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Institute of Energy Research (IEF-1), Forschungszentrum Jülich GmbH, Germany

Abstract

During the last decade a number of ceramic materials, mostly oxides have been suggested as 

new thermal barrier coating (TBC) materials. These new compositions have to compete with 

the  state-of-the-art  TBC  material  yttria  stabilized  zirconia  (YSZ)  which  turns  out  to  be 

difficult  due  to  its  unique  properties.  On  the  other  hand  YSZ  has  certain  shortcomings 

especially its limited temperature capability above 1200 °C which necessitate its substitution 

in advanced gas turbines.

In the paper an overview is tried on the different new materials covering especially doped 

zirconia, pyrochlores, perovskites, and aluminates. Literature results and also results from our 

own investigations will be presented and compared to the requirements. Finally, the double 

layer concept, a method to overcome the limited toughness of new TBC materials, will be 

discussed.
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Introduction

Thermal barrier coating (TBC) systems are typically duplex-type which consist of a metallic 

bond coat and a ceramic topcoat.  The bond coat protects the substrates from oxidative and 

corrosive  attack  and  improves  the  bonding  between  ceramic  topcoat  and  substrate.  The 

ceramic topcoat has a significantly lower thermal conductivity than the metallic substrate and 

by  applying  an  internal  cooling  of  the  components  it  is  possible  to  establish  a  large 

temperature  drop (several  100 K) across the ceramic  layer.  Hence,  it  is  possible  to either 

reduce  the  temperature  of  the  metallic  substrates  thereby  increasing  the  lifetime  of  the 

components, or increase the firing temperature of the turbine leading to the increase in its 

operation efficiency [1].

The industrial development of TBCs started in the 1950s with the manufacture of the first 

enamel  coatings  for  military  engine  components  [2].  In  the 1960s the  first  flame sprayed 

ceramic layers with NiAl bond coats were used in commercial aero engines [3]. Succeeding 

decades showed continuous improvements in the TBC materials and coatings technology. It 

was  however  in  the  1980s  when  the  TBCs  were  significantly  improved  [4].  During  this 

decade,  yttria  stabilized  zirconia  (YSZ)  was  identified  as  an  exceptional  ceramic  topcoat 

material, and has since been established as a standard for the last 30 years [5, 6, 7]. 

In  terms  of  deposition  techniques,  two  methods  have  been  well  established.  One  is  the 

electron beam physical  vapour deposition (EB-PVD) and the other is  atmospheric  plasma 

spraying (APS). Coatings deposited by EB-PVD have specifically columnar microstructures 

and are mainly used for high thermo-mechanically loaded blades of aero engines. The APS 

process meanwhile boasts of its operation robustness and economic viability compared to EB-

PVD, hence more TBCs are now developed with this process. Typically static components 

such as combustor cans and vane platforms are coated by APS. In stationary gas turbines, also 

blades are frequently coated by thermal spray processes. 
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A further improvement of the efficiency of gas turbines is intended by further improvements 

of  the  combustion  and  cooling  technology  in  combination  with  higher  turbine  inlet 

temperatures.  This  also  implies  that  the  standard  material  YSZ  is  approaching  certain 

limitations due to sintering and phase transformations at elevated temperatures [8]. 

PYSZ as formed  by the EB-PVD and the APS process consists of the metastable T' phase. 

When exposed to prolonged exposure at elevated temperatures it decomposes into high yttria 

and  low yttria  phases.  The  latter  transforms  on  cooling  to  the  monoclinic  phase  with  an 

associated large volume increase, which eventually proves catastrophic and results in failure. 

The accepted upper limit for use is 1200C [9, 10, 11] In addition to the limited phase stability, 

also sintering reduces the high temperature capability as it leads to a loss of strain tolerance of 

the coatings and hence early failure [12]. 

As a result, within the last decades a number of activities were started to search for even 

better ceramics than YSZ , a large number of overview articles are covering this topic [13, 14, 

15,  16,  17 ,  18,  19,]. The present paper will give a summary of the resent developments in the 

field.

1. Pyrochlores   

For  application  at  service  temperatures  above  1300 °C,  TBC  materials  with  pyrochlore 

structure A2B2O7 offer very attractive properties comparable to YSZ. Specifically,  a lower 

thermal  conductivity  for  several  zirconate  pyrochlores  makes  this  class  of  materials 

interesting [20]. Also their thermal stability is excellent which is probably related to the fixed 

positions of cations in the crystal. Among the widely investigated pyrochlores are the rare-

earth zirconates (Ln2Zr2O7), where Ln is any or combination of La, Gd, Sm, Nd, Eu and Yb 

[21,  22,  23,  24,  25,  26,  27,  28,  29,  30,]. Several hafnia (La2Hf2O7 and Gd2Hf2O7) and ceria (La2Ce2O7 

and La2(Zr0.7Ce0.3)2O7) based materials were also found to be interesting TBC materials [31, 32]. 

In fact, ceria based oxides often show a defect fluorite structure. This structure allows more 
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easily a cation exchange which might explain the higher sintering rates of these materials [33]. 

Also  doping  of  La2Zr2O7  with  other  elements  like  Y  was  tried  giving  some  increase  in 

sintering resistance [34].

Among the pyrochlores,  La2Zr2O7 (LZ)  seems to  be  one of  the  most  promising  for  TBC 

application  due  to  its  outstanding  bulk  properties  compared  to  standard  YSZ  with  high 

thermal  stability  up  to  2000 °C,  the  low thermal  conductivity  of  1.56 W/m K and  a  low 

sintering tendency. A drawback however is the relatively low thermal expansion coefficient of 

about 9·10-6 K-1 compared to YSZ with 10-11·10-6 K-1 which leads to higher thermal stresses 

from thermal expansion mismatch. In this regard, the higher thermal expansion coefficient of 

1.1 10-6 K-1 of Gd2Zr2O7 is advantageous.

Since  both  the  substrate  and  the  bondcoat  have  relatively  higher  thermal  expansion 

coefficients (about 15·10-6 K-1), cracks can easily grow due to the stresses build up in the TBC 

close to the bondcoat during operation [35, 23]. This could be the reason for the lower lifetime 

of the TBC with La2Zr2O7 and Gd2Zr2O7 as lone ceramic topcoat. In a so-called double-layer 

system (see Figure 1), with a first layer of YSZ and a top layer made of pyrochlore materials 

the life time of the coatings tested in thermal gradient cyclic rigs are significantly improved 

[23].  Within  these  double-layer  structures  the  YSZ gives  a  good  toughness  close  to  the 

bondcoat (BC) while the pyrochlore material applied on the top provides low sintering and 

high  thermal  stability.  These  double-layer  systems  based  on  pyrochlore/YSZ  revealed 

excellent high-temperature capability significantly better than the one of YSZ and they are 

expected to improve the thermal capability of gas turbines during application [23]. Figure 2 

shows  the  results  of  burner  rig  tests  of  different  new  TBC  systems  with  NiCoCrAlY-

bondcoated IN738 substrates [23]. Under the given cyclic conditions (5 min heating, 2 min 

cooling)  low  porosity  YSZ  systems  (about  12%)  show  a  sharp  decrease  in  lifetime  at 

temperatures above 1350°C. Single layer systems of new TBCs perform even worse due to 

the reasons  given  above.  Double  layer  systems  prepared  from La2Zr2O7 powder  made  by 
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spray-drying  in  Jülich  performed  much  better  and  could  extend  the  high  temperature 

capability of the TBC systems by more than 100K. In former experiments, samples prepared 

by commercial  Gd2Zr2O7 gave a lower performance [23]. One experiment with a different 

powder made in Jülich revealed on the other hand a good cyclic  life (see Figure 2). It  is 

obvious  that  the  powder  morphology  and  composition  has  a  significant  effect  on  the 

performance of the coatings. 

Although  many  pyrochlore  materials  can  be  rather  easily  processed  by  thermal  spray 

methods, especially if compared to perovskite –type materials (see below), some issues still 

exist. One of these is the loss of constituents during spraying. For La2Zr2O7 loss of La2O3 was 

already stated in [36] and it leads to an impurity phase of non-stabilized ZrO2 which might be 

detrimental for the coating performance. 

Although the high-temperature properties of double layer systems are promising, there might 

be the need to improve also the performance at moderate temperatures. Chen at al. [37] suggest 

the use of graded YSZ/ La2Zr2O7 which led to a slight improve of the furnace cyclic life. On 

the other hand, earlier results of R. Vassen et al. [38] suggest a better performance of double 

layer systems compared to graded structures in a gradient testing. This opposite results might 

be related to the fact that in a gradient testing the mean stress level and the stored elastic 

energy in the coating at room temperature is reduced compared to an isothermal test [39]. 

Chemical stability investigations on a double-layer YSZ and La2Zr2O7 system from  calcined 

powder  blends  (50 %  La2Zr2O7 and  50 %  YSZ)  showed  no  reactions  at  calcination 

temperature  lower  than  1250 °C,  implying  that  La2Zr2O7 and  YSZ have  a  good chemical 

applicability for producing double-layer TBC systems [40]. 

On the  other  hand reactions  of  pyrochlore  materials  with  alumina  take  place  at  elevated 

temperatures [40]. So, during long-term use a reaction between the oxide scale formed on the 

bondcoat (alumina based scale, so-called thermally grown oxide (TGO)) and the pyrochlore 

coating is expected. However, this problem is also avoided due to the double layer structure.
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Reaction with corrosive species  might  also be in  some cases advantageous.  Recently,  so-

called CMAS attack (Calcium-Magnesium-Aluminc-Silicate) has attracted a lot of attention 

[41]. At first this kind of damage mechanism was observed in aero engines operated at high 

engine temperatures.  With the intake air  fine debris made of CMAS are deposited on the 

TBCs. At high surface temperature they become liquid and can infiltrate the coating. During 

cooling they solidify and reduce the strain tolerance of the coatings.  Some pyrochlores as 

Gd2Zr2O7 can react with the silicate leading to a crystallization and the penetration of the 

CMAS  is  stopped  early[42].  Hence,  some  pyrochlores  seem to  be  more  resistant  against 

CMAS than YSZ.

2. Defect cluster TBCs

In this type of new and very promising TBC material zirconia is doped by different rare earth 

cations.  These  additions  lead  to  the  formation  of  dopant  clusters  as  in  the  ZrO2-Y2O3-

Nd2O3(Gd2O3,Sm2O3)-Yb2O3(Sc2O3)  system which reduce the thermal conductivity by about 

20 to 40 % [43]. For ZrO2 stabilised with 5.5.mol% Y2O3-2.25mol%Gd2O3-2.25mol% Yb2O3 

thermal conductivity is reduced from 2.3-2.6 W/m/K for the baseline ZrO2-4.5mol%Y2O3 to 

1.6-1.9 W/m/K. For ZrO2 stabilised with 8.5.mol% Y2O3-0.75mol%Gd2O3-0.75mol% Yb2O3 

values between 1.8 to 2.1 W/m/K are found. Furthermore the additions improve the thermal 

stability of the coatings. This is demonstrated by a significantly reduced increase of thermal 

conductivity with time in the cluster TBC compared to the conventional YSZ (e.g. at 1315 °C, 

rates  of  2.9x10-7 compared  to  2.7x10-6 W/m K s  [44]  are  found).  The  thermal  cycling 

performance  increased or  was  similar  to  the performance  of  conventional  YSZ at  similar 

dopant levels  [45].  Thermal and environmental  systems with temperature capabilities  up to 

1650°C are possible with the defect cluster approach using zirconia or hafnia matrices. 

For higher dopant levels the cubic phase is stabilized. A reduced thermal cyclic performance 

is  observed  due  to  the  reduced  toughness  compared  to  the  conventional  7-8  wt.% yttria 

stabilised zirconia. Similar to the discussion for the pyrochlores, a double layer structure also 

6



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT
results in a considerable improvement [49]. In 45 min / 15 min heating / cooling cycles at 

1135°C the lifetime could be increased from 300 to 400 cycles to 500 to 800 Cycles.

3. Hexa-aluminates  

Lanthanate hexaaluminates with magnetoplumbite structure are already utilized in the fields 

of laser technology, catalysis, and magnetics [46, 47, 48, 49, 50]. Due to their high melting point, 

high thermal expansion, low thermal conductivity, excellent longtime sintering resistance and 

structural  stability  up to  1800 °C,  these materials  have  also been found advantageous  for 

thermal barrier coating applications. The nominal composition is (La,Nd)MAl11O19 where M 

could  be  Mg,  Mn  to  Zn,  Cr,  Sm  [51].  Also  the  addition  of  Li  has  been  proven  to  be 

advantageous [52].  Among these, the most interesting one is LaMgAl11O19 which has been 

extensively  investigated  in  terms  of  its  thermophysical  properties  and  processing  issues 

during air plasma spraying [53,  54,  55,  56]. The plasma sprayed coating is partly amorphous in 

the as sprayed condition due to the rapid quenching from the molten state. Upon an initial 

heat treatment recrystallization occurs over the temperature range from ~ 800 °C to 1200 °C 

which is marked by a large decrease in the volume of the free standing coatings [57].

Intensive studies on the thermophysical properties of A-site doped hexaaluminates reveal that 

the thermal expansion behavior of LnMgAl11O19 (Ln=La, Gd, Sm, Yb) is independent of the 

lanthanate species whereas the thermal conductivity can be reduced especially by co-doping 

on the lanthanate site in similar manner as with the zirconate pyrochlores [58, 59, 60, 61, 62, 63].

The shrinkage behavior attributed to the crystallization of partly amorphous hexaaluminates 

could be related to a stepwise phase evolution which includes the intermediate formation of 

secondary phases from the La-Al-Mg oxide system [47, 48, 49]. Typically perovskite phases 

as LaAlO3 are observed below 1400°C before the hexaaluminate phase formation is finished 

above 1500°C.
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Similar  results  have  been  reported  for  the  simpler  LaAl11O18 hexaaluminate  where  the 

formation of the pure hexaaluminate phase has not been found below 1650 °C due to kinetic 

effects [64, 65]. The low Young’s modulus and the high fracture toughness are believed to be 

the reasons for the long thermal cycling life of these coatings. This is mainly attributed to the 

random arrangement  of  lanthanum hexaaluminate  platelets  which  causes  a  well-balanced 

microporosity and lowers the thermal conductivity of the ceramics. This platelet morphology 

was found to be dependent on the sample history as well as composition [47, 49]. The fracture 

toughness was found to be higher with larger aspect ratio of the platelets. 

The recrystallization phenomenon has been considered a major drawback in the plasma spray 

deposition  of  hexaaluminate  coatings  and  alternative  methods  have  been  sought  after. 

Unfortunately, temperature requirements during calcination in the case of  sol gel or dipping 

techniques  and  the  volatilization  of  Mg  in  the  case  of  EB-PVD  process,  render  some 

difficulties in depositing with these techniques as well [66,  67,  68]. It was found out however 

that plasma sprayed coatings from most hexaaluminates can develop unusual segmentation 

crack networks which increase the strain tolerance of the coatings resulting in a reasonable 

thermal shock resistivity which is advantageous in TBC application (see Figure 3, [69]). This 

could be attributed to a stress release mechanism within an interlocking network of ceramic 

blocks similar to that found in flexible sandstone [70]. When utilized as top layer in a double 

layer TBC system with intermediate YSZ layer a superior lifetime in thermal gradient burner 

rig  tests  at  temperatures  as  high  as  1350 °C  has  been  reported  for  plasma  sprayed 

LaLiAl11O18.5 [55].  Recently,  the  use  of  graded  composites  from alumina  and  lanthanum 

hexaaluminate  has  also  been  proposed to  increase  the ductility  and fracture  toughness  of 

TBCs [71, 72].

4. Perovskites   
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This  class  of  ABO3 crystal  structure  is  rigid  with  corner-sharing  octahedra,  and  can 

accommodate a wide variety of ions in solid solution including ions with large atomic mass. 

Most of these materials are stable at high temperatures making them very attractive candidates 

for materials development in thermal barrier coating (TBC) applications.

4.1 Zirconates

Among the early candidate materials for TBC application is BaZrO3. Although it has a high 

melting temperature of 2600 °C, its relatively poor thermal and chemical stability led to early 

failure  of  coatings  during  thermal  cycling  tests  at  1200 °C  surface  temperature  [73].  In 

contrast,  SrZrO3 has  been  found  to  exhibit  better  performance  on  cycling  at  surface 

temperatures higher than 1250 °C, whether as a lone ceramic topcoat or an overlay for YSZ in 

a double layer system [74]. At intermediate temperature of about 730 °C, SrZrO3 undergoes an 

undesirable  phase  transformation  from  orthorhombic  to  pseudo-tetragonal.  Such 

transformation  could  be  suppressed  by  doping  with  Gd  or  Yb,  which  also  improves  the 

thermophysical properties of the coatings at elevated temperatures [75]. CaZrO3 on the other 

hand is the latest material to be considered for TBC application in this group [76]. Although its 

melting temperature is lower than that of YSZ, it has a promising thermal conductivity of 

~ 2 W/m K [77].

4.2 Complex forms

Aside from high melting temperature, an interesting feature of the complex perovskites is the 

ordering effect in the B-site cation which allows for the material properties to be tailored [78, 

79,  80]. For instance,  Ba(Mg1/3Ta2/3)O3 has a disordered cubic phase and an ordered trigonal 

structure which is promoted with an increase of synthesis temperature  up to 1650 °C. During 

atmospheric plasma spraying, the deposited coatings often exhibit the disordered cubic phase 

which  transforms  to  the  ordered  form on annealing  at  temperatures  higher  than 1250 °C. 

Dilatometric investigations up to 1400 °C show, that this type of ordering is not catastrophic 
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to the material structure [61, 81]. Similar ordering effect is observed with La(Al1/4Mg1/2Ta1/4)O3, 

however,  this material  shows more promising coating performance due to the presence of 

vertical crack networks in the plasma sprayed coatings [69]. The microstructure of a coating 

of such a material applied as a double layer is shown in Figure 4.

Although the bulk properties of perovskites show promising values, their toughness is still 

inferior compared to YSZ. Differences in vapor pressure of the component oxides also lead to 

preferential volatilization of the non-zirconia constituents for the zirconates, and magnesia for 

the complex perovskites during atmospheric  plasma spraying [62, 64,  82,  70].  This effect 

leads to deposition of non-stoichiometric phases which often have detrimental effects to the 

coating  performance.  Recent  study  suggests  that  this  could  be  minimized  by  proper 

optimization of plasma spray parameters to obtain shorter residence time of the particles in 

the hot plasma plume [83].

Volatilization of components is however not observed with the plasma sprayed BaLa2Ti3O10. 

This layered perovskite contributes to lowering of thermal conductivity due to its weakly-

bonded planes that exist between planes containing rigid polyhedra in layered oxides. The 

thermal cycling performance of the coating at 1200 °C was found to be superior to the used 

7YSZ which is attributed to the presence of segmentation cracks on the atmospheric plasma 

sprayed  coatings  without  the  disadvantage  of  non-stoichiometric  deposition  of  impurity 

phases [84]. 

However, further experiments have to demonstrate whether this material with its rather low 

melting temperature is suitable for high temperature applications beyond 1200°C..

Conclusions
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A number of different TBC materials have been investigated in the past. A comparison of the 

key properties thermal conductivity and thermal expansion coefficient are listed in Table I and 

plotted in Figure 5. Obviously, the pyrochlore as well as the defect cluster materials cover the 

most  interesting  range,  i.e.  low  thermal  conductivity  and  rather  high  thermal  expansion 

coefficients. As discussed in the paper, these kinds of materials also show no severe problems 

during processing, indicating that at present these materials seem to be the most suitable ones. 

However,  further development  might reveal certain advantages also of the other materials 

with respect to thermal cyclic performance and thermal stability.
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Table I. 

Thermal and mechanical properties of potential dense new TBC materials in comparison to 

YSZ.

Material
Melting 

temperature,
°C

Coefficient of
thermal expansion at 

30°C-1000°C,
10-6/K

Thermal 
conductivity
at 1000°C,

W/m-K

Young’s 
modulus,

GPa

Fracture 
toughness, 
MPam1/2

YSZ

Pyrochlores
 La2Zr2O7

Gd2Zr2O7

Cluster TBCs

Hexaaluminates
 LaMgAl11O19

 GdMgAl11O19

 Gd0.7Yb0.3MgAl11O19

 LaLiAl11O18.5

Perovskites
 Zirconates
   BaZrO3

   SrZrO3

   CaZrO3

 Complex forms
    Ba(Mg1/3Ta2/3)O3

   La(Al1/4Mg1/2Ta1/4)O3

   BaLa2Ti3O10 [84]

2680 [72]

2300 [85]

2690 [74]
2800 [74]
2550 [1]

3100 [79]

11.5 [86]

9.1 [85]
10.4[87] 

11.5-13.5 [88]

9.5 [58]
9.6 [58]
9.6 [58]
10 [69]

  7.9 [72]]
10.9 [74]

8.4-8.9 [89]

10.9 [81]
9.7 [81]

10-13 [200-1200°C]

2.12 [85]

1.56 [85]
1.6[800°C] [85]

1.7 – 2.0 [46]

2.7 [58]
2.6 [58]
1.9 [58]
3.8 [69]

3.42 [85]
2.3 [73]
2.0  [63]

2.71 [81]
1.82  [81]
0.7 [1200°C]

210 ± 10[74]

175 [74]

130 ± 11[53]

181 ± 11[72]
170 ±  4 [73]

186 ± 2 [82]
174 ± 2 [82]

1-2 [74]

1.5 ± 0.1[75]

~0.7 [82]
~0.6 [82]
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Figures: 

Figure 1 

Optical micrograph of a La2Zr2O7/YSZ double layer TBC.

Figure 2

Results of thermal cyclic tests in a gas burner as a function of surface temperature for 

different thermal barrier coating systems

Figure 3:

Micrograph of a free standing lanthanum-lithium-hexaaluminate APS-coating after isothermal 

heat treatment at 1200°C with typical segmentation cracks.

Figure 4:

SEM picture of a plasma-sprayed double layer made of La(Al1/4Mg1/2Ta1/4)O3 (top) and YSZ 

(bottom).

Figure 5: 

Plot of thermal conductivity and thermal expansion coefficients of dense, new thermal barrier 

coating materials.
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