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Development on New Thermal Barrier Coating Materials

CAO Xuegiang
(State Key Laboratory of Silicate Materials for Architectures, Wuhan University of Technology, Wuhan 430070, China)

Abstract: Thermal barrier coatings (TBCs) are ceramic coatings with a good thermal barrier effect at high temperatures, and have
some important applications in the thermal protection of gas turbines, internal combustion engines, rocket engines and other
high-temperature environments. Zirconia stabilized by rare-earth or alkaline earth oxides are used for nearly 60 a, and yttria stabilized
zirconia (YSZ) is the mostly used material. Since last two decades, many materials are developed, i.e., nano-YSZ, rare earth
zirconates, rare-earth aluminates, rare-earth tantanates, alkaline earth zirconates, etc.. New TBC materials have lower thermal
conductivities, better sintering resistances and similar or larger thermal expansion coefficients, but much lower fracture toughness,
more complicated compositions and therefore much shorter thermal cycling life rather than YSZ. In order to improve the durability of
the TBC materials for high-temperature applications, the coating deposition process should be controlled effectively to keep a
stoichiometric composition and the double-ceramic-layer (DCL) coatings could be applied.
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. reduce the requirements for the cooling systems!' . Fig.
1 Introduction 1 shows the application of TBCs in modern aeroengines,
including combustors, blades, vanes and nozzles.
Preparation methods of TBCs, such as electron
beam-physical vapor deposition and plasma spraying
(PS), are comparatively more expensive than other
coating technologies, normally only suitable for gas
turbines® ™ and rocket engines!®. TBCs could also
obviously improve the thermal efficiency and reduce
exhaust emissions of diesel engines, due to the heat loss

Thermal barrier coatings (TBCs) have been widely
used to protect high-temperature metallic components,
such as aircraft engines, stationary gas turbines, ramjet
engines, rocket engines, internal combustion engines, and
so on. For example, TBCs are deposited on combustors,
blades, vanes, nozzles and other hot-path components of
gas turbines, either to increase the inlet temperature with
a consequent improvement of the thermal efficiency or to
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Fig. 1 Applications of TBCs in acroengines (photograph taken

in Airshow China 2014)

reduction and the lower heat flux!” "%, If the preparation
expense is largely reduced, the applications of TBCs
would be more popular.

The selection of TBC materials is restricted by some
basic requirements!"". For a TBC top coat material, the
most important properties are the fracture toughness and
the thermal expansion coefficient. No single material
satisfies all these criteria. The best compromise among
these requirements is presently offered by partially
stabilized zirconia containing 7%—-8% (in mass fraction)
Y,0;5 on a MCrAlY bond coat. A major disadvantage of
yttria stabilized zirconia (YSZ) is the limited operation
temperature (<1 200 ‘C) for long-term application. At
higher temperatures, sintering and phase transformations
from the t'-tetragonal to tetragonal and cubic (t+c) and
then to monoclinic (m) occur, leading to the failure of the
coatings.

The search for new materials that could withstand
high gas-inlet temperatures (>1 700 'C) was intensified
within the last three decades. A lot of new TBC materials
have been studied, and these materials could be mainly
grouped into 6 types according to their crystal structures,
including: 1) Pyrochlore (R,Zr,05, R=rare earth) ') 2)
Perovskite: A(Zt/H)O; (A=Ca, Sr, Ba)!'"; Ba(Mg,sTa,3)0;
and La(Al1/4Mg1/2Ta1/4)O3“7]; 3) Magnetoplumbite:
RMgAl;;0q9 (R:La—Lu)[lg]; 4) Fluorite: La,Ce,0,",
Lay(Zry7Ceg3),07 (mixture of pyrochlore and fluorite) (201
tantalates RTa0,*' %% and R;TaO,*"3%; 5) Glass—metal

composites™;  6) Mullite (3AL,05-2S8i0,)!'" 3,
Normally, these new TBC materials have low thermal
conductivity, high sintering resistance, high phase
stability and other advantages, but their fracture
toughness is usually low, leading to a poor thermal
cycling life. An efficient method to improve the life time
of new TBC materials is to form a double-ceramic-layer
(DCL) structure!** !,

Since 1990s, nanostructured YSZ (nano-YSZ)
coatings deposited by atmospheric plasma spraying
(APS) have attracted a lot of research interest because of
some superior properties in comparison with
conventional YSZ coatings****!. Nano-YSZ would also
be grouped into a new TBC material in this paper.
Homogeneous distribution of spherical pores or
pre-existing cracks in nano-YSZ coatings could act as the
tensile relieving center, making coatings more tolerant
against stress, as a result, the thermal shock resistance of
nano-YSZ coatings was largely improved.

Two review papers about TBC materials and
applications of rare earths were published in 2004!""! and
2007, respectively. A lot of new results have been
reported since that time, and this paper mainly
summarizes the research results of recent years.

2  New TBC materials

2.1 Nano-YSZ

Nano-YSZ coatings have attracted a lot of research
interest, especially in China, because of some superior
properties in comparison with conventional YSZ
coatings. Homogeneous distribution of spherical pores or
pre-existing cracks in nano-YSZ coatings could act as the
tensile relieving center, making coatings more tolerant
against stress, and the thermal shock resistance of
nano-YSZ coatings was thus largely improved for about
1-2 times longer than those of conventional YSZ
coatings'** %, Similar results were also reported by other
authors®'**. Furthermore, compared with conventional
YSZ coatings, nano-YSZ coatings have high bonding
strength®”, low thermal conductivity™®*' large thermal
expansion coefficient’>, high salt corrosion and thermal
oxidation resistances™ ">,

Semi-molten or unmolten nano particles inside
nano-YSZ coatings are the origin of high toughness and
low thermal conductivity. In order to keep the nano
characteristics of nano-YSZ coatings, the power of
plasma gun should be at a low level to avoid full melting
of nano particles during plasma spraying. The nano-YSZ
coatings have a bimodal microstructure, consisting of
dense and porous regions (Fig. 2(a)). The averaged
crystalline grain size of the nano-YSZ powders was
20 nm, and the corresponding coating had a size of about
41nm. The porous region consists of the semi- or
unmolten nanostructured agglomerated particles that
were embedded in the coating microstructure, and the
dense region represents the fully molten particles that
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form the matrix of the coating microstructure. The
percentage of porous nano regions was estimated to be
about 1/3116463],
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(b) Thermal cycling lives

Fig. 2 Typical microstructure of nano-YSZ coatings made by
APS and thermal cycling lives of nano-YSZ coatings
vs. crystalline grain sizes of their starting powders!’”

The sintering temperature of nano particles could be
as low as 1000 ‘C!1%! After being heated at 1100 C for
50h, the individual nano particles which were contained
in the semi-molten agglomerates reached diameters of
about 300 nm!®”!. Racek et al.’s'®® results indicated that,
the diameters of the nano particles were larger than 400
nm when treated at 1300 C for 30 h. The plasma-gun
power of APS to deposit coatings from nano-YSZ has an
obvious effect on the themal cycling life of the coatings.
The thermal cycling life of the coating prepared by a low
spraying power (22 kW for plasma spraying gun F4,
Oelikon-Metco) was 292 cycles, which was approximately
twice as high as that of the coating deposited by a high
spraying power (42 kW). The best thermal shock
resistance obtained for the nano-YSZ coating prepared at
22 kW can be partially attributed to its high content of
nanozones, which play an important role in releasing the
thermal stress and interrupting crack propagation!®”.

A lot of authors have found that nano-YSZ coatings
had obviously longer thermal cycling lives than

conventional coatings, but some authors did not observe
the difference!”" ™. This discrepancy is a result of
different starting powders used in different studies.
Crystalline grain size of nano-YSZ has large influence on
the thermal cycling life of its coating. In order to obtain
nano-YSZ powders with similar morphologies but
different grain sizes, a powder with a grain size of 23 nm
was heated for 12 h at 800, 900, 1 000, 1 100 ‘C and
1 200 °C, respectively. These powders were plasma-sprayed
and thermal cycling lives of these coatings were tested by
heating at 1 100 ‘C for 5 min followed by quenching into
cold water. Thermal cycling lives of coatings with
different grain sizes are shown in Fig. 2(b)"™. Below
900 C, the grain size grows weakly with the increase of
temperature, but grows fast above 900 ‘C, which
indicates the turn point of ions in YSZ from the surface
diffusion to the bulk one. On the other hand, it is very
interesting that only those coatings whose starting
powders have grain sizes smaller than 26 nm have long
lives. Coatings whose starting powders have grain sizes
larger than 26 nm have similar lives to conventional
coatings. In commercial market, most of the so-called
nano YSZ powders have grain sizes between 50—-80 nm,
therefore, there is no obvious difference between
nano-YSZ and conventional powders.

Nano-YSZ coatings are now popularly used in aero
engines, space engines and heavy land-based gas turbines
in China. However, even though nano-YSZ coatings in
the laboratory test have long lives, practically they have
much shorter lives in engine running than expected,
ranging from a few hours to less than 400 h. More
terribly, there are a few cases about the pulverization of
nano-YSZ coatings applied for both aero and space
engines which were stored in natural environment for 2-3
years before engine running, but the reason is not clear so
far. There are now several production lines of nano-YSZ
powders, and a powder which is appointed to be used in
aero engines has a hyper expensive price of about 1500
dollars/kg which is at least five times as high as the world
market price! The aero engine is always the bottleneck of
China's aviation manufacturing industry. China launched
its big plane company in 2008 and will adopt
China-made engines in the future. In China’s Big Plane
Project, nano-YSZ coatings are prepared by APS with
nano-YSZ powders whose crystalline grain size is not
larger than 20 nm.

Another problem of nano-YSZ coatings is the
possible corrosion of bond coat by the residual precursors
YCl; and ZrOCL). YSZ coatings usually look white or
gray, depending on the content of oxygen vacancy.
Corrosion spots as shown in Fig. 3 are frequently
observed on TBC products, especially in hot and humid
environment, corrosion would be more serious. As the
residual ZrOCl, and YCl; in nano-YSZ powders are very
high, both ZrOCl, and YCI; were hydrolyzed in humid
environment, leading to the formation of HCI. Oxides of
Co00, NiO and Cr,0; in bond coat would inevitably react
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with HCI, and therefore, corrosion spots look jade green
(Ni*"), light red (Co*") or dark green (Cr*").

BC

Substrate

(b) Stereo optical microscope picture

Corrosion spots show double-circles with different colors, distribution
direction of those double-circles are indicated with arrows; Stereo optical
microscope picture of coating cross section, the clear corrosion spots are

marked with arrows.

Fig.3 Corrosion spots of nano-YSZ coatings for a gas burner.””!

2.2 Rareearth pyrochlores

Lanthanum zirconate (La,Zr,0,;, LZ) is a typical
material with cubic pyrochlore structure, a lot of papers
about the thermal property, mechanical property and
coating preparation have been published. A considerable
amount of La,0; in the powder was evaporated in the
plasma flame, resulting in a nonstoichiometric coating!'®!,
Additionally, compared with YSZ, LZ has a lower
thermal expansion coefficient and lower fracture
toughness which lead to higher stress levels in its coating.
A single layer coating of LZ had much shorter thermal
cycling life than that of YSZ. The evaporation of La,03
could be obviously reduced by reducing the gun power of
plasma spraying!™. If the gun power is 51 kW, the
coating has La/Zr atomic ratio of 0.75, and up to 24.8%
of La,O; in the powder feedstock was lost; by reducing
the gun power to 15 kW, almost stoichiometric
composition (La/Zr atomic ratio=0.99) is obtained. The
particle temperature in the plasma flame of gun power
15kW was measured to be about 2700 ‘C which is only a

little bit higher than the melting point of rare earth
zirconate pyrochlore of about 2 300 ‘C. Evaporation of
La,O; also occurs in the process of electron beam
physical vapor deposition (EB-PVD)"*™. LZ coating
made by EB-PVD has a similar morphology to YSZ as
shown in Fig. 4, but the columnar microstructure is much
more irregular than that of YSZ, showing more branching
of the columnar structure. This indicates a repetitive
re-nucleation of columns during deposition. The column
tips show a cauliflower-like appearance. Even though
there is a large difference of vapor pressures between
ZrO, and La,0s, the coating still keeps a pyrochlore
structure.

(b) Fractured cross-section

Fig. 4 SEM micrograph of the as-deposited LZ coatings!’®!

Both thermal diffusivity and conductivity of
R,Zr,0; (R=La, Nd-Gd) decreases with ionic radius
reduction and atomic mass increasel’”. In order to further
reduce the thermal conductivity and increase the thermal
expansion coefficient, ionic doping for both R and Zr in
R,Zr,0; have been extensively studied, such as Nd,Zr,0;
(NZ), SmZZr207 (SZ), Gngr207 (GZ), L32C6207 (LC)
and Lay(Zry;Cey3),0; (LZ7C3), and a large number of
papers have been published. Normally, the ionic doping
for LZ could obviously reduce the thermal conductivity
(12-1.5 W-m "K', 1 000°C), partially increase the
thermal expansion coefficient (8.5x10°-9.5x10°¢ K™,
but the fracture toughness is still a big problem
(<1.2MPa-m"?). LZ has been toughened by the addition
of BaTiO; as a ferroelastic phase, attempting to make
exploitation of domain wall switching as an energy
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dissipation pathway™, and 24% increase of fracture

toughness was obtained. The addition of Y;Al;0p,
(YAG) nano-phase into LZ is also helpful to the
improvement of fracture toughness®®!). However, both
BaTiO; and YAG are reactive with LZ matrix at high
temperatures. The addition of YSZ could largely
improve the toughness of LZ, giving a result of
2.5 MPa-m"**,

The full substitution of Ce for Zr of LZ results in the
formation of La,Ce,O; (LC) whose structure is
disordered fluorite. LC is first proposed as a new TBC
material which has low thermal conductivity and large
thermal expansion coefficient close to that of the bond
coat!'”). After long-term annealing at 1400 ‘C, LC was
still stable without phase-transformation. The thermal
cycling test of LC coating indicates that this coating has a
comparable thermal cycling life to the traditional 8YSZ
coating. The thermal cycling life of single layer LC
coating is strongly dependent on its composition as
shown in Fig. 5. A small deviation from the
stoichiometric composition La,0;-2CeO, would strongly
reduce the lifetime, making a difficulty to the
composition controlling during plasma spraying.

The partial substitution of Ce for Zr in LZ results in
Lay(Zry7Ceo3),0; (LZ7C3) which is a mixture of
pyrochlore (main phase) and fluorite (second phase) 2%,
LZ7C3 has a very strong sintering resistance and very
low thermal conductivity (0.87 W-m K" vs. 2.10
W-m K™ of YSZ, 1000 °C), and it is observed that fine
particles of the second phase in the composite
concentrate at the grain boundary to prevent the grain
growth of the main phase (Fig. 6(a)).

3500
o La,Ce, 1007 14
3000 |
2500
2000 |
1500 |
1000 | .

500 | \ Lg}%}soﬂz
O 1 — 11

05 06 07 08 09 10 1.1 12 13
Ce/La molar ratio in the coating

Thermal cycling life/cycle

(a) Thermal cycling lives

Bond-coat

(b) Microstructure

Fig. 5 Thermal cycling lives of La,03-CeO, coatings Vs. the
molar ratio of Ce/La in the coatings and microstructure
of LayCey90713 coating after thermal cycling
(T(substrate)=1 503 K, T(surface)=1 248 K, 3 238
cycles)!"!

(a) LZ7C3

(b) LZ7C3 coating photo

(c) Microstructure of LZ7C3 coating

Fig. 6 SEM microstructure of LZ7C3 and LZ7C3 coating on a turbine blade made by EB-PVD!®*!

The linear thermal expansion coefficient of LZ7C3
is about 10.66x10 °K"', which is larger than that of LZ
and similar to that of 8YSZ. Due to the large difference
among the evaporation rates of La,O;, CeO, and ZrO,,
the composition of the coatings made by EB-PVD could
be much different from that of LZ7C3 ingot. As reported
by Xu et al®, in order to obtain stoichiometric LZ7C3
coating by EB-PVD, the electron beam density should be
high enough (1.15x10*-1.30x10* J.cm™®) to evaporate

La,0;, CeO, and ZrO, simultaneously. LZ7C3 coating
was successfully deposited on a turbine blade by
EB-PVD (Fig. 6(b)), and the typical columnar structure
(Fig. 6(c)) of the coating is very similar to that of YSZ
coating and much more regular than that of LZ as shown
in Fig. 4(b).

The study on hot corrosion of YSZ, LZ and LZ7C3
coatings in the presence of molten mixture of
Na,SO04+V,05 at 900 C for 100 h indicates that LZ7C3



48 5 10

PSR TR AR U + 1627 -

coating is still perfect without significant degradation,
which exhibits much better than YSZ and LZ®™.
Calcium-magnesium-aluminum-silicate (CMAS) corrosion
is a significant failure mechanism for TBCs. LZ7C3
coating prepared by EB-PVD was found to be highly
effective in resisting CMAS infiltration for a prolonged
duration of 24 h at 1250 “C, while conventional YSZ
coating was completely penetrated by molten CMAS
within 30 min. This resistance was achieved through
crystallization of CMAS as a result of high-temperature
chemical interactions between LZ7C3 coating and CMAS
glass. CMAS rapidly dissolves LZ7C3 and precipitates
apatite phase based on (La,Ca)4(La,Ce)s(SiO4)s0,, fluorite
Zr0O, and other crystalline phases, forming a continuous
crystalline layer at the CMAS/LZ7C3 interface, which
can effectively prevent CMAS from further penetration,
especially be helpful to long-term applications of TBCs
against CMAS corrosion™ ®"|. Vertical cracks in EB-PVD
coatings are still the infiltration way of CMAS into the
internal coatings'™® *").

2.3 Rareearth magnetoplumbites

LaMgAl;;019 (LMA) possesses long term structural
and thermochemical stabilities up to 1 673 K, and has
significantly lower sintering rate than YSZ. The low
thermal conductivity of LMA is caused by its
microstructure, i.e. a random arrangement of LMA
platelets that build up a microporous coating, and the
insulating properties of the material with its
crystallographic feature itself. A study describing the
development of an optimized procedure for the
processing, manufacturing and application of LMA as
TBC material was reported by Friedrich et al.[**.

LMA coating deposited by plasma spraying was
thermally cycled with a gas burner™. The coating
surface was cycled from room temperature to 1250 C
(bond-coat temperature 970 C) for 5 minutes followed by
quenching to room temperature within 2 min. After
12000 cycles, the coating failed, corresponding to a total
heating time of 1 000 h. LMA has a platelet structure as
shown in Fig. 7(a), and this is believed to be the reason
for its low thermal conductivity and high fracture
toughness. The as-sprayed LMA coating has a large
amount of amorphous phase and a low porosity level.
After thermal cycling, recrystallization occurs with the
formation of platelets whose thicknesses are between
50 nm and 80 nm, as clearly shown in Fig. 7(b), much
smaller than that of the calcined powder as shown in
Fig. 7(a). The temperature of plasma flame is about
1.5x10* K. During plasma spraying, the powder is
instantly molten and cooled immediately when the
molten droplet leaves the flame, and the cooling rate is
estimated to be higher than 1x10°K/s. The thin platelet of
LMA coating is an indication of nonperfect crystallization
during plasma spraying'™®.

Other rare earth hexaluminate coatings including
NdMgA111019 (NMA), SmMgA111019 (SMA) and
GdMgAl;,019 (GMA) prepared by plasma spraying have

also been studied”. The ionic radius of R*" has an
obvious influence on the platelet thickness, a larger R*"
ion results in a thinner platelet and a higher fracture
toughness”?. The thermal cycling lifetime decreases with
the reduction of R* radius, and LMA has the longest life.
The substitution of La in LMA by other rare earth ions
leads to the reduction of thermal conductivity™!.

(a) LMA platelet

¥ FOr
. ©

3

(c) Fig.7(b) in high magnification

Fig. 7 SEM microstructures of LMA platelet in the starting
powder and the coating after thermal cycling for
11970 cycles?®

Microstructure evolution of hexaluminate coatings
during thermal cycling is illustrated in Fig. 8", The
growth and rearrangement of platelet-like hexagonal
grains could offer the coating a large porosity, resulting in
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a high strain tolerance, high thermal insulating efficiency
and longer thermal cycling lifetime.

Mechanical and thermal properties of LMA bulk
material have been studied by Jiang et al.”™. The bulk
material was obtained by sintering at 1 700 °C for 6 h, and
some basic properties are: flexural strength is 353 MPa,
fracture toughness is 4.6 MPa-m"?, Young modulus is 295
GPa, Poisson ratio is 0.23, linear thermal expansion

Magnified
 —

"1 BC

As-sprayed coating

BC is bond coat.

Fig. 8 Microstructure evolution of plasma sprayed coatings with magnetoplumbite structure during thermal cycling

Rare earth magnetoplumbites are only suitable for
plasma spraying and could not be deposited by EB-PVD,
PS-PVD or other vapor deposition techniques. Only
amorphous and transparent thin film could be obtained by
EB-PVD, and the thin film is very easy to crack due to
the recrystallization during heat treatment. On the other
hand, LMA would be decomposed in the process of
EB-PVD, leading to serious composition segregation.

2.4 Perovskites

Alkaline earth zirconates or halfnates (A(Zr/Hf)O,,
A=Mg, Ca, Sr, Ba),!'""'*"7 complex Ba(Mg;;Ta,;3)O5
(BMT) and La(A11/4Mg1/2Tal/4)O3 (LMAT)[”’%] with
perovskite structure have high melting temperature, low
thermal conductivity and large thermal expansion
coefficient, and were proposed as new TBC materials.
The decomposition during APS is a common problem
encountered among all perovskite topcoat ceramics.

Effects of TBCs on the performance of diesel engine
have been investigated, and results prove a reduction in
fuel consumption and an improving effective efficiency
of the engine®™. For low cost applications, CaZrOs is a
good alternative to YSZ as it has good corrosion
resistance, in particular against KOH and mixtures of
NaVO, and Na,SO, environments'®’!. Tests on plasma
sprayed CaZrO; coating in diesel engine have been
reported'™'®, and the results showed a better
combustion efficiency, with reduction in fuel
consumption and heat loss, as well as a diminution of
about 48% in particle emission compared with the
uncoated engine. Almost single phase CaZrO; coatings
with 15% porosity can be obtained by HVOF with
acetylene as fuel'”. Coatings of CaZrO; and MgZrOs
deposited by HVOF were used for the thermal protection

Thermal cycling
 ——

Recrystallization |

coefficient is 9.2x10° K™' (473-1473 K), thermal
conductivity is 2.6 W/(m-K) (1273 K, 2.1 W-m K" for
8YSZ), thermal diffusivity is 0.55 mm%s (1273 K), heat
capacity is 929.5 J/(g-K) (1273 K), Vicker’s hardness is
14.4 GPa. The high fracture toughness of LMA is
believed to be a result of platelet structure. Among all
new TBC materials, LMA has the highest fracture
toughness.
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of chamber surfaces, cylinder head, valves and piston
crown in diesel engines, and results indicated that: 1) an
increase of 65 ‘C in the combustion gas temperature has
been observed; 2) fuel consumption was reduced for
about 6%; 3) emissions decreased for 40%.

Plasma sprayed coatings of BaZrO; have very high
porosity (about 30%), possibly due to the evaporation of
BaO (T,,=2 193K, T,=2473K) in the plasma flame, and
the coatings have poor thermal cycling life!'*.

Jarligo et al’s!"””® results indicated that the large
reduction of gun power during plasma spraying was very
helpful to the controlling of phase decomposition, a low
gun power of about 15 kW or lower is suggested to
prevent the decomposition of phases since majority of the
particles have already solidified upon impact to the
substrate. The single layer ceramic coatings of BMT and
LMAT also have short thermal cycling lives, and the low
fracture toughness of perovskites is the main reason.

2.5 Rareearth tantalates

Rare earth (R) tantalates have been proposed as
TBC materials and some attractive results were obtained.
Based on Feng's research results, rare earth tantalates as
possible TBC materials mainly have three advantages,
including high fracture toughness, lower thermal
conductivity and higher phase stability than YSZ!*'%.

The high fracture toughness of YSZ is a result of the
ferroelastic transformation from the high-temperature
cubic phase to crystallographically equivalent tetragonal
variants during cooling, which can be switched by an
applied stress!'®). In the search for other oxides capable
of ferroelastic toughening, Feng et al.”"! has studied the
transformations of YTaO, and observed the existence of a
ferroelastic phase transition. The scheelite-YTaO4 with
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high symmetry is stabilized over monoclinic
fergusonite-YTaO,4 phase above (1426+7) °C. Calculations
of the Gibbs free energies show that the monoclinic phase
of YTaOj is stable at room temperature and transforms to
the tetragonal phase at 1430 °C which is 260 °C higher
than that of YSZ, implying that YTaO,4 might be used as
TBC materials for an obviously higher application
temperature than YSZ. Considering their excellent
thermal properties, phase stability and relatively low
hardness, YTaO, ceramics may be promising candidates
for next-generation thermal barrier coatings”?. By the
substitution of Y with other rare earths or Nb, the
thermal diffusivity of RTaO, could be further
reduced” !,

Other two types of rare earth tantalates R;TaO; and
RTa;0, have also been proposed as new TBC materials.
The minimum thermal conductivity is 1.04 W/(m-K)
(500 C) for (La;_yEuy);TaO; bulk material ascribed to
various phonon scattering mechanisms'*”. The crystal
structure of RyMO; (M= Ta, Nb) can be regarded as the
derivatives of fluorite-type MO, (M4Og) structure,
where 3R*" and Ta”" replace 4M*" ions, and generate 1/8
oxygen vacancies to maintain charge equivalence!®'.
Oxygen vacancies could be considered as a special type
of lattice defect that can act as the phonon scattering
source and achieve lower thermal conductivity. The
high concentration of oxygen vacancies implies that
R;MO; ceramics have lower thermal conductivity. In
addition, the crystal structure of R;MO; ceramics
undergo order-disorder transition between weberite
structure and defect fluorite structure with the change of
R*" cation radius, and the random occupancy of cations
and oxygen vacancies in disordered fluorite structure
has significantly enhanced the disorder of the crystal
structure.

2.6 DCL coatingsbased on new TBC materials

Nearly all single ceramic layer coatings of new TBC
materials have a rather poor thermal cycling
performance. A good method to improve their
performances is DCL structure, and a lot of papers have
reported that DCL coatings have much longer thermal
cycling lives and can be used at higher temperatures than
single ceramic layer coatings. The designing of DCL
coatings is shown in Fig. 9. Materials for Top coat-1
usually have low thermal conductivity, high sintering
resistance, good corrosion resistance; materials for Top
coat-2 must have high thermal expansion coefficient,
chemical inertness against thermal grown oxide (TGO)
and high fracture toughness. Study on DCL coatings so
far indicates that the best material for Top coat-2 is still
the conventional material YSZ, and rare earth zirconates
(LZ, GZ), rare earth magnetoplumbites (LMA) and
perovskites (BMT, LMAT) are good candidates for Top
coat-1. YSZ as Top coat-2 can effectively reduce the
thermal expansion mismatch between Top coat-1 and
bond coat, as well as avoid the chemical reaction between
Top coat-1 and TGO.

Top coat-1, 150 pm

Top coat-2, 150 um

1 =] =]

BC. 150 um

(a) Schematic diagram

(b) Microstructure

Fig. 9 Theory of DCL coatings

For the designing of DCL coatings, Han et al. ['*¥

proposed an idea of “stress buffer” with LZ7C3/YSZ as
an instance. By finite element numerical simulation, the
stress of Top coat-1 during thermal cycling is calculated.
Results indicate that Top coat-2 acts as a stress buffer to
reduce the stress of Top coat-1 and the influence of TGO
growth upon the stress of Top coat-1. If the thickness
ratio of Top coat-1/Top coat-2 is 150 um/150 pm, the
reasonable range of the thermal expansion coefficient of
Top coat-2 is between 10.4x10 K™ and 10.9x10° K
which is just the value of YSZ coating!'*”. This is why all
DCL coatings with YSZ as Top coat-2 perform the best.
Wang et al.!'% calculated the residual stress of LZ/8YSZ
using “birth and death element” technique, and concluded
that DCL coating has lower residual stress compared with
that of the YSZ single layer coating with the same
thickness.

2.6.1 DCL coatings based on rare earth pyrochlores
Lay05-Zr0,-CeO, composite oxides keep fluorite
structure when the molar ratio Ce/Zr= 0.7/0.3, and only
below this ratio mixtures of La,Zr,0; (pyrochlore) and
La,05-CeO, (fluorite) exist. Based on the large thermal
expansion coefficient of La,03;-CeO, (as Top coat-2), the
low thermal conductivities and low sintering abilities of
La,Zr,0; and Lay(Zry;,Ce3),07 (as Top coat-1), DCL
coatings were prepared by APS, and the thermal cycling
tests indicate that such a design can largely improve the
thermal cycling lives of the coatings!*). By EB-PVD,
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DCL coatings (Top coat-1/Top coat-2) of LZ/YSZ!'",
LZ7C3/YSZ!'"® 1% and LZ7C3/LCM® were prepared.
The thermal cycling test of LZ7C3/YSZ indicates that the
life of DCL coating is not only much longer than that of
LZ7C3 single layer coating, but also obviously longer
than that of YSZ single layer coating. The superior
sintering-resistance of LZ7C3 coating and the unique
growth modes of columns are all very helpful to the
prolongation of thermal cycling life of DCL coatings!'*®.
The thermal cycling life of LC/YSZ was much longer
than that of LC single layer coating and comparable to
that of YSZ coating!'"" "4,

Vassen et al. ™ summarizes the performance of
DCL coatings of LZ/YSZ and GZ/YSZ based on a large
amount of thermal cycling results, and very interesting
and important conclusion is shown in Fig. 10. Single
layer coatings of LZ and GZ had a rather poor thermal
cycling performance. DCL coatings of LZ/YSZ and
GZ/YSZ showed similar results to YSZ coatings at
temperatures below about 1300°C. At higher
temperatures, DCL coatings revealed excellent thermal
cycling behaviors. At the highest test condition, lifetime
was thereby orders of magnitude better than that of YSZ
coatings. It was also concluded that an increase of the
maximum surface temperature in gas turbines by at least

100 K was possible with the new coatings. For YSZ,
above 1300 °C, a drastic decrease in lifetime is observed
due to the limited temperature stability of YSZ. At lower
temperatures, a rather large variation of the data is
observed as the surface temperature is no longer the most
significant parameter to determine the lifetime. For the
single layer coatings of LZ and GZ, the lifetime is well
below those of YSZ coatings. For all DCL coatings of
LZ/YSZ and GZ/YSZ, significantly higher lifetimes have
been found.

2.6.2 RMA/YSZ DCL coatings of LMA/YSZ
deposited by APS have been studied in detail by Chen
et al. "' and Sun®!. The structure design is shown in
Fig. 11. DCL-1 is the normal structure of DCL coatings.
In DCL-2, there is a thin interlayer between LMA and
YSZ, and this interlayer is a mixture of 50% (in mass
fraction, the same below) LMA+50% YSZ with a
thickness of 30 pum; in DCL-3, there are two thin
interlayers with thicknesses of 30 um, interlayer-1 is the
mixture of 50% LMA+50% YSZ and interlayer-2 is the
mixture of 60% LMA+40% YSZ. These three coatings
nearly have the same thickness of about 300 um. DCL-3
and DCL-4 have 3 and 4 interlayers, respectively.
Actually, DCL-2 to DCL-4 are semi-functionally graded
coatings.

10 000

10 T T T ——r——

— dﬁ —— Porous . .
/Po/ro A o SLLZ, 970 C<TBC<I1 070 'C
/ / o DL LZ/YSZ, previous results
o %% o DL LZ/YSZ, Amdry 997 BC
£ 1000 o Q¢ -~ oo ¢ DLLZ/YSZ
E © N\ © 4 DL LZ-Prax/YSZ
o AVS o SL GZ-Prax
8 \ AR ¢ DL GZ-Prax/YSZ
2 100 Q \ A
Z Vo % Lifetime range of standard YSZ
< o \—\
o \\ A N Lifetime rang of new double layer systems
\ /\\

1200 1240 1280 1320 1360 1400 1440

T (surface)/'C

SL is single layer; Prax is Praxair company.

Fig. 10 Thermal cycling performances of different coatings whose materials are from different sources

[40]

Mixture
Mixture-1
YSZ
YSZ
BC BC
(a) DCL-1 (b) DCL-2 with one interlayer (c) DCL-3 with two interlayers

Fig. 11

The thermal cycling test of the coating was finished
by heating the coating surface with gas flame from room
temperature to (1 250+20) ‘C or (1350+20) C for 5 min

Structures of LMA/YSZ coatings

followed by quenching for 2 min by compressed air. This
process was repeated until 5% of the coating was lost.
The thermal cycling lives of different coatings are
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compared in Fig. 12(a). Single layer coating of YSZ has a
life of 12000 cycles at 1250 °C, but the life dramatically
decreases to 1459 cycles at 1350 ‘C due to the limited
temperature stability above 1300 C. Single layer coating
of LMA has a similar life with YSZ at 1250 ‘C, its life
largely decreases to 6251 cycles at 1350 “C which is still
much longer than that of YSZ. DCL-3 with 3 interlayers
has the longest life (11 749 cycles) at 1350 ‘C, implying
that DCL-3 coating could be used about 100 ‘C higher
than YSZ which is similar to Vassen et al.’s™™” conclusion.

Fig. 12(b) is the cross sectional microstructure of
DCL-1 after thermal cycling. The coating failure
occurred at the interface between YSZ and bond coat
which was similar to the failure mode of YSZ. The life of
this coating was very long, even a large crack was formed
between BC and substrate, but LMA and YSZ still
bonded to each other.

LaTi,AlyOy9 (LTA) is featured with a huge unit cell,
complex atoms arrangement and lower symmetry. LTA
reveals excellent phase stability between room
temperature and 1 600 ‘C and desirable thermophysical
properties, it has thus been proposed as a new TBC
materiall"'”. However, the single layer coating of LTA
has a very short life due to its low fracture toughness
(0.8-1.0 MPa.m'"?), decomposition and formation of
amorphous state during plasma spraying!"'®. DCL
coating of LTA/YSZ has very good performance during
thermal cycling!"'*'2!!,

2.6.3 Perovskites/YSZ Complex perovskite with
composition of Ba(Mg;;Ta,3)O; (BMT) has melting
temperature of about 3 000 ‘C and is considered among
the most refractory oxides, and another one is
La(Aly4Mg»Tiys) Org7s (LAMT)[74]. The bulk properties
including low thermal conductivity and high thermal
expansion coefficient, similar to that of YSZ, making it
very promising for TBC applications. SrZrOs; is another
promising perovskite material for TBC applications due
to its high melting point (2 610 C) and comparatively
low thermal conductivity (2.08 W-m'-K™). All single
layer coatings based on the materials with perovskite
structure have poor thermal cycling lives, mainly due to
the composition deviation during plasma spraying, such
as AO from AZrO; (A=Mg, Ca, Sr, Ba), La,0; and MgO

(a) 35kW

from BMT and LMAT. An important way to largely
improve the thermal cycling lives of perovskite coatings
is to make DCL coatings with YSZ as the Top coat-2'*,
DCL coatings of BMT/YSZ has a much longer thermal
cycling life than that of single layer coating of
BMT#!3] DCL coatings of SrZrO5/YSZ still has a short
thermal cycling life!'**!.

Suspension plasma spraying (SPS) was used to
deposit LAMT coating with a columnar and highly
porous microstructure on top of YSZ coating as shown in
Fig. 13", Due to the excellent microstructure of LAMT

12 000 11970 1250°c 11 749
[_ [Mi3s0c
} 7439 7804
= 6251 6362
O
1459
LL1
N Vv ol >
4 A VAN A S S V1
&S T

(a) Thermal cycling lives

Substrate
Crack

500 pm

(b) Cross sectional microstructure

Fig. 12 Comparison of thermal cycling lives of coatings with
different structures and cross sectional microstructure
of DCL-1 coating after thermal cycling!"*!

500 pm

(b) S0kW

Fig. 13 SEM images showing the columnar microstructure of SPS LMAT/YSZ in the as-sprayed state, plasma gun power 35kW and

50 kWi
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coating, the coatings are able to withstand the high
thermal stress and also the stress resulted from the
secondary phase formation. Even though extensive
decomposition of LAMT was found, this was not
detrimental for the coating performance. Compared with
YSZ, the lifetime of LAMT/YSZ was significantly
improved, showing an excellent result.

3  Conclusions

New TBC materials studied so far normally have
low thermal conductivity, high sintering resistances, high
phase stability up to 1400 ‘C or above, inert to corrosion
and low oxygen permeability. However, they always have
low fracture toughness, are easily to be decomposed or
evaporated during APS or EB-PVD, ecasily to form
amorphous state, and therefore their coatings have
properties totally different from their bulk states. It is
always the case that the coating with stoichiometric
composition has long lifetime, the proper controlling of
deposition procedure is therefore very important. We
proposed to use ionic doping to improve the property of
LZ. Ionic doping has been proved to be especially
effective for the reduction of thermal conductivity and
partially effective for the improvement of thermal
expansion coefficient. However, ionic doping is not
effective for fracture toughness improvement. DCL
structure with YSZ as the interlayer (Top coat-2 in Fig. 9)
has been proved to be the most effective way to improve
the coating’s performance, especially when the
application temperature is above 1300C. As the dual
layer YSZ/MCrAlY system seems to have reached its
optimum performance, the development of TBCs must
shift towards the combination of different materials and
the deposition processes.
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