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Conventional thermal barrier coating (TBC) systems consist of a duplex structure with a metallic
bondcoat and a ceramic, heat-isolative topcoat. Several recent research activities are concentrating on
developing improved bondcoat or topcoat materials; for the topcoat especially, those with reduced
thermal conductivity are investigated. Using advanced topcoat materials, the ceramic coating can be
further divided into layers with different functions. One example is the double-layer system in which
conventional yttria-stabilized zirconia (YSZ) is used as bottom and new materials such as pyrochlores or
perovskites are used as topcoat layers. These systems demonstrated an improved temperature capability
compared to standard YSZ. In addition, new functions are introduced within the TBCs. These can be
sensorial properties that can be used for an improved temperature control or even for monitoring
remaining lifetime. Further increased application temperatures will also lead to efforts for a further
improvement of the reflectivity of the coatings to reduce the radiative heat transfer through the TBC.

Keywords ceramic top coats, gas turbines, multifunctional
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1. Introduction

Thermal barrier coating systems (TBCs) are frequently
used in gas turbines. The isolative layer can provide a
reduction of the temperature of the metallic substrate that
results in an improved component durability. Alterna-
tively, an increase of fuel efficiency can be achieved by
allowing an increase of the turbine inlet temperatures
(Ref 1).

Thermal barrier coating systems consist typically of two
layers, a so-called bondcoat layer and an isolative, ceramic
topcoat. The bondcoat is often a metal and has two major
functions. It improves the bonding between the substrate
and the topcoat, and it protects the substrate from
corrosion and oxidation. Two types of bondcoats are
frequently used, a (platinum-) aluminide based one and a
so-called MCrAlY with M being Ni or Co. The choice of
the adequate bondcoat depends on the deposition tech-
nique used for the topcoat. Electron beam physical vapor
deposition (EB-PVD) and atmospheric plasma spraying
(APS) are the most frequently used techniques. The
development of ceramic thermal barrier coatings for
components of gas turbines started in the 1940s and 1950s
(Ref 2). In the 1960s zirconia was identified as a promising
candidate material. Pure zirconia is not suitable for the
application as it undergoes a different phase transition
(Ref 3). The martensitic monoclinic-tetragonal at about

1000 �C is accompanied by a large volume change (3 to
9%, Ref 4) and, hence, by the risk of cracking of the
coating. Therefore, different doping additions, such as
MgO or CaO, were used to stabilize the tetragonal or also
the cubic structure. At the end of the 1970s, 6 to 8 wt.%
Y2O3 was established as a nearly ideal material for TBC
application (Ref 5) and has been frequently used in aero
and stationary gas turbines since the beginning of the
1980s (Ref 6, 7).

For many decades, the development of TBC remains
an attractive research area. This can be illustrated by the
large number of articles related to this topic. A list of
some review articles is given in Ref 2 and 8 to 14. The
large number of articles also reflects the high complexity
of the subject. All the different components—substrate,
bondcoat, and topcoat—interact with each other or the
environment to a greater or lesser extent, and/or they
undergo detrimental changes from thermomechanical
treatments during operation.

This article gives a short overview on several recent
activities in the field of modern TBCs, focusing on ad-
vanced topcoats, partially with multifunctional properties,
and adding also some remarks on new bond coatings. In
addition, advanced processing routes are described.

2. Advanced Bondcoat Materials

The development of bondcoat materials is only briefly
addressed in this paper as the major topic focuses on the
ceramic top layer.

Standard bondcoats for APS topcoats are thermally
sprayed (vacuum or atmospheric plasma spraying (VPS/
APS) or high-velocity oxygen fuel, or HVOF, spraying)
coatings with high roughness (Ra > 6 lm), to guarantee
an excellent bonding between substrate and topcoat.
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For EB-PVD coatings, either smooth MCrAlY bondcoats
or (Pt-)Aluminide coatings with low roughness (<2 lm)
are used. During operation, a thermally grown oxide
(TGO) that consists, typically, of alumina is formed on the
bondcoat; this introduces additional stress levels into the
system and is one of the major reasons for TBC failure
(Ref 15). Hence, a reduced TGO growth rate can signifi-
cantly enhance the lifetime of the TBC system. Often a
reduction of the TGO growth rate can be obtained by an
optimization of the bondcoat chemistry (Ref 16). Also,
additional overaluminization of MCrAlYs is used to
increase their performance (Ref 17). Several other
approaches are under investigation, for example, the high-
energy (cryo) milling of MCrAlY materials. They show
low oxidation rates, which are probably related to the
introduction of finely dispersed oxide particles during the
milling process (Ref 18).

3. Shortcomings of YSZ Coatings
and Alternative Materials

During heating, pure zirconia undergoes a phase
transformation from monoclinic to tetragonal at about
1170 �C which is accompanied by a volume change and
usually leads to crack formation in the coating. Stabilizers
such as yttria can suppress this. The most frequently used
TBC material is 6 to 8 wt.% yttria partially stabilized
zirconia (YSZ). During both APS and EB-PVD deposi-
tion, this material will not form the equilibrium phase
consisting of monoclinic and cubic zirconia but a so-called
t0-phase. During the fast cooling of the sprayed splats and
also during the deposition from the gas phase, the time at
elevated temperatures is not sufficiently long to obtain the
equilibrium phase. The t0-phase contains a high amount of
yttria in the tetragonal phase and does not transform to
cubic and monoclinic phase even at longer operation times
at elevated temperatures up to about 1200 �C. However,
with about 1200 �C an upper temperature limit is reached
for YSZ-based TBCs as the material undergoes a diffu-
sion-induced transformation from t0-phase to tetragonal
and cubic phases at higher temperatures. This is true for
both APS (Ref 19, 20) and EB-PVD coatings (Ref 21).

One reason for the frequent use of YSZ TBCs with 6 to
8 wt.% yttria content is the relatively good fracture tough-
ness of this material due to a specific toughening mechanism
(Ref 22). A higher amount of stabilizer would lead to a fully
stabilized, cubic zirconia toughness with a relatively low
toughness. A lower amount of stabilizing additive leads to a
higher toughness at room temperature, but also to detri-
mental phase transformations during heating.

Besides the phase transformation, significant sintering
also has a detrimental effect on the performance of YSZ
TBCs. It leads to the formation of a kind of ‘‘sintering
neck’’ and hence to a reduction of the strain tolerance in
combination with an increase of the Young�s modulus
(Ref 23). Higher stresses will originate in the coating,
which lead to a reduced life under thermal cyclic loading.
As a high-impurity content in the YSZ coating leads to

increased sintering, efforts are undertaken to develop
specific high-purity powders (Ref 24). Also, the use of
engineered microstructures has been proposed to coun-
teract sintering effects (Ref 25).

The described disadvantageous properties of YSZ at
high temperatures led to an intense search for new TBC
materials in the past; see, for example, Ref 13, 14, and 26
to 29.

Among the interesting candidates for thermal barrier
coatings, those materials with pyrochlore (e.g., La2Zr2O7,
Gd2Zr2O7), spinel (MgAl2O4), perovskite (e.g., SrZrO3),
or magnetoplumbite (e.g., LaMgAl11O19) structures and
high melting points show especially promising thermo-
physical properties. Previous investigations showed good
physical properties of these materials, that is, thermal
conductivity comparable or lower than YSZ and high
thermal stability (see, e.g., Ref 30). However, the thermal
expansion coefficient is typically lower than that of YSZ,
which leads to higher thermal stresses in the TBC system,
as both substrate and bondcoat have higher thermal
expansion coefficients (about 15 9 10�6/K). In addition,
relatively low toughness values are observed in these
materials (Ref 31).

As a result, the thermal cycling properties are worse
than those of YSZ coatings. This problem is probably
relevant for most of the new TBC materials, as the need
for thermal stability seems to contradict the ability to
show efficient toughening effects. A way to overcome this
shortcoming is to use layered topcoats (Fig. 1). Failure of
TBC systems often occur within the TBC close to the
bondcoat/topcoat interface. At this location YSZ is used
as a TBC material with a relatively high thermal expan-
sion coefficient and high toughness. Typically, a thickness
of 100 to 200 lm is chosen. The YSZ layer is then coated
with the new TBC material (e.g., La2Zr2O7), which is able
to withstand the typically higher temperatures at this
location. It was shown in past years in several publications
on La2Zr2O7/YSZ double-layer systems that this con-
cept really works (Ref 32 to 35). A temperature increase
compared to YSZ of 100 K could be demonstrated (Ref 36).
The former publications showed that the lifetime of single-
layer La2Zr2O7 systems is short; typically only several
hundred cycles are observed before full spallation of the
coating. For single-layer YSZ coatings, massive degrada-
tion of the coating with splatwise spallation is observed at
these high surface temperatures.

Other materials such as aluminates are under investi-
gation (Ref 28). These materials are typically deposited in
a partly amorphous state. During heat treatment, crystal-
lization sets in, which leads to shrinkage and crack for-
mation. Controlled crystallization can lead to advanced
strain-tolerant microstructures and promising lifetimes in
thermal cycling experiments (Ref 37).

Perovskites are a third interesting materials class for
TBC applications. Here, a major problem is the partial
evaporation of constituents of the perovskite phase during
plasma spraying. This leads to impurity phases in the
coating, which often have detrimental effects on the
coating performance. Optimized processing can signifi-
cantly reduce this problem (Ref 38).
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4. Thermal, Radiative, and Sensoric
Properties of TBCs

Zirconia with its low thermal conductivity (about 2 to
3 W/m Æ K at 1000 �C for bulk ceramics, Ref 39) and its
high thermal expansion coefficient (10 to 11 9 10�6/K)
has been identified quite early as an interesting TBC
material. Depending on the microstructure, thermal con-
ductivity of the coatings can vary significantly. EB-PVD 7
to 8 wt.% YSZ coatings have typically relatively high
thermal conductivities of about 1.5 to 1.9 W/m Æ K
because of the dense, columnar microstructure (Ref 40).
In contrast, the microcracked structure of plasma sprayed
thermal barrier coatings leads to lower as-sprayed thermal
conductivities of about 0.8 to 1.1 W/m Æ K (Ref 41, 42).
During heat treatment the thermal conductivity of plasma
sprayed coatings tends to increase quickly due to the
sintering of the microcracks. Values of 1.5 W/m Æ K are

already observed after treatment for 50 h at 1000 �C
(Ref 43). In contrast, EB-PVD shows much more stable
values after heat treatment.

Several new TBC materials such as the pyrochlores
have low thermal conductivities compared to YSZ. Per-
ovskites and aluminates typically often have comparable
or higher thermal conductivities. Some new TBC materi-
als with their thermal conductivities are listed in Table 1.
A considerably reduced thermal conductivity is of course
favorable for allowing an increase of the surface temper-
ature at constant bondcoat temperature and coating
thickness.

Higher firing temperatures and increased pressure
ratios in modern gas turbines lead to increased radiative
load of the gas turbine components. YSZ is similar to
many oxide materials, highly transparent for light with a
wavelength below about 6 lm (Ref 42). So transmittance
is higher than 10% for 400 lm thick standard TBCs
(Ref 43). As a result, an increased amount of heat load by
radiation is directly deposited to the bondcoat. The most
effective strategy to reduce this problem is the increase of
the scattering coefficients. This can be done by the intro-
duction of scattering centers in the size range of the
wavelength of the relevant radiation. Figure 2 shows that

Fig. 1 Photograph and corresponding micrograph of the dou-
ble-layer YSZ/La2Zr2O7 coating, after 3245 cycles at 1445/
1067 �C surface/bondcoat temperature

Table 1 Thermal conductivities of some new, dense
TBC materials

Material
Thermal conductivity
at 1000 �C, W/m Æ K

YSZ 2.1
La2Zr2O7 1.6
Gd2Zr2O7 1.1
SrZrO3 2.3
La(Al1/4Mg1/2Ta1/4)O3 1.9
LaLiAl11O18.5 3.8

The typical scatter of the values is in the range of 10%

Fig. 2 Calculated stationary temperature distribution across
semitransparent TBC (d = 400 lm) from Ref 46. Both effects of
lower thermal conductivity and higher reflectivity are considered
in the investigation
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this method leads to a reduction of the bondcoat
temperature of about 70 K for an increase in the porosity
from about 12 to 20% in APS TBCs. A more effective
approach is the use of suspension plasma spraying (SPS),
which reduces the bondcoat temperature by 180 K, taking
into account both the reduced thermal conductivity and
reduced radiative loading.

As turbine inlet temperatures are constantly increasing
and with that also the risk of the failure of the entire
component in the case of TBC spallation, measures to
control temperatures or even better monitoring of the
remaining lifetime are becoming more and more impor-
tant. Precise temperature monitoring of the TBC even in
the harsh environment of a gas turbine can be made by
introducing phosphorescent rare earth dopants into the
TBC matrix. These measurements are performed by illu-
minating the coating by a laser and measuring the decay
time of the phosphorescent signal. After calibration, exact
temperature measurements above 1200 �C are possible
(Ref 44). In addition, the technique is also able to deliver
information on detrimental changes within the coatings.

5. New Processes

An important target of many process developments is,
besides property improvement, cost reduction. A certain
cost-reduction potential is expected from the hollow-
cathode PVD process as the investment costs are lower
than for EB-PVD equipment and high deposition rates
can be obtained (Ref 45). Within the process, the species
that are deposited from the gas phase are transported via a
gas stream. This leads to the additional, major advantage
of the hollow-cathode PVD processes that they are
capable to coat out-of-sight surfaces, which becomes
increasingly important for the coating of complex-shaped
parts such as vane clusters. Using the adequate process
conditions, columnar structures comparable to EB-PVD
coatings can be established.

Another very promising process is thin-film/low-pres-
sure plasma spraying (TF-LPPS). In this process, plasma
spraying is performed at a about 1 mbar pressure, which is
considerably lower than for conventional vacuum plasma
spraying (typically about 50 mbar). The low pressure leads
to a large extension of the plasma plume and to vapori-
zation of the injected particles. Hence, the deposition
takes place from the gas phase. Correspondingly, micro-
structures similar to those for PVD coatings (e.g., colum-
nar structures) can be obtained at high deposition rates
(Fig. 3). In addition, out-of-sight surfaces can be coated by
this process.

Also with atmospheric plasma spraying, highly strain-
tolerant microstructures can be produced. This is currently
investigated within the European ‘‘Toppcoat’’ project
(Ref 46) in which the objective is the improvement of the
performance of plasma sprayed TBC systems so that they
can now substitute for expensive EB-PVD coatings in
demanding applications. Using advanced processing
methods, highly segmented TBCs can be obtained with

high-segmentation crack densities (Fig. 4). Even higher
segmentation crack densities can be obtained by using
suspensions as feedstock for the plasma spraying process.
Here also high porosity levels and hence low thermal
conductivities can be obtained. When using the plasma
spraying process, an issue to consider is the blocking of
cooling holes during deposition. New solutions to over-
come this problem for highly loaded parts are also under
development.

6. Conclusions

Important recent directions of development for TBC
systems are improved processing routes and advanced
TBC materials. Promising new technologies such as
TF-LPPS or suspension plasma spraying will probably
play an increasing role in future applications.

Fig. 3 PVD-like microstructure obtained by the TF-LPPS pro-
cess. Courtesy of Sulzer Metco

Fig. 4 Thermal barrier coatings with high segmentation crack
densities prepared by APS
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Also, several new TBC materials applied in a double-
layer structure with YSZ as first layer are offering
advantages compared to YSZ. Especially double-layer
systems made of pyrochlore materials and YSZ are
showing promising properties.
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