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A review is presented of how heat transfer takes place in plasma-sprayed (zirconia-based) thermal
barrier coatings (TBCs) during operation of gas turbines. These characteristics of TBCs are naturally of
central importance to their function. Current state-of-the-art TBCs have relatively high levels of porosity
(~15%) and the pore architecture (i.e., its morphology, connectivity, and scale) has a strong influence on
the heat flow. Contributions from convective, conductive and radiative heat transfer are considered,
under a range of operating conditions, and the characteristics are illustrated with experimental data and
modeling predictions. In fact, convective heat flow within TBCs usually makes a negligible contribution
to the overall heat transfer through the coating, although what might be described as convection can be
important if there are gross through-thickness defects such as segmentation cracks. Radiative heat
transfer, on the other hand, can be significant within TBCs, depending on temperature and radiation
scattering lengths, which in turn are sensitive to the grain structure and the pore architecture. Under
most conditions of current interest, conductive heat transfer is largely predominant. However, it is not
only conduction through solid ceramic that is important. Depending on the pore architecture, conduction
through gas in the pores can play a significant role, particularly at the high gas pressures typically acting
in gas turbines (although rarely applied in laboratory measurements of conductivity). The durability of
the pore structure under service conditions is also of importance, and this review covers some recent
work on how the pore architecture, and hence the conductivity, is affected by sintering phenomena.
Some information is presented concerning the areas in which research and development work needs to
be focussed if improvements in coating performance are to be achieved.

Keywords plasma spray coatings, pore connectivity, sintering,
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1. Introduction

Improvement in the performance of thermal barrier
coatings (TBCs) remains a key objective for further
development of power generation, marine, and aeroengine
gas turbines. This review is focused on plasma-sprayed
(PS) TBCs, which are widely used in power generation and
marine turbines, although most of the issues and effects
described here apply equally to (zirconia) TBCs produced
by physical vapor deposition (PVD), which are currently
used for most of the moving components in the high
temperature regions of aeroengines. Gas temperatures at

turbine entry can be as high as 1750 K and thermal barriers
are sought giving temperature drops across them of 200 K
or more. Furthermore, there is continued interest in raising
turbine entry temperatures above current levels, since
this is the main potential source of improvements in
engine efficiency. In order to achieve this, and avoid
overheating the metallic components, the thermal con-
ductance of the coating must be low—preferably below
about 1 kW m�2 K�1, which, for a coating with a conduc-
tivity of 1 W m�1 K�1, requires a thickness of about 1 mm.
This is proving to be a major challenge, particularly since
the coating must retain a low conductivity, and remain
mechanically stable, when exposed to prolonged high
temperatures, high heat fluxes, thermal cycling in contact
with a metallic substrate (of higher thermal expansivity)
and high speed impact by particulate matter. A thin coat-
ing with a low conductivity is preferable to a thicker one
with a higher conductivity, since thicker coatings are more
prone to spallation and also constitute a greater parasitic
mass. If a coating could be devised that was thermo-
mechanically stable with a thickness of about 0.5 mm, and
had a conductivity under turbine operating conditions
below about 0.5 W m�1 K�1, then this would be regarded
as an advance of profound significance.

The microstructure of PS TBCs comprises overlapping
splats lying approximately parallel to the substrate,
with interlamellar (inter-splat) pores oriented normal

I.O. Golosnoy, School of Electronics and Computer Science,
University of Southampton, Southampton SO17 1BJ, UK;
A. Cipitria, Department of Materials, CEIT, San Sebastián,
Spain; and T.W. Clyne, Department of Materials Science &
Metallurgy, Cambridge University, Pembroke Street, Cambridge
CB2 3QZ, UK. Contact e-mail: twc10@cam.ac.uk.

JTTEE5 18:809–821

DOI: 10.1007/s11666-009-9337-y

1059-9630/$19.00 � ASM International

Journal of Thermal Spray Technology Volume 18(5-6) Mid-December 2009—809

P
e
e
r

R
e
v
ie

w
e
d



to the heat flux direction, through-thickness intra-splat
microcracks (created during splat quenching) and glob-
ular voids. These features confer low through-thickness
thermal conductivity (K ~ 1 W m�1 K�1) and low
in-plane stiffness (E ~ 20 GPa). The latter is beneficial in
reducing the stresses that arise during thermal cycling as
a consequence of the mismatch in expansivity between
substrate (a ~ 11-15 9 10�6 K�1) and coating (a ~ 9-11 9
10�6 K�1).

Various models have been developed for simulation
of heat flow through different types of composite and
porous material (Ref 1, 2). Attention is focussed here on
two-component systems, in which the second component
is in the form of gas-filled pores. Such systems can be
modeled as incorporating randomly distributed pores
(Ref 3-6), contact resistance (Ref 7-9), or periodic struc-
tures (Ref 10, 11). Randomly distributed inclusions, at
dilute concentrations, have been modeled, assuming them
to be noninteracting (Ref 4, 5), whereas, for higher
porosity levels, self-consistent (Ref 12, 13), and effective
medium (Ref 3, 14) models have been developed. The
latter considers an isolated inclusion to be located within a
material with an effective conductivity, which differs from
that of the real matrix.

Several models have been developed specifically for PS
coatings and other layered systems, taken as being com-
posed of arrays of solid lamellae, with small contact areas
between them. McPherson (Ref 7) assumed two inde-
pendent heat fluxes to arise in such a system, one through
the contact areas and the other through the pores. He
ascribed a thermal resistance to the contact regions. The
thermal resistance of the lamellae (Ref 8) and oxidation
of the contact areas (Ref 9) have also been incorporated
into such models, with heat flow through the pores being
ignored. The original 2D shear lag analysis of Lu and
Hutchinson (Ref 11), designed for cross-ply composites
with matrix cracks, has since been extended to PVD TBCs
by Lu et al. (Ref 10), treating them as exhibiting a 2D
periodic structure of thin cracks in a uniform matrix.
Golosnoy et al. (Ref 15) developed a model to predict the
thermal conductivity of layered structures with periodic
contacts, representative of PS TBCs.

During service, TBCs are exposed to high temperatures
for extended periods, leading to sintering effects. Conse-
quently increased through-thickness thermal conductivity
(Ref 16-18) has been widely reported, and correlated with
growth of the inter-splat contact area (Ref 7, 15). It is also
clear that grain growth, and associated reduction in the
scattering of radiation, can contribute to increased heat
transfer. Increases in coating stiffness (Ref 19-21) also
occur during sintering, as a consequence of inter-splat
locking and splat stiffening, leading to increased danger of
spallation (Ref 18, 20, 22-26). This is particularly prob-
lematic (Ref 27-31) when it is accelerated by the presence
of impurities, such as calcia-magnesia-alumina-silica
(CMAS), either from the original powder or deposited
during service. This concern relates equally to both PS and
PVD coatings. Recent work on the modeling of such sin-
tering, and its effect on thermal conductivity, is included in
this review.

2. Basic Heat Transfer Characteristics

2.1 Heat Flow in Porous Media

A schematic representation is shown in Fig. 1 of the
mechanisms by which heat transfer can occur in porous
ceramic materials such as PS yttria-stabilized zirconia
(YSZ). Characteristics of conduction in solids, and of
radiative transmission, are described in standard sources
(Ref 32-34). Conduction in gases is also well-characterized,
with conductivity being dependent on the molecular mean
free path, k, which in turn is a function of temperature and
pressure (Ref 35)—see Fig. 1. At ambient temperature and
pressure, k has a value of about 60 nm, falling to 2 nm at
30 bar and rising to 400 nm at 2000 K. The gas conduc-
tivity within a pore is close to that of the free gas (e.g.,
Kair ~ 0.025 W m�1 K�1), provided the dimensions of the
pore are much larger than the mean free path
(L > ~10 k). However, it falls below the free gas value if
the pore structure is finer than this and can approach that
due solely to gas molecule—wall collisions (Knudsen
conduction) if L is less than k. This would require an
exceptionally fine pore structure (unless the gas pressure
were low and the temperature high), but even moderately
fine structures (L < ~1 lm) can lead to conductivities
significantly below that of the free gas. Of course, all gas
conductivities are normally much lower than those of sol-
ids, which usually fall between ~1 and ~300 W m�1 K�1.

It is worth noting that, while it is attractive for all
operative heat transfer mechanisms to be incorporated
into a single ‘‘conductivity’’ value for the coating material,
this cannot be done rigorously. Even if it is assumed that
convection can be ignored within TBCs (see Section 2.2),
radiation is potentially significant and this contribution to
the heat flux is sensitive to the absolute temperatures of
the heat source and sink, rather than just the difference
between them, as for conduction. Of course, it is possible
to ascribe an approximate contribution to the conductivity
from radiation, provided the temperatures involved are
specified, but it may be preferable to model the radiative
heat transfer (during operation of a gas turbine) sepa-
rately from that due to conduction. Conduction through
the gas in pores, and radiative heat transfer, within
PS YSZ are treated in more detail below (Sections 3.2
and 3.3).

2.2 Scale Effects, Convective Heat Transfer,
and Segmentation Cracks

The scale of the pore structure (and the grain size) can
also affect radiative heat transfer, since radiation can be
scattered by interfaces (and by grain boundaries). A fine
scale structure thus tends to result in increased scattering
and reduced transmission (see Section 3.3). Another
effect of scale relates to the possibility of convection
within or between pores (Ref 36-38). It can readily be
shown (Ref 2) that convective heat transfer within closed
pores is only likely to be significant if they are very large
(L > ~10 mm). If the pressure is high (but the tempera-
ture is not), then this minimum size falls, but in general
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such (closed cell) convection can be neglected for most
porous materials, and certainly for PS TBCs. While most
porosity in TBCs is normally inter-connected, convective
heat transfer through the porosity network can also be
neglected (Ref 2). However, it should be noted that, when
gross through-thickness cracks, sometimes termed ‘‘seg-
mentation cracks’’ (Ref 39, 40), are present in TBCs, then
flow of (high temperature) gas into them is likely to be
extensive, and to effect considerable heat transfer to the
substrate. This is a major drawback to having such cracks,
which are sometimes seen as beneficial because they
improve the mechanical stability, by relaxing residual
stresses within the coating, and reducing the associated
danger of spallation.

2.3 Eshelby-based Analytical Model
for Porous Media

Prediction of the effective thermal conductivity is in
principle straightforward for most composite systems,
including porous materials (for which the voids, with or
without gas content, can be treated as the added constituent
or ‘‘reinforcement’’). Various treatments (Ref 1, 41, 42)
have been developed for prediction of the thermal con-
ductivity of composites, as a function of the volume fraction
and geometry of the ‘‘reinforcing’’ constituent. An example
is provided by the plots shown in Fig. 2, which were
obtained using the Eshelby method (Ref 2, 41). This leads to
the following tensor equation for the conductivity in the
presence of a volume fraction p of insulating ellipsoid-
shaped voids

K ¼ K�1
m � p Km S� pðS� IÞ½ � �Kmf g�1

h i�1

ðEq 1Þ

where Km is the matrix conductivity, S is the Eshelby
tensor (dependent on ellipsoid aspect ratio s), and I is the
identity tensor. The plots in Fig. 2(a) are for oblate
ellipsoids, with aspect ratios between unity (spheres) and
zero (disk-shaped cracks). It can be seen from Fig. 2(b)
that most porous materials, including PS TBCs, exhibit
conductivities below that of the Eshelby predictions for
spherical inclusions. This is primarily due to inadequacies
in the geometrical assumptions, since large changes in
conductivity can result from the presence of cracks with
high aspect ratios—see Fig. 2(a). Of course, the pore
architecture is in most cases more complex and convoluted
than a set of isolated ellipsoids (Ref 43). The original
Eshelby method is based on a set of identical inclusions,
but it is possible to create a variety of inclusions, provided
they are at dilute concentrations (Ref 4, 5). Furthermore,
explicit relationships have been suggested (Ref 44)
between the conductivity of a porous material in vacuum
and its elastic constants. However, all methods of this
type, based on an equivalent continuum representation of
conductive heat flow, do have inherent limitations when
applied to highly porous materials, particularly when
radiative and/or convective heat transfer is possible.

It is in any event clear that a high void content can
lead to a very low thermal conductivity ratio, but in
practice other requirements, such as a minimum
mechanical strength and erosion resistance, may also be
important and in general materials that might be

Fig. 1 Schematic representation of heat transfer mechanisms in zirconia-based PS TBCs (The value of 0.2 in the equation refers to air:
for other gases, this constant can vary between about 0.12 and 0.56.)
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described as foams are not sufficiently durable for use as
TBCs in the environment of a gas turbine.

2.4 Contact-Based Analytical Models
for Plasma-Sprayed TBCs

Since contacts (bridges) between splats are key features
of the microstructure of PS coatings, several models based
on their role have been proposed (Ref 7, 8, 15). These
incorporate appropriate combinations of a contact con-
ductance and the conductance associated with heat flow
inside splats or through gas in pores. The earliest model,
that of McPherson (Ref 7), assumes small, noninteracting
bridges, whereas the most recent, from Golosnoy et al.
(Ref 15), treats a combination of heat funnelling
through regions of contact and direct conduction through
surrounding regions. Contact-based models have both
advantages and disadvantages in comparison with
Eshelby-based models. Most of the pores in PS TBCs are
interconnected and the inter-splat contacts are an integral
part of the overall architecture. Such a realistic represen-
tation of the 3D geometry is important if predictions of
thermal (or elastic) properties are to be linked with

modeling of the microstructural evolution due to sintering.
On the other hand, while it is possible to incorporate
anisotropy of inter-splat crack orientation in contact
models, averaging operations of this type are more
complex and difficult than with generalized continuum
(Eshelby method) techniques.

A comparative study of both approaches (Ref 15) has
suggested that they represent different, but almost
equivalent, representations of the microstructure. The
major challenge for both methods is to establish reliable
microstructural characterization parameters, using what-
ever experimental methods are appropriate. Optical and
electron (scanning and transmission) microscopy are
obvious techniques, although the fine scale of the pore
structure creates challenges and there are serious dangers
that sectioning and polishing, and possibly other types of
preparation such as fracturing, can substantially distort
what is seen. In any event, such direct observation is more
relevant to contact-based models than to continuum
models. Other experimental techniques, such as small
angle neutron scattering, appear more relevant to con-
tinuum models, but in reality their relevance and reli-
ability remain largely unproven.

3. Heat Flow in Plasma-Sprayed Zirconia

3.1 Composition and Microstructure

A wide range of base materials have been explored for
TBCs, and many are still being considered, but the current
industry standard in gas turbines is ZrO2-7-8wt.% Y2O3,
i.e., YSZ, deposited either by PS or PVD. In both cases,
the porosity level is typically around 10-15%. Sprayed
TBCs tend to have somewhat lower conductivities (typi-
cally quoted as ~1 W m�1 K�1, i.e., about 40% of the
value for fully dense tetragonal polycrystalline YSZ,
which is reported (Ref 45, 46) to be ~2.5 W m�1 K�1 at
room temperature and to fall progressively to ~2.0
W m�1 K�1 at high temperatures (Ref 47)). However,
coatings produced by PVD are usually regarded as
mechanically more stable. Sprayed coatings are typically
~0.3-0.8 mm in thickness, while those produced by PVD
would commonly be ~0.2-0.5 mm. Of course, PVD is a
slower and more expensive process than plasma spraying.

There has been extensive study (Ref 31, 48-54) of
microstructural features exhibited by PS YSZ and of
changes induced under service conditions (Ref 26, 55, 56).
The main features are a series of interfaces parallel to the
plane of the coating (normal to the heat flow direction),
representing boundaries between the splats formed
from incident molten droplets. These interfaces are often
rather poorly bonded and the associated thin gaseous
layers between splats reduce the through-thickness con-
ductivity. Fine columnar grains form during solidification,
aligned normal to the plane of the coating. There has also
been study (Ref 57-59) of radiation transmission charac-
teristics. The material is relatively transparent to wave-
lengths in the near infra-red, although this radiation is
strongly scattered by interfaces and grain boundaries.

Fig. 2 Predicted (Eshelby method) dependence of thermal
conductivity (as a ratio to that of the matrix) on: (a) void content
and shape (s is the aspect ratio of insulating, oblate ellipsoidal
inclusions) and (b) void content only, for spherical inclusions,
plotted together with approximate experimental data for a wide
selection of highly porous materials
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3.2 Conduction Through Gas in Pores

The thermal conductivity of a gas, Kg, in a constrained
channel of length dv can be estimated using the empirical
expression (Ref 60)

Kg ¼ K0
g 1þ 4c

cþ 1

2�A

A

k
dv Pr

� ��1

ðEq 2Þ

where Kg
0 is the unconstrained conductivity of the gas at

the temperature concerned, c = Cp/Cv is the specific heat
ratio, A is the accommodation coefficient (A ~ 1 for TBCs
(Ref 7)), Pr is the gas Prandtl number, and k is the mean
free path of gaseous atoms or molecules. Assuming ideal
gas behavior for the mean free path (Ref 61), k is pro-
portional to T/P, where P is the pressure and T is the
absolute temperature, allowing Eq 2 to be rewritten in
more convenient form (Ref 60):

Kg ¼
K0

g

1þ BT=ðdvPÞ ðEq 3Þ

where B is a constant which generally depends, not only
on the gas type, but also on the solid surface material,
surface roughness, and gas-solid interactions (Ref 7, 35).
Several approximations have been suggested (Ref 7, 60,
62). Substituting k = 60 nm for air and k = 72 nm for argon,
at room temperature and atmospheric pressure, in Eq 2
leads to (Ref 61, 63) B ~ 6.6 9 10�5 Pa m K�1 for air and
8.5 9 10�5 Pa m K�1 for argon. There are analytical
expressions available for Kg

0 as a function of temperature,
but in practice it is usually preferable to use experimental
data. Figure 3 shows measured values for Kg

0 of air
(Ref 64), together with predicted values of Kg, as a func-
tion of temperature and pressure, for a pore thickness of
100 nm. It can be seen that both temperature and gas

pressure have significant effects. In this context, it may be
noted that the pressure in the vicinity of a turbine typically
varies between atmospheric and 40 bar. Furthermore, the
gas permeability of TBCs is known (Ref 65, 66) to be high,
so that such pressures will quickly become established
throughout most of the pore network within a coating. At
atmospheric pressure, dv is less than k, and Knudsen heat
transfer is operative in pores. This gives a weak depen-
dence of Kg on temperature—see Fig. 3. However, at
P ~ 40 bar, dv � k and Kg rises to a value similar to that
in free air, Kg

0. In fact, experimental measurements of the
thermal conductivity of TBCs are normally carried out at
atmospheric pressure or below (i.e., with higher k), in
which case the conductivity of gas in the pores will be
appreciably lower. Furthermore, measurements are often
made only at room temperature, also giving lower con-
ductivities. For example, at T = 300 K and P = 1 bar,
the conductivity of air within fine pores is ~0.01
W m�1 K�1, whereas at T = 2000 K and P = 40 bar it is
~0.1 W m�1 K�1. Such differences turn out to have sub-
stantial effects on the overall conductivity of the
TBC—see Section 3.4.

3.3 Radiative Heat Transfer

Depending on the temperature and scattering charac-
teristics, radiative heat transfer can be significant in gases
and translucent solids. The interaction of radiation with a
thermal field is complex and coupled conduction-radia-
tion transport equations (Ref 32) should be solved.
However, by averaging the wavelength dependence of
absorption (j) and scattering (b) coefficients, and
assuming isotropic scattering, approximations (particu-
larly the Milne-Eddington approximation) describing the
overall 1D heat transfer can be made (Ref 32, 67).
According to this approximation, the radiation flux falls
to about e�1 of its initial value within a radiation decay
distance Lr ~ (3ja)�0.5, in which a (=b+j) is an extinction
coefficient. The incident beam intensity decays more
rapidly than this, since the scattering distance for radia-
tion is a�1. However, when radiation inside a TBC
becomes diffused, there is a certain amount of re-emis-
sion and it is reasonable to treat Lr as a characteristic
length for decay of the net radiative flux.

The heat flow in TBCs is not unidirectional. The pro-
cess is complex and has 3D geometry. However, a diffu-
sive approximation (with the radiative contribution to
overall heat transfer characterized by a ‘‘conductivity’’
which is added to that from conduction) is appropriate in
certain cases. The first is under conditions of strong
absorption, in which case Krad is given by

Krad �
16n2

3a
rSBT3; ðEq 4Þ

in which rSB is the Stefan-Boltzmann constant and n is the
refractive index. The value (Ref 57) of n for PS YSZ, in
the wavelength range of interest, is ~2.1. Radiative heat
transport is in general the outcome of multiple scattering
and absorption events, as well as direct radiative transfer.
It can be shown (Ref 32) that, under strong absorption

Fig. 3 Predicted effect of temperature and pressure on the
thermal conductivity of air in pores with a thickness of 100 nm;
the experimental data of Incropera and Dewitt (Ref 64) for the
conductivity of free air, which are also shown in the plot, were
used as a base for the predictions
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conditions, the net flux is controlled by the extinction
coefficient a, and not by Lr. Furthermore, free surface and
interface boundary conditions are not relevant to Eq 4,
since it relates to a region of thickness Lr, which is much
smaller than the coating thickness, H.

The second case is when there is very little absorption.
In this case, radiation does not ‘‘sense’’ the local temper-
ature field and the radiative heat flux can be completely
separated from that due to conduction. Boundary condi-
tions play a role in conduction if a�1 is smaller than H. In
this case, Eq 4 should be modified.

Krad �
4n2

ð3a=4þH�1ðe�1
t þ e�1

b � 1ÞÞ
rSBT3 ðEq 5Þ

where et and eb are absorptivities of top and bottom sur-
faces, respectively. This equation is expected to be valid if
H < Lr. Otherwise, the radiation starts to couple with the
conduction (Ref 67).

The absorptivity (Ref 68) of YSZ is approximately
constant (j ~ 10 m�1) over the range T ~ 300-1300 K, but
rises sharply (Ref 69-71) to j ~ 2 9 103 m�1 as the tem-
perature is raised to 2000 K. The scattering coefficient for
PS YSZ has been estimated (Ref 59) as b ~ 5 9 104 m�1

for a wavelength of 2 lm. Since n is unlikely to vary much
with temperature (Ref 72), b is a function of pore size
only, and is temperature-independent.

Predictions from these equations are summarized in
Fig. 4. Figure 4(a) shows the radiation decay length Lr, as
a function of T, for PS YSZ, before and after a substantial
heat treatment. Sintering effects (see Section 4) are likely
to decrease b and increase Lr. The scattering length b�1

for PS YSZ is thus expected to be higher after sintering,
and has been reported (Ref 68, 70) to reach about 50 lm
after extensive heat treatment. At low temperatures
(<1500 K), radiation transfers heat directly through the
coating, whereas at higher temperatures absorption and
re-radiation inside the coating play an increasing role, and
Eq 4 should be used. The radiative conductivity at high
temperatures is thus as shown in Fig. 4(b), for different
scattering lengths, which will in turn be a function of
grain size. It can be seen that the radiative contribution
starts to become significant for temperatures above about
1500 K. At 1500 K, Krad ~ 0.05-0.1 W m�1 K�1, whereas
at 2000 K it could (Ref 16, 45) raise the conductivity value
(~1 W m�1 K�1) by over 20%. Furthermore, this would
rise to a 50% increase if the radiative decay distance were
to be increased to 50 lm, which could occur as a result of
extensive sintering. Clearly, the insulating capacity of a
coating is thus likely to be significantly reduced if the
temperature is very high and/or extensive sintering has
occurred.

3.4 Overall Conduction Through TBCs—The ‘‘Two
Flux Regimes’’ Analytical Model

In order to incorporate the effects of both heat transfer
through the gas in pores, and within the zirconia itself, and
also the architecture of the pores, some kind of simulation
is required of the geometric arrangement, and the way
that heat flows through it. Such a model was presented

recently by Golosnoy et al. (Ref 15). The basis of this
model (in which the proportionate area of a splat in
contact with its neighbors is an important parameter) is
illustrated in Fig. 5. The main feature is division of the
overall heat flux into two regimes, one in which conduc-
tion occurs through the contact ‘‘bridges’’ between
adjoining splats, with some ‘‘funnelling’’ of heat flow
toward these regions of low thermal resistance, and one
involving unidirectional conduction successively through
the splats and the intervening air gaps. The width of the
‘‘funnelled’’ zone is found by establishing the value giving
the highest overall rate of heat transfer—see Fig. 5.
Implementation of the model involves use of some simple
analytical equations. As can be imagined, depending on
the ratio of the conductivities of gas and solid, the
predicted value (Ref 15) of the effective conductivity is
sensitive to the relative area of bridged contact Abr/Atot.
The two micrographs shown in Fig. 5, taken before and
after a heat treatment, illustrate how this contact area can
rise sharply as a consequence of sintering effects—see
Section 4.

Some predictions from this model are shown in Fig. 6,
together with experimental data from Ratzer-Scheibe
et al. (Ref 73, 74). The spraying conditions, and coating

Fig. 4 Predicted dependence on temperature of (a) net
radiation absorption distance, Lr, and (b) radiative thermal
conductivity
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microstructures, were similar to those reported elsewhere
(Ref 31, 75-77). The predictions shown were obtained
using input data, and predictions from the sintering model,
shown in Table 1. The experimental measurements were
made in vacuum, and under 1 bar of argon, on PS YSZ
TBCs given a prior heat treatment. It can be seen in Fig. 6
that agreement between measured and predicted data is
good in terms of absolute magnitude, dependence on
temperature and the effect of the presence of the argon.
The figure also illustrates the fact that significant increases
in effective conductivity are predicted to arise from the
presence of gas (air) under high pressure within the pores.
For example, it is predicted that, at 1500 K, this would
cause the effective conductivity to rise from ~1.1 to
~1.4 W m�1 K�1. Unfortunately, there are virtually no
experimental data available in the open literature for TBC
conductivities measured under these high gas pressures,
and in general the equipment used is not suitable for such
testing. Nevertheless, these are the conditions under which
gas turbines normally operate. It is, therefore, clear that
further work is needed in this area. It is also clear that
sintering, which can certainly occur under service condi-
tions, raising both the inter-splat bridge area and the grain

Fig. 5 Schematic representation of the ‘‘two flux regimes’’ model (Ref 15) for heat flow through a set of plates connected via bridges,
together with SEM micrographs of PS YSZ, before and after a heat treatment of 50 h at 1300 �C

Fig. 6 Comparison between experimental data of Ratzer-
Scheibe et al. (Ref 73, 74) and predictions from the model of
Golosnoy et al. (Ref 15), for the dependence of the measured
(effective) conductivity of PS YSZ TBCs on temperature. The
specimens had been given a prior heat treatment at 1100 �C for
100 h. Input data used are given in Table 1
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size (and hence the radiation decay distance, Lr), can
significantly increase the overall conductivity (see Sec-
tion 4.2).

4. Sintering in TBCs

It has become clear that one of the main factors lim-
iting the performance of TBCs (both PS and PVD) is the
tendency for deleterious microstructural changes to occur
during prolonged exposure to high temperature. In gen-
eral, these changes tend to cause reduced thermal insula-
tion capacity (Ref 16-18, 78) and reduced strain tolerance
(Ref 19-21, 26, 79, 80), both of which are highly undesir-
able. It is also clear that sintering can be accelerated by
the presence of species that become concentrated in grain
boundaries or at free surfaces, whether present as impu-
rities in the coatings (Ref 31) or as material absorbed
during turbine operation (Ref 27-30). Species that dissolve
in the lattice, on the other hand, such as alternative sta-
bilisers to yttria, tend to have little effect on the sintering
characteristics (Ref 78).

Unfortunately, while the most productive strategy for
minimization of the thermal conductivity of PSZ TBCs
has been to create a fine-scale microstructure and pore
architecture, with multiple interfaces, all offering thermal
resistance, one consequence of this is that the diffusion
distances required for sintering and microstructural
coarsening are relatively short, so that it tends to occur
readily at relatively moderate temperatures. Moreover,
these fine microstructures and pore architectures offer
considerable scope for diffusion to occur via grain
boundaries and free surfaces, where species can migrate
much faster than within the lattice. As a consequence,
sintering-induced changes can occur fairly quickly in
TBCs at temperatures as low as ~1100 �C, which repre-
sents an homologous temperature of <0.5. It is, therefore,
very important that these sintering phenomena (in TBCs,
under turbine operating conditions) should be well
understood. This should assist considerably in devising
approaches to minimizing the associated deleterious
effects.

4.1 Modeling of Changes in Pore Architecture

Several models have been developed for simulation
of sintering in TBCs, mostly based on the variational
principle (Ref 81-84)—i.e., microstructural evolution is
assumed to occur along a path which optimizes the rate
of net energy reduction. In particular, Cipitria et al.
(Ref 77, 85) have recently published a model for sintering
of PS YSZ TBCs, including simulation of the effects of
attachment to a substrate (Ref 85). The basic geometry of
the system, which is illustrated in Fig. 7, is similar to that
used for simulation of heat transfer (Ref 15), although the
model actually incorporates different domain structures
for growth of the inter-splat contact area and for healing
of the intra-splat microcracks. A compiled version of the
code for implementation of the model is available for
downloading (Ref 77).

Figure 8 shows predicted and measured dimensional
changes taking place in free-standing PS YSZ TBCs dur-
ing heat treatments. The agreement is good and such
shrinkage is important and informative. However, it
should be noted that it arises solely from grain boundary
diffusion, since surface diffusion generates no volume
change and lattice diffusion is negligible in these TBCs
over the temperature range of interest. In fact, it is in
many ways the surface diffusion that has the predominant
effect during these heat treatments (Ref 77), particularly
concerning growth of inter-splat ‘‘bridges.’’ There are
measurable parameters that are sensitive to surface dif-
fusion, such as the specific surface area, and comparisons
between predicted and measured values of this also show
good agreement (Ref 77, 85). Attempts to reduce the
deleterious effects of sintering in TBCs should probably
be focussed largely on surface diffusion and on possible
approaches to reducing surface diffusivities or affecting
surface diffusion pathways.

4.2 Predicted Changes in Conductivity

It is already well-established that substantial micro-
structural changes can be induced in YSZ TBCs (PS
and PVD) by heat treatments of the type commonly
imposed under service conditions. It is also clear that these

Table 1 Input data for and predictions from the sintering model (Ref 77)

Variable Source
Input data for

sintering model

Predictions from sintering
model

After 2 h After 100 h

Height of cell Ref 77 2.626 lm 2.625 lm 2.624 lm
Width of conductivity modeling cell Ref 77 5.32 lm 5.32 lm 5.32 lm
Radius of sintering modeling cell Ref 77 3.00 lm 3.00 lm 3.00 lm
Grain size Ref 77 0.50 lm 0.50 lm 0.50 lm
Opening dimensions of (inter-splat) pores Ref 23, 31, 80, 88, 89 125 nm 128 nm 145 nm
Inter-splat contact area, Abr/Atot Ref 48 15% 17.3% 27.4%
Inter-splat porosity level Ref 51, 90 4.05% 4.04% 4.01%
Globular porosity level Ref 51, 90 6.00% 6.00% 6.00%

Predictions were used as input data for the conductivity model (Ref 15)
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changes lead to increases in (effective) thermal conduc-
tivity (and also in stiffness). Since the sintering model of
Cipitria et al. (Ref 76, 77, 85) is based on much the same

geometrical model as that of Golosnoy et al. (Ref 15) for
prediction of conductivity, and also involves similar
microstructural characterization parameters, it is possible
to combine them in order to predict how the conductivity
changes during heat treatment. For example, Fig. 9
compares such predictions with experimental data from
Ratzer-Scheibe et al. (Ref 73, 74), relating to PS YSZ
TBCs given short or prolonged heat treatments at
1100 �C. The microstructural and architectural parameters
used in obtaining these model predictions are shown in
Table 1. It can be seen that agreement is again good. It is
also clear that, even at a temperature as low as 1100 �C,
prolonged exposure can lead to an increase in conductivity
of the order of 50% (from ~0.7 to ~1.0 W m�1 K�1).

Fig. 7 Schematic representation of the diffusional migrations, and consequent morphological changes and associated macroscopic
shrinkages, which occur during sintering of PS TBCs, according to the model of Cipitria et al. (Ref 77, 85)

Fig. 8 Comparison (Ref 77) between experimental data and
model predictions for coating shrinkage, (a) at 1400 �C in both
through-thickness and in-plane directions and (b) in the through-
thickness direction, at both 1200 and 1400 �C

Fig. 9 Comparison between experimental data of Ratzer-
Scheibe et al. (Ref 73, 74) and predictions from the model of
Golosnoy et al. (Ref 15), for the dependence of the measured
(effective) through-thickness conductivity of PS YSZ TBCs on
temperature and on prior heat treatment. These measurements,
which were carried out in vacuum, were made after specimens
had been heat treated at 1100 �C for either 2 or 100 h
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In contrast, the associated changes in overall porosity level
are very small—less than 1% (Table 1). This is an addi-
tional indication that the overall porosity level is not a
suitable parameter for characterization of the micro-
structure or prediction of any of the relevant properties.

A similar comparison between predicted and measured
conductivity data is shown in Fig. 10, with the measure-
ments in this case being made at room temperature and the
data plotted against the time of exposure to a temperature
of 1400 �C. It can be seen that, at this temperature, the rise
in conductivity is rapid and becomes significant in a few
hours. It is also clear from the difference between predic-
tions obtained using the monodisperse pore size (125 nm)
and the bimodal size distribution that the details of the
pore architecture can have a significant effect on the
kinetics of sintering. In this case, having some fine pores
(very small inter-splat spacings) accelerates the initial rate
of growth of the contact bridges, and hence the rate of
increase of the thermal conductivity, quite substantially,
even if the average pore size remains the same.

It may be noted that the predictions shown in Fig. 10
are based on the assumption that only the tetragonal
phase was present. In fact, high purity specimens contain
~30% of cubic phase and <~1% monoclinic phase
(Ref 75), even after 100 h at 1400 �C. In fact, the differ-
ence between the conductivities of the tetragonal and
cubic phases in this system is relatively small (Ref 46, 47)
and can be neglected for most purposes.

Also, evident in this plot is that experimental conduc-
tivity data for TBCs can show quite a lot of scatter. This is
not so evident in experimental data like those shown in
Figs. 6 and 9, which relate to a particular specimen located
in a (laser flash) experimental facility, being tested in an
identical way after repeated increases in temperature.
However, when measurements are made in one-off

operations on different specimens, and using different
experimental facilities and methods, then substantially
greater scatter is, in general, observed. For example, the
data shown in Fig. 10 were obtained using both steady state
(Ref 86) and transient (Ref 87) techniques. Furthermore,
TBCs produced under slightly different conditions can
exhibit significantly different microstructures, and there
can even be variations between different parts of the same
coating. It is certainly clear from the sinter modeling work
(Ref 77, 85) that the behavior is very sensitive to the details
of the (initial) pore architecture. This can make it difficult
to compare absolute values of conductivity obtained by
different research groups, or during different experimental
programmes, although of course it is still possible to
identify important trends and effects.

Finally, it is worth noting that most experimental work
of this type is carried out on coatings that have been
detached from their substrates and are subjected to iso-
thermal heat treatments. Under service conditions, on the
other hand, coatings remain attached to metallic sub-
strates and are repeatedly subjected to high thermal gra-
dients and rapid cooling and heating cycles. In fact,
Cipitria et al. have shown (Ref 85) that attachment to a
substrate does not strongly affect the way that sintering
occurs at high temperature, apart from inhibiting the
in-plane shrinkage, since stress relaxation occurs very
rapidly. However, rapid heating and cooling cycles, while
deleterious because they can lead to high internal stresses,
which may promote debonding and spallation, could
retard sintering by generating local stresses which fracture
growing necks, etc. There are some limited results avail-
able (Ref 78) which suggest such an effect.

5. Conclusions

The following conclusions can be drawn from this work.

(a) This review covers heat flow through PS, zirconia-
based, TBCs, with reference to the conditions they
commonly encounter during operation of gas turbines.
This can involve exposure to high velocity gas, at
temperatures up to around 1750 K, with strong inter-
est in the turbine entry temperature being raised even
further. There is enormous incentive to maximize the
thermal protection offered by TBCs, while minimizing
their thickness and mass, so a low overall conductivity
is required, preferably below about 0.5 W m�1 K�1.
Figures of this order are often quoted for PS TBCs,
but in reality the true value under operating condi-
tions is often appreciably higher.

(b) These coatings are relatively porous, and heat transfer
through them is very sensitive to the details of the
pore architecture. Heat transfer takes place mainly via
conduction, although the contribution from radiation
can become significant at temperatures above about
1500 K. The details depend on radiation scattering
lengths, which rise as the grain structure coarsens and
inter-splat contact area increases.

Fig. 10 Comparison (Ref 77) between experimental data and
model predictions for the through-thickness thermal conductiv-
ity, as a function of the duration of a prior heat treatment at
1400 �C. The two predicted curves correspond to different
assumptions about the range of values exhibited by the inter-
splat spacings and the opening of the intra-splat microcracks
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(c) The conduction takes place through solid zirconia and
through gas-filled pores, particularly in the form of
thin gaps between overlaying splats. The conductivity
of gas in these pores has quite a strong influence on
the overall heat transfer. It is lower than that in cor-
responding free gas, as a result of mean free path
effects in a constrained channel. Provided the pressure
is around atmospheric or below, the conductivity
remains low over the complete temperature range.
However, when the gas pressure is high (~40 bar), as it
commonly is during turbine operation, its conductivity
within these pores can be considerably higher, par-
ticularly at high temperature. The effect of a high gas
pressure is of particular concern, since very few
experimental measurements of conductivity have been
made with such pressures being applied.

(d) One of the main areas of concern with TBCs (both PS
and PVD) relates to the changes in microstructure and
pore architecture that tend to take place under turbine
operating conditions as a consequence of sintering
effects. These can coarsen the microstructure and
generate improved contact between overlapping
splats, both of which tend to raise the conductivity.
The mechanisms and characteristics of sintering under
these conditions are becoming better understood and
some modeling results are presented to illustrate
these. Improved control of sintering effects is an
important aim for current research efforts.
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