Chapter 1

Thermal barrier coatings (TBCs) — State of the Art

Abstract

In this chapter, the state-of-the-art in what concerns to thermal barrier coating systems is
addressed. Therefore, past, present and future directions of TBCs are presented. The materials,
system designs, processing and post-processing technologies are envisaged. Special attention
will be given to the ceramic coating itself since this is the focus of the research work developed in

this thesis.

1. Introduction

Hundreds of different types of coatings are used to protect a variety of structural engineering
materials from corrosion, wear, and erosion, and to provide lubrication and thermal insulation. Of
all, thermal barrier coatings (TBCs) have the most complex structure and must operate in the
most demanding high-temperature environment of aircraft and industrial gas-turbine engines and
diesel engines. TBCs, which comprise metal and ceramic multilayers, insulate turbine and
combustor engine components from the hot gas stream, and improve the durability and energy
efficiency of these engines [1, 2]. These coatings are used in aircraft and land-based gas turbines
and diesel engines [3-5] to provide not only thermal insulation to the hot-section metallic
components but also to protect them from oxidation, hot corrosion and wear damage. These
severe environments require the application of TBCs because the temperature capability of
metallic substrate materials is not high enough.

As originally envisaged, the primary function of a TBC is to provide a low thermal conductivity
barrier to heat transfer from the hot gas in the engine to the surface of the coated alloy
component, whether in the combustor or the turbine (Fig. 1.1). The use of a TBC allows the gas
temperature increase, and thereby the engine efficiency, without increasing the surface

temperature of the alloy.
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Fig. 1.1. lllustration of a gas turbine engine: (a) compressor, (b) combustor and (c) turbine sections. (d) Vanes and
(e) blades are some of the components of the turbine section which require a TBC.

The application of TBCs is driven by technological and economic aspects such as increase of
the turbine thermal efficiency due to higher turbine temperatures, increase of the compressor
efficiency due to a reduced air flow for the turbine cooling, longer service life of metallic turbine
components due to a decreased thermal fatigue [6]. The increase of a gas turbine efficiency can
be obtained through heat transfer and aerodynamic analysis and improvements in coating

materials and processing conditions [7]. The last point is the one in which this thesis is focused.

2. Historical background

The early work on TBC development relating to gas turbine engines started at the beginning
of 1950s [7]. At that time gas temperatures, pressures, and heat fluxes which were relatively low
compared to the engines of nowadays [8-10]. A great part of the early TBC research was

conducted at the National Aeronautics and Space Administration (NASAE), Lewis Research

Y The National Advisory Committee for Aeronautics (NACA) was established in 1915, and became the National Aeronautics and Space
Administration (NASA) on October 1, 1958.
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Center, USA, and was focused on the thermal and corrosion protection of uncooled or air-cooled
gas turbine blades and to water or fuel-cooled rocket engine walls. Experiments in which silicon
dioxide or boric oxide were studied on turbine blades during engine operation showed a negligible
effect on the measured blade temperatures and deteriorated after several hours of engine
operation [9]. Other attempts to apply TBCs to turbine hardware by enameling or glazing
processes are reported. The coatings also spalled and cracked after several hours of testing [8].
The use of TBCs in rocket engines which generated much higher heat fluxes resulted in
considerable thermal protection but with poor durability [11]. The coating systems investigated
were thin layers of molybdenum, nichrome, tungsten, alumina, zirconia, and chromia and were
all either plasma-sprayed or slurry coated and cured in place.

Of the early ceramic materials, alumina and zirconia-calcia were the most successful. The
bond coat material, if one was used at all, was typically nichrome or molybdenum for
nonoxidizing environments. Alumina and zirconia-calcia did not prove to be viable materials for
the more advanced thermal barrier applications. In the case of alumina, the reason is that the
thermal conductivity is relatively high [12]. Moreover, alumina forms nonequilibrium phases,
which are referred to as gamma, eta, or delta. These nonequilibrium phases shrink when they
convert to the equilibrium alpha phase upon high temperature exposure. This shrinkage and the
associated cracking would have a detrimental effect on coating life. The problem with zirconia-
calcia and zirconia-magnesia is related to destabilization from the cubic fluorite phase to the
monoclinic phase. Zirconia-based ceramics containing excessive amounts of this monoclinic
phase are not usable as structural materials due to the volume change associated with a
martensitic phase transformation on cooling from the higher temperature tetragonal phase to the
low-temperature monoclinic phase. The structural characteristics and phase stability of the
various polymorphs of zirconia will be described later on this thesis.

It was only during the 1970s that the reliability of using TBCs in modern gas turbines has
been demonstrated. A major advance in this field was the successful completion of tests
conducted by Liebert [13], where the significant heat insulating capability of thin TBCs was
experimentally demonstrated. The results showed that a 2800m thick coating of ZrO,-12wt%Y,0,
over a 100pum thick coating of NiCrAlY provided a reduction of 190°C in the substrate
temperature. This TBC represented a breakthrough in the thermal barrier coating technology and

its success was due to the three novel approaches: (1) yttria was used to stabilize the zirconia
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rather than calcia or magnesia; (2) a NiCrAlY alloy was used as bond coat rather than nichrome;
and (3) the coating system was applied in two thin layers rather than three [14, 15].

Subsequent experiments in more advanced and higher heat flux gas turbine engines showed
that although this TBC system was very promising its durability at high gas temperatures and
pressures would have to be improved [16]. Later on, TBCs with increased durability have been
developed through adjustments in bond coat composition [17, 18], ceramic composition [19]
and plasma-spray parameters [20]. The initial zirconia-yttria TBCs contained 12 to 20% of yttria,
which was added to fully stabilize the cubic phase. Later, Stecura showed that better

performance could be achieved by lowering the yttria level to between 6 and 8% [19].

3. Current state of the art

3.1. Conventional thermal barrier coatings

The development of today’'s gas turbine engines has been the result of continual
improvements in a wide variety of engineering skills including turbine design, combustion, and
materials. One measure of the substantial improvements over the past five decades is the
increase in the maximum gas temperature at a turbine airfoil afforded by these improvements.
The increase in airfoil temperature has been facilitated by three principal materials
developments: dramatic advances in alloy design to produce alloy compositions that are both
more creep resistant and oxidation resistant; advances in casting technology that have facilitated
not only the casting of large single-crystal superalloy blades and vanes but also the complex
internal channels in the blades to facilitate cooling; and the development of a viable coating
technology to deposit a conformal, thermally insulating coating on turbine components. Less well
known is the development of thermal barrier coatings (TBCs), even though in the last decade
their use has enabled a dramatic increase in airfoil temperature, far greater than that enabled by
the switch from cast alloy blades to single crystal blades over approximately 30 years [21].

The selection of TBC materials is restricted by some basic requirements such as high melting
point, no phase transformation between room temperature and operation temperature, low
thermal conductivity, chemical inertness, thermal expansion match with the metallic substrate,
good adherence to the metallic substrate and low sintering rate of the porous microstructure

[22].
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The current TBC system, as illustrated in Fig. 1.2, consists of four layers:

(1) a metal substrate providing structural strength;

(2) a bond coat providing oxidation resistance;

(3) a thermally grown oxide (TGO) formed between the ceramic top coat and the bond coat
due to high temperature oxidation of the bond coat;

(4) an external ceramic top coat providing the thermal insulation.

Bond coat
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(Ni-based superalloy) l , TBC top coat
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Fig. 1.2. Schematic diagram of a conventional thermal barrier coating system (top) in service and the
exemplificative thermal gradients in the different regions (bottom).

(1) Substrate

Gas turbine engines make use of nickel and cobalt base superalloys in the turbine
components, such as airfoils, combustors, transition ducts, and seals [3]. The nickel or cobalt-
based structural superalloy is the substrate material, which is air-cooled from the inside or
through internal hollow channels, therefore establishing a temperature gradient across the
component wall. The superalloy component is investment-cast in single-crystal or polycrystalline

forms, and it contains as many as 5 to 12 additional elements that are added for the
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improvement of specific properties such as high-temperature strength, ductility, oxidation
resistance, hot-corrosion resistance, and castability [2]. At the high temperature of operation in
gas-turbine engines, diffusion of elements of high relative concentration can occur between the
superalloy substrate and the bond-coat. These diffusing elements can occasionally be found in
the TGO and the top-coat as well. This interdiffusion can have a great influence on the spallation
failure of the TBC, making it necessary to treat thermal barrier—coated superalloys as an

engineering system whose properties change with time and cycles during service.

(2) Bond-coat and (3) thermally grown oxide (TGO)

The bond-coat is a 75 to 150 pum thick oxidation-resistant metallic layer, and it essentially
dictates the spallation failure of the TBC. The bond-coat is typically made of a NiCrAIY or
NiCoCrAlY alloy and is deposited by using the plasma-spray or the electron-beam physical-vapor
deposition methods. Other types of bond-coats are made of aluminides of Ni and Pt and are
deposited by electroplating in conjunction with diffusion-aluminizing or chemical-vapor deposition.
In a minority of cases, the bond-coat consists of more than one layer, having a different
chemical/phase composition. At peak operating conditions the bond-coat temperature in gas-
turbine engines typically exceeds 700°C, resulting in bond-coat oxidation and the inevitable
formation of a third layer—the thermally grown oxide (TGO; 1 to 10 pum in thickness) — between
the bond-coat and the ceramic top-coat [23]. The interconnected porosity that always exists in the
top-coat allows easy ingress of oxygen from the engine environment to the bond-coat. Moreover,
even if the top-coat were fully dense, the extremely high ionic diffusivity of oxygen in the ZrO,-
based ceramic top-coat makes it “transparent” to oxygen [24].

Although the formation of the TGO is unavoidable, the ideal bond-coat is engineered to
ensure that the TGO forms as a-Al203 and that its growth is slow, uniform, and free from
defects. The TGO has a very low oxygen ionic diffusivity and provides an excellent diffusion
barrier, retarding further bond-coat oxidation [25]. Generally, the internal diffusion of oxygen
through the TGO controls further growth of TGO into the bond-coat, but in some cases TGO
growth is controlled by external diffusion of Al, leading to the formation of the new TGO at the
TGO/top-coat interface or at the a-Al,O, grain boundaries within the TGO. At last, the bondcoat
composition is designed to obtain a highly adherent TGO [26]. It is known that the segregation of
S at the bond-coat/TGO interface reduces the TGO adhesion dramatically [27]. To reduce this
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undesirable effect of S, either the S content in the bond-coat is maintained below 1 ppm or S
gettering reactive elements (Y, Zr) are added [28]. Other elements that degrade the bond-
coat/TGO adhesion, Ti and Ta, are also kept below acceptable levels in the bond-coat, whereas

elements that promote adhesion, Si and Hf. are added in small quantities [29].

(4) Ceramic top-coat

This is the layer that provides the thermal insulation and is typically made of Y,0,-stabilized
Zr0, (YSZ) [30]. YSZ has a set of desirable properties that makes it the material of choice for the
topcoat. It has one of the lowest thermal conductivities at elevated temperature of all ceramics
(CR.3 W/m-K at 1000°C for a fully dense material [31]) because of its high concentration of
point defects (oxygen vacancies and substitutional solute atoms), which scatter heat-conducting
phonons (lattice waves) [32, 33]. YSZ also has a high thermal-expansion coefficient ((111x10¢ °C:
1), which helps to relieve the stresses generated from the thermal-expansion mismatch between
the ceramic top-coat and the underlying metal (~14 x10s °C+). To further relieve these stresses,
microstructural features such as cracks and porosity are deliberately engineered the top-coat,
making it highly compliant (elastic modulus ~50 GPa) and strain tolerant. YSZ has a relatively
low density (~6.4 g-cm?), which is important for parasitic-weight considerations in rotating engine
components. It also has a hardness of ~14 GPa, which makes it resistant to erosion and foreign-
body impact. YSZ is resistant to ambient and hot corrosion. Finally, YSZ has a high melting point
(~2700°C), making it suitable for high-temperature applications.

Although Zr0O, can be stabilized by a host of different oxides (Mg0O, CeO,, Sc,0,, In,0,, Ca0),
Y,0.- stabilized ZrO, (YSZ) has been empirically found to be most suitable for TBC applications
[34]. YSZ exists as three different polymorphs — monoclinic, tetragonal, and cubic — depending
on the composition and the temperature [35]. The addition of 7 to 8 weight % (~4 to 4.5 mol%)
Y,0, stabilizes the t'-phase, the most desirable phase for TBC applications [34]. This is a variation
of the tetragonal phase, but unlike its low Y,0, contents (~3 mol%), the t' phase does not undergo

a martensitic transformation and is, therefore, more stable [35].
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3.2. Processing technologies

Today there are two processes used to apply TBCs — Plasma-spraying (PS) and electron
beam physical vapor deposition (EB-PVD). Plasma sprayed coatings were brought into service
first and still remain. In the 1990s a second type of deposition process was brought into

commercial service — physical vapor deposition (PVD).

3.2.1. Atmospheric Plasma-Sprayed TBCs (APS)

The current era in TBCs began in the 70s with the development of a two-layer TBC consisting
of a porous atmospheric plasma-sprayed (APS) zirconia-yttria (ZrO,-Y,0,) ceramic over a plasma-

sprayed NiCrAlY bond coat and with the successful testing of this coating on the turbine blades in

a research gas turbine engine [36].
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Fig. 1.3. Plasma-spraying equipment [37] and process details: (a) photographs of the deposition process, (b)
schematic illustration of the plasma-spraying deposition [38].
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Plasma-spraying, one of the thermal spraying family’s processing technologies, is a materials
processing technique for producing coatings and free-standing parts using a plasma jet which is
produced by an electric discharge in a gas. The plasma-spraying Process is basically the spraying
of molten or heat softened material onto a surface to provide a coating (Fig. 1.3). Material in the
form of powder is injected into a very high temperature (up to 20000K) plasma jet, where it is
rapidly heated and accelerated to a high velocity (~400 m/s). The hot material impacts on the

substrate surface and rapidly cools forming a coating.
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Fig. 1.4. A typical microstructure of an atmospheric plasma-sprayed TBC: (a) optical micrograph [39], (b)
schematic illustration of the splat-like microstructure [40].

Coatings deposited by plasma-spraying are characterized by a relatively good adhesive
strength (20 - 70 MPa) and a porosity that can be adjusted for the application in question

between 1% to 20%. The characteristics of the TBC are a result of the processing conditions. For
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instance, Portinha et a/have prepared TBCs with gradient in porosity by changing the processing
conditions during deposition [41].

The microstructure of a typical plasma sprayed thermal barrier is illustrated in Fig. 1.4 and
can be compared to that produced by EB-PVD, Fig. 1.7. The plasma sprayed coating develops
with a ‘splat-like’ morphology and can incorporate between 10-15% porosity as a result of the
spraying process. Furthermore, microcracking of the partially stabilised zirconia ceramic occurs
during processing. This acts to further reduce the elastic modulus of the ceramic and therefore
helps minimise the stresses that can develop, but makes the coating more susceptible to
damage by particle impaction. By way of contrast, the EB-PVD ceramic has a columnar
microstructure and this accounts for the improved strain tolerance observed for this class of
coating. Thus, under mechanical load, or thermal cycling, the ceramic columns produced by the
EB-PVD process can move relative to each other as strain cycles are applied to the component.

The microstructure of TBCs applied by plasma spraying will be significantly influenced by
process parameters and grain size distribution of the ceramic powder. The main processing
parameters affecting coating characteristics are substrate roughness, grain size of ceramic
powder, gun pressure, type of atmosphere, carrier gas flow rate, spraying distance, powder feed
rate, torch speed and cooling of the substrate [42].

Fig. 1.5 shows the typical pore size distribution for a porous and a dense APS TBC system,
which has been measured by mercury immersion testing [43]. As it can be observed there are
two different types of porosity contribution, microcracks and pores. Using this technique, pores
below 0.5 mm can be measured. These small pores cannot be seen by optical microscopy, but
make a significant contribution to the overall porosity.

The plasma spraying process is most commonly used in normal atmospheric conditions and
referred as APS. Some plasma spraying is conducted in protective environments using vacuum
chambers normally back filled with a protective gas at low pressure, this is referred as VPS or
LPPS. Deposits having thickness from micrometers to several millimeters can be produced from
a variety of materials - metals, ceramics, polymers and composites.

There are several applications for plasma-spraying in coatings technology namely seal
coatings, dimensional correction coatings, wear protection coatings, electrical insulation coatings
but one of main application fields of the thermal spraying process is thermal barrier coatings

TBCs [44].

10



Chapter 1 Thermal Barrier Coatings (TBCs) - State of the Art

40 o
{a} | | | O coating |
" 33 O coating 2
E 30 J—m FF—
° = !
s 825 ~‘
2 f.-:m I
e = micro
£ 3 15 1} cracks
- 1]
: [h lﬂ' | l. |_ 1
: T SEilas
= T

5. Inares-

. It
i L] ]
0.01 0.1

a
T o .."||

x ';-l':h"h" -I J.f -h:if'q.
"‘:n‘ﬁ?:r §wr® sl ih JJ-. e
oy [ -_' gy L M : w '_--'. e -t
:iiﬁg‘fhlﬁh&:‘{ﬁ,z-. i T e i e "'E——I

Fig. 1.5.  (a) Pore size distribution for a dense and a porous TBC applied by air plasma spraying; (b) Dense TBC,
applied by APS; (c) Porous TBC, applied by APS [43].

3.2.2. Electron beam physical vapour deposited (EB-PVD) TBCs

EB-PVD coatings are particularly suitable when applied on cooled airfoils of front stage vanes
and blades. A schematic description of a EB-PVD equipment is shown in Fig. 1.6. Using this
deposition process the shape and diameter of cooling holes remains unaffected and the resulting
surface roughness is low compared with APS coatings (0.5 to 1 um average roughness R, for EB-

PVD coatings compared with 4 to 10 um R, for APS coatings). The main drawback of the EB PVD

11
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process is the high investment cost. Hence there is only a limited amount of equipment available
world-wide.

The microstructure of EB-PVD TBCs coating is mainly affected by the following deposition
parameters [45-47]:

Substrate temperature, This affects surface diffusion of deposited zirconium, yttrium and
oxygen, as well as nucleation of stable oxide particles and their growth rate. Surface diffusion and
growth rate of oxide particles have a major influence on the TBC microstructure.

Surface roughness of the bond coating A smooth surface promotes parallel growth of
lamellar zirconia. With increasing surface roughness, the width of the lamellae increases, as well
as the deviation from ideal orientation.

Rotation rate of the component and vapor flux from the evaporator. To coat complex shaped
parts uniformly, rotation and tilting of the components has to be performed during the coating
process. The morphology of these microstructures depends on the vapor flux from the
evaporation source and the rotation rate. Increasing vapor flux at constant rotation rate results in
coarser substructures due to higher condensation rates. Decreasing rotation rates, at constant

vapour flux, also promotes coarser substructures.

Fig. 1.6. Schematic diagram of the developed EB-PVD apparatus for coatings production: 1 - electron beam gun for
heating the substrate holder; 2 - evaporator gun, 3 - shutter, 4 - molten pool, 5 - thermocouple, 6 -
crucible, 7 - substrate, 8 - ingot, 9 - water-cooled crucible plate.

12
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The TBC layers produced by EB-PVD have a columnar microstructure (Fig. 1.7) with
elongated intercolumnar pores that become predominantly aligned perpendicular to the plane of
the coating as its thickness increases [40]. A finer distribution of intracolumnar pores also exists.
The elongated intercolumnar pores increase the compliance of the coating in the plane of the

substrate, and leads to the improved spallation lifetimes of the TBC.
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Fig. 1.7. Typical microstructure of an EB-PVD TBC: : (a) optical micrograph [39], (b) schematic illustration of the
columnar microstructure [40].

4. Ceramic materials for TBCs and properties

In this section, the basic properties of ceramic materials for thermal barrier coatings are

summarized. Ceramics, in contrast to metals, are often more resistant to oxidation, corrosion and

13
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wear, as well as being better thermal insulators. Besides yttria stabilized zirconia, other materials
such as lanthanum zirconate and rare earth oxides are also promising materials for thermal
barrier coatings [48].

Several ceramic coatings such as Al,Q,, TiO,, mullite, CaO/Mg0+ZrQ,, YSZ, CeQ,+YSZ, zircon
and La,Zr,0,, etc. have been evaluated as TBC materials. Since number of requirements is
difficult to meet in a single material, the number of candidates that can be used as TBCs is very
limited. So far, only a few materials have been found to basically satisfy these requirements.

Properties of some ceramics that can be used in TBC system are summarized in Table 1.1.
Among those properties, thermal expansion coefficient and thermal conductivity seem to be the
most important. Metal substrate and bond coats are also included for comparison. The number
before yttria stabilized zirconia (YSZ) represents the weight percentage of Y,0, in ZrO,. The
advantages and disadvantages of other TBC materials are compared with YSZ and listed in Table
1.2. The improvement techniques of YSZ coatings are also summarized in this table. In Fig. 1.8
is plotted the thermal expansion coefficient versus thermal conductivity of candidate materials for
TBCs. As it can be observed YSZ has the best compliance, i.e. a thermal expansion coefficient

near that of nickel alloys (substrates) and a very low thermal conductivity.
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Fig. 1.8. Thermal expansion coefficient versus thermal conductivity of candidates to be used as TBC.
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Table 1.1. Properties of TBC materials [48].

Thermal Barrier Coatings (TBCs) - State of the Art

Materials Properties Materials Properties
710, T=2973K La,Zr,0, Tm = 2573 K
D,=0.43x10° m’ ' (1273 K) D,=0.54x10° m* s* (1273 K)
A =217 Wm' K (1273 K) C=0.49 J g K (1273 K)
F=21GPa (1373 K) A =156 Wm' K (1273 K)
a = 15.3x10°K' (1273 K) F=175 GPa (293 K)
v =025 a = 9.1x10° K’ (293-1273 K)
3YSZ 7,=2973K BazrO, 7,=2963 K
D,=0.58x10° m* s* (1273 K) D,=1.25x10° m* s (1273 K)
A =2.12Wm K (1273 K) C=0.45J g K (1273 K)
C=064)g K (1273K) A = 3.42W m K (1273 K)
o = 11.5x10¢ K’ (293-1273 K) £=181 GPa (293 K)
a = 8.1x10° K* (293-1273 K)
8YSZ F=40 GPa (293 K) TiO, 7= 2098 K
(plasma- a = 10.7x10° K’ (293-1273 K) D,=0.52x10° m* s (1073 K)
v=022 A =3.3Wm' K (1400 K)
sprayed) F= 283 GPa (293 K)
a = 9.4x10° K’ (293-1500 K)
v=028
18YSZ a = 10.53x10° K* (1273 K) Garnet (Y.ALO,) T.=2243K
o =9.1x10° K-
A =3.0Wm K (1273 K)
5 wt.% Tsoftening=2558 K Lanthanum A=17Wm K (1273 K)
Ca0+Zr0, £=149.3 GPa (293 K) aluminate a =10.1x10¢ K' (298-1473 K)
a =9.91x10°K' (1273 K) (LaMgAl,0,,) C=086Jg K (1273K)
v =028
Mullite (ALSI.0,) 7= 2123K LaPO, T=2343K
A =3.3Wm' K (1400 K) A=18Wm K (973 K)
£=30GPa (293 K) o = 10.5x10< K* (1273 K)
a = 5.3x10° K’ (293-1273 K) £=133 GPa (293 K)
v =025 v =0.28 (293 K)
ALO, 7,=2323K NiCoCrAlY £= 86 GPa (293 K)
D,= 0.47x10° m’ s' (1273 K) (bond coat of TBC) @ = 17.5x10° K* (293-1273 K)
A =5.8Wm' K (1400 K) v=03
F=30GPa (293 K)
o = 9.6x10° K' (1273 K)
v =026
ALO, (TGO) £=360 GPa (293 K) IN737 supper-alloy ~ £= 197 GPa (293 K)
a = 8x10° K* (293-1273 K) (Substrate of TBC) o = 16x10° K* (293-1273 K)
V=022 v=03
ALO~TiO, D,=0.65x10° m* s' (1273 K) CeO, 7= 2873K

a =5.56x10¢ K* (1073 K)

D,=0.86x10°m: s* (1273 K)
C =047 J g K (1273 K)

A =277 Wm K (1273 K)
E=172GPa (293 K)

o = 13x10° K* (293-1500K)
v =0.270.31

Symbols have the following meanings: 0,, thermal diffusivity; £ Young's modulus; o, thermal expansion
coefficient; A, thermal conductivity; C, heat capacity; v, Poisson’s number; 7,, melting point; TGO, thermally
grown oxide on bond coat.
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Table 1.2. TBC materials and their characteristics [48].

Thermal Barrier Coatings (TBCs) - State of the Art

Materials Advantages Disadvantages
7-8 YSZ (1) high thermal expansion coefficient (1) sintering above 1473 K
(2) low thermal conductivity (2) phase transformation (1443 K)
(3) high thermal shock resistance (3) corrosion
(4) oxygen-transparent
Mullite (1) high corrosion-resistance (1) crystallization (1023-1273 K)
(2) low thermal conductivity (2) very low thermal expansion coefficient
(3) good thermal-shock resistance below
1273 K
(4) not oxygen-transparent
Alumina (1) high corrosion-resistance (1) phase transformation (1273 K)
(2) high hardness (2) high thermal conductivity
(3) not oxygen-transparent (3) very low thermal expansion coefficient
YSZ+CeO, (1) high thermal expansion coefficient (1) increased sintering rate
(2) low thermal conductivity (2) Ce02 precipitation (> 1373 K)
(3) high corrosion-resistance (3) Ce02-loss during spraying
(4) less phase transformation between m and
t than YSZ
(5) high thermal-shock resistance
La,Zr,0, (1) very high thermal stability (1) relatively low thermal expansion coefficient
(2) low thermal conductivity
(3) low sintering
(4) not oxygen-transparent
Silicates (1) Cheap, readily available (1) decomposition into ZrO2 and SiO2 during

(2) high corrosion-resistance

thermal spraying
(2) very low thermal expansion coefficient

5. Zr0,-based ceramics

5.1. Structural analysis

Zirconia-based ceramics are the most commonly applied materials as a thermal barrier

coating. Zr0, exists in three crystallographic phases: the low temperature monoclinic phase, the

intermediate temperature tetragonal phase and the high temperature cubic phase [49].

Especially, the phase transformation of tetragonal phase to monoclinic phase accompanies

significant volume expansion (up to 8%), so this transition generally results in cracking and

contributes to the failure of TBC system. Therefore the amount of monoclinic phase Zr0, is one of
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the important indicators of coating quality. Addition of several oxides (Y,0,, CeO,, Mg0O, CaO etc.)
can stabilize the high temperature cubic phase in zirconia, so the occurrence of monoclinic
phase zirconia can be repressed. In the case of yttria-partially-stabilized zirconia (YSZ), the rapid
solidification during the plasma spray process can preserve the stabilizer content of the spray
powder in the tetragonal phase and results in a significant retention of the metastable tetragonal
phase (non-transformable tetragonal) at room temperature. However, YSZ materials divide the
yttria stabilizer between tetragonal and cubic phases in the equilibrium phase diagram at high
temperature resulting in the production of low yttria tetragonal zirconia (transformable tetragonal)
which can transform to monoclinic on cooling to room temperature. While yttria (partially)
stabilised zirconia (Y-PSZ) are the most widely accepted and used TBCs, these coatings suffer
from the problem of peeling off from the substrate caused by oxidation of the intermediate bond

coat [50].

® Anions @ Cations

Cubic Tetragonal Monoclinic

Fig. 1.9. Crystallographic structures for related zirconia polymorphs. Cation sites (Zr,Y) are represented by black
circles and anion sites (0) by light grey circles [49].

5.2. Yttria stabilized Zirconia (YSZ) - Zr0, - 6-8%wt Y,0,

The initial zirconia-yttria TBCs contained from 12 to 20% in weight of yttria, which was added

to fully stabilize the cubic phase [4]. Later it was shown that better performance could be

achieved by lowering the yttria level to between 6 and 8% [19], as seen in Fig. 1.10.

17



Chapter 1 Thermal Barrier Coatings (TBCs) - State of the Art

400 —

CYCLES TO FAILURE
8- 3
l |

3
I

I N S N I A B

0 4 6 8 10 12 14 16 18 20 22 24 26
CONCENTRATION OF Y,04 IN ZO,, wt %

Fig. 1.10. Laboratory test results showing that the optimum TBC composition occurs in the - ZrO, - 6-8%wt Y,0, range
[19].

6-8wt%YSZ is the most widely studied and used TBC material because it provides the best
performance in high-temperature applications such as diesel engines and gas turbines and
reports about this material are numerous [5, 51-58]. YSZ coating has been proved to be more
resistant against the corrosion of Na,SO, and V,0, than the ZrO, coating stabilized by Ca0 or MgO
[59]. 18-20YSZ coatings have also been studied [60, 61]. A major disadvantage of YSZ is the
limited operation temperature (<1473 K) for long-term application. At higher temperatures, phase
transformations from the £ tetragonal to tetragonal and cubic (#+¢) and then to monoclinic (m)
occur, giving rise to the formation of cracks in the coating. A practical upper-use temperature of
1223 K in gas turbine for the ZrO, coating stabilized by CaO and MgO was reported by Miller [4].
On the other hand, these coatings, possess a high concentration of oxygen ion vacancies, which
at high temperature assist oxygen transport and the oxidation of the bond coat at the ceramic-
bond coat interface, namely the formation of thermally grown oxide (TGO) on the bond-coat
surface. This leads to spallation of the ceramic and such a mode of failure of the TBC is
predominant when the coatings are thin as in gas turbines. This problem has been overcome to a
large extent by providing oxidation resistant bond coats such as alumina and mullite [62].

Pure zirconia undergoes a crystallographic phase transformation, which is prevented by the
introduction of stabilizers such as yttrium oxide, calcium oxide, magnesium oxide and several
other rare earth oxides. Of all the stabilizers, investigated so far, based on performance and an
economics point of view, yttria stabilized zirconia has been the most successful in meeting the

requirements of a thermal barrier coating for turbine engine components [4].
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Both APS and EB-PVD processes result in the formation of a stabilized tetragonal phase
which shows no significant changes in phase composition below 1000° C. Upon operation at
temperatures above 1200 °C, this phase destabilizes upon long term exposure (greater than
100h) into a cubic phase and a tetragonal phase. The new tetragonal phase (known as the
transformable tetragonal phase), upon cooling, undergoes a phase transformation to the
monoclinic phase with a volume change. Presence of large amounts of transformable tetragonal
phase can only result in formation of the monoclinic phases with significant microcracking and
possible loss of mechanical integrity of the coating. A phase zirconia-yttria phase diagram is
illustrated in Fig. 1.11. Investigations attempting to correlate the relative concentrations of the
monoclinic, tetragonal and cubic phases to the performance of the coating have been
inconclusive; however, it is well known that yttria content in APS ZrO, coatings can significantly
change the tetragonal, monoclinic or cubic phase concentrations and consequently affect the

coating performance [63].
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Fig. 1.11. Y,0,ZrO, phase diagram adapted from literature. (a) C-ZrO,, T-ZrO, and d corresponds to the cubic,
tetragonal and Zr,Y,0,, based structures, respectively; (b) T' is related to the metastable form of the
tetragonal phase. Stable diagram corresponds to bold lines (evaluated) and bold dashed lines
(uncertain). The metastable diagram is represented with light grey characters [49].
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6. Thermal conductivity of TBCs

Thermal insulation provided by the use of TBCs is one of the most important attributes of
these materials and is governed by the characteristic thermal conductivity of the ceramic
material. In this section, the main parameters affecting the thermal conductivity of TBCs are
presented and discussed.

The thermal protection and spallation lifetimes of TBC layers produced via APS and EB-PVD
are significantly different. It is apparent (see Fig. 1.12) that the thermal conductivity of zirconia
based coatings strongly depends on microstructural features of the coating, introduced as a
result of the chosen method of deposition. TBC coatings produced by APS have a thermal
conductivity in the range of 0.8-1.0 W/m K at 25°C. This is significantly lower than the 1.5-1.9
W/m K reported for EB-PVD coatings at 25°C. The APS coatings therefore provide superior
thermal protection. However, their use is limited by their poorer spallation resistance. EB-PVD
TBC layers, however, have much longer (8 to 10 times) spallation lifetimes than their APS
counterparts and as a result are preferred for aero gas turbine applications where extreme

thermal cycling occurs [64, 65].
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Fig. 1.12. Thermal conductivities of bulk, EB-PVD and thermally sprayed zirconia yttria materials [64].

The thermal and mechanical property differences of YSZ coatings synthesized by these two
processing routes results from differences in the morphology of the porosity present within the
TBC layer. In APS layers, inter-splat pores result from the impingement of molten droplets onto a

substrate. These pores are roughly aligned parallel to the substrate surface and are accompanied
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by micro-cracks and fine grain boundaries. In this case, the pores provide a high impedance to
heat flow through the thickness of the coating resulting in a TBC with low thermal conductivity.
The addition of divalent transition metal oxides to reduce the thermal conductivity of
zirconia-yttria TBCs has shown reductions of 30-40% [66]. Such dopant additions give rise to
two effects; firstly to reduce the phonon transport in the material and secondly to reduce the
radiative transport mechanism. The use of a divalent transition metal oxide will introduce
vacancies as well as strain centres into the lattice, both of which will reduce the phonon mean
free path as discussed above. In addition, this doping changes the colour of the TBC material to
dark green/grey, reducing radiation transport in the visible range, and by inference in the near
infrared. Fig. 1.13 compares the performance of various additions at 4mol%. As can be seen,
the most effective additions examined to date were Gadolinia, Neodymia and Ytterbia, which
resulted in a thermal conductivity of 0.88, 1.00 and 1.02 W/mK, respectively, calculated for a

4mol% addition at a coating thickness of 250 mm, when measured at 500 °C.
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Fig. 1.13.  Thermal conductivities of dopant-modified EB-PVD TBCs at 4 mol% addition and 250-um thickness; data
measured at room temperature [64].

As well as microstructural features, the thermal conductivity would also be expected to vary
with the ceramic composition. This is demonstrated in Fig. 1.14, where the change in thermal
conductivity of zirconia ceramics and coatings, is plotted against yttria content. In each case, the
thermal conductivity decreased as the yttria content increased, with the highest conductivities

measured for the bulk ceramic and the lowest for the air plasma sprayed coatings.
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Fig. 1.14. Thermal conductivities of zirconia ceramic and zirconia thermal barrier coatings as a function of the

yttria content materials [64].

Although for conventional materials, the grain boundary contribution to phonon scattering is

thought to be small it has been shown [67] that within thermal barrier coatings (both plasma

sprayed and EB-PVD) grain boundaries can have a significant effect, particularly when the grain

size is of the same order as the mean free path for phonon scattering. Fig. 1.15 presents a

calculation of the influence of nanograin size on the phonon conductivity of zirconia—7wt.%ytrria

as a function of temperature. This demonstrates that the thermal conductivity is drastically

reduced for fine grained materials, particularly when the grain size is of nanometer dimensions.
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Fig. 1.15. Thermal conductivity of zirconia-7 wt.% yttria vs. grain size and temperature [65, 67].
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7. Current directions in TBC research

The most discussed reasons for failing of TBCs are fatigue by the mismatch in the thermal
expansion of the ceramic top coating and the metallic substrate, volume increase of the thermally
grown oxide (TGO) by oxidation at the interface of the bond coat and top coat and transformation
of tetragonal to monoclinic phase accompanied with a volume change up to 8% [6]. These are
reasons that limit the TBCs lifetime and hence there exists the need of new TBCs's architectures
(ex: FGMs), processing and post-processing techniques and alternative materials for an
improvement of TBCs's properties.

Although TBCs are flying in today’s advanced aeroengines and are introduced into first land-
based gas turbines, a lot of research issues still have to be addressed until TBCs qualify to
become prime reliant, i.e. an integral part of turbine blades and vanes and thus exploit their full
potential. Furthermore, advanced TBC systems have to be developed in order to accommodate
the further anticipated increase in engine performance. R&D needs of TBCs in future gas turbine

systems have been described as follows (in random order):

- reduced thermal conductivity;

- higher temperature capability;

- improved hot corrosion resistance;

- long-term thermal cycle testing in a thermal gradient;
- lifetime prediction modelling;

- non-destructive inspection technique development;

- coatings on ceramics;

- process modelling/validation;

- modelling of long-term TBC system stability.

Some approaches for the improvement of future TBCs are: (1) post-deposition of sealants on
the coating [60, 68, 69] or laser irradiation of the coating surface [70, 71] for better corrosion
resistance; (2) gradient [72, 73] or multilayered [52, 74] coatings, coatings with other materials
[75, 76]; (3) thick TBC for better thermal insulation [53] and (4) development of new processing

techniques [40, 77-79]. Some of these approaches will be described in the following sections.
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7.1. New processing techniques

7.1.1. Laser hybrid plasma spraying (LHPS)

Laser hybrid plasma spraying is a new processing technique that combines atmospheric

plasma spraying (APS) and in-situ laser irradiation by diode laser (Fig. 1.16) for producing TBCs

with improved structural characteristics [80, 81].

substrate

Fig. 1.16. Schematic illustration of laser-hybrid plasma spraying process [80].

Yttria partially stabilized zirconia TBCs have been manufactured implementing a hybrid
plasma spray process and the induced structural modifications were investigated [81]. This
hybrid process permited: (i) the growth of a columnar dendritic structure as shown in Fig. 1.17,
which is promising concerning the thermomechanical properties of the coating; (i) no phase
transition: the main phase still remains the metastable tetragonal (t') phase after laser treatment;
(iii) an increase of the porosity level due to the formation of large cracks.

Other studies [80] reported that coatings produced by this method showed approximately
85% increase of thermal diffusivity compared with as-sprayed coatings. Accordingly, it can be
concluded that the post-treatment process, generally tried for improving the life-time of TBCs in
hot section components of gas turbine, have to be carefully monitored to optimize the remelting
depth and crack density of sprayed coatings for escaping the significantly increased heat transfer

problems.
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20 pm

Fig. 1.17. Fractography of a columnar dendritic structure of in situ laser remelted coating [80].

7.1.2. Solution precursor plasma-spraying (SPPS)

There are essentially two processes which have emerged as viable ways to fabricate TBCs
under industrial conditions. Atmospheric plasma-spraying (APS) has been widely applied since
the 1960s to produce TBCs on hot components like burner cans or combustion chambers and
presents relatively low cost. The evaporation technology by means of electron beam physical
vapour deposition (EBPVD) technology has emerged in the 1980s. This latter deposition process
is particularly favoured for applications on more mechanically loaded parts, i.e. rotating parts like

high pressure turbine blades.

Solution —=
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Cathode Anode Plasma Flame
+ Plasma
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Fig. 1.18. Schematics of the solution precursor plasma spray process [82].
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Recently it was developed the solution precursor plasma spray (SPPS) process that offers the
prospect of depositing highly durable thermal barrier coatings (TBCs) of low thermal conductivity
[82-89]. In the SPPS process (Fig. 1.18), an aqueous chemical precursor feedstock is injected
into the plasma jet. The droplets undergo a series of physical and chemical reactions prior to
deposition on the substrate. The SPPS TBC has a unique microstructure with vertical cracks in a

porous matrix and the absence of common splats.

Fig. 1.19. Scanning electron microscopy (SEM) images of polished cross sections of; (a) SPPS deposited TBC and
(b) a conventional plasma-spray deposited TBC, both on bond-coated superalloy substrates. Arrows in
(a) indicate vertical cracks, while arrows in (b) indicate “splat” boundaries/cracks [82].

Observing the two micrographs of SEM analysis illustrated in Fig. 1.19, it is possible to
conclude that the new SPPS method can be used to deposit YSZ based TBCs with novel
structures and improved performance. These new TBCs have the following characteristics [82,

83, 89, 90]:

- Absence of “splat” boundaries/cracks

- Evenly spaced vertical cracks

- Porous microstructures with manometer-sized grains
- low thermal conductivity

- Improved thermal cycling lives
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It appears that the deposition mechanism consists of the following events in the plasma
flame [82]:

- Synthesis of nanoparticles from liquid precursor

- Deposition of the particles on the substrate

- Partial sintering of the coating in the intense heat of the plasma

Strutt and co-workers [82], report methods whereby reprocessed nanoparticle powder feeds,
nanoparticle liquid suspensions, and metalorganic liquids are used in conventional thermal spray
deposition for the fabrication of high-quality nanostructured coatings. In one embodiment, the
nanostructured feeds consist of spherical agglomerates produced by reprocessing as-synthesized
nanostructured powders. In still another embodiment of this invention, liquid metalorganic
chemical precursors are directly injected into the combustion flame of a plasma thermal spray
device, whereby nanoparticle synthesis, nanoparticle melting, and nanoparticle quenching onto a

substrate are performed in a single operation.
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Fig. 1.20. Comparation of thermal cyclic life of SPPS TBCs and conventional APS TBCs, DVC TBCs and EB-PVD
TBCs [90].

In the diagram shown in Fig. 1.20, it is possible to observe a comparison between the
different processes that are applied nowadays. An increased durability of SPPS TBCs is evident.
SPPS TBCs reveals superior durability to APS TBCs, DVC TBC and even EB-PVD TBCs in thermal
cycling test. The high durability is attributed to the improved strain tolerance and toughness of

the coating.
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7.1.3. Electron beam directed vapor deposited (EB-DVD) TBCs

One approach to improve TBC system performance is to optimize the pore morphologies in
order to reduce the TBC's thermal conductivity while still retaining a high in-plane compliance.
Lower thermal conductivities lead to temperature reductions at the TGO/bond coat interface
which slows the rates of the thermally induced failure mechanisms. For example, lower
temperatures in the bond coat and TGO layers reduce the CTE mismatch strain in the TGO layer,
slow the growth rate of the TGO layer and retard impurity diffusion within the bond coat.
Alternatively, lower thermal conductivity TBC layers might allow designers to reduce the TBC
thickness thereby decreasing the significant centrifugal load that the mass of the TBC imposes on
the rotating turbine engine components [91].

EB-DVD combines high rate, low vacuum electron beam evaporation with a rarefied gas jet to
entrain vapor and transport it to a substrate [92]. During operation, a source material is
vaporized and the carrier gas jet collides (at high velocity) with the resulting vapor directing it
towards the substrate.

Inclined column morphologies were produced by Hass and co-workers [40] by inclining the
substrate away from the jet axis by an angle 6, Fig. 1.21. This resulted in the growth of columns
inclined to the substrate normal by an inclination angle, w, where ,0. Zig-zag column
morphologies, as shown in Fig. 1.21, were produced by depositing vapor at a high q value
(typically 45°) for a prescribed dwell time, then rotating to 26, and depositing for the same dwell
time. All of the layers deposited by EB-DVD exhibited a columnar structure with some porosity in
the form of elongated pores that extended from the substrate to the top of the coating. The
porosity was ‘hierarchical’ in nature, structure could be utilized to impede heat flow through the
coating thickness. In this way, coatings with thermal conductivities as low as 0.8 W/mK were

produced.
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Micrographs of EB-DVD coating cross sections. The columns in (a) are aligned perpendicular to the
substrate. In (b) the columns are aligned at 45° to the substrate normal. In (c) and (d)) coatings with
“zig-zag" column morphologies are shown with wavelengths of 31.7 and 13.4 mm, respectively. (e)
Schematic illustration of the use of EB-DVD methods to deposit 7YSZ layers with zig-zag columns and
intercolumnar pores [40].
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7.2. Functionally graded thermal barrier coatings (FGMs)

An alternative to the use of single-layer ceramic coatings on the bond-coated metal substrate
for TBC applications will be layers of materials of variable thermal conductivity to form a
composite. A gradual transition in the thermal conductivity across the composite coating may
reduce the thermal stresses due to gradual temperature differences.

The concept of functionally graded materials (FGMs) was first introduced in 1984 by a group
of material scientists in Japan, for ultrahigh temperature resistant aircrafts, space shuttles and
other engineering applications [93].

Functionally graded material is a new concept in material design. FGMs with continuous
changes of microstructures and properties across the material are expected to have low residual
and thermal stresses and improved bonding strength between dissimilar materials and ceramic
coatings. The unique characteristics in structure distribution makes FGM offer great promise in

applications in many areas and the researches have been widely performed [94, 95].
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Fig. 1.22.  (a) Schemaitic illustration showing the deposition scheme to produce a 7-layer FGM TBC; (b) Cross-
sectional micrograph showing the FGM TBC coating layer [96].
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It is well known that FGM performance depends mainly on the composition distribution. The
composition distribution in FGMs can be tailored to specific requirements and properties of the
constituent materials. For example, the structure of ceramic/metal FGMs, illustrated in Fig. 1.22,
is designed by considering the thermo mechanical properties of the metal that has high
mechanical strength and thermal conductivity of the ceramics that acts as a heat-resisting
thermal shield. Therefore, ceramic/metal FGMs have received growing attention as prospective
thermal barrier materials [97, 98]. The functionally graded materials are heterogeneous
composite materials, in which the thermo mechanical properties vary continuously from one
interface to the other. This is achieved by gradually varying the volume fraction of the constituent
materials. For example in an FGM coating/metal substrate system, the volume fraction of
ceramic varies gradually from 100% (0% metal) at the coating surface to 0% ceramic (100%
metal) at the coating—substrate interface. In this way, the sharp mismatch is eliminated, resulting
in improvement of the residual stresses [93].

There are several methods to produce FGMs; the most common techniques are P.V.D.,
C.V.D., plasma spray and powder metallurgy depending on operational conditions [93]. The
choice of appropriate method for coating deposition, flexible enough to provide desired

microstructure [99, 100].

7.3. Post-processing of conventional TBCs

7.3.1. Laser-glazing

High power Nd-YAG, diode, CO, and excimer lasers have been used for processing ceramic
materials [101-120], including TBCs [112-120]. Among the applications are surface
decontamination, cutting and drilling, glazing and cladding. CO, lasers, because of their high
power capability and efficiency, are more attractive for these applications [105].

Laser glazing is a surface treatment which consists of irradiating the workpiece material with
a laser beam with enough power allowing the melting of the material and consequent
solidification, forming a “glass-like” surface (in appearance, not in crystallinity). This technique
applied as a post-processing procedure to plasma-sprayed TBCs has been revealing a high
potential for the improvement of their properties by reducing surface roughness [121] and

generating a segmented crack network, as shown in Fig. 1.23. Laser treatment may lead to the
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elimination of porosity, enhancement of the coating strength and chemical homogeneity and the
development of metallurgical bonding at the coating-substrate interface producing strengthened

coating adhesion [122].

Fig. 1.23. Scanning electron micrographs of the top of TBCs: (a) plasma-sprayed; (b) laser-glazed [123].

Several studies have been carried out to evaluate the modifications accomplished with this
material. The wear behaviour of laser treated plasma-sprayed TBCs has been evaluated by Fu ef
al. [121] and revealed a significant improvement as well as in the bonding strength between
coating and substrate. Results of Ahmaniemi ef a/. [124] showed that the thermal conductivity of
laser-glazed plasma-sprayed TBCs was increased only slightly in cases where the segmentation
cracks were vertically aligned, when its orientation was not vertical, the thermal conductivity was
decreased. Moreover, this technique has also been mentioned [70, 71] as an approach to
increase the hot corrosion resistance of TBCs. An increase of about fourfold in the cyclic lifetimes
and hot corrosion resistance of plasma-sprayed TBCs when subjected to laser treatment has

been observed by Tsai and co-workers [78, 123].

7.4. Alternative compositions

During the last decade, research efforts were devoted to the development and manufacturing
of ceramic thermal barrier coatings (TBCs) on turbine parts because the traditional turbine
materials have reached the limits of their temperature capabilities [76].

New TBC materials should maintain the good properties of YSZ, e.g. a low thermal

conductivity, a high coefficient of thermal expansion as well as a low Young's modulus and high
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fracture toughness. Additionally, there is a requirement for a high melting point, notably higher
than 2000°C as well as phase stability up to 1400°C or even better up to the melting point.
Furthermore the sintering activity should be low and the material should resist to chemical
corrosion.

In the periodical table of elements, the elements whose oxides find applications in TBCs are
mainly distributed in llIB (rare earth elements), IVB (Ti, Zr and Hf), llIA (Al) and IVA (Si). The IIA
elements (Mg and Ca) can only be used as stabilizers of zirconia. Rare earth oxides are
promising materials for TBCs because of their low thermal conductivity, high thermal expansion
coefficients and chemical inertness [48].

No clearly superior successor to yttria as a stabilizer for zirconia has been developed over the
past two decades [4]. One promising material is zirconia-ytterbia, which has performed well in
furnace tests. The optimum composition tested was 12% (by weight) or 4 mol% [125]. This
composition appears to be in the same position relative to the equilibrium phase diagram as
zirconia-yttria in the 6-8% range. In more recent unpublished work, Yb,0,, Er,0, and Dy,O, were
evaluated in furnace tests. All three materials performed well, but none was clearly superior to a
reference Zr0,-8Y,0, coating.

During the early 1990s, hafnia-yttria-base coatings have been evaluated at NASA [126] .
Hafnia is an element that is chemically similar to zirconia, and plasma-sprayed HfO,-Y,0, TBCs
have performed well in laboratory tests. However, the best performing hafnia-base coatings
appear to be no better than zirconia-base coatings. Interestingly, the best hafnia-yttria coatings
contain high levels of yttria stabilizer, up to 27%, and are fully cubic. Therefore, they may be
more stable at very high surface temperatures that would cause destabilization of the optimum,
partially stabilized zirconia-yttria compositions.

In the Institute for Materials and Processes in Energy Systems (IWV) at the Julich Institute,
Germany [37] mainly two promising types of materials are being examined, such with a
Pyrochlore structure and such with a Perovskite structure. Herein the zirconates (e.g. La,Zr,0,,
Gd,Zr,0,, SrZrQ,), the Hafnates (e.g. La,Hf,0,) and rare earth compounds (e.g. LaYbO,) are of
special interest. Some of them exhibit only a single phase from room temperature up to the
melting temperature which is higher than 2200°C. From the best candidates free flowing
powders are produced which are needed to deposit TBCs by plasma spraying process.

Up to now no single material was found which is better than YSZ in all points. Some

materials were developed with high temperature stability and lower thermal conductivity but a
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lower coefficient of thermal expansion and a lower fracture toughness often leads to unfavourable

mechanical fracture properties. Under thermal cycling load they fail much earlier than YSZ.
Another idea is to produce two ore multilayer coatings where a YSZ layer with good

mechanical behavior is in contact with the metal substrate, whereas a top-coating of one of the

new materials protects the YSZ from too high temperature [76].

8. Conclusions

Present day TBCs generally consist of a yttria-stabilized zirconia (YSZ) coating deposited onto
an oxidation-resistant bond-coat alloy that is first applied to a nickel-based superalloy component.
For relatively small components such as blades and vanes in aerospace turbines, the coatings
can be applied by electron-beam physical vapor deposition (EB-PVD). For larger components
such as the combustion chambers and the blades and vanes of power generation, stationary
turbines, the coatings are usually applied by plasma-spraying (PS).

Since the introduction of TBCs in gas turbines, several improvements on the selected
materials, processing techniques and life prediction tools have been taking place to contribute for
the improvement of TBC's performance as well as for the widening of the field of applications.
Thermal barrier coatings’'s properties are extremely dependant on the selected materials,
compositions and processing techniques. Many factors are crucial in obtaining satisfactory TBC
performance. These include the raw materials themselves, the exact operating parameters used
in the coating process, the composition and structure of the bond coat, and the physical and
crystal structure of the zirconia layer. Until now no other material rather than yttria partially

stabilized zirconia has proven to have superior performance in service.
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