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ABSTRACT 

Zirconia-Swt?h yttria thermal barrier coatings (TBC’s) 
provide the potential to increase the operating 
temperatures within the modem aeroengine gas turbine. 
Of particular interest are the columnar, strain tolerant 

thermal barriers produced by electron beam physical 
vapour deposition which can be applied to rotating 
components and can reduce the metal surface 
temperature by up to 15O’C. Measured thermal 
conductivities for this columnar microstructure are 
typically 1.8-2.0 W/m.K. Should it be possible to reduce 
this value to that observed for plasma sprayed ceramics 
(0.9-1.0 W/m.K) then further benefits from the “se of 
such a ceramic layer could ensue including either a 
further increase in operating temperature or a reduction 
in cooling air requirements. 

This paper examines the advanced processing of TBC’s 
with the aim of reducing thermal conductivity. The role 
of coating thickness is reviewed, where it is shown that 
for thin coatings, circa IOOpm thermal conductivities of 
1.0 W/m.K can be achieved. This is thought to be due 
to increased scattering of thermal waves close to the 
early confused growth region. The possibility of fiuther 
reducing thermal conductivity by using layered 
struchres is examined. These structures have been 
manufactured by control of rotation, controlled dwell 
and through the use of plasma assistance during the 
deposition process. The benefits of such layers in 
scattering thermal waves is discussed. 

LIST OF SYMBOLS 

x total coating thickness 
x, thickness of inner “nucleate” zone 
k thermal conductivity for the complete TBC. 
k, thermal conductivity of the inner “nucleate” zone 
k, thermal conductivity of the outer columnar structure 
k, is the phonon thermal conductivity, 
k, is the contribution to thermal conductivity due to 
radiation, 
C, is the specific heat capacity at constant volume, 
p is the density ofthe material, 
Vis the mean velocity of phonons in the material 
(speed of sound) 

I, is the phonon mean free path. 
(r is Stefan Boltzmann’s constant = 5.67 x 10.’ 
W/(m2.K), 
T is the thermodynamic temperahue (K), 
n is the refractive index of the material, 
I, is the photon mean free path 
Ii is the intrinsic mean free path of phonons due to the 
lattice and differing ion masses, 
I,, is the mean free path of phonons due to vacancies in 
the lattice, 
I,, is the mean free path of phonons due to grain 
boundaries, 
I atrun is the mean path of phonons due to local strain 
centres within the lattice. 

IINTRODUCTION 

The drive to improve engine performance and fuel 
efficiency, while reducing emissions, has meant that the 
operating temperahues of the hlrbine section of aero- 
engines has increased significantly over the last 20 
years. This has been achieved by novel material design, 
improved cooling technologies and better manufacturing 
methods [I]. The latest development in this drive for 
improved perfomunce is to apply thermal barrier 
coatings to turbine aerofoil surfaces. Thermal barrier 
coatings offer the potential of increasing turbine 
operating temperatures by up to 15O”C, without any 
increase in metal operating temperatures (Figure I), or 
alternatively permits a reduction in the mass of cooling 
air required while maintaining the turbines operating 
temperature giving improved specific fuel consumption. 

Thermal barrier coatings (TBC’s) have been used in the 
gas turbine engine since the 1970’s [2-41 to lower mean 
metal temperatures. These coatings, based on partially 
stabilised zirconias, are deposited using thermal spray 
processing and have performed well in service, 
extending the lives of combustion chambers and annular 
platforms of high pressure nozzle guide vanes within the 
turbine section of the engine [5]. However, the use of 
thermal sprayed TBC systems have not generally been 
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extended to high-pressure turbine aerofoils, due to their 
poor surface fmish, high heat transfer co&Sent, low 
erosion resistance and poor mechanical compliance. 
Success in coating hlrbine aerofoils has been achieved 
by adopting electron beam physical vapour deposition 
(EB-PVD) technology to coat these parts. Thermal 
barrier coatings deposited by EB-PVD processes have a 
good surface fmish [5], columnar microstntchwes with 
high strain compliance [5,6] and good resistance to 
erosion [5,7] and foreign object damage [7]. EB-PVD 
thermal barrier coatings have been used in production 
since 1989 [8]. 

Unfortunately, the microsbuchwe which gives the EB- 
PVD TBC system its high strain compliance and good 
erosion resistance leads to a relative high thermal 
conductivity when compared to thermally sprayed 
coatings (Figure 2). Table 1 compares the properties 
and performance of commercially produced thermally 
sprayed and EB-PVD deposited PTSZ thermal barrier 
coatings. Previous work in the development of ceramic 
alloy compositions indicated that there is oppormnity to 
reduce the thermal conductivity of the zirconia-based 
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Figure 2 Thermal mnductivities of bulk, EB-PVD and thenally 
sprayed zirwnia-yttria materials at room temperature. 

systems by alloying with ceria and yttria [9]. This paper 
discusses the theoretical models of heat transfer in solids 
with regard to the reduction of the thermal conductivity, 
and reviews these against the measured values on TBC 
coatings engineered for low conductivity. 

Table 1 Properties of TBC’s at Room Temperature 

1 Property/Characteristic 1 EB- 1 Plasma 1 

PVD) 

2. THEORY OF CONDUCTION 

The tbeoly of thermal conductivity in solids is fully 
described elsewhere and will only be briefly reviewed 
here [IO-121. In crystalline solids heat is transferred by 
three mechanisms, (i) electrons, (ii) lattice vibrations and 
(iii) radiation. As zirconia and its alloys are electronic 
insulators (electrical conductivity occurring at bigh- 
temperatires by oxygen ion diffusion), electrons play no 
part in the total thermal conductivity of the system. 

The contribution to thermal conductivity from lattice 
vibrations (the quanta of which are known as phonons) 
is given by: 

HI 

Whilst equation [l] describes the phonon conductivity, 
the total thermal conductivity of the material is higher 
than this figure due to the contribution to the thermal 
conductivity by radiation. Zirconia is susceptible to 
radiation transport (photon transport) at high- 
temperahues (Figure 3). The contribution to the total 
thermal conductivity due to radiation can be written; 

Therefore the total theoretical thermal conductivity of 
zirconia-based systems is merely the sum of the two 
temls : 

k = kp + kp [31 



If the mean free path for radiative transport is assumed 
to be tbe thickness of the coating then, for an application 
where the surface of the TBC is operating at 1473K and 
the interface operates at 1323K the contribution to total 
thermal conductivity due to radiation could be as high as 
1 W/m.K. In this case the heat flux which could arise 
through radiation is of the order of SO-90 kW/m’ out of 
typical total values of 800 kWlm* seen in high heat flux 
regions in engines. Clearly the mean free path of 
photons is not the thickness of the coating and therefore 
radiation is attenuated within the TBC structire reducing 
the contribution to the total conductivity from the value 
listed above. However, as the operating temperature 
increases the contribution to thermal conductivity from 
radiation becomes more important. 

Therefore to lower the intrinsic thermal conductivity of a 
system, reductions in the specific heat capacity, phonon 
velocity and mean free path, density or refractive index 
are needed. The specific heat capacity at constant 
volume for any system is constant at a value of 3.kbN B 
25 J/(K.mol) [13] above the Debye temperature (380K 
[ 131 for zirconia). Therefore to engineer a lower thermal 
conductivity in zirconia-based ceramics, the only options 
are to lower the mean free paths of the heat carriers, to 
lower the velocity of the heat carriers, or to lower the 
density of the material. 

In real crystal structures scattering of phonons occurs 
when they interact with lattice imperfections in the ideal 
lattice. Such imperfections include vacancies, 
dislocations, grain boundaries, atoms of different masses 
and other phonons. Ions and atoms of differing ionic 
radius also scatter phonons by locally distorting the bond 
length and thus introducing elastic strain fields into the 
lattice. The effects such imperfections cause can be 
quantified through their influence on the phonon mean 
free path. This approach has been used by several 
workers, for which the phonon mean free path ($) is 
defmed by:- 

I I + L+L+- 1 -=- 
‘, ‘t ‘WC ‘,h ‘Sod” 
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Of these the grain boundary term has the least effect on 
the phonon mean free path, whilst the intrinsic lattice 
shuctore and strain fields have the most significant 
effect. For example, the addition of NiO has a marked 
effect on the intrinsic mean free path in MgO, reducing 
the mean free path by a factor of 10 [14]. However, the 
addition of alloying oxides has the largest effect on 
simple systems, the zirconia-yttria crystal system is more 
complex than MgO and the effect of alloying additions 
is less. For zirconia based systems, workers in the field 
have demonstrated that increasing the level of yttria in 
the alloy, decreases the thermal conductivity [15,16] 
which is commensurate with shorter intrinsic mean free 
paths with increasing yttria content (Figure 4). 

Further to the reduction in the intrinsic mean free path 
due to alloying, local strain fields and vacancies can he 
generated in the lattice. These strain fields and vacancies 
act to scatter phonons directly increasing phonon 
dispersion in the lattice. With increased dispersion, there 
is a high probability that phonon-phonon interactions 
will occur whereby the mean free path will be further 
reduced. The benefit of a 20-30% lower thermal 
conductivity by adding divalent transition metal dopants, 
as reported by Tamarin et al [I71 is attributed to this 
effect and in part to the dopants ability to attenuate 
radiation within the ceramic layer. 

For thermally sprayed TBC’s the typical grain size is of 
the order of I pm and for EB-PVD TBC’s the grain size 
varies from c.a. <<I pm at the interface whilst the 
column length is 100-250 pm in the bulk of the coating. 
These dimensions have little effect on the mean free path 
of phonons. However, these dimensions can have an 
effect on the radiative transport in the ceramic, where a 
reduction in the mean free path for photons from 250 
pm to 1 pm would cause a reduction in the radiation 
contribution to total thermal conductivity from I to 



Figure 5 photomicrographs of thermally sprayed (top) and EB- 
PVD TBC’s (bottom). showing the differences in microstructure 

0.005 W/m.K from equation [Z]. 

In real coating systems grain boundaries are associated 
with air-gaps (inter-splat boundary porosity and inter- 
column porosity in thermally sprayed and EB-PVD 
TBC’s respectively - Figure 5) and these have a 
significant effect on the thermal conductivity. The 
alignment of the inter-splat boundaries in the case of the 
thertnally sprayed coatings has by far the larger effect 
reducing the conductivity of zirconia-yttria TBC 
materials from theoretical values of 2.2-2.6 W/m.K to 
values in the range 0.7-0.9 W/.m.K (refer to Table 1). 
This behaviour is well documented and is due to the 
reduction of mean free paths of photons (radiative heat 
transfer) by scattering at the splat boundaries, but more 
importantly, by the reduction in the composite thermal 
conductivity due to the air-gaps [ 181. 

Figure 6 Effect of coating thickness on thermal conductivity of 
EE-PVD at room temperature 

PYSZ ceramic and bulk zirconia are essentially 
insensitive to coating thickness this is not the case for 
EB-PVD ceramics [19]. This behaviour is illustrated in 
Figure 6. 

The explanation for this increase in thermal conductivity 
with thickness relates to the unique columnar 
microstructure which characterise PVD ceramics when 
grown from the vapour phase. During deposition, 
competitive growth occurs, as illustrated in Figures 7 
and 8. This results in a decrease in the number of 
oblique columnar boundaries in the outer part of the 
coating as grains with “less favoured” growth directions 
are eliminated from the coating structure. The number 

3. THERMAL CONDUCTIVITY IN EB-PVD TBC’s 

Whilst the thermal conductivity of air plasma sprayed Figure 7 Differences in the column density for the nucleate 
zone (top) and the steady state region (bottom) 
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Figure 8 Schematic of an ES-PVD TEC and the associated 
variation of thermal conductivity for the hvo-layer model 

and distribution of columnar boundaries is responsible 
for the reduction in thermal conductivity. More 
boundaries mean additional centres capable of scattering 
thermal waves. Thus the thermal conductivity of an EB- 
PVD TBC can be modelled successfolly using a two- 
layer model, shown schematically in Figure 8 [l9]. The 
inner “nucleate” zone is dominated by defect/grain 
boundary scattering and this results in a lower 
conductivity of around I.0 W/m.K. With increasing 
thickness, the shuctore is characterised by a dominant 
crystallographic textore and the thermal conductivity 
increases as the outer pat of the coating becomes more 
perfect. In this outer zone the thermal conductivity 
approaches that of bulk zirconia at circa 2.2 W1m.K. 
The overall coating thermal conductivity results from the 
combined effect of these two layers and can be predicted 
using a rule of mixtores. For coating thicknesses (x) less 
than x, (IOOpm for the schematic illustrated in Figure 8) 
then 

k=k, 154 

while for coating thickness (x) greater than x, 

k= Xlk, + kxI) k 
- 2 

x x 

Figure 9 provides a comparison between predicted and 
measured thermal conductivities for EB-PVD zirconia 
thermal barrier coatings, illustrating the good agreement 
to experiment of this two layer thermal conductivity 
model. 

It should be expected that the thermal conductivity of 
chemical vapour deposited (CVD) ceramic should show 
a similar thickness dependence to EB-PVD zirconia as 
both coating morphologies are grown from the vapour 
phase. A study on the thermal conductivity of CVD 
deposited synthetic diamond confvms this hypothesis 
[19,20]. 

From the foregoing, it is evident that the manufachlring 

Flgure 9 Comparison between predicted and measured themlal 
conducbvities of EB-PVD TBC’s of varying thickness. 

process used to produce the thermal barrier coating 
strongly affects the coatings resultant thermal 
conductivity. Lamellar interfaces, parallel to the 
coating/substrate interface as produced in plasma 
sprayed ceramic, act to strongly scatter thermal waves 
reducing the coatings thermal conductivity. This 
behaviour is observed to a lesser extent in the inner 
growth zone of EB-PVD deposited coatings due to the 
inclined nature of many of these inner boundaries. 
Defect scattering most also play a role in this early 
deposition zone of EB-PVD ceramics. However, due to 
the competitive nature of coating growth for vapour 
deposited coatings a dominant growth textore is 
developed. This vertically aligned microstructure of the 
outer layer of an EB-PVD coating results in thermal 
conductivities close to that for the bulk ceramic. 

These observations would suggest that to further reduce 
the thermal conductivity of EB-PVD TBC’s one should 
introduce layers and/or additional phonon scattering 
centres into the coating. 

4. REDUCTION OF THERMAL CONDUCTIVITY IN 
EB PVD COATINGS BY LAYERING 

The former section discussing heat transfer into and 
through the ceramic has highlighted a number of 
methods capable of reducing the thermal conductivity of 
the zirconia ceramic. To reduce radiative transport 
‘colouring’ and ‘layering’ are possibilities, while 
introducing ‘atom dimension defects’, ‘local changes in 
ceramic density’ and ‘local variation in ceramic elastic 
modulus’ may be effective in reducing phonon 
conduction. 

As indicated earlier the plasma sprayed TBC shuctore is 
such that the contribution to total thermal conductivity 
by radiation is minimised by the lamelIar splat 
boundaries at a typical spacing of I pm. If this 
attenuation of the radiative transport mechanism could 
be applied to EB-PVD it could make a significant 
contribution to the reduction of the thermal conductivity, 
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especially at high temperatures. Thus layering of the 
ceramic appears a most promising route to lower the 
ceramics thermal conductivity, especially if it can be 
coupled with charging the local density or elastic 
modulus of the material. A suitable periodic& of the 
layers should be 0.2-2.0Fm (between h and A/4 for an 
incident radiation of 0.5-5.0 pm), which is able to scatter 
photons and thus reduce radiative transport. This 
concept of layering within each column of an EB-PVD 
coating is illustrated schematically in Figure 10. 

To reduce phonon conduction layer periods would have 
to be of near atomic dimensions (0.3-2.01~11) and this is 
not considered feasible, although it should be possible to 
locally change either the elastic modulus or density of 
the ceramic by introducing atomic level defects into the 
lattice. 

The PVD process offers a number of ways to tailor 
coating microstructures and thereby introduce multi- 
layers, since both the column angle and morphology 
may be influenced by variations in the flux density and 
the direction this flux subtends to the substrate surface 
WI. 

Three alternative EB-PVD processing routes could be 
used to generate layering within the columns. 

Route 1 varying the speed of rotation of the parts 
during coating 

Route 2 rocking the substrate between two fixed tilt 
angles. 

Route 3 varying the degree of ion bombardment to 
change the density of the ceramic. 

The principle behind each of these routes is to introduce 
interfaces into each of the column shuctwes which are 
essentially parallel to the ceramic/bond coat interface, 
but without disrupting the overall columnar structure 
that provides the coating with its good strain tolerance 
and erosion resistance. Thus, these layered stmch~res 
should offer the best of the properties currently available 
from commercial EB-PVD coatings and thermally 
sprayed ceramic coatings, namely low thermal 
conductivity, good strain tolerance and good erosion 

resistance. The concept is the subject of a European 
patent [22]. 

This paper focuses on the use of ion bombardment to 
create layers in the EB-PVD structure with varying 
density. 

4.1 Laverine by Plasma Assisted Deposition 

This method uses a glow discharge plasma to vary the 
density of the ceramic during deposition. Figure I1 
illustrates a typical micmgraph of the morphological 
changes that can be introduced. 

The layers were produced by switching the D.C. bias 
applied to the substrate between high and low levels 
during deposition. This has the effect of periodically 
changing the degree of ion bombardment and thus 
altering the density of the layers produced. The 
micrograph illustrated in Figure 11, was produced by 
switching between a D.C. bias with a peak voltage of 
25OOV and ground. The degree of bombardment that is 
attained depends on the applied bias and local current 
density, current densities typically greater than 
O.lmA/cm* are required to achieve a significant density 
change [22]. 

The measured thermal conductivity for this 
microstructure is significantly lower than that for a 
coating produced without ion bombardments (Figure 
12). Reductions of the order of 37-45% compared to 
state-of-the-art EB-PVD TBC’s have been measured for 
these layered stmctures that are approaching the values 
for thermally sprayed TBC systems. 

Figure 11 Layered structures introduced by PAPVD processing 
of the ceramic TOD aeneral wew. bottomdetail of a boundaw- 

region. 

Figure 10 Schematic of layering within an EB-PVD column to 
reduce radiative heat transfer within the coating. 
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Figure 12 Relative thermal conductivity of modified EB-PVD 
TBC systems compared to state-of-the-art EB-PVD and 

thermally sprayed TBC’s. 

Clearly, the combination of layering at micron 
dimensions and the introduction of density change from 
layer to layer work in combination to significantly 
reduce the thermal conduction of the coating. As 
discussed earlier the layering periodic@ has been 
selected to significantly reduce photon transport, while 
local changes in layer density act to scatter phonons and 
thus reduce thermal conduction by lattice vibrations. 

Using this process route it has been possible to introduce 
layers into individual columns, without change the 
overall vertical columnar microshuchlre required for 
good strain, tolerance and good erosion resistance. For 
example, it can be seen from Figure I3 that layering 
produces no significant deterioration to the erosion 
performance of an EB-PVD thermal barrier coating. 

Also it is possible by programming the sequencing of 
bias application to tailor the position of the layers in the 
coating. This potentially has benefits in allowing the 
properties of the coating to be varied from the surface to 
the interface. For example more erosion resistant 
struchxes could be generated at the outer surface of the 
coating with the application of bias in this region, whilst 
the inner zone of the coating is layered to lower the 
thermal conductivity. To demonstrate this a coating was 
produced where the early deposition has no bias applied, 
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Figure 13 Erosion performance of varuious modified EB-PVD 
wattngs. 

Figure 14 An example of a tailored EB-PVD layered structure 

followed by a region with bias and high ion current 
density to produce maximum density changes between 
layers. This was followed by a region of low current 
density giving low density differences between layers 
and finally a region of high current density giving a 
denser structure. (Figure 14). 

4.2 Addition of dopants to reduce thermal conducti+ 

Tamarin and co-workers [I71 have examined the 
addition of divalent transition metal oxides to reduce the 
thermal conductivity of zirconia-yttria TBC’s. As eluded 
to earlier this has hvo effects, firstly to reduce the 
phonon transport in the material and secondly a 
reduction in the radiative transport mechanism. The use 
of a divalent transition metal oxide introduces vacancies 
as well as strain centres into the lattice both of which 
will reduce the phonon mean free path In addition this 
doping changes the colour of the TBC material to dark 
grey, reducing radiation transport in the visible range 
and by inference in the near infra-red. 

Following this concept of dopant additions, further 
reduction in phonon thermal conductivity could be 
achieved by the selection of low levels of dopant which 
maximise lattice strain and lattice anharmonicity. This is 
best achieved by the addition of transition metal ions 
with high mass and large ionic radii. 

5. SUMMARY OF REMARKS AND CONCLUSIONS 

This paper has examined the factors that control the 
thermal conductivity of thermal barrier coatings and has 
highlighted the significance of three factors capable of 
lowering the coating thermal conductivity. 

I) Colouring of the coating by addition of dopant 
materials can be used to increase the opaqueness to 
infra-red radiation and therefore radiative transport 
through the coating. 
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2) Atomic level defects, such as atoms of differing 
mass, vacancies etc. CM be introduced by adding 
dopants or by ion bombardment. These are effective in 
reducing phonon conduction, i.e. heat transfer by lattice 
vibrations (Figure 15). A recent patent by Stmngman 
[23] describes a TBC system with stabilised porosity 
wherein the pores are coated with a nobel metal (Figure 
16). This stabilised poriosity along with the nobel metal 
coating is claimed to reduce the thermal conductivity 
and improve its sintering behaviour at high 
temperatures. 

3) Layering, can be used to introduce interfaces parallel 
to the ceramic bond coat interface and is effective in 
reducing both radiative and phonon transport. The layer 
periodic@ when set at levels between 0.5 and 2.Opm is 
effective in reducing photon transport, when coupled 
with a significant change in layer density from one layer 
to another. These local changes to the ceramic density 
are also believed to be effective in reducing phonon 
conduction. Thus layering has been shown to be a most 
effective method of modifying the thermal conductivity 
of EB-PVD thermal barriers (Figure 16). 

By using a switched D.C. bias, applied to the substrate it 
is possible to introduce these layers during the 
deposition processes. The degree of ion bombardment 
contmls the density changes achieved, thus allowing 
tailoring of the ceramic microshucture to engineer the 
most appropriate mechanical and thermal properties in 
the coating for the operational requirements placed on it. 

6. ACKNOWLEDGEMENTS 

The authors wish to acknowledge the sponsorship of the 

Figure 15 Schematic of EB-PVD TBC systems with stabilised 
porosity after Strangman 

Figure 16 Summary of the reductions achievable in thermal 
conductivity in zirconia thermal barriers as a result of alloying 

and layering the strwturc 

following organisations during work on the development 
of advanced thermal barrier coating systems: Rolls 
Royce plc, DERA, CEC and the EPSRC. 

7. REFERENCES 

I. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10 

Brandon I. R., Taylor R. and Morrell P. 
“Microstructure, composition property. 
relationships in plasma-sprayed thermal barrier 
coatings”, Surface and Coatings Technology, 2, 
(1992) 141. 
Liebert C. H. et al, “Durability of zirconia thermal 
barrier coatings on air cooled turbine blades in 
cyclic jet engine operation”, NASA TMX-3410 
(1976). 
Grisaffe S. J., “Thermal barrier coatings” NASA 
TMX-78848 (1978). 
Driver D., Hall D. W. and Meetham G. W., in “The 
development of the gas turbine engines”, Applied 
Science Publishers (London), 198 I. 
Rickerby D. S. and Morrell P., “Design and 
development of EB-PVD thermal barrier coatings 
for gas turbines” in “High Temperamre 
Engineering” Institote of Materials, London UK 
(1997) to be published. 
Stmngman T. E. “Tailoring zirconia coatings for 
performance in a marine gas turbine environment” 
Journal of Engineering for Gas Turbines and 
Power, Vol. 112. 
Nicholls J.R., Yaslier Y. and Rickerby D. S., 
“Erosion and foreign object damage of thermal 
barrier coatings” in 4* Int. Symp. on High 
Temperature Corrosion, Les Emhiez, France, May 
1996 
M&r S. M. and Gupta D. K., “The evolution of 
thermal barrier coatings in gas turbine engines 
applications”, Trans. ASME, l& (1994), 250. 
Ragaswami S. European Patent, EP0166 097 
(1988) 
Klemens P. G., “Thermal conductivity of solids”, 
Ed. R. P. Tye, Volume 1, Publ. Academic Press 
London (1969). 

Il. Parrott J. E. and Stockes A. D. “Thermal 



12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

conductivity in solids”, Publ. Pion Limited, (1975). 
Peterson R. B., “Direct simulation of phonon 
mediated heat transfer in a Debye crystal”, Tram 
ASME I. Heat Transferu, 815, (1994). 
Slack G.A.,“Thermal conductivity of nonmetallic 
solids”, in Solid State Physics; Advances in 
research Applications, 34, ~~1-74, Academic Press 
(1979) 
Kingely W.D., “Introduction to Ceramics”, 2nd 
Edition, J.Wiley (1976). 
Morrell P. and Taylor R., “Thermal diffisivity of 
thermal barrier coatings or ZrO2 with Y203”, 
High Temperatures-High Pressures, 17, (1985) 79. 
Klemens P. and Gell M., “Thermal conductivity of 
TBC’s”, in the proceeding of the TBC Workshop, 
Cincinnati Ohio, May (1997). 
Tamarin Y. A., Kachanov E. B. and Zherzdev S. 
V., “Themmphysical properties of ceramic layers 
in EB-TBC” in 4’ Int. Symp. on High Temperature 
Corrosion, Les Embiez, France, May 1996 
Hassleman D.P.H and Singh J.P, “Effects of cracks 
on thermal conductivity”, I. Compos. Mater., 12, 
403, (1978). 
Lawson K. J., Nicholls J. R. and Rickerby D. S., 
“The effect of coating thickness on the thermal 
conductivity of CVD and PVD coatings”, 4’ Int. 
Conf. on “Advanced in Surface Engineering”, 
Newcastle, UK, 1996. 
Graebner J. E., Jin S., Kammlott G. W., Bacon B., 
Seibles L. and Banholzer W., J. Appl. Phys. 11, 
(1992) 5353. 
Lawson K. J., Nicholls J. R. and Rickerby D. S, 
“TheIlIlal conductivity and ceramic 
microshucture” in High Temperature Engineering” 
Institute of Materials, London UK (1997) to be 
published. 
Rickerby D. S., European Patent EP 0628090 Bl 
(1993). 
Strangman, T.E., US Patent, 5,512,382, (1995). 


