
Abstract Ceramic thermal barrier coatings (TBCs)

are playing an increasingly critical role in advanced gas

turbine engines due to their ability to sustain further

increases in operating temperatures. However, these

increases in temperature could raise considerable

issues associated with increased radiative heat transfer

into the TBC systems. This study was conducted to

design a ceramic based multiple layered TBC system

with high reflectance to radiation. Mathematical mod-

eling was used to calculate the potential temperature

reduction on the substrate surface when the multiple

layered TBC is applied. The result of the simulation

shows that a temperature reduction up to 90 �C is

possible when utilizing the designed multiple layered

TBC coatings.

Introduction

Thermal barrier coatings (TBCs) are applied to metallic

substrates to reduce the metal surface temperature. The

currently preferred TBC material for gas turbine engine

applications is yttria partially stabilized zirconia

(YPSZ). Zirconium oxide has a lower intrinsic thermal

conductivity, an expansion coefficient more comparable

to the metal substrate than other ceramics such as Al2O3,

and exhibits good erosion resistance. However, in order

to stabilize the cubic or tetragonal structure, yttria

(Y2O3) is added into zirconia, preventing the phase

transformation to monoclinic ZrO2. This stabilized

zirconia exhibits increased toughness and strength, and

has lower thermal conductivity, than pure zirconia. The

addition of yttria creates more O2) vacancies in the ionic

lattice of the ZrO2 structure in order to maintain

electrical neutrality. The increased vacancies strongly

scatter phonons by virtue of both varied mass and

missing interatomic linkage [1].

Continuous development and advancement in TBCs

to improve the performance, particularly in reduction

of thermal conductivity, are required in order to enable

further increases in turbine inlet temperature, reduc-

tions in air cooling requirements and improvements in

component durability. In the past, extensive research

has focused on modifying the composition of new TBC

materials and processing methods to reduce thermal

conductivity. For example, additions of erbia, nickel

oxide, neodymia and ytterbia etc. into YPSZ have been

studied, achieving further reduction in thermal con-

ductivity [2]. Modification of the coatings into a zig-zag

layered structure has been shown to offer high

impedance to heat flow and provide improved thermal

and mechanical properties [3]. However, due to high

temperature instability, sintering effect and phase

transformation to monoclinic structure [4–6], YPSZ is

limited to a maximum operating temperature of

1200 �C [5]. New generation TBC materials have been

studied, of which lanthanum zirconate (La2Zr2O7)

seems to be most promising. It has phase stability up to

its melting temperature, similar thermal expansion to

D. Wang Æ X. Huang (&)
Department of Mechanical and Aerospace Engineering,
Carleton University, Ottawa, Canada
e-mail: xhuang@mae.carleton.ca

P. Patnaik
Structures, Materials and Propulsion Laboratory, Institute
for Aerospace Research, National Research Council,
Ottawa, Canada
e-mail: prakash.patnaik@nrc.ca

J Mater Sci (2006) 41:6245–6255

DOI 10.1007/s10853-006-0494-9

123

Design and modeling of multiple layered TBC system with high
reflectance

Dongmei Wang Æ Xiao Huang Æ Prakash Patnaik

Received: 13 August 2004 / Accepted: 23 September 2005 / Published online: 12 August 2006
� Springer Science+Business Media, LLC 2006



that of zirconia, and better thermal insulation proper-

ties than those of the more commonly used zirconia

based TBC materials [7].

Surprisingly, there has been only very limited

research into microstructure and process modifications

for the purpose of reducing thermal radiation transport

through the TBC system to the metallic substrate. The

zirconia based ceramic materials are transparent or

translucent to certain radiation wavelength. As shown

in Fig. 1, the infrared radiative properties of single

crystal yttria-stabilized zirconia were given [8]. In this

figure, the spectral hemispherical transmittance,

reflectance and emittance of single crystal 13.5YSZ

specimens of various thicknesses at room temperature

were measured. As seen in figure 1, in region I (0.3–

5 lm) the material exhibits a high transmittance with

low absorption, and in region II (5–10 lm) the material

exhibits partial absorption and partial transmission. In

region III, the material shows an opposite trend as

compared to what is seen in region I. While no scat-

tering is observed in single crystal zirconia, scatting is

expected in zirconia based polycrystalline TBC. The

extent of the scattering is dependent on the micro-

structure, particularly imperfections, in the coating.

This could increases the reflection since transmitted

radiation will be reduced accordingly. In a previous

Fig. 1 Room-temperature (a)
hemispherical transmittance,
(b) reflectance, and (c)
emittance/absorptance along
(100) direction of single
crystal 13.5YSZ specimens
with various thicknesses [8]
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mathematical simulation conducted by R. Siegel [9],

the thermal radiation effect on temperature distribu-

tion in turbine engine TBCs was modeled based on a

plasma sprayed coating. Scattering was considered as a

scattering coefficient of 10,000 m)1 was used. Accord-

ing to this calculation, the temperature increase on the

metallic substrate resulting from radiation effects was

as high as 50 �C as compared to that of an opaque

coating, as shown in Fig. 2.

In order to effectively reduce thermal radiation

transport through TBC systems, research has been

carried out with emphasis on increasing the photon

scattering within the coating and the coating’s reflec-

tivity. A layered TBC structure, produced using EB-

PVD, was able to reduce thermal radiation by

increasing scattering defects such as boundaries be-

tween multiple layers [10]. Increasing the density of

scattering defects such as microcracks and pores within

the coating has also been reported as another efficient

way of reducing thermal radiation [3]. Recently, a new

multiple layered coating structure was patented [11]. In

this structure, highly reflective metallic layers were

embedded within the protective ceramic coatings for

the purpose of reducing the radiation heat transport. A

computational analysis showed a 12–24% reduction in

the net heat flux for a ceramic coating containing a

single metallic layer as compared to a ceramic coating

without a reflective metallic layer. The use of metal

reflective layers in a TBC may, however, be expected

to be problematic due to the thermal expansion coef-

ficient mismatch between the metallic and ceramic

materials, poor adhesion of the ceramic material to the

metal, and high thermal conductivity inherent to

metals. Additionally, the radiation reflection may be

reduced if the surface of the metallic layers is not

smooth enough when embedded in ceramics.

The present study was undertaken to develop a new

multiply layered TBC system based solely on ceramic

materials. The objective of this research is to design a

system that is capable of reflecting radiation with the

wavelength in the range of 0.45–5 lm. The preliminary

design and mathematical simulation are detailed in the

following sections.

Design of multiple layered TBC system with high

reflectance

The radiation transport through TBCs to the metal

component originates from two sources [9]: (1) exter-

nal radiation from hot gases or soot (if existing), which

is directly incident onto the coating surface and trans-

mitted to the substrate; and (2) internal radiation

emission within the hot coating itself when heated by

convection from combustion gases, conduction within

the coating system or absorption of external and

internal radiation. To achieve a significant reduction in

both external and internal radiation, and effectively

reduce the temperature increase on the substrate

caused by radiation, a multiple layered high reflective

coating system is required.

The multi-layer TBC system (Fig. 3) consists of a

single top layer (S) with low thermal conductivity and

low refractive index, a set of high reflectance multiple

layered ceramic stacks (M) that are designed to cover

radiation in the wavelength range of 0.45–5 lm, a bond

coat and the metal substrate. The choice of wavelength

range is based on the fact that more than 90% of

radiation is within this range at typical gas temperature

of 1700–2000 K (Fig. 4).

There are three considerations for the S layer

design. First, the emissive power in a medium is

proportional to the square of the refractive index of the

Fig. 2 Temperature distributions in a zirconia thermal barrier
coating on the wall of a combustor compared with an opaque
thermal barrier coating [9]

Single Layer S

Metal substrate 

Multiple Layers M 

Interface IA 

Interface IB

Interface IC

Interface ID

Fig. 3 Multiple layered TBC system with high reflectance
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material [12]. Therefore, if the refractive index of S

layer is high, the internal radiation emitted by S layer

will be high. A high refractive index can also increase

internal reflection at interface IA and result in

increased radiation reflected back into the coatings,

thereby increasing the temperature of the coating sys-

tem. Therefore, to suppress the radiation from inside

the coatings and to reduce the internal reflection at

interface IA, the refractive index of the S layer should

be as low as possible. Secondly, the photon scattering

coefficient of the S layer should be as low as possible so

that the reflected radiation from high reflectance mul-

tiple layers will not be scattered back. Finally, since the

temperature at interface IB and within high reflectance

multiple layered stacks should be as low as possible so

that the radiation emission from M layer is negligible,

the S layer, if placed on top of M layer, should have

lower thermal conductivity. However, these parame-

ters shall be optimized systematically based on the

simulations of temperature distribution through the

designed system.

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

more strongly than longer wavelength within the

coating, the stack reflecting shorter wavelength range is

therefore arranged to the top of the multiple layer

stacks, and the stack reflecting longest wavelength

range is at the very bottom of the multiple layered

stacks S. Using this arrangement, undesirable scatter-

ing is reduced as such to ensure higher reflection. Since

thin film coating scattering is mainly caused by defects

such as interface and pores within the coating, the

coating process and coating material will be investi-

gated to obtain an ideal structure in order to have high

reflectance, high strain tolerance and lower thermal

conductivity at the same time. Figure 5 shows sche-

matically how the radiation is reflected and transmitted

by these multiple layered stacks.

The physical thickness of each layer in one stack can

be calculated using [13]:

dHðkÞ ¼ k=ð4nHÞ ð1Þ

dLðkÞ ¼ k=ð4nsÞ ð2Þ

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. k is the radiation wavelength.

Assuming that the absorption of and scattering to

the radiation in the high reflectance stacks are negli-

gible, then the reflectance for one wavelength range is

given by:

R ¼ g0B� C

g0Bþ C

� �
g0B� C

g0Bþ C

� �
ð3Þ

where

B
C

� �
¼

Yq

r¼1

cos dr ði sin drÞ=gr

igr sin dr cos dr

� � !
1
gm

� �
ð4Þ

and

dr ¼ 2pnrdr cos hr=k ð5Þ
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Fig. 5 Schematic diagram of high reflectance multiple layered
TBC structure
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and g0, gr and gm are the optical admittances for

incident medium, multiple layers M and substrate,

respectively. hr 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.

For p-wave, gp ¼ 2:6544�10�3n
cos h and for s-wave,

gs ¼ 2:6544� 10�3n cos h:
Under normal incidence condition, the reflectance

in air or free space for one wavelength range is

expressed as:

R � 1� 4
nL

nH

� �2p
nm

n2
H

ð6Þ

The width of the high-reflectance wavelength zone

is:

Dk ¼ 2k
p

sin�1 nH � nL

nH þ nL

� �
ð7Þ

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 incident condition, for a mul-

tilayered coating design consisting of 10 stacks and a

total of 79 layers the hemispherical spectral reflectance

within the wavelength range of 0.45–5 lm is calculated

by integrating Eq. 3 from 0 to 180� using the method

detailed in Ref. [12]. From the calculation results given

in Fig. 6, the average hemispherical reflectance is

above 80% for wavelength range of 1–4.5lm.

In the computation of hemispherical spectral

reflectance, the scattering effect and absorption are

neglected. In fact, TBCs deposited by either plasma

sprayed or EB-PVD always exhibits higher scattering

due to the splats or columnar characteristics of their

microstructures. These scattering will affect the

coherent constructive interference and reduce the

effective reflectance. Thus, in the analytical simulation,

the hemispherical reflectance of the multiple layered

coatings is conservatively assumed to be 50% to take

into consideration of the scattering effect. An accurate

calculation of the effect of the scattering on the

hemispherical reflectance of multiple layered coatings

is currently being undertaken and will be presented in

future publication.

Analytical simulation for the high reflectance
multiple layered TBC system

Using the multiple layered design described above, a

one-dimensional heat transfer model was established

by the authors and the two-flux method [12] used to

analytically simulate the heat transfer through the

multiple layered TBC system with high reflectance.

A translucent multiple layered ceramic TBC system

within the environment of high temperature is shown

in Fig. 7. The gas temperatures on both sides of the

wall are TH (hot side) and TL (cool side), and under

thermal equilibrium state, these temperatures remain

constant. At the hot side, the heat is transferred into

the TBC system by external convection with the con-

vection coefficient hH, and by external radiation from

hot gases incident on the coating surface IA with the

radiation flux qrH. At the cool side of the metal wall,

the temperature is reduced by cold gas convection with

the convection coefficient hL and by radiation emitting

from the metal surface to the surrounding environment

with the radiation flux qrL. Under steady state condi-

tion the total heat flux through the layers is time

independent.

Additional assumptions made are as follows:

• An EB-PVD coating is used, the scattering effect is

assumed to be equivalent to or less than plasma

sprayed coating since it doesn’t contain lateral splat

interfaces. A scattering efficient of 10,000 m)1

given in Ref. [9] is used for both single layer S and

multiple layered stacks M.

• The absorption coefficients of single layer S and

multiple layered high-reflectance stacks M are

assumed to be the same as given in Ref. [9].

• The refractive index does not change with wave-

length.

• The gray layer assumption is used in this analysis.

• For simplicity, the multiple layered stacks will be

considered as a single layer with an effective

reflectance of 50%.

• The thermal conductivity of multiple layered stacks

M is calculated using 1/kj = 1/kH + 1/kL.
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• A worse case scenario is assumed when considering

the effective refractive index of the multiple lay-

ered stacks and a value of 2.2 is used [9].

• Black body gas is assumed.

• Hemispherical/isotropic radiation incidence is con-

sidered.

Within the transparent coatings, the radiation heat

flux components can be obtained by solving two-flux

equations [12] expressed as:

1

Kj

dqrj

dxj
¼ ð1� XjÞ½4n2

j rT4
j ðxÞ �GjðxjÞ� ð8Þ

1

Kj

dGj

dxj
¼ �3qrj ð9Þ

Xj ¼ rj

�
Kj ð10Þ

where j = 1 for the single layer S and j = 2 for the high-

reflectance multiple layered stacks M.

Gj ¼ 2ðqþrj þ q�rj Þ ð11Þ

qrj ¼ qþrj � q�rj ð12Þ

where q+
rj and q)

rj are the radiation heat fluxes in

positive and negative directions, respectively, Gj is a

flux quantity for the convenience of analysis, qrj is

the net radiation flux, Kj is the extinction coefficient of

the coatings and Kj = aj + rj, where aj and rj are the

absorption and scattering coefficients of the coatings,

Wj is the scattering albedo of the coatings, and r is the

Stefan–Boltzmann constant.

To evaluate the radiation fluxes within the designed

multiple layered ceramic coatings, the relationships

between radiation fluxes q+
rj and q)

rj at each boundary

interface are given as:

qþr1ðIAÞ ¼ ð1� R0ÞrT1H4 þ R1ðIAÞq�r1ðIAÞ ð13Þ

q�r1ðIBÞ ¼ qþr2ðIBÞ
¼ ð1� R2ðIBÞÞq�r2ðIBÞ þ R1ðIBÞqþr1ðIBÞ

ð14Þ

q�r2ðICÞ ¼ ebcn2
HrT4

IC þ R2ðICÞqþr2ðICÞ ð15Þ

where R0 and R1(IA) are the coating reflectance of

material on each side of interface IA, R1(IB) and

R2(IB) are the reflectance of the material on each side

of interface IB, and R2(IC) is the reflectance of the

material on the coating side of interface IC, ebc is the

emissivity of bond coat, and TIC is the temperature at

interface IC.

From the hot gases to the surface of the hot side of

the single layer S, the heat is transferred via radiation

and convection from hot gases. The convection of the

hot gases brings the heat flux to the surface of the

coating and increases the temperature of interface IA

to TIA. Part of the radiation from hot gases, incident on

interface IA, is reflected by the surface IA at a

reflectance of R0, and the remaining part of the radi-

ation is transmitted through interface IA into the

coating. Therefore the total heat flux through interface

IA can be expressed as the sum of the net radiation flux

at the boundary and the heat flux transferred by

external convection as:

Qtot ¼ hH½TH � TIA� þ qr1ðIAÞ ð16Þ

where Qtot is the total heat flux through the TBCs, TIA

is the temperature at boundary IA, and qr1(IA) is the

net radiation at boundary IA.
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Within the coatings, heat is transferred by conduc-

tion and radiation. Therefore, the energy equation is

given by:

Qtot ¼ �kj
dTjðxjÞ

dxj
þ qrjðxjÞ ð17Þ

where j = 1 and 2 for the single layer S and high-

reflectance multiple layered stacks M, respectively, and

kj is thermal conductivity of the coatings. The radiation

flux qrj can be obtained from the two-flux method

described.

At interface IB, the following boundary condition

must be met:

qr1ðIAÞ ¼ qr2ðIBÞ ð18Þ

On the opaque metal wall, heat is transferred only

by conduction, therefore:

Qtot ¼ �k3
TID � TIC

D3
ð19Þ

where k3 is the thermal conductivity of metal substrate,

assuming the thermal conductivities of bond coat and

metal substrate are equal, TIC and TID are the

temperatures at interfaces IC and ID, respectively, and

D3 is the thickness of metal substrate.

At the cooled side, the metal is cooled by convection

of the cooling gas and radiation to the surroundings.

Therefore, the total heat flux can be expressed as:

Qtot ¼ hL½TID � TIL� þ e3r½T4
ID � TI4

L� ð20Þ

where e3 is the metal emissivity.

Results and discussion

The temperature distribution within the coatings

and the total heat flux through the TBC system are

calculated by solving two-flux equations and heat

transfer equations using Runge–Kutta numerical

integration and iteration numerical methods. Values

of numerical figures used are summarized in

Table 1.

Based on the design and mathematical models

described above, two different arrangements of single

layer and multilayer were simulated. While the de-

sign was made to take advantage of placing the

single layer S on the top layer, simulation was also

conducted for a different layer arrangement. That is,

placing the single layer directly on top of the bond

coat and the multiple layered stacks S on the top

layer. Additionally, as thickness of the single layer is

a design variable, three different thicknesses for

single layer are assumed, as summarized in Table 2.

Furthermore, in order to demonstrate the effective-

ness of the multiple layered coating designs, com-

parison is made by also calculating the temperature

distribution in a TBC system with a mono-layered

coating.

Table 1 Numerical values of
various parameters used in
the computation

Symbols (units) Description Values Ref.

TH (K) Hot gas temperature 2000 [9]
TL (K) Cool side temperature 800 [9]
hH (W m)2 K)1) Convection coefficient 250 [9]
hL (W m)2 K)1) Convection coefficient 110 [9]
km (W m)1 K)1) Thermal conductivity of metal 33 [9]
k1 (W m)1 K)1) Thermal conductivity of single layer S 0.8 [9]
K2 (W m)1 K)1) Thermal conductivity of high-reflectance

multiple layered stacks M
1.5 Design variable

D1 (m) Thickness of single layer S 0.0002 (A)
0.00045 (B)
0.00095 (C)

Design variable

D2 (m) Total thickness of high-reflectance
multiple layered stacks M

0.00005 Design variable

D3 (m) Thickness of metal substrate 0.000794 [9]
n0 Refractive index of air 1.0 [9]
nH High refractive index of high-reflectance

multiple layered stacks M
2.1 [9]

nL Low refractive index of high-reflectance
multiple layered stacks M and

the top layer S

1.58 [9]

rj (m)1) Scattering coefficient of ceramic material 10,000 [9]
aj (m)1) Absorption coefficient ceramic material 30 [9]
ebc Emissivity of bond coat 0.3 [9]
e3 Emissivity of substrate 0.6 [9]
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Figures 8–10 show the temperature distributions

within the coating and metal substrate when a 200 lm

thick single layer (Model A), 450 lm thick single layer

(Model B), and 950 lm thick single layer (Model C)

are used and placed above the 50 lm thick multi-layer

stacks M. When the high-reflectance multiple layered

stacks with the total thickness of 50 lm are used in

combination with a top coat of 200 lm thick, the

temperature on the metal wall can be reduced by as

much as 90 �C when compared with the temperature

for a system with a 250 lm mono-layered coating. The

temperature reduction on the metal wall for a 500 lm

multiple layered coating is about 67 �C as compared to

the coating system with 500 lm mono-layered coating.

It can be seen that the reduction in temperature on the

metal surface becomes less pronounced with further

increase in the total coating thickness, where the

temperature reduction on the metal surface is only

41 �C in the case of the 1000 lm multiple layered

coating (Fig. 10).

For comparison, the temperature distributions

within a TBC system with multiple layered stacks

placed on top of the single layer were calculated and

the results are shown in Figs. 11–13. The temperature

reductions are, in comparison with mono-layered

coatings of the same thicknesses, 46 �C, 36 �C and

28 �C for 250 lm, 500 lm and 1000 lm thick coatings,

respectively. From the results shown in Fig. 8 through

Fig. 13, it is clear that the high reflectance multi-lay-

ered coating system can effectively reduce the tem-

perature on the metal surface.

Table 2 Arrangement for
single layer S and multiple
layered stacks M (the
thickness for the multiple
layered stacks M is constant,
with a value of 50 lm)

Model Total
thickness
(lm)

Thickness
of S
(lm)

Description Figures

A 250 200 Single layer is placed on the top layer, high-reflectance
multiple layers are between single layer and metal

Figure 8

B 500 450 Single layer is placed on the top layer, high-reflectance
multiple layers are between single layer and metal

Figure 9

C 1000 950 Single layer is placed on the top layer, high-reflectance
multiple layers are between single layer and metal

Figure 10

D 250 200 High-reflectance multiple layers are on the top,
single layer is between multiple layers and metal

Figure 11

E 500 450 High-reflectance multiple layers are on the top,
single layer is between multiple layers and metal

Figure 12

F 1000 950 High-reflectance multiple layers are on the top,
single layer is between multiple layers and metal

Figure 13
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Figs. 8 and 11 show that the temperature reduction

on the metal surface is more significant when multiple

layered stacks M are placed under the single layer S. It

is believed that the structure with multiple layered

stacks located under the single layer can reflect both

external and internal radiations, whereas the structure

with multiple layered stacks located on the top layer

can only reflect the external radiation. In our simula-

tion an isotropic hemispherical incident radiation on

the surface is assumed for both arrangements, i.e., both

have the same external radiation incident conditions.

Therefore, the multiple layered stacks M, either ar-

ranged on the surface or under the layer S, is assumed

to subject to isotropic hemispherical incident radiation.

In fact, when the top surface is exposed to the com-

bustion environment, radiation is near normal incident.

In this case, multiple layers placed on the top of the

coatings may see more near normal incidence, and the

incident radiation may be more effectively reflected.

Whereas if multiple layered stacks M placed under the

single layer S, it may see a more hemispherical reflec-

tance if the radiation is scattered in single S or the

internal emitted radiation from the single layer is

strong. In this case, the reflectivity to radiation may

reduce. Thus, it will require detailed simulation to

determine which arrangement can reflect radiation

effectively and the reflectivity can vary depending on

the materials and coating thickness selected.

It is also found that the temperature reduction on

both the metal substrate and coating surface is greater

for thinner multiple layered coating systems. For

example, multiple layered coatings with thicknesses of

500 lm and 1000 lm are less effective in temperature

reduction than is the 250 lm thick coating. With

increasing coating thickness, more radiation will be

absorbed by the ceramics. As such, the transmitted

radiation through the coatings into the metal surface is

reduced. Therefore, the overall temperature reduction

effect of the thick coatings is less than that of the thin

coatings.

In this simulation, the effect of coatings with nano-

dimension thickness on thermal conductivity was not

considered. From the theory of grain boundary phonon

transport [14], 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 reduced due

to the nano-dimension thickness. It can be expected,

therefore, that the high-reflectance multiple layered

coating system designed 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 the thermal conduc-

tivity reduction as a result of the nano-scaled multiple

layered structure.

In contrast to the multiple layered coating design

detailed in this study, a layered structure with constant

layer thickness was reported by Nicholls and Lawson
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[10]. This type of layered structure is limited to

reflecting one wavelength range, while the present

design is designed to reflect a wide range of wave-

lengths. The physical thicknesses of the high reflec-

tance multiple layered structures in the present design

are tailored for different wavelength ranges so that

broadband thermal radiation can be reflected, achiev-

ing far more effective thermal radiation reduction.

In the design and simulation, all the material prop-

erties used are based on ceramics such as zirconia and

YSZ co-doped with other oxides. The use of metal

interlayers is excluded in this multiple layered coating

design since the thermal expansion mismatch between

metal and ceramics could potentially cause interface

delamination or the formation of detrimental phases in

the interface in the harsh operating environment.

In addition to the temperature drop on the metal

surface, the temperatures on the coating surface are

reduced significantly when the multiple layered coating

system is used. For example, in model A, the 250 lm

multiple layered coating could reduce the coating sur-

face temperature by about 90 �C. This will increase the

thermal stability for conventional ceramic materials

such that higher operating temperatures can be realized.

Lastly, it is generally agreed that in order to produce

multiple beam interference effect, i.e., coherent con-

structive reflection, the multiple layered stacks M are

required to have a very low scattering coefficient. It is

also known that the low scattering requires a dense

defect-free coating structure. For a compliant TBC

coating, columnar structure produced by EB-PVD is

preferred. This columnar structure inherently contains

multiple defects along columnar boundaries and within

columns. As such, the scattering coefficient for this

type of strain tolerant columnar structure will increase

in comparison to defect free single crystal structure.

The resulted multiple beam interference effect will be

compromised accordingly. However, as shown in

Fig. 14 [15], the multiple beam interference effect is

still clearly observed at wavelength of 2 lm. Since this

multiple layered EB-PVD coating structure is not

optimally designed, the interference effect can be fur-

ther increased using the approach detailed in this

study.

It is believed that the coating structure can be

designed in such a way that it contains adequate

amount of defects to accommodate strain imposed on

coating during service while at the same time to

achieve the desirable reflectance. The actual reflectiv-

ity of this multiple layered coating design may be

reduced from the theoretically calculated values due

partially to the scattering effect. Further experiment is

being conducted to assess the extent of this effect.

Various material combinations and process parameters

will be used to produce the designed multiple layered

structures. The coating structures will then be tested

for their physical properties and thermal mechanical

properties. At the same time, further theoretical

modeling is being conducted to quantitatively evaluate

the effect of scattering at different levels. Until such

time when both experiment results and detailed anal-

ysis on scattering effect are obtained, it is difficult to

speculate the feasibility of multiple layered structures

with high reflectance.

Conclusion

In this study, a multiple layered TBC coating system

was designed and a mathematical simulation was car-

ried out to compute the temperature distribution on

the metal and coating surfaces as a result of applying

this designed multiple layered coating. From the sim-

ulation results, it is concluded that the multiple layered

TBC system, based solely on ceramic materials, can

achieve greater than 50% reflectance of the radiation

in the wavelength range of 0.45–5 lm. The simulation

conducted uses the published data on physical and

optical properties of the known TBC materials. While

an acceptable deposition technique for applying such a

variable layer thickness coating is being developed, the

effectiveness of this model will be validated once

experimental data is available. Nevertheless, this de-

sign has shown promising results and indicates great

potential for further temperature reduction on the

metal surface.
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