1(a) shows the oxidative weight gain of the bare substrate and MgO–
Al2O3–TiO2-based glass-ceramic coated substrate during the oxidation test at 1,000°C for 100
h. Typical SEM image of MgO–Al2O3–TiO2-based glass-ceramic coating is shown in Figure 2(b).
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Figure 1. (a) Oxidative weight gain of MgO–Al2O3–TiO2-based glass-ceramic coated substrate at 1,000°C for 100 h and
(b) typical SEM microstructure of the corresponding coating.
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7. Promising bond coat materials for TBC systems

TBCs with ceramic top coat and MCrAlY (M=Ni, Co) bond coat are generally applied on gas
turbine engine components to protect them from high temperature exposure [3]. The bond
coat provides thermo-elastic relaxation to accommodate the high stresses generated in the TBC
system. The chemistry and microstructure of bond coat affects the structure and morphology
of the TGO [3]. The oxidation of bond coat needs to be restricted to improve the performance
of the TBC system. Glass-ceramics may be used as bond coats because of several reasons. As
this bond coat is basically oxide-based, failure of the TBC system from bond coat oxidation
may be avoided. Further, high stress may be accommodated by the viscous flow of the glass-
ceramics, which may increase the stability of the TBC system during thermal cycling at high
operating temperatures. In addition, this TBC system may protect the metallic component from
oxidation and creep failure more effectively because of the lower thermal conductivity of glass-
ceramics compared to metals. Detailed studies on the TBC system consisting of 8 wt% YSZ
(~400 μm) top coat, BaO–MgO–SiO2-based glass-ceramic bond coat (~100 μm) and nimonic
alloy (AE 435) substrate have been carried out by Das [74]. The glass-ceramic bond coat and
YSZ top coat were applied on the nimonic alloy substrate by conventional enameling and air
plasma spraying techniques, respectively. Figure 2 depicts the typical SEM cross-sectional
micrograph of this kind of TBC system, which is composed of BaO–MgO–SiO2-based glass-
ceramic bond coat, 8-YSZ top coat, and nimonic superalloy substrate.

Figure 2. Typical TBC system consisting of glass-ceramic bond coat, 8-YSZ top coat, and nimonic superalloy substrate.

The 90° bend tests on these TBC systems showed that only a small amount of YSZ coating
chipped off from the edges, indicating strong adherence of the TBC with the nimonic alloy
substrate. The microhardness and Young’s modulus values of YSZ coating, glass-ceramic
coating, and nimonic alloy substrate of the TBC system were lower on the cross-section than
those obtained on the plan-section at a load of 100 mN. The four-point bend test on the TBC
system displayed low stiffness (bending elastic modulus−45–52 GPa at room temperature) that
leads to low residual stresses in the TBC resulting in high thermo-mechanical stability of the
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TBC system [74]. Das et al. [75] studied the oxidation behavior of a TBC system consisting of
8 wt% YSZ top coat, BaO–MgO–SiO2-based glass-ceramic bond coat, and nimonic alloy (AE
435) substrate wherein static oxidation test was carried out at 1,200°C for 500 h in air. Oxidation
resistance of this TBC system was compared with the conventional TBC system under identical
heat treatment conditions. Both TBC systems were characterized by SEM, as well as EDS
analysis. The TGO layer was not found between the bond coat and the top coat in the case of
glass-ceramic bonded TBC system, while the conventional TBC system showed a TGO layer
of ~16 μm thickness at the bond coat-top coat interface [75].

Thermal cyclic behavior of glass-ceramic bonded TBC on nimonic alloy substrate was inves‐
tigated by Das et al. [76]. In that study, a TBC system comprised of 8 wt% YSZ top coat, BaO–
MgO–SiO2-based glass-ceramic bond coat, and nimonic alloy (AE 435) substrate was subjected
to thermal shock test from 1,000°C to room temperature for 100 cycles. Specimens held at
1,000°C for 5 min were forced air quenched, as well as water quenched from the same
conditions. Microstructural changes were investigated using SEM. The phase analysis was
conducted by XRD analysis and EDS analysis. Deterioration was not observed in the top coats
after 100 cycles in the case of forced air quenched specimens, whereas the top coats were
damaged in the water quenched specimens. After thermal cycling experiments interfacial
cracks did not appear at the top coat-bond coat and bond coat-substrate interfaces both in
forced air quenched and water quenched specimens. Further, the top coat retained its phase
stability [76]. The mechanical properties of a glass-ceramic bonded TBC system have been
reported by Ghosh [77].Glass-ceramic bonded TBC showed good thermal gradient property
as both the glass-ceramic bond coat and YSZ top coat can act as a thermal barrier to the nimonic
alloy substrate and reduce the substrate temperature. The thermal gradient of a TBC-coated
substrate was 856°C after 45 min holding of the YSZ coating at 1,200°C. The present TBC
prevents the thermal conduction to the nimonic alloy substrate as both the glass-ceramic bond
coat and the YSZ top coat have low thermal conductivity. Thermal conductivity measurement
showed that the ~100 μm glass-ceramic coated substrate had lower thermal conductivity (~23–
27 W/m.K at 1,000°C) than that of the bare nimonic alloy substrate (~28 W/m.K at 1,000°C).
Moreover, the thermal conductivity of the glass-ceramic- (~100 μm) and YSZ (~400 μm)-coated
nimonic alloy substrate was much lower (17.19 W/m.K at 1,000°C) than that of the bare nimonic
alloy substrate (~28 W/m.K at 1,000°C) [74, 78, 79].

Efficient gas turbines can be achieved through the use of engineered components having the
capability of operating at higher metal temperatures with longer lifetimes. Gas turbine Inlet
temperatures can exceed the melting temperatures of nickel-based superalloys. Advanced air
cooling system in association with TBCs can decrease the underlying substrate temperature.
NiCoCrAlY overlay coatings are generally used as bond coatings for industrial gas turbines.
Extensive research is being carried out to find the suitable bond coat composition. Seraffon et
al. [80] reported a new type of bond coat with a wide range of compositions. They focused on
the oxidation behavior of the bond coatings at 950°C. A range of Ni–Co–Cr–Al coatings were
deposited on sapphire substrates using the physical vapor deposition technique and magnet‐
ron sputtering method. Co-sputtering of two targets, such as Ni–10%Cr, Ni–20%Cr, Ni–50%Cr,
Ni–20%Co–40%Cr, or Ni–40%Co–20%Cr target, and a pure Al target was used for the
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deposition of coatings. The coatings were then oxidized in air for 500 h at 950°C. All samples
were characterized by measuring the change in coating thickness using pre- and post-exposure
metrology only and also the change in specimen weight. Thick coatings (20–30 μm) were
deposited by magnetron sputtering successfully. EDS analysis was used to determine the
elemental compositions of the samples. Furthermore, XRD was used to identify the major
oxides formed during thermal exposure. The selective growth of protective Cr2O3, Al2O3 or
other less protective mixed oxides was observed. The oxide scale growth rate indicated the
suitable coatings that produce more protective oxides and allow future optimization of the
bond coating composition for service within the turbine section of industrial gas turbines [80].

In the last decade, it has been observed that Pt-rich γ–γ′ alloys and coatings have good
oxidation and corrosion properties. Selezneff et al. [38] used this technique to fabricate doped
Pt-rich γ–γ′ bond coatings on AM1® superalloy substrate. These TBC systems were compared
with the conventional TBC system composed of a β-(Ni,Pt)Al bond coating. Most of the
compositions were superior to the β-(Ni,Pt)Al bond coatings with respect to ceramic top coat
adherence and better oxide scale adherence of the γ–γ′-based systems [38]. Iridium modified
nickel alluminides are promising bond coats because of their ability to promote α-Al2O3 scale
growth and to form an oxygen diffusion barrier Ir layer. An innovative Al–Ni–Ir alloy was
formulated by Lamastra et al. [81]. A detailed microstructural investigations of both powder
and bulk samples were conducted to compare the phase composition, oxidation behavior, and
thermal stability of the proposed system with those of the Ir free ones. The AlNiIr system was
composed of Al3Ni2, AlNi3 and β-NiAl. It was assumed that the presence of Ir promoted the
alumina scale growth, which started at ~1000°C. Ni-poor and Al-rich islands were observed
in both as cast and oxidized AlNiIr bulk samples. However, Ir had high concentration in Al-
rich islands and thereby, suggesting higher affinity of iridium towards Al than Ni. After
oxidation at 1,150°C, the α-Al2O3 scale growth was observed increasing the TGO thickness
with dwelling time. Both Ir ODB and Ir-rich islands at the interface between the alloy and the
Al2O3 scale were not identified due to the low Ir amount. However, metallic Ir and the
compound Al2.75Ir were detected in the powder after thermal treatment at 1,000°C [81].

Developing new bond coat is an effective way to extend the service life of TBCs during high
temperature exposure. Yao et al. [82] prepared a novel TBC system composed of an (Al2O3–
Y2O3)/ (Pt or Pt–Au) composite bond coat and a YSZ top coat and Ni-based superalloy by
magnetron sputtering and EB-PVD, respectively. Cyclic oxidation tests in air at 1,100°C for 200
h showed that the YSZ top coat and alloy substrate can be bonded together effectively by the
(Al2O3–Y2O3)/(Pt or Pt–Au) composite coating. So, this kind of TBC had excellent oxidation
resistance and cracking/buckling resistance, which can be attributed to the sealing effect of
such coating. Therefore, the interdiffusion between the bond coat and alloy substrate as well
as substrate oxidation can be avoided. The toughening effect of noble metals and composite
structure of bond coat resulted in inhibition of the micro-cracks propagation and relaxation of
the stress in the bond coat. This ceramic/noble metal composite coating has great prospect for
the TBC applications [82]. Wang et al. [83] produced NiAl and NiAlHf/Ru coatings on nickel-
based single crystal superalloy in order to investigate the interdiffusion behavior and cyclic
oxidation resistance at 1,100°C. Needle-like topologically close-packed phases and secondary
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reaction zone (~30 μm thick layer) were formed in the NiAl-coated superalloy after annealing
at 1,100°C for 100 h while the precipitates of TCP and SRZ were effectively constrained in the
NiAlHf/Ru-coated alloy. The NiAlHf/Ru coating exhibited superior cyclic oxidation resistance
as compared to the NiAl coating. They have shown that Ru and Hf have important roles in
terms of affecting interdiffusion and cyclic oxidation [83]. Zhang et al [84] developed gradient
TBCs consisting of (Gd0.9Yb0.1)2Zr2O7–yttria-stabilized zirconia (8YSZ) and Hf-doped NiAl
bond coat by EB-PVD technique. The effect of the interfacial structure between
(Gd0.9Yb0.1)2Zr2O7 (GYbZ) and 8YSZ layers on the thermal cycling behavior was investigated
by comparing the DCL coatings with gradient thermal barrier coatings (GTBCs). The thermal
cycling tests showed that the GTBCs had a more extended lifetime than that of the DCL
coatings. The failure of GYbZ-8YSZ DCL coating with clear interface between different ceramic
layers occurred through delaminating cracking as a result of crack initiation and propagation
caused by stress concentration within the ceramic layers. Further, the failure of GTBC occurred
due to the thermal expansion mismatch between the Hf-doped NiAl bond coat and the TGO
layer [84].

8. Conclusions

In the future, TBCs are required to be more suitably designed for the thermal protection of gas
turbine engine components to significantly increase engine operating temperatures, fuel
efficiency, and engine reliability. However, coating durability is a vital factor to increase the
engine operating temperature. Therefore, the coating behavior and failure modes under high
temperature, high thermal gradient cyclic conditions should be properly understood to
develop next-generation advanced TBCs.
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