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ABSTRACT 

Thermal barrier coating (TBC) systems are the most effective means of protecting structural components from 
damage caused by excessive temperature and corrosive/erosive environments.  The applications for TBCs 
range from gas turbines and power generators to space and military equipment.  As the durability and 
performance of high temperature components rely more and more on TBCs, the capability of these coatings 
has become an important variable in the design and development of life prediction models for advanced 
components that are subject to high temperatures and aggressive environments in service. 

In the last decade, the development of TBCs has been driven to a large extent by the demands from the gas 
turbine industry, with most of the research being focused on improving material chemistry, coating 
microstructure and processing methods.  As a result, a host of new materials, novel microstructures and 
advanced coating application technologies has been developed which have led to improved thermal insulation 
capability, durability and stability at higher temperatures, as well as better mechanical properties.  These 
achievements provide new opportunities for designers to redesign existing components and develop new 
components for gas turbines, as well as space and military systems.  

This paper will present the state-of-the-art and future trends in the development of, and applications for, 
thermal barrier coating systems, with an emphasis on the following three subjects:  (1) emerging TBC 
materials from the zirconate family with increased temperature capability; (2) multiple layered and nano-
structured coatings produced by EB-PVD; and (3) new design philosophy and modeling approach for TBC 
systems with reduced phonon and photon transport.  

The current TBC material for gas turbine hot section components is yttria partially stabilized zirconia (YPSZ 
or YSZ).  Zirconia (ZrO2) has good erosion resistance, a lower intrinsic thermal conductivity and most 
suitable thermal expansion coefficient as compared to other ceramics such as alumina (Al2O3).  Yttria (Y2O3) 
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is added into pure zirconia to stabilize the cubic or tetragonal structure and further reduce the thermal 
conductivity.  Recent research has shown that further reduction in thermal conductivity of zirconia based 
TBCs can be realized by doping or co-doping with transition metal oxides and rare earth oxides.  However, 
the capability of these zirconia based materials is still limited to approximately 1100°C.  One of the newest 
and most promising materials that has the potential to overcome this limitation is zirconate.  Zirconate based 
ceramic material with a pyrochlore structure is stable up to its melting temperature, in the vicinity of 2300°C, 
and has thermal-insulating properties exceeding those of the more commonly used zirconia based materials.  
The development of the new zirconate based materials for TBC applications is discussed. 

In addition to the chemical composition, the structure of the coating has a significant impact on the thermal 
and mechanical properties of the coating.  Multiple layered or nano-structured coatings, produced by EB-
PVD, can reduce heat transport by increasing the number of boundaries between multiple layers or grain 
boundaries in the coating.  Furthermore, the columnar structure produced by EB-PVD is highly strain 
tolerant, resulting in longer coating life under thermal cycling conditions.  A description of the coating 
process and resulting coating properties is presented. 

Finally, a new multiple layered coating structure has been designed by the authors to effectively reflect 
thermal radiation.  The coating system consists of sets of highly reflective multiple layers of ceramic stacks 
and a single layer of ceramic material with low thermal conductivity and low refractive index.  Specifically, 
within the multiple layered stacks, each is designed to reflect a targeted range of wavelength, utilizing 
alternating layers of ceramic materials with low and high refractive indices.  In this manner, when a suitable 
number of stacks are selected according to the application temperature, a broadband reflection of the 
required wavelengths can be achieved.  A computational method has been developed to predict the 
temperature distribution within the multiple layered TBC system.  At an assumed service environment 
temperature of 1727°C, a temperature reduction of as much as 90°C can be realized on the metal surface 
when a 250µm multiple layered coating is used instead of a monolayered coating of the same thickness.  The 
design philosophy and the development of computational methods are presented. 

1.0 INTRODUCTION 

Thermal barrier coating (TBC) systems are the most effective means to protect structural components from 
damage caused by excessive temperature and corrosive/erosive environments.  The applications for TBCs 
range from gas turbines and power generators to space and military equipment.  As the durability and 
performance of high temperature components rely more and more on TBCs, the capability of these coatings 
has become an important variable in the design and development of life prediction models for advanced 
components that are subject to aggressive environments. 

A typical TBC system is shown in Figure 1.  The top ceramic layer is directly exposed to the hot environment 
and functions as a thermal barrier by retarding the heat flow from the hot environment to the metal substrate.  
The basic requirements for the top layer material are:  (1) good thermal insulation, i.e., low thermal 
conductivity and low transparency to thermal radiation; (2) high melting and phase stability at operating 
temperatures; (3) high thermal expansion coefficient to reduce thermal stress; (4) erosion resistant in order to 
prevent impact damage caused by ingested particles such as sand and silicates during operation;  (5) oxidation 
or hot corrosion resistant; and (6) thermodynamic compatibility with bond coat and thermally grown oxide 
(TGO) [[1]].  The currently preferred material used for gas turbine hot section components is yttria partially 
stabilized zirconia (YPSZ).  Placed between the ceramic layer and the superalloy substrate is a MCrAlY  
(M = Ni, Co or NiCo) metallic bond coat.  The bond coat is used for protecting the substrate from oxidation 
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and high temperature corrosion, as well as providing for improved adhesion of the ceramic to the metal 
substrate via the formation of a thin, uniform and defect free α-Al2O3 layer at the ceramic/bond coat interface.  
This thin α-Al2O3 layer is conventionally called thermally grown oxide (TGO), which has very low oxygen 
ionic diffusivity and thus provides an excellent diffusion barrier to oxygen transport at high temperatures 
[[2]].  

In the last decade, the development of TBCs has been driven primarily by the demands of the gas turbine 
industry, with most research focusing on reducing thermal conduction through the ceramic coatings by 
improving material chemistry, coating microstructure and processing methods.  Pure zirconia experiences a 
phase transformation from tetragonal to monoclinic during cooling.  This results in a change in volume and 
can lead to cracking.  For this reason, metal oxides such as CaO, MgO, CeO2, Sc2O3, Y2O3 and other rare earth 
metal oxides are added into ZrO2 to stabilize both cubic and tetragonal structure of zirconia to room 
temperature. For dopants with valence less than +4, oxygen vacancies are generated within the ionic lattice to 
maintain electrical neutrality.  These vacancies strongly scatter phonons by virtue of both missing mass and 
missing interatomic linkage and therefore result in a decrease in thermal conductivity [[3]].  Of these metal 
oxides, Y2O3 – stabilized ZrO2 (YSZ) is found to be the most suitable dopant for TBC applications [[4], [5], 
[6]].  The optimum amount of yttria to add to zirconia has been found to be around 7~8 wt % (4~4.5 mol %).  
This composition offers the highest degree of resistance to spallation and excellent thermal stability [[5], 
[7],[8]]. 

 

 

 

 

 

 

 

 

 

Figure 1: Schematic of TBC system in a gas turbine environment. 

Further reduction in the thermal conductivity of YSZ through yttria addition is limited by the need to stabilize 
the tetragonal t’- phase structure [[8]].  In order to incorporate more scattering centers without affecting the 
crystal structure, transition metal oxides and rare earth oxides have been doped or co-doped into YSZ.  For 
example, the thermal conductivities of 4 mol % Y2O3 + ZrO2 system doped with an additional 4 mol % of 
Yb2O3, Er2O3, Gd2O3 or Nd2O3 have been studied and shown to reduce the thermal conductivity in general.  
However, Fadolinia was found to be the most effective dopant [[9]].  A multi-component defect-clustering 
approach has also been shown to be very effective.  In this approach, a group of selected oxides including 
ZrO2- Y2O3 - Nd2O3 (Gd2O3, Sm2O3) - Yb2O3 (Sc2O3) is co-doped into conventional zirconia- and hafnia-yttria 
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oxides [[10]].  These oxides create thermodynamically stable, highly defective lattice structures with 
essentially immobile defect clusters and/or nanoscale ordered phases. With this defect clustered structure, a 
significant reduction in thermal conductivity is achieved and sintering resistance is also improved.  For the 
ZrO2 – M2O3 binary system, a semi-empirical phonon model indicated that there is a linear trend of decreasing 
thermal conductivity with increasing cation size of the dopant for partially stabilized YPSZ, DyPSZ and 
SmPSZ [[11], [12]]. 

The performance of TBCs depends not only on the intrinsic properties of the TBC materials, but also on the 
coating’s microstructure.  The most widely used industrial deposition processes for the application of TBCs 
are Plasma-Spraying (PS) and Electron Beam Physical-Vapor-Deposition (EB-PVD).  The TBCs produced by 
PS process have a laminar structure, consisting of splats with inter-splat pores and cracks parallel to the 
coating surface, as shown in Figure 2a.  TBCs produced by EB-PVD, on the other hand, have a columnar 
microstructure (Figure 2b) with elongated grains and pores aligned perpendicular to the coating surface, 
enabling very high levels of stress compliance [[13]].  

  

(a) (b) 

Figure 2: Photomicrographs of (a) an APS applied TBC showing a laminar structure  
and (b) an EB-PVD applied TBC showing a columnar structure [[13]]. 

One of the disadvantages of EB-PVD applied coatings is a higher thermal conductivity than that of APS 
applied coatings.  The coatings produced by PS typically have a thermal conductivity of 0.9~1.1W/mK at 
room temperature due to the micro-cracks and the high volume fraction of inter-splat pores that are 
predominantly aligned parallel to the coating surface.  The coatings applied using EB-PVD have a thermal 
conductivity in the range of 1.3~2.0W/mK [[22]].  

The microstructure and pore morphologies in thermal barrier coatings have a significant effect on the thermal 
conductivity.  In order to couple the pore morphology that offers the highest impedance to heat flow with the 
columnar microstructure thereby optimizing thermal and mechanical performance, a novel thermal barrier 
coating that exhibits a columnar structure with zig-zag morphology pores was developed using electron beam-
directed vapor deposition (EB-DVD) technology [[14]].  This EB-DVD deposited zig-zag TBC with a 13.1 
µm wavelength achieved a thermal conductivity value of 0.8W/mK at room temperature [[15]].  Another 
modification which may be made to the columnar structure is the introduction of layered interfaces into the 
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EB-PVD coating without disrupting the columnar structure [[9], [16]].  In this method, the layers in each 
column are parallel to the coating surface, and the densities are changed from layer to layer by switching the 
D.C. bias applied to the substrate between high and low levels during deposition.  The measured thermal 
conductivity of this microstructure showed a 45% reduction.  

It is well known that increasing operating temperatures will improve the performance of gas turbine and diesel 
engines.  However, further increases in operating temperatures bring out two considerable issues, namely 
decomposition of tetragonal t’ phase of 7YSZ at increased operating temperatures and increased thermal 
radiation.  

At temperatures above 1200oC, the yttria partially stabilized zirconia based coatings exhibit destabilization of 
the tetragonal t' phase to yttria-poor tetragonal and yttria-rich cubic.  On cooling from service temperature, the 
tetragonal phase will transform into monoclinic phase and result in cracking in the coating [[8], [17], [18]].  
Additionally, at temperatures higher than 1100oC, sintering of Y-PSZ will occur which results in an increase 
in Young’s modulus and thermal conductivity, and thus shortens the life of the coating [[19], [20]].  
Furthermore, yttria partially stabilized zirconia is oxygen transparent at high temperatures and when combined 
with porosity and cracks inside the coatings, it causes the bond coat of TBC system to be more susceptible to 
oxidation attack, with increased formation rate of undesirable oxides such as NiO and Ni(Cr, Al)2O4 near the 
bond coat [[20]].  

The intrinsic thermal conductivity of ceramic coatings has an inverse dependence on the temperature 
according to thermal conductivity theory.  However, the measured thermal conductivities are found to 
increase with temperature for both zirconia- and zirconate- based ceramic coatings [[22], [23], [24]].  This 
increase in thermal conductivities at high temperatures is attributed to thermal radiation since the TBC 
materials are partially or fully transparent to thermal radiation at typical engine operating temperatures.  The 
optical properties of yttria-stabilized zirconia within the wavelength range of 0.3 ~ 10µm is given in Figure 3 
[[25]].  As seen in this figure, the thermal radiation can transmit directly through zirconia based TBC coatings 
to the metal substrate.  At typical operating temperatures, more than 90% of the radiation falls within the 
transparent region of YPSZ [[9]] and as much as 50oC of temperature increase on metal substrate can result 
[[26]].  Thus, to increase the thermal insulation capability of TBCs, both thermal conduction and thermal 
radiation must be considered. 

The following three sections summarize recent developments in TBCs in three directions:  (1) emerging TBC 
materials from the zirconate family with increased temperature capability; (2) multiple layered and nano-
structured coatings produced by EB-PVD; (3) new design philosophy and modeling approach for TBC 
systems with reduced phonon and photon transport. 



State of the Art and Future Trends in the 
Development of Thermal Barrier Coating Systems 

38 - 6 RTO-MP-AVT-135 

UNCLASSIFIED/UNLIMITED 

UNCLASSIFIED/UNLIMITED 

 

Figure 3: Room  temperature (a) hemispherical transmittance; (b) hemispherical emittance / 
absorptance along (100) direction of single crystal 13.5 YSZ specimens with various thickness [[25]]. 

2.0 EMERGING TBC MATERIALS WITH INCREASED TEMPERATURE 
CAPABILITY 

The rare-earth zirconates, such as La2Zr2O7, Nd2Zr2O7 and Ga2Zr2O7 are among the most promising TBC 
materials for the future.  The zirconates have a typical composition of A2B2O7 and a cubic pyrochlore 
structure [[27], [28]], as shown in Figure 4.  The pyrochlore phase is stable up to its melting point at 23000C 
[[29]], making them potential TBC materials for higher application temperatures.  

One of the basic requirements for potential TBC materials is a low intrinsic thermal conductivity, which has 
been found to be associated with the complexity of crystallographic structure and difference in the number 
and types of atoms in a unit cell [[30], [31]].  The pyrochlore structure is similar to the fluorite structure 
assumed by YSZ but with one missing oxygen atom, and a large number of displaced oxygen atoms.  As such, 
the pyrochlore crystal can be considered as an ordered, highly defective fluorite solid solution with reduced 
symmetry and more complicated structure, thereby exhibiting reduced intrinsic thermal conductivity.  It has 
been experimentally confirmed that the thermal conductivities of rare earth zirconates are much lower than 
that of 7YSZ [[29], [32], [37]].  At 1000oC, the thermal conductivities are 1.5~1.6 W/m⋅K and 1.2~1.3 W/m⋅K 
for dense La2Zr2O7 and Nd2Zr2O7 respectively [[29]].  At 700oC, the thermal conductivity values range from 
1.5 to 1.6 W/m⋅K for dense Gd2Zr2O7, Nd2Zr2O7 and Sm2Zr2O7 while the thermal conductivity of dense 7YSZ 
is 2.3 W/ m⋅K [[32]].  
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Figure 4: Schematic of the partial unit cell of the pyrochlore structure [[28]]. 

Among these zirconates with low thermal conductivities, lanthanum and zirconium have similar vapor 
pressure which makes vapor deposition more readily possible [[33]].  Additionally, an atomistic simulation 
indicated that the rare earth zirconates have higher oxygen anion Frenkel pair energy than yttrium and 
therefore it requires higher activation energy for oxygen migration [[27], [34], [35]].  This characteristic of 
reduced oxygen transparency of lanthanum zirconate provides better bond coat oxidation resistance than YSZ 
can offer [[36]]. 

However, the low thermal expansion coefficients of the rare earth zirconates may lead to higher thermal 
stresses during thermal cycling as compared to 7YSZ, although the Young’s moduli of the zirconates are 
about 15% lower and to some extent could compensate for the effect of the higher mismatch in thermal 
expansion coefficient and alleviate the stress.  The values of thermal expansion coefficients as well as 
Young’s moduli for selected zirconates are given in Table 1. 

Table 1: Thermal expansion coefficients and Young’s modulus of zirconates. 

Material Thermal expansion coefficient (x10-6 K-1) Young’s modulus (Gpa) 

Gd2Zr2O7 8.1~10.5 at 200~1000oC [[29]]  

Eu2Zr2O7 10.3~10.6 at 200~1000oC [[29]] *205 [[35]] 

Nd2Zr2O7 9.0~9.7 at 200~1000oC [[29]] *219 [[35]] 

La2Zr2O7 8.1~9.1 at 200~1000oC [[29]] 175±1 [[37]] 

Sm2Zr2O7 10.8 [[34]] *231 [[35]] 

7YSZ 11.5 at 200~1000oC [[38]] *250 [[32]] / 210±10 [[37]] 

 

Further research also indicates that the pyrochlore zirconates readily form β-alumina or perovskite between 
the TBC and TGO by diffusion and are therefore not thermodynamically compatible with TGO [[39]].  
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Further research is required to fully explore the potential of these zirconate based ceramic materials and to 
identify a more suitable bond coat if zirconates are to be used on superalloy substrates. 

3.0 MULTIPLE LAYERED AND NANO-STRUCTURED COATINGS PRODUCED 
BY EB-PVD 

Typical microstructures of TBC produced by EB-PVD can be divided into two zones:  an inner zone and an 
outer zone.  The inner zone is the early part of multiple nucleation and subsequent growth of the columnar 
microstructure having large number of interfaces, grain boundaries, microporosity and randomly oriented 
grains.  The inner zone ranges from 1 to 10µm in thickness and exhibits lower thermal conductivity (~1.0 
W/m. K).  The outer part of the coating is crystallographically more perfect, with fewer grain boundaries.  The 
thermal conductivity in this zone approaches that of bulk zirconia (2.2 W/m. K).  Therefore, the apparent 
thermal conductivity of the EB-PVD coating will be higher than that of the inner part of the coating.  The 
thicker the outer part is, the higher the thermal conductivity.  If the coating deposited by EB-PVD consists of 
multiple layers with microstructure similar to that of the inner zone of regular EB-PVD coating without 
sacrificing other desirable properties, then the apparent thermal conductivity can be reduced significantly.  
This modified coating has been developed by creating periodic strain fields within the TBC during the EB-
PVD deposition process.  It consists of multiple layers, each layer having a microstructure similar to that of 
the inner zone of the initial EB-PVD coating, as shown in Figure 5.  The increased phonon scattering centers 
caused by a number of interfaces, grain boundaries, as well as microporosity within each layer, therefore 
result in a reduction in thermal conductivity.  Figure 6 shows the measured thermal conductivity of the EB-
PVD coating as a function of the total number of layers produced by the “shutter” method.  There is a 30% 
reduction in thermal conductivity for the 20 layers of coating [[16]].  

 

Figure 5: Typical standard vapor phase columnar structure and  
modified columnar microstructure with multiple interfaces. 
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Figure 6: Thermal conductivity of EB-PVD as a function of total number of layers  
produced by the “shutter” method, measure at various stages of testing,  

where k0 = as deposited, k2 = after 2hrs, and k5 = after 5hrs of testing. 

In addition to reducing the thermal conductivity, modifying the microstructure also decreases the thermal 
radiation transport through the TBC by increasing the hemispherical reflectance of the coating as well.  A high 
hemispherical reflectance is produced as a result of the difference in the refractive indices of the alternate 
layers within a multiple layer structure, achieved by periodically interrupting incoming vapor flux during 
depositing process to vary the densities of alternate layers since the variation of densities results in different 
refractive indices.  The use of two or more ceramic materials with different chemical compositions, such as 
8YSZ with high refractive index and Al2O3 with low refractive index, is another route to produce multiple 
layered coating with high reflectance.  A multiple layered structure with alternating 400 nm 8YSZ and 100 nm 
Al2O3 is shown in Figure 7.  The hemispherical reflectance was increased from 35% (single layer) to 45% (20 
layers) to radiation at 1µm wavelength, as shown in Figure 8.  However, to effectively reflect a broadband 
radiation, an optimized design is required for such multiple layered coatings. 

 

Figure 7: Multiple layered 8YSZ/Al2O3 structure with increased hemispherical reflectance. 
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Figure 8: Multilayered TBC increases IR reflectance with fixed and variable spacing.  

4.0 NEW DESIGN PHILOSOPHY AND MODELING APPROACH FOR TBC 
SYSTEMS WITH REDUCED PHOTON AND PHONON TRANSPORT 

In this section, a new multiple layered high reflective coating system designed by the authors will be 
presented.  The multiple layered TBC system consists of a set of high reflectance multiple layered ceramic 
stacks (M) that are designed to reflect thermal radiation, in the wavelength in the range of 0.45~5µm, a single 
ceramic layer (S) with low thermal conductivity, a bond coat and the metal substrate.  This wavelength range 
is based on the typical operating temperature of 1700~2000K in a gas turbine combustion environment. 

Within the multiple stacks M, each stack is designed to reflect a targeted range of wavelength.  A broadband 
reflection for the required wavelength range can be obtained using sufficient number of stacks.  To achieve 
high reflectance for each wavelength range, each stack must have multiple layers of ceramic materials with 
alternating high and low refractive indices and the optical thickness of each layer must be equal to a quarter- 
wavelength in order to meet the condition of multiple-beam interference. Considering that the radiation with 
shorter wavelength will be scattered much more strongly within the coatings, the stack reflecting shortest 
wavelength range is therefore arranged on top of the multiple layer stacks, and the stack reflecting the longest 
wavelength range is at the bottom of the multiple layered stacks. Since scattering in thin film coating is caused 
mainly by the interface roughness and pores within the coatings, the coating process and coating materials will 
be investigated to obtain an ideal structure in order to have high reflectance and lower thermal conductivity.  
Figure 9 shows schematically how the radiation is reflected or transmitted through these multiple layered 
stacks. 

 



State of the Art and Future Trends in the 
Development of Thermal Barrier Coating Systems 

RTO-MP-AVT-135 38 - 11 

UNCLASSIFIED/UNLIMITED 

UNCLASSIFIED/UNLIMITED 

 

Figure 9: Schematic diagram of high reflectance multiple layered TBC structure. 

The function of single ceramic layer (S) is to reduce the phonon transport through the TBC system.  It is 
therefore desirable to select a material with low thermal conductivity for this single layer.  There are two 
configurations for the S layer design.  If the single layer is designed to be placed on the top of multiple layered 
stacks, the material for the single layer is also required to have low scattering coefficient and low refractive 
index.  This low refractive index ensures decreased internal reflection at the interface I and minimum internal 
radiation emission in this layer [[40]].  The selection of low scattering coefficient is to make certain that the 
reflected radiation from high reflectance multiple layers will not be scattered back.  In addition, the single 
ceramic layer, when placed on the top, is directly exposed to the hot environment, and therefore phase 
stability is very critical for the performance of the TBC system.  A zirconate based ceramic material with 
pyrochlore structure is potentially the best choice for the top single layer.  On the other hand, if the single 
ceramic layer is placed between the multiple layered stacks and the bond coat, zirconates may not be suitable 
materials since they are not thermodynamically compatible with Al2O3 near the bond coat.  The doped 7YSZ 
may provide another option.  However, the selection of materials and the related physical and optical 
properties have to be optimized systematically based on the temperature distribution through the designed 
system. 

The multiple layered stacks can be designed by calculating the physical thickness of each layer in one stack 
using [[41]]: 

 )4()( HH nd λλ =  (Eq. 1) 

 )4()( LL nd λλ =  (Eq. 2) 

where dH and dL are thicknesses for the alternating layers within the stack, and nH and nL are the refractive 
indices of the alternating layers.  H denotes layer with high reflective index and L denotes layer with low 
reflective index.  λ is the radiation wavelength.  
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Assuming that the absorption and scattering of the radiation in the high reflectance stacks are negligible, the 
reflectance for one wavelength range is then given by:  
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and  

 λθπδ rrrr dn cos2=  (Eq. 5) 

and η0, ηr and ηm are the optical admittances for incident medium, multiple layers M and substrate, 
respectively.  θr is the incident angle, dr is the layer thickness, nr is the refractive index of each layer, r is the 
layer number and q is the total number of layers within a stack. 
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Under normal incidence condition, the reflectance in air or free space for one wavelength range is expressed 
as: 
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The width of the high-reflectance wavelength zone is: 
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where nm is the refractive index of substrate.  

Assuming nL =1.5, nm = 2.2, and nH = 2.2, the number of stacks and layers as well as the physical thickness of 
each layer can be calculated.  Under an isotropic hemispherical incidence condition, multiple layered stacks 
consisting of 10 stacks and a total of 79 layers produce a hemispherical spectral reflectance as given in Figure 
10.  The wave length range for this calculation is 0.45~5 µm and detailed method is given in Ref. [[41]].   
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Figure 10: Calculated hemispherical reflectance of 10 stacks with 79 layers. 

Consider a multiple layered thermal barrier coating system in an environment typical of a gas turbine engine.  
The ceramic coating surface is exposed to the hot gases and heated by convection that results in a temperature 
increase on the coating surfaces.  Assume that the heat transfer has reached a steady state, and there is no 
other heat source inside the system.  Thus, the total heat flux reaches a constant.  Within the single ceramic 
layer and multiple layered stacks, the heat is transferred by thermal conduction and thermal radiation.  

For a one dimensional heat transfer condition, the energy equation can be expressed as:  

 )(
)(

jrj
j

jj
jtot xq

dx
xdT

kQ +−=       




=
n
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j

,...2,1
 (Eq. 8) 

where S is the subscript index for single ceramic layer, n is the number of coating layers.  Qtot is the total heat 
flux within the coatings, qrj(xj) is the radiation flux at x position of the jth layer of  the coatings along x 
direction, kj is thermal conductivities of the jth layer and Tj(xj) is the temperature at x position of the jth layer 
of  the coatings. 

Within the metal substrate, all the radiation flux has been absorbed and converted into heat due to the opaque 
characteristic of metallic materials and there is only thermal conduction mode of heat transfer. Thus we have 
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where km is thermal conductivity of metal substrate and Tm(xm) is the temperature at xm position within the 
metal substrate.  Here the bond coat is assumed to be thin enough that the temperature difference between the 
bond coat and metal substrate is neglected.  Detailed procedures used to solve the above energy equations 
were reported in reference [[42]].   

Consider the two structures, as illustrated in Figure 11 (A) and (B).  In structure (A), the single layer is placed 
on top of the multiple stacks while in structure (B), the single layer is placed under the bottom of multiple 
stacks.  In the computational analysis presented here, both Al2O3 (with refractive index nL = 1.5 and thermal 
conductivity kL = 2.4 Wm-1K-1) and 7YSZ (with refractive index nH = 2.1 and thermal conductivity kH = 0.8 
Wm-1K-1) were selected as the material for alternating layers in the multiple stacks.  Other properties such as 
the refractive indices and the spectrum properties are based on published values in references [[25]] and 
[[26]].  The temperature distributions within the coatings and the total heat flux through the TBC system for 
these two coating structures are calculated by solving radiation transfer equations and heat transfer equations 
using methods detailed in reference [[42]].  The total thickness of the multiple layered coating is assumed to 
be 250 µm whereas the thickness of the high reflectance multiple layered stacks is 50 µm.  For comparison 
purposes, a mono-layered coating of the same total thickness was used as the base line in the computational 
analysis.  The calculated temperature distributions are shown in Figure 12. 

It is found from the results that structure B can achieve the most significant temperature reduction on the 
metal substrate.  At an assumed environment temperature of 17270C (2000 K), temperature reduction of 900C 
can be achieved when structure B is used instead of a mono-layered coating of the same thickness.  When 
structure A, where multiple layered stacks placed on top of the single layer is used, a temperature reduction of 
460C can be realized on the metal surface when compared to that of mono-layered coating of the same 
thickness.  It is clear that the high reflectance multiple layered coating systems, irrespective of the layer 
arrangement, can effectively reduce the temperature on the metal surface by reducing the radiation entering 
into the coating system.  

 

 

 

 

 

Figure 11: Schematic of new designed multiple layered high reflectance TBC structures. 
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Figure 12: Computed temperature distributions for 250µm thick multiple layered coating compared 
with mono-layered coating.  Design structure A: multiple layers on the top of the single layer; 

Design structure B: single layer on the top of multiple layers. 

Comparing the temperatures given in Figure 12, it is found that in addition to the observed temperature 
decreases on the metal surface, the temperature on the coating surface can also be significantly reduced when 
structures A and B are used.  In contrast to the temperature on the coating surface of mono-layered coating 
structure, structures A and B achieved further surface temperature reductions of 46oC and 86oC, respectively.  
This is attributed again to the effective reduction of radiation entering the coating system.  This reduction in 
coating surface temperature could play a significant role in extending coating’s useful life. 

Further analysis is carried out to compute the temperature distributions within the coatings and metal substrate 
for both structures A and B with increasing total coating thickness from 250µm to 1000µm.  In this 
simulation, the thickness for multiple layered stacks (S) is kept at a constant value of 50 µm.  The temperature 
reduction on the metal surface is obtained using the difference in temperature resulting from using multiple 
layered coating and mono-layered coating of the same thickness.  It can be seen from Figure 13 that the 
reductions in temperature on the metal surface for both structures are less pronounced when the total coating 
thickness is further increased.  Coating structure B, where the single layer is placed on the top of multiple 
layered stacks, again offers better protection to the metal substrate than structure A of the same thickness.  
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Figure 13: Computed temperature distributions for multiple layered coatings with varying  
total thickness. The multiple layered stacks are kept to be 250µm and mono-layered  

coating of the same thickness is used as the base line.  

In the simulation described, the effect of grain and layer boundaries on thermal conductivity was not 
considered.  However, from the theory of grain boundary phonon transport, the phonon mean free path is 
governed by the layer thickness.  The thinner the coating layer thickness, the shorter the phonon mean free 
path.  As such, the effective thermal conductivity of the high reflectance multiply layered stacks may be 
further reduced due to the nano-dimensional grains or layers.  It is anticipated that the high-reflectance 
multiple layered coating system can reduce both photon and phonon transport through the TBC system.  
Further analysis using a finite element approach is being conducted at present to include this thermal 
conductivity reduction as a result of the nano-scaled multiple layered structure. 

Multiple layered coating structures, with periodically repeated structure throughout the coatings, have been 
examined by several researchers [[9], [16]] and reduced thermal conductivity associated with multiple 
layering has been reported.  While the metal substrate can be further protected when these coats are applied, 
the high temperature stability of these multiple layered coatings presents challenges and limitation to their 
practical use in gas turbine engines.  If multiple layers are present on the surface of the coating structure, they 
will inevitably experience the highest temperature of the environment and are subject to coating failure such 
as by spalling, interdiffusion and other phase transformation and sintering related damages.  It is therefore 
crucial to ensure that the multiple layers used to reflect radiation are shielded from the most severe 
environment such as that in structure B.  However, this shielding/top layer should be selected to ensure a low 
scattering nature.  Otherwise, as shown in this study, the multiple layered structures will not function in the 
most optimum condition. 
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5.0 CONCLUSION 

The latest developments in thermal barrier coatings is summarized in this paper with focus on the three most 
promising research directions, namely emerging TBC materials from the zirconate family, multiple layered 
and nano-structured coatings produced by EB-PVD and new design philosophy and modeling approach for 
TBC systems with reduced phonon and photon transport.  While these new materials and structures have not 
yet found commercial applications, it is certain that the current TBCs based on 7YSZ will no longer meet the 
demand for future gas turbine applications.  New materials and processing technologies will be required and 
emerge in the near future. 
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