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Abstract The ceramic top coat has a major influence on

the performance of the thermal barrier coating systems

(TBCs). Yttria-partially-stabilized zirconia (YSZ) is the top

coat material frequently used, and the major deposition

processes of the YSZ top coat are atmospheric plasma

spraying and electron beam physical vapor deposition.

Recently, also new thermal spray processes such as sus-

pension plasma spraying or plasma spray-physical vapor

deposition have been intensively investigated for TBC top

coat deposition. These new processes and particularly the

different coating microstructures that can be deposited with

them will be reviewed in this article. Furthermore, the

properties and the intrinsic–extrinsic degradation mecha-

nisms of the YSZ will be discussed. Following the TBC

deposition processes and standard YSZ material, alterna-

tive ceramic materials such as perovskites and hexaalu-

minates will be summarized, while properties of

pyrochlores with regard to their crystal structure will be

discussed more in detail. The merits of the pyrochlores

such as good CMAS resistance as well as their weaknesses,

e.g., low fracture toughness, processability issues, will be

outlined.

Keywords coatings for engine components � corrosion

protection � segmented coatings � thermal barrier coatings

(TBCs) � zirconia

Thermal Barrier Coatings

Thermal barrier coatings (TBCs) are protective coatings

applied to the surface of hot metallic sections in gas turbine

engines. The major fields of the application of gas turbines

in which the TBCs are utilized are aircraft propulsion and

power generation. In 2016, the market forecasters esti-

mated an impressive production of nearly 228,000 aviation

gas turbine engines valued in $1.232 trillion through 2030

and of 5480 power generation gas turbine engines worth

$105.3 billion over the next 10 years (Ref 1, 2). Consid-

ering these figures, it is only rational to estimate a rising

demand for the protective coating technologies in the near

future.

The conventional TBCs systems consist of a ceramic top

coat (1), a metallic bond coat (2), and a thermally grown

oxide ‘‘TGO’’ layer (3) that forms due to oxidation of the

bond coat as a result of oxygen inward diffusion through

the top coat at TBC operation temperatures. The alu-

minum-rich bond coat ((Ni, Co)CrAlY or aluminides of Pt

and Ni), which forms the alumina (a-Al2O3) TGO layer on

top, has the primary function of protecting the substrate

from oxidation. Providing the thermal insulation in the

TBC system is the main function of the ceramic top coat

layer. Since it was introduced in the 1970s (Ref 3), 6-8

wt.% yttria-stabilized zirconia (7YSZ) has been the mate-

rial of choice for ceramic top coats, as it has the excep-

tional combination of desired properties (‘‘Properties’’

section).

TBCs are complex systems bringing the metallic and

ceramic materials together, to function under highly

demanding thermal cycling conditions. To that end, cera-

mic materials are further enhanced in terms of both thermal

insulation efficiency and thermal expansion compliance in

different ways and extend by different processing routes.
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APS and EB-PVD are two established methods, while

newer thermal spray techniques such as suspension plasma

spray (SPS) and plasma spray-physical vapor deposition

(PS-PVD) are under development showing attractive

properties (‘‘Deposition Technologies and Microstructure’’

section).

Even though the 7YSZ remained as the state of the art for

decades, its temperature limitation at about 1200 �C

(‘‘Degradation’’ section) has been the main motivation to

modify it chemically or to substitute it with new ceramic

materials to further boost engine efficiency. Therefore, new

ceramic compositions were extensively studied, yet in many

of these materials with high-temperature stability, other

critical issues such as interdiffusion with alumina TGO and

low fracture toughness were observed. This introduced the

double ceramic layer concept to the TBC literature, com-

bining the benefits of YSZ and new materials. Furthermore,

deposition of several of these complex oxides with stoi-

chiometric compositions was found to be not so easy with

both thermal spray and vapor phase deposition processes,

implying a demand for more careful process optimizations

(‘‘Alternative Ceramic Top Coat Materials’’ sections).

YSZ Ceramic Top Coat

Properties

A good thermal stability, a low thermal conductivity, a

high coefficient of thermal expansion (CTE) in combi-

nation with a high fracture toughness are the main

required properties for the ceramic top coat on top of

metallic components. The YSZ has a high melting point

(2700 �C) and one of the lowest thermal conductivities of

all ceramics at elevated temperatures; the conductivity of

bulk YSZ and YSZ coatings with different microstruc-

tures and porosity were reported to be 2.6 W/mK (5.3

wt.% YSZ, 600 �C) (Ref 4) and 0.7-1.4 W/mK (7.25

wt.% YSZ) (Ref 5), respectively. The YSZ also has a

high CTE (11 9 10-6 K-1), which is close to that of the

underlying superalloy substrate (14 9 10-6 K-1) (Ref 6)

and helps to mitigate stresses arising from the thermal

expansion mismatch. But a mismatch still remains and

these stresses lead to crack propagation within the coat-

ings regardless of the high toughness of 7 wt.% YSZ

(phase composition and transitions will be elaborated

below). Therefore, mainly by trying to reduce the stress

levels and/or increasing the strain tolerance of the coat-

ings, a further improvement of the coating performance is

desired. This can be achieved by introducing porosity and

cracks (interlamellar cracks, segmentation cracks, etc.)

into the coatings or depositing columnar structures which

will be discussed below.

Deposition Technologies and Microstructure

APS, SPS, and PS-PVD thermal spray technologies, as well

as micro-cracked, segmented, and columnar coating

microstructures that can be produced via these methods,

will be reviewed in the following sections. As the focus is

thermal spray technologies in this article, the EB-PVD

process will not be discussed in detail and further infor-

mation can be found, e.g., in Ref 7.

Atmospheric Plasma Spraying Process

In the APS process, an electric arc generated between

anode and cathode ionizes the flowing process gasses (ar-

gon, hydrogen, nitrogen, or helium) into the plasma state

(Fig. 1, left). The ceramic powder particles are injected

into this plasma jet where they are heated and accelerated

toward the substrate so that the molten or partly molten

particles impact the surface of the substrate at high speed.

This leads to deformation of the particles and spread like

pancakes or so-called splats (1-5 lm thick, 200-400 lm

diameter) (Ref 8, 9). Heat from the hot particles is trans-

ferred to the cooler substrate material, and the splats

rapidly solidify and shrink. Due to hindered contraction of

the splats on the substrate or on the previously deposited

layer, tensile quenching stresses arise within the splats and

mainly relaxed by micro-cracking (Ref 10). As a result of

quenching stresses as well as imperfect splat contacts, a

coating microstructure with typical intersplat, intra-splat

cracks, and larger spherical pores is deposited on the sub-

strate in the plasma spray process (Fig. 1, right). Such

microstructure with 10-20 vol.% cumulative porosity

lowers the thermal conductivity (in particular, the intersplat

cracks aligned parallel to the substrate surface and normal

to the heat flux, typical 0.7-1.0 W/m/K) and the elastic

modulus of the ceramic top coat for a better thermal

insulation and thermo-mechanical performance, respec-

tively. Additionally, the micro-cracks allow partial sliding

of the individual splats along their boundaries and a kind of

stress release even at room temperature takes place by that

process (Ref 11). Therefore, spray parameters such as spray

torch power, plasma gas composition, and spray distance,

which affect melting states and velocities of the particles,

or temperature of the substrate determining the cooling

rates of the splats on arrival are carefully tuned to achieve

the desired porous microstructures. It should be also

mentioned here that, other than the specific spraying con-

ditions leading to high porosity levels, today it is well

known to use plastic-ceramic powder mixtures for the same

purpose (Ref 12, 13).

Figure 2 illustrates the stress development in a porous,

micro-cracked coating, which is deposited on a superalloy

substrate, during a thermal cycle. When this system is
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heated, tensile stresses develop in the coating (1) due to the

larger thermal expansion coefficient of the substrate. At

high temperature, stress relaxation and sintering of the

coating take place, the former leading to a reduction of the

thermal stress (2), the latter leading to a steeper slope

during cooling (3). Both factors increase the compressive

stress level at room temperature which might be slightly

reduced by room temperature relaxation (4).

This stress development in the coatings becomes more

critical if the thickness of the coating (dcoat) is desired to be

as high as in the millimeter range. Because driving force

for the crack propagation is the elastic energy stored in the

coating and can be described by the energy release rate (G)

(Ref 14).

G ¼
1� n2ð Þr2coatdcoat

2 1� nð Þ2Ecoat

¼
ð1� n2Þ

2 1� nð Þ2
De2Ecoatdcoat ðEq 1Þ

For a given strain (De), which is determined by the

thermal expansion mismatch between coating and substrate

and the relaxation at high temperatures, the energy release

rate is proportional to the dcoat and inversely proportional

to elastic modulus of the coating (Ecoat) and an additional

factor (n) which is a function of the Poisson’s ratio (m). For

that reason, a further increase in the porosity levels ([20%)

of high-thickness coatings is required to lower the Ecoat and

as a result to obtain sufficiently low driving force for crack

propagation.

Segmented Coating by Atmospheric Plasma Spraying

Another efficient way to reduce the energy release rate

especially for thick coatings is the introduction of seg-

mentation cracks, which are the vertical cracks running

Fig. 1 Schematic of plasma spraying process with powder injection (left), fracture microstructure of a TBC sample deposited with the APS
(right)

Fig. 2 Qualitative stress
development within different
TBCs deposited on a nickel base
superalloy during heating (1),
dwell time at temperature (2),
cooling (3) and at room
temperature (4)
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perpendicular to the coating surface. These systems are

also called as dense vertically cracked (DVC) TBCs, and

they were developed more than 20 years ago (Ref 15).

Vertical cracks can be formed in the top coat by specific,

hot spray conditions which allow a good bonding between

the splats and only limited micro-crack formation. As a

result, large tensile stresses are developed in these dense

coatings which relax by the formation of segmentation

cracks with typical densities in the order of 3-10 cracks/

mm (Ref 16, 17). As shown in Fig. 2, the presence of these

cracks significantly reduces the mean stress level in the

coating by opening during heating period, and hence the

relaxation at high temperature also becomes limited.

Moreover, the already rather dense structure only shows

limited further increase in the elastic modulus. However,

due to dense structure, the thermal conductivity of these

coatings is relatively high (typically 1.3-1.8 W/m/K)

compared to their micro-cracked counterparts. Similarly,

the columnar structure of EB-PVD coatings, which is

obtained by the condensation of vaporized coating material

on the surface of a heated substrate, exhibits a great strain

tolerance (Fig. 2) but also a higher thermal conductivity

due to the presence of columnar gaps (Ref 18). Therefore,

generally, EB-PVD coatings are preferred because of their

greater strain tolerance for the applications where frequent

thermal cycling will occur, even though they are inferior to

APS coatings regarding thermal insulation.

Segmented and Columnar Coatings by Suspension Plasma

Spraying

Another thermal spray technology which can generate

segmented coatings with a rather high porosity level is the

SPS process (Ref 19). Here a suspension of submicron

ceramic particles instead of the micron-sized feedstock

powder is used. Also, precursors as metal salts have been

employed [so-called solution precursor plasma spraying

(SPPS) (Ref 20). The finer size of the deposited droplets

allows the generation of different microstructures, espe-

cially a high segmentation crack density [even above 10

cracks/mm (Ref 21)] and a high cumulative porosity

mainly consisting of sub-micrometer range pores (Ref 22)]

(Fig. 3, left). As a result of this microstructure, the thermal

conductivity of SPS coatings is in a similar range with that

of APS porous coatings and lower than the one of APS

segmented coatings. The thermal shock resistance and

thermal cyclic performance of the SPS coatings can be

excellent (Ref 23, 24). Recently, it also was discovered that

the SPS process allows the formation of columnar struc-

tures. Under certain process conditions, the fine droplets

will follow the process gas flow parallel to the surface of

the substrate and will impinge on obstacles leading to the

formation of columns (Ref 25) (Fig. 3, right). Also, these

coatings can show excellent thermal cycling performance

(Ref 26) and additionally a non-line of sight capacity which

is favorable for the coating of complex shaped components.

In the last years, the SPS process has also successfully been

used to deposit different thermal barrier coating materials

like perovskites (Ref 21) and pyrochlores (Ref 27) as

segmented or columnar structured coatings.

Columnar Coatings by Plasma Spray Physical Vapor

Deposition

A rather new thermal spray technology is the plasma spray

physical vapor deposition. It uses a high-energy plasma

gun operated in an inert atmosphere at reduced work

pressures (50-200 Pa) which enables the vaporization of

fine feedstock material and can produce columnar like

structures by a vapor phase deposition similar to the EB-

PVD process (Fig. 4). In addition to the high strain toler-

ance microstructure, the PS-PVD offers lower investment

costs and higher deposition rates than the EB-PVD along

with the ability of coating complex geometries and shad-

owed areas (Ref 28). This is possible due to the gas flow

giving a non-line-of-sight characteristic. With the use of

suitable feedstock materials, also other TBC materials can

be processed by PS-PVD. As an example, Gd2Zr2O7

coating deposited by the PS-PVD process was represented

by Rezanka et al. (Ref 29) and lifetime of this coating in a

YSZ/Gd2Zr2O7 system was shown to be two times longer

than the conventionally sprayed TBCs (see ‘‘Implementa-

tion Issues and Performance’’ section).

Degradation

The newer thermal spray technologies presenting highly

strain tolerant and porous coatings seem already to surpass

the capabilities of the APS. On the other hand, maintenance

of strain tolerance and porosity requires the sintering

resistance and phase stability of the top coat material at

high application temperatures. Unfortunately, the YSZ

shows accelerated sintering above 1200 �C and resultant

improved intersplat bonding and micro-crack healing

lowers the thermal resistance and increases the elastic

modulus of the coating (Ref 30). Furthermore, its insuffi-

cient phase stability after long-term exposure at tempera-

tures above 1200 �C affects the lifetime of the plasma-

sprayed ceramic YSZ top coat undesirably. At room tem-

perature, a non-equilibrium tetragonal phase (t0, also called

non-transformable tetragonal) is observed in the as-sprayed

YSZ coatings. The t0 phase is formed due to rapid cooling

during the deposition process, which kinetically suppresses

the formation of equilibrium phases (low-yttria containing

transformable tetragonal and high-yttria containing cubic),

and therefore, very small amounts of the equilibrium
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phases are observed in the as-sprayed microstructures.

However, the t0 phase undergoes phase separations into the

cubic and transformable tetragonal (t) phases at elevated

temperatures. Primarily the cubic phase precipitates lead-

ing to depletion of yttria in t0 phase, which results in the

formation of the t phase, yet the mechanism of the trans-

formation is still a subject of debate (Ref 31). In one of the

early studies, the extent of the t0 phase separation was

reported to be comparable after 100 h aging at 1200 �C and

after 1 h aging at 1400 �C (Ref 32). Upon cooling after

aging at these temperatures, the cubic phase is maintained,

whereas tetragonal phase may experience the tetragonal to

monoclinic martensitic transformation (t $ m). The cubic

phase is not desired in the TBCs due to its low fracture

toughness (20 wt.% YSZ, Kc * 1 MPam0.5) that leads to

inferior thermal cycling lifetime in comparison with the t0

phase, which exhibits higher toughness owing to ferroe-

lastic domain switching mechanism (7 wt.% YSZ, Kc * 3

MPam0.5) (Ref 33, 34). The martensitic transformation of

the t phase is also detrimental for thermal cycling lifetime

on account of accompanied volume change (*4%) (Ref

35). Therefore, alternative stabilizers to yttria such as CeO2

(Ref 36), or additions to YSZ such as Sc2O3 (Ref 37), TiO2

(Ref 38), have been investigated to further increase the

highest stability temperature of t0 phase for advanced TBC

applications (C1400 �C). ZrO2-YO1.5-TaO2.5 material

system similarly offers increased stability temperatures

(1500 �C) and moreover reported to have somewhat higher

fracture toughness values than the standard 7YSZ (Ref

39, 40).

Thermochemical compatibility of the components in the

TBC system is another critical factor for the durability.

Interactions between the TGO and ceramic top coat can

result in replacing the alumina with less protective oxides

and hence can be deleterious for the system. However, the

solubility of YSZ (up to 20 wt.% yttria addition) and alu-

mina in each other is reported to be very limited up to

1250 �C (Ref 41, 42).

In addition to intrinsic issues leading to degradation of

the TBC system, there are also extrinsic degradation

mechanisms such as erosion, FOD (foreign object damage),

hot corrosion, and CMAS (initials of calcium-magnesium

alumina-silicate) attack. Erosion and FOD are leading to

the progressive loss of thickness and total coating removal,

respectively (Ref 43). Small particles ingested into turbines

and internally generated larger particles (such as engine

wear residues, thermally spalled TBC from the combustor)

contribute to erosion damage, while any foreign objects

such as rocks, ice from the wings in case of FOD impact

the components of the engine and can have disastrous

consequences. Hot corrosion of TBC occurs due to molten

deposits resulting from impurities in the fuel; the impurities

Fig. 3 Cross section of an as-sprayed SPS YSZ coating with segmentation cracks (left, Ref 22) and with columnar structure (right, Ref 25)

Fig. 4 Fracture surface of a columnar YSZ microstructure produced by PS-PVD (Ref 29)
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such as sodium, sulfur, vanadium, lead, and phosphorus are

oxidized during combustion to form strong acidic or

alkaline oxides that attack both the ceramic and metallic

components of the TBC system. It was found that the Y2O3

in YSZ thermal barrier coatings reacts strongly with the

V2O3 resulting in the formation of YVO4, which depletes

yttria from the zirconia matrix and causes the spallation of

TBC (Ref 44). Different approaches were introduced to

improve the corrosion resistance of YSZ such as altering

the yttria content or the stabilizer of the zirconia matrix.

Scandia-yttria-stabilized zirconia was found to be more

corrosion resistant to vanadate hot corrosion, but also

some stabilization issues of it were reported by Jones et al.

(Ref 45).

A similar degradation mechanism at high operation

temperatures is caused by the environmentally ingested

airborne sand/ash particles melt on the hot TBC surfaces

resulting in the deposition of the CMAS glass deposits (Ref

46-48). At high surface temperatures, the CMAS rapidly

penetrates the porosity of the coating and lead to premature

failure of it as a consequence of mechanical and chemical

interactions. Former leads to loss of strain tolerance and

stiffening of the YSZ coating, while the latter result in the

destabilization of the YSZ. Due to the presence of the

CMAS in the structure with much lower CTE than the YSZ

top coat and metallic components, large compressive

stresses develop upon cooling increasing further the energy

release rate of the system. CMAS was also reported to

lower the yttria content of the YSZ, which results in the

formation of transformable monoclinic zirconia as dis-

cussed above and consequently compromising the integrity

of the system (Ref 48). From a mechanical point of view,

the CMAS-induced degradation relies on progressing of the

molten deposits through the pores of the top coat surface.

Therefore, the surface porosity of the top coat becomes

critical and makes EB-PVD top coat microstructures par-

ticularly vulnerable to the CMAS attack. From a chemical

perspective, Aygun et al. (Ref 49) showed that up to

20 mol.% Al2O3 and 5 mol.% TiO2 additions into YSZ

enable to mitigate CMAS attack by incorporation of both

Al and Ti solutes within CMAS glass. Later, it was also

shown that increasing the yttria content of zirconia

increases the CMAS resistance (Ref 50) although other

issues related to phase stability are manifested in that case.

Alternative Ceramic Top Coat Materials

Over the last 15 years, primarily four different ceramic

material groups: (1) zirconia doped with different rare-

earth (RE) cations (defect cluster TBC’s), (2) perovskites,

(3) hexaaluminates, and (4) pyrochlores have been sug-

gested as promising new top coat materials (see Table 1 for

the chemical compositions). Some other materials, e.g.,

mullite (Ref 51), silicates [ZrSiO4 (Ref 6)], garnets

[Y3Al5O12 YAG (Ref 52), Y4Al2O9 YAM (Ref 53)],

(Ca1-xMgx)Zr4(PO4)6 (Ref 54), were also considered as

candidate materials; however, their typically low CTE

precludes the possibility of their application.

Defect Cluster TBCs

In defect cluster TBC’s, the zirconia is doped with oxides

of the different RE cations. Due to a significant difference

between the ionic sizes of the zirconia and RE, a highly

defective lattice is produced while thermodynamic stability

can be preserved. The obtained lattice distortion scatters

lattice and radiative photon waves and hence reduces the

thermal conductivity of the material. Zhu et al. (Ref 55)

reported that the thermal conductivity of the standard

ZrO2-4.5 mol.% Y2O3 could be reduced about 40% (from

*2.5 to 1.7 W/mK) when the zirconia doped with

5.5 mol.% Y2O3-2.25 mol.% Gd2O3-2.25 mol.% Yb2O3.

Furthermore, good thermal cycling performances of the

Table 1 Composition of
alternative top coat material
groups

Material group Composition/example

Defect cluster zirconia ZrO2-Y2O3-Gd2O3-Yb2O3

Perovskites Zirconates

AZrO3 (A = Sr, Ba, Ca)/SrZrO3

Complex forms

ABO3 (A = Ba, La, B = (paired Mg,Ta, Al, La)/
Ba(Mg1/3Ta2/3)O3

Hexaaluminates (La, Nd)MAl11O19 (M = Mg, Mn to Zn, Cr or Sm)/

LaMgAl11O19

Pyrochlores A2B2O7

A and B are 3 ? or 2 ? and 4 ? or 5 ? cations/

La2Zr2O7
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defect cluster zirconia with low dopant concentrations were

observed. However, decreasing cyclic lifetimes were

monitored when the dopant concentrations were increased

due to reduced fraction of tetragonal phase and hence

reduced toughness values (Ref 56).

Perovskites

The perovskites were considered as candidate materials

mainly due to their refractory properties (melting point,

SrZrO3; 2650 �C, Ba(Mg1/3Ta2/3)O3; 3100 �C). Their CTE

higher than 8.5 9 10-6 K-1 and thermal conductivity

lower than 2.2 W/mK were also found to be advantageous

for TBCs. However, later it was observed that complex

perovskites (e.g., Ba(Mg1/3Ta2/3)O3, La(Al1/4Mg1/2Ta1/4)

O3) decompose during spraying and hence the deposit is

often accompanied by secondary phases, while SrZrO3

undergoes some phase transformations and the one from

orthorhombic to pseudo-tetragonal which occurs at 740 �C

involves a volume change of *0.14% (Ref 57-59). Ma

et al. reported that doping the SrZrO3 with Yb2O3 and

Gd2O3 not only suppresses the phase transformation but

also lowers the thermal conductivity of SrZrO3 (*20%).

This modification also yields longer cyclic lifetimes than

the standard YSZ particularly in a double-layer structure

above 1300 �C (Ref 60).

The double-layer structure describes a two-layer cera-

mic coating system (YSZ and an alternative material on top

of it with high-temperature stability such as perovskite and

pyrochlore). The YSZ layer between the TGO and the

alternative ceramic material was introduced to solve ther-

mochemical incompatibility problems with the TGO but

more often to take advantage of high toughness of the YSZ

close to the TGO (Fig. 5). Therefore, today it is a well-

accepted approach and successful examples combining

different materials with the YSZ and using different

deposition methods (APS, EB-PVD) can be found in the

literature (Ref 60-64).

Hexaaluminates

Among the hexaaluminates, lanthanum hexaaluminate

(LHA) with defective magnetoplumbite structure, which

crystallizes in the form of plate-like grains, is the most

investigated material for TBCs. Because in addition to a

similar thermal conductivity to the YSZ (2.6 W/mK), it

offers a low Young’s modulus, significantly high sintering

resistance, structural and thermochemical stability up to

1400 �C (Ref 65, 66). Furthermore, due to the amorphous

content of the coatings made of different hexaaluminate

compositions (particularly pronounced for LaLiAl11O18.5)

in the as-sprayed state, formation of a segmentation crack

network in the coatings was observed after heat treatments

(Ref 67). As a result of this advantageous combination of

properties, good cyclic lifetime performance of LHA was

reported in the literature (Ref 68). More recently, another

hexaaluminate LaTi2Al9O19 was conceived as a novel

TBC material (Ref 69) due to its low thermal conductivity

(1.0-1.3 W/mK) and phase stability up to 1600 �C. The

CTE of the LaTi2Al9O19 was reported in the range of

Fig. 5 Introducing the double-layer structure to the TBCs for higher
operation temperatures; schematic illustration of a standard YSZ TBC
with the max. temperature capability of 1200 �C (left), single-layer

alternative material TBC with a higher temperature capability which
suffers from easy crack propagation and interdiffusion with the TGO
(middle), a double-layer TBC with a YSZ interlayer (right) (Ref 115)
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8-12 9 10-6 K-1 (200-1400 �C), which is also compara-

ble to that of the YSZ. Nevertheless, no significant

improvement in the performance was monitored when the

LaTi2Al9O19 is implemented as a single layer (\200 cycles

at 1300 �C) due to its low fracture toughness. However, the

performance was significantly advanced in a double-layer

system (1375 cycles at 1300 �C).

Pyrochlores

According to Web of Science, among the four aforemen-

tioned material groups, the most extensively investigated

group for TBCs is the pyrochlores. Figure 6 demonstrates

the significant increase in the number of the publications

covering the pyrochlores within the years in comparison

with its counterparts. The increasing popularity of the

pyrochlores can be justified with their good combination of

properties such as low thermal conductivity and high-

temperature phase stability but mostly with their pro-

nounced CMAS resistance. These properties of pyrochlores

with regard to their crystal structure as well as some

implementation issues will be discussed more in detail

below.

Crystal Structure

The pyrochlore crystal structure (A2B2O7 or A2B2O6O’, A

and B are 3? or 2? and 4? or 5? cations) with

Fd�3m space group is typically described by using its sim-

ilarity to simple fluorite structure (Fig. 7). In the ideal

fluorite structure (MO2, Fm�3m), the oxygen ions are loca-

ted in the equivalent tetrahedral sites of an M face-centered

cubic array. Similarly, in pyrochlores, two types of A and B

cations form the face-centered cubic array exhibiting an

alternating ABAB order at 16c and 16d sites in h110i

directions, which result in doubling of the lattice parameter

(a) with respect to the fluorite structure. However, due to

this cation ordering in the pyrochlores, tetrahedral anion

sites are no longer crystallographically identical; three

distinct tetrahedral sites exist in the structure: the 48f, the

8a, and the 8b. Six oxygen atoms occupy the 48f sites with

two A and two B neighbors, while the seventh oxygen

occupies the 8b site surrounded by four A cations. The 8a

site remains vacant; therefore, 87.5% of the tetrahedral

sites are filled in the pyrochlore structure while in the ideal

fluorite all of them are occupied (Ref 70).

The stability of the A3?, B4? type pyrochlore struc-

ture (A is a lanthanide, and B is a transition metal) is

governed by the ratio of the ionic radii of A and B cations

(1.46 B rA/rB B 1.80). Accordingly, for instance, lan-

thanide zirconates (Ln: Gd ? La) with the ionic radius

ratio ranging from 1.46 to 1.61 adopt pyrochlore struc-

ture, while lanthanide zirconates (Ln: Lu?Tb) with the

ionic radius ratio ranging from 1.35 to 1.44 crystallize in

defect fluorite structure. The ordered pyrochlore structure

can be transformed to defect fluorite structure by a ran-

dom distribution of both cations and anions onto their

individual sublattice, and such transformation can be

induced by temperature, pressure, composition changes,

or ion radiation (Ref 71). Effect of temperature and

composition on the stability and relevant properties of

lanthanide zirconates (Ln2Zr2O7) for TBCs will be further

discussed below.

Thermal Conductivity

As a result of high concentration of intrinsic oxygen

vacancies, high-level cation substitution (versus YSZ), and

large atomic mass difference between zirconia and large

lanthanides, which increases the phonon scattering strength

of the point defects (Ref 72), Ln2Zr2O7 (Ln: La, Nd, Sm, Eu,

Gd) are attractive low thermal conductivity material candi-

dates. Their thermal conductivities were reported between

1.2 and 2.2 W/mK in different studies (Table 2), although

significant discrepancies are visible between the studies

investigating the same material, which can be attributed to

the different method of sintering and hence differences in the

initial porosities of samples. Recently, Fabrichnaya et al.

investigated the effect of sintering method on the measured

thermal conductivities and demonstrated that the Ln2Zr2O7

(Ln: La, Nd, Sm) samples sintered using the SPS/FAST

(spark plasma sintering/field assisted sintering technique)

have substantially higher thermal diffusivities and conduc-

tivities than that of the samples sintered conventionally at

1600 �C (Ref 73). A thermal conductivity of 2.2 W/mK for

the SPS/FAST La2Zr2O7was reported in this study, which is

quite similar to that of the YSZ.
Fig. 6 Numbers of published items since 2002 covering the topics of
TBCs and different material groups according to Web of ScienceTM
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Further reductions in the thermal conductivity of the

Ln2Zr2O7 pyrochlores were achieved by cation dopings.

Lehmann et al. showed that doping La2Zr2O7 with 30% Nd

(atomic mass, ma = 144.23), Eu (ma = 151.94) or Gd

(ma = 157.25) leads to a systematic reduction in the ther-

mal conductivity with the increase in ma of the doping

element (Ref 74). Accordingly, a maximum reduction from

1.55 to 0.9 W/mK in the thermal conductivity was obtained

with 30% Gd dopant at 800 �C. Bansal and Zhu also

studied the thermal conductivity of the same material and

revealed that doping La2Zr2O7 with both Gd (15%) and Yb

(15%) leads to additional reductions with respect to the

solely Gd (30%)-doped La2Zr2O7 (Ref 75). More recently,

Guo et al. reported the thermal conductivities of Yb2O3

(Yb, ma = 173.05)-doped Gd2Zr2O7 ceramics as in a range

of 0.88-1.00 W/mK at 1400 �C, about 20% lower than that

of Gd2Zr2O7 (1.2 W/mK) (Ref 76).

Although many experimental studies, especially on Ln2-
Zr2O7 pyrochlores, are already available, measurements are

typically limited to 800 �C. If they are not, then a pro-

nounced contribution of radiative heat transfer at higher

temperatures complicates the interpretation and under-

standing of point defects and phonon scattering at these high

temperatures. In this regard, molecular dynamic (MD) sim-

ulations are shown to be useful for adapting and further

developing earlier phonon models to get a better under-

standing of thermal transport in TBC materials. Schelling

et al. investigated the effect of the size of A and B cations

(A = La, Pr, Nd, Sm, Eu, Gd, Y, Er or Lu; B = Ti, Mo, Sn,

Zr or Pb) on the thermal conductivity of forty different

pyrochlore composition at 1200 �C and found a greater

dependence on the B than A ionic radius (Ref 77). Further-

more, while results of different experimental studies indicate

Gd2Zr2O7with the lowest thermal conductivity (1.2 W/mK)

Fig. 7 Comparison of the cation (a) and anion (b) arrangements in the unit cells of pyrochlore (A2B2O7) and fluorite (MO2) compounds (Ref
116)
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in Ln2Zr2O7 group (Ln: La, Nd, Sm, Eu, Gd), the simulation

results suggest no systematic dependence of thermal con-

ductivity on the size of the A ion and predict Nd2Zr2O7 as the

most thermally insulating pyrochlore in this group. In the

same study, some of the lanthanide-stannate pyrochlores

and lanthanide-plumbate pyrochlores are predicted to

have a lower thermal conductivity than lanthanide zir-

conates. However, Qu et al. (Ref 78) measured the thermal

conductivities of Ln2Sn2O7 (Ln: La-Lu, Y) between 2.0 and

2.5 W/mK at 1000 �C and Ln2Pb2O7 structures were

reported to be unstable above 300 �C (Ref 70).

High-Temperature Phase Stability

Another essential benefit of Ln2Zr2O7 is their high-tem-

perature phase stability. Unlike the YSZ, they remain as

single phases over the entire service temperature range of

the TBCs. Table 2 shows maximum stability temperatures

of different Ln2Zr2O7 (Ln: La, Nd, Sm, Eu, Gd) compo-

sitions as well as their melting temperatures. The former

indicates the temperature at which pyrochlore (P) trans-

forms to a so-called defect fluorite structure (F), as men-

tioned earlier. Accordingly, the Gd2Zr2O7 has the lowest

stability temperature in this group at about 1550 �C, and

transformation temperature rises with increasing Ln cation

size (Gd ? Nb). In the La2O3-ZrO2 system, the pyrochlore

phase becomes stable all the way up to the liquidus

temperature (2283 �C) and thus no longer exhibits a solid

state (F $ P) transition.

It should be mentioned here that when different pyrochlore

compositions (Ln2Zr2O7, Ln: La, Sm, Gd) were deposited on

the substrates by plasma spraying, the as-sprayed coatings

were found to be showing defect fluorite structure at room

temperature (Ref 79-81). This order-disorder transition is

typically attributed to the high cooling rate of the molten par-

ticles in plasma spraying process, which could kinetically

constrain the ordering process. Similarly, in EB-PVD process,

as-deposited coatings were reported to be in defect fluorite

phase, suggesting that even high substrate temperatures

(1100 �C) cannot assist pyrochlore structure formation within

the time scale of the deposition process (Ref 82). After heat

treatments or thermal cycling of the as-deposited coatings,

defect fluorite was found to be ordered into pyrochlore struc-

ture. However, although no detrimental effect of this disorder-

order transformation on the lifetime has been described, the

degree of order in the as-deposited Ln2Zr2O7 coatings, kinetics

of disorder-order transformation and its possible effects on

sintering rate of the coatings have not been reported.

Coefficient of Thermal Expansion

The CTEs of the dense pyrochlores (Ln2Zr2O7, Ln: La, Nd,

Sm, Eu, Gd) were reported between 9.1 and

12.2 9 10-6 K-1 at 1000 �C (Table 2). Although there are

Table 2 Properties of zirconate pyrochlores with large lanthanides ((La, Nd, Sm, Eu, Gd)Zr2O7) versus YSZ

Material Thermal conductivity at 1000 �C,
W/mK

Melting temperature/max. stability temperature of pyrochlore or
YSZ, �C

CTE (910-6 K-1) at
1000 �C

La2Zr2O7 1.8 (Ref 118) 2283/2283 (L $ P) (Ref 119) 9.7 (Ref 120)

1.6 (Ref 122) 9.2 (Ref 121)

1.4 (Ref 97) 9.1 (Ref 74)

2.1 (Ref 75)

2.2 (Ref 73)

1.5 (Ref 74)

Nd2Zr2O7 1.9 (Ref 123) 2320/2310 (F $ P) (Ref 119) 9.6 (Ref 74)

1.3 (Ref 74)

Sm2Zr2O7 1.5 (Ref 124) 2497/2026 (F $ P) (Ref 119) 10.8 (Ref 125)

1.8 (Ref 123)

1.3 (Ref 126)

Eu2Zr2O7 1.7 (Ref 124) 2475/1855 (F $ P) (Ref 127) 10.5 (Ref 74)

Gd2Zr2O7 1.4 (Ref 118) 2570/1550 (F $ P) (Ref 119) 10.5 (Ref 74)

1.5 (Ref 128) 11.5 (Ref 83)

1.2 (Ref 97) 12.2 (Ref 76)

1.2 (Ref 76)

8 mol.%
YSZ

2.1 (Ref 129) 2700/1200 (Ref 32) 10.1 (Ref 130)

L, P, and F denote liquid, pyrochlore, and fluorite phases, respectively
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significant differences between the results of different

studies likely due to different measurement setups, it is

clear that CTEs of the pyrochlores are close to that of the

standard YSZ 11 9 10-6 K-1.

In one of the early studies, two groups of zirconate

pyrochlores: (1) Ln2Zr2O7, Ln: La, Nd, Eu, Gd with sys-

tematically decreasing ion radius and (2) La2Zr2O7 in

which La is substituted with one of Nd, Eu and Gd

(La1.4(Nd)0.6Zr2O7, La1.4(Eu)0.6Zr2O7, La1.4(Gd)0.6Zr2O7)

were investigated (Ref 74). For the first group, no simple

dependence of CTE on the Ln cation size was found,

except that La2Zr2O7 which has the largest Ln cation in the

group has the lowest CTE over the studied temperature

range (RT-1400 �C). In the second group, CTE of partially

substituted compounds was reported to be slightly different

than the La2Zr2O7 revealing that substitution of 30% La

with other trivalent cations does not produce a sufficient

distortion in the lattice leading to a significant change in

CTEs. Another A-site doping investigation was made on

Gd2Zr2O7 by Guo et al. (Ref 76). Yb was selected as a

dopant element, which has the smallest ionic radii among

rare-earth elements and hence reduces the value of rA/rB

ratio in A2B2O7, resulting in the stabilization of defect

fluorite structure instead of the pyrochlore. The CTEs of

the Yb2O3-doped Gd2Zr2O7 ((Gd1-xYbx)2Zr2O7 (x = 0,

0.1, 0.3, 0.5, 0.7)) were found to be in the range of 11.8-

13 9 10-6 K-1 at 1200 �C, which are comparable or even

larger than that of the YSZ. Wan et al. investigated a B-site

doping of Gd2Zr2O7 and chose smaller Ti4? to partially

substitute Zr4? (Ref 83) based on the study of Hess et al.

(Ref 84), which suggest that the structural integrity of

pyrochlore structure is mainly provided by the B-O bond

pair. Therefore, weakening of Zr-O bonding may lead a

structural relaxation and hence higher CTEs. The CTE of

the Gd2Zr2O7 was measured to be 11.5 9 10-6 K-1 at

1000 �C in this study which was increased to maximum

11.8 9 10-6 K-1 by Ti doping (Gd2(Zr1-xTix)2O7,

x = 0.2). A molecular dynamic simulation comparing the

effect of A-site and B-site doping on the CTE of Sm2Zr2O7

has been performed, and the results also showed a higher

CTE for the latter (Sm2(Ce0.3Zr0.7)O7) than the former

((Gd0.4Sm0.5Yb0.1)2Zr2O7) (Ref 85). Therefore, in the light

of these findings, it can be speculated that the B-site doping

in pyrochlore structure can be favorable for a higher CTE.

CMAS and Hot Corrosion Behavior

Superior CMAS resistance of Ln2Zr2O7 with respect to the

YSZ was presented in the last decade, which was a

notable finding for the implementation of pyrochlores in

TBCs (Ref 86, 87). Initially, it was reported for an EB-

PVD Gd2Zr2O7 TBC that Gd2Zr2O7 reacts with the CMAS

melt resulting in the crystallization of a highly

stable apatite phase incorporating Ca, Gd, and Si at tem-

peratures well above the melting point of the original

deposit. This crystalline phase seals off the top of the

coating and prevents further CMAS penetration as the

reaction, and crystallization kinetics are competitive with

that for the penetration (Ref 88). Later on, the formation of

a sealing layer made of Ca2Gd8(SiO4)6O2 apatite phase was

documented for an APS Gd2Zr2O7 coating, as well (Fig. 8).

The CMAS penetration depth in the APS Gd2Zr2O7 coating

was noted as *20 lm after 24 h interaction at 1200 �C,

while it was *200 lm for the APS YSZ coating under

same test conditions. Moreover, infiltration resistance of

APS Gd2Zr2O7 against different type of molten silicate

deposits (e.g., volcanic ash, coal fly ash) was reported in

the same study.

Drexler et al. (Ref 89) also compared the CMAS resis-

tance of different rare-earth (Yb, Gd, Y) zirconate com-

positions, and a summary of their findings is given in

Table 3. Based on the results, more than a tenfold differ-

ence in the CMAS penetration depths of YSZ and Y2Zr2O7

compositions clearly demonstrated that apatite phase for-

mation and hence the CMAS mitigation resistance are

controlled by Y3? concentration in these compositions.

Furthermore, different CMAS mitigation performances of

the zirconia compositions containing a high concentration

of Y2O3, Yb2O3, and Gd2O3 were observed and argued by

different sizes of RE3? as well as the formation of stoi-

chiometrically different apatite phases with CMAS inter-

action. Authors’ hypothesis was that, as more RE?3 cation

incorporation is required to form the Gd apatite than the

Y(or Yb) apatite, the CMAS melt needs to penetrate deeper

to accumulate sufficient amount of RE?3 in Gd2Zr2O7. On

the other hand, although they form similar type of apatite

phases, shorter penetration depth in Y2Zr2O7 than Yb2
Zr2O7 was attributed to the larger size of Y3? which results

in a higher crystallization tendency of Y apatite.

More recently, Poerschke and Levi systematically

investigated the relations between rare-earth oxide (RE:

Yb, Gd, La) containing zirconia or hafnia-based composi-

tions and their primary and secondary CMAS interaction

products, such as the apatite, fluorite, and garnet (Ref 90).

Their results revealed that from the two most relevant

reaction products to mitigate CMAS penetration, the apa-

tite, and fluorite, the composition of former is relatively

insensitive to the composition of the coating material in

contrast to what Drexler et al. suggested. They found a

strong correlation between the RE cation and the compo-

sition of fluorite phase instead. Furthermore, their result

suggested that the effectiveness of crystallization reactions

increases with larger RE cation sizes (Yb\Gd\La) in

both zirconia- and hafnia-based systems. Supporting this

finding, Schulz and Braue studied the CMAS infiltration

response of La2Zr2O7 and Gd2Zr2O7 coatings deposited
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with EB-PVD and found that the former reacts faster with

the CMAS melt than the later (Ref 91). Additionally, their

results revealed that the homogeneity of the columnar

structure has a profound effect on the reaction kinetics and

products as it alters the reaction interfaces and amount of

CMAS supply to these reaction zones. Today it is better

known that in addition to CMAS composition, viscosity,

surface tension of the melts and test temperatures, TBC

microstructure, particularly the microstructure of columnar

structures, e.g., shape of the intercolumnar gaps, control the

CMAS penetration depth of the same TBC material.

Hot corrosion behavior of pyrochlores has not been

investigated as intensive as their CMAS resistance.

Marple et al. (Ref 92) studied the hot corrosion of La2-
Zr2O7 and YSZ coatings which were exposed to vana-

dium- and sulfur-containing compounds at temperatures

up to 1000 �C. As mentioned earlier, the YSZ coatings

are quite vulnerable to vanadium attacks, but they are

relatively stable in the presence of sulfur-containing

compounds. However, it was revealed with this study

that, in contrast to the YSZ, the reaction of La2Zr2O7

with V2O5 does not severely damage the coating, while

the reactions with sulfur-containing compounds lead to

the rapid degradation of the coating under the same test

conditions. In another study, the superior hot corrosion

resistance of Gd2Zr2O7 coating than that of the YSZ

under Na2SO4 ? V2O5 attack at 1050 �C was reported

(Ref 93). Different response of pyrochlores against these

chemical attacks is evident with these studies compared

to YSZ; however, defense mechanisms have not been

well understood to this day.

Implementation Issues and Performance

In addition to their advantageous properties, some diffi-

culties have been reported for the application of pyro-

chlores in TBCs. These issues and their effects on the

performance of TBCs will be summarized below.

Fig. 8 Cross-sectional SEM micrograph of APS 7YSZ (left) and Gd2Zr2O7 (right) TBCs and corresponding Zr, Ca, and Si elemental maps after
interaction with CMAS glass (1200 �C, 24 h). The horizontal dashed line denotes top surface of the original TBC. Reproduced from Ref 117

Table 3 CMAS mitigation performance and reaction products of different rare-earth zirconates and 7YSZ after 24-h CMAS interaction at
1200 �C reported by Ref 89

Composition Primary phases Phases observed in the reaction zone after
CMAS interaction

CMAS penetration
depth, lm

Y2Zr2O7 (37.5 mol.%
Y2O3)

Cubic ZrO2 solid solution Y apatite, Ca4Y6(SiO4)6O 20 ± 3

Gd2Zr2O7 (38.0 mol.%
Gd2O3)

Fluorite Gd apatite, Ca2Gd8(SiO4)6O2 60 ± 4

Yb2Zr2O7 (38.3 mol.%
Yb2O3)

Cubic ZrO2 solid solution ? Yb4Zr3O12 Yb apatite, Ca4Yb6(SiO4)6O 40 ± 3

7YSZ (3.9 mol.%
Y2O3)

Tetragonal ZrO2 solid solution No apatite phase 263 ± 12

Note the different apatite phase stoichiometries of Y and Yb than Gd
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1. Thermochemical Compatibility with the Alumina TGO

Levi (Ref 94) demonstrated that when Y2O3, Gd2O3,

and La2O3 are added to zirconia above their critical con-

centrations (Y2O3*20 mol.%, Gd2O3*34 mol.%, La2O3

*5 mol.%), formation of garnet, perovskite and b alumina

phases, respectively, is induced as a result of an interaction

with alumina at 1200 �C. Bearing in mind that the Ln2
Zr2O7 phases are stabilized with *33.3 mol.% Ln2O3

additions to zirconia, the implication was that all men-

tioned compositions are prone to degrade by diffusional

interaction with Al2O3. Later on Leckie et al. (Ref 95)

experimentally studied the interphase formation between

the pre-oxidized sapphire substrates and EB-PVD Gd2
Zr2O7 coatings. They found that Gd2Zr2O7 tends to react

with alumina to form a porous GdAlO3 perovskite inter-

phase. A similar phenomenon was also observed between

Sm2Zr2O7 coatings and alumina in a later study (Ref 96).

Therefore, starting with the early patents filed for the

pyrochlore implementation in TBC systems, a YSZ inter-

diffusion barrier layer was suggested to achieve a better

performance (Ref 97, 98). This also addresses the limited

toughness of the pyrochlore materials.

2. Fracture Toughness

One of the foremost characteristics of plasma-sprayed

7-8 wt.% yttria-stabilized zirconia is high fracture

toughness owing to its non-transformable tetragonal (t0)

phase. Although thermal conductivity of zirconia could

be further reduced with increased yttria concentrations

(e.g., 20 wt.% yttria addition), due to stabilization of

cubic phase which exhibits higher brittleness, 7-8 wt.%

yttria-stabilized zirconia has remained the material of

choice for decades. Cubic pyrochlore oxides likewise

suffer from a low intrinsic fracture toughness. Recently

Dwivedi et al. (Ref 99) reported a two times higher

fracture toughness of YSZ coating than the Gd2Zr2O7 in

the as-sprayed state. Thus, pyrochlores are coupled with

a 7-8 wt.% YSZ interlayer close to the TGO as a

workaround. Nevertheless, such adoption does not solve

other issues related to toughness such as poor erosion

resistance of pyrochlore coatings and still limits their

lifetime. Therefore, increasing the fracture toughness of

pyrochlores intrinsically is highly demanded and mainly

two different approaches were followed in the literature

to that end, doping the pyrochlore or reducing the RE2O3

content (Table 4). It should be noted that the toughness

or indentation fracture resistance values that are given for

each study in Table 4 were calculated using different

equations as well as different sample preparation meth-

ods and, therefore, cannot be directly compared to each

other, yet they give the extent of increase that could be

achieved in each individual work.

Depending on the amount of RE2O3 content reduction, it

resulted in the formation of either fluorite or pyrochlore

phase and some improvements were observed in the

indentation fracture resistance with decreasing RE2O3

contents (Ref 100-102). Schmitt et al. suggested that the

decrease in the oxygen vacancy concentration with the

reduced RE2O3 content might be playing a role in such

fracture resistance enhancement (Ref 102). Furthermore,

they reported significant improvements in the erosion

durability of the fluorite phase EB-PVD coatings. Never-

theless, some increases are also expected in the thermal

conductivity as well as CMAS penetration in these coatings

due to lack of RE2O3 concentration.

Introducing secondary phases to improve the toughness

of the cubic pyrochlore is a more complicated method as it

typically brings the problem of phase incompatibility. In

one of the earliest studies, the addition of TiO2 into

GdO1.5-ZrO2 was investigated and demonstrated that

tetragonality (c/a ratio) of the structure and the toughness

could be increased with additions of Ti4? (Ref 103).

However, the nature of toughening mechanism could not

be elucidated as synthesized ternary compositions were no

single phase (cubic, tetragonal, also monoclinic formation

in the crack process zones). Furthermore, phase separation

toward equilibrium phases was stated to be relatively rapid,

hence diminishing the long-term stability of the investi-

gated material system. Sc3? was another small ion inves-

tigated to toughen Gd2Zr2O7, and Wang et al. showed that

with increasing Sc2O3 additions in the investigated range,

fracture resistance can be improved (Ref 104). Authors

indexed pyrochlore phase within the compositional

parameter range of x = 0-0.1 and fluorite phase at x = 0.2

which also yielded the highest fracture resistance. There-

fore, supporting Schmitt et al. (Ref 102), it is possible that

ordering degree and oxygen vacancy concentration play a

role in the toughness of Gd2Zr2O7.

Li et al. reported an increase in the fracture resistance of

La2Zr2O7 from 1.6 to 2Mpa m1/2with the additions of either

10 vol.% BaTiO3 or nanosize YAG due to piezoelectric

toughening of the former and different mechanisms such as

grain boundary strengthening and grain size reduction in the

latter (Ref 105, 106). But reactions between the matrix and

the additions at high temperatures are still questionable in

these systems because authors only show the phase compo-

sition of mixtures after sintering at 1450 �C (or at 1650 �C)

for a few minutes.

Zhang et al. (Ref 107) investigated the addition of YSZ (8

wt.% Y2O3) into Gd2Zr2O7 (also into a number of different

material groups) and showed increasing fracture resistance

with increasing YSZ concentrations. The enhancement was

attributed to crack deflection due to thermal expansion

mismatches and stronger interfacial bonding between the

1004 J Therm Spray Tech (2017) 26:992–1010
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secondary phases; however, this explanation cannot describe

the toughening in the single fluorite phase YSZ-Gd2Zr2O7

solutions that were reported in this study. Ma et al. (Ref 108)

also introduced YSZ (3 mol.% Y2O3, nanosize) and showed

increasing trend in the fracture resistance of Gd2Zr2O7 at

higher YSZ concentrations. Their result revealed that up to

80 vol.% addition of 3YSZ, a fluorite phase stabilizes and at

higher concentrations phase partitioning occurs in the

supersaturated solid solution. Therefore, it is clear from both

studies working on the YSZ that the fluorite phase formation

results in higher toughness over pyrochlore but the mecha-

nism is uncertain.

To take advantage of ferroelastic toughening mechanism

of t0 phase, doping of Gd2Zr2O7 with Er2O3-stabilized zir-

conia (ErSZ) and Yb2O3-stabilized zirconia (YbSZ) was

studied by another group (Ref 109, 110). It was shown in

these studies that the t0 phase stability of YbSZ and ErSZ at

1400 �C is relatively better than that of YSZ. After 100-h

annealing at 1400 �C, the monoclinic and cubic phase con-

tent in the YbSZ was reported to be 4.8 and 19.9 mol.% (rest

is tetragonal), respectively, while according to study of

Miller et al. (Ref 32) tetragonal content in the YSZ (8.6 wt.%

Y2O3) was reduced to 30% at the same annealing conditions.

Their results suggested that between 15-40 mol.% ErSZ or

YbSZ addition into Gd2Zr2O7 a t
0 phase stabilizes and leads

to an increase in the fracture resistance.

An overarching conclusion is that, although there were

several attempts to increase the toughness of the pyro-

chlores, the obtained improvements, if any, are published

only based on indentation test results and seem to be at the

expense of the CMAS resistance or the low thermal con-

ductivity of the investigated materials.

3. Processability and Performance

Vaßen et al. (Ref 61) compared the thermal cycling life-

time of the APS Ln2Zr2O7 (Ln: La, Gd), APS YSZ, and

double-layer APS YSZ/ Ln2Zr2O7 (Ln: La, Gd) TBC

systems under a temperature gradient (1300-1400 �Csurface

and 1070-1090 �C bond coat temperatures). At this high

surface temperatures, the lifetime of the double layers was

found to be superior to single layer YSZ and Ln2Zr2O7 (Ln:

La, Gd) systems, revealing that a surface temperature

increase of at least 100 K compared to standard YSZ

(1200 �C) possiblewith the use of Ln2Zr2O7, if Ln2Zr2O7 are

combined with the YSZ interlayer. Later on, the potential of

double-layer approach was established by several studies

using different Ln2Zr2O7 compositions or different pro-

cessing techniques (EB-PVD, SPS, PS-PVD) (Ref

27, 29, 64, 80, 96). As an example, Fig. 9 shows the pho-

tograph and microstructure of an APS Gd2Zr2O7/YSZ dou-

ble-layer TBC after thermal cycling, which exhibits a typical

TGO growth driven failure after 2055 cycles. At the very

similar thermal cycling conditions, lifetime of the standard

YSZ is in the range of 1000 cycles which clearly reveals the

achieved improvement with this double-layer system.

For more than a decade, it has been also known that

difference in the vapor pressures of Ln2O3 and zirconia

complicates the processing of Ln2Zr2O7 with both APS and

EB-PVD processes. However, the Ln2O3 with higher vapor

pressure than zirconia is prone to evaporate at high process

temperatures resulting in as-deposited coatings containing

metastable zirconia, which transform and then undergo

specific volume changes during thermal cycling. There is a

paucity of information on the thermodynamic properties of

these solid solutions in the literature; however, based on

the report of Jacobson it can be generalized that the dif-

ferences between the vapor pressures of zirconia and

Ln2O3 increase with decreasing atomic mass of the lan-

thanide elements (Ref 111). Obviously, the intermolecular

bonds get stronger when the atomic mass increases so that

it is more difficult to break those bonds to escape as a

gaseous phase. Given that the La has smallest atomic mass

in the lanthanide series, La2Zr2O7 can be expected to be the

most problematic pyrochlore composition to deposit, which

Fig. 9 Photograph (left) and cross-sectional microstructure (right)
showing the failure mode of thermally cycled Gd2Zr2O7/YSZ TBC
system in burner rig setup. Dashed line on the photograph indicates

the cutting plane for metallographic sample preparation. The test was
conducted at 1394/1066 �C surface/bond coat temperature gradient
and sample failed after 2055 cycles
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was stated in a number of APS and EB-PVD studies (Ref

62, 79, 112, 113). In the meantime, only minor composi-

tional changes have been reported for Sm2Zr2O7 and

Gd2Zr2O7 coatings (Ref 82, 114).

Cao et al. (Ref 112) addressed that thermal cycling

performance of La2Zr2O7 coatings is affected by the fast

La2O3 loss during the plasma spraying process, and this

can be prevented to some extent by increasing the amount

of La2O3 in the feedstock. However, due to the fact that the

evaporation rate of the sprayed powder is also influenced

by the particle size, e.g., vaporization from a small particle

will occur sooner than a larger particle, it is not possible to

entirely control the homogeneity of the coating composi-

tion by this way. Hence, a more sophisticated material-

related solution is needed in this regard. Mauer et al.

reported that burner rig lifetime of a La2O3-depleted La2
Zr2O7 coating can be as short as 14 cycles at 1400 �C

surface temperature and demonstrated that particle diag-

nostics can be a useful tool for tuning the particle tem-

peratures during plasma spraying to have the least

evaporation (Ref 79). Likewise, Xu et al. (Ref 113) showed

that the thermal cycling lifetime of EB-PVD La2Zr2O7

coatings is affected by non-stoichiometry in the coatings,

which can be improved by properly controlling the electron

beam current or by changing the ingot composition.

Summary

In this study, research activities on the developments of TBC

ceramic top coats are reviewed. Established and developing

thermal spray methods, properties of the state-of-the-art

YSZ, as well as emerging ceramicmaterials, were discussed.

The recent TBC literature clearly reveals the potential of

lanthanide-zirconate-pyrochlores for further increasing the

TBC service temperatures as well as for CMAS protection,

while the newer processing technologies are combining high

strain tolerance in the top coats with good cost-efficiency.

Nevertheless, use of a double-layer TBC structures including

a YSZ layer seems to be a prerequisite for taking advantage

of the new materials. Furthermore, deposition of the new

materials is proven to bemore troublesome than the standard

YSZ, meaning much more efforts required to achieve reli-

able and reproducible processing.
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and Characteristics of Submicrometer-Structured Thermal Bar-
rier Coatings by Suspension Plasma Spraying, J. Therm. Spray
Technol., 2012, 21(3), p 416-424

23. L. Pawlowski, Suspension and Solution Thermal Spray Coat-
ings, Surf. Coat. Technol., 2009, 203(19), p 2807-2829

24. N. Curry, K. VanEvery, T. Snyder, and N. Markocsan, Thermal
ConductivityAnalysis and LifetimeTesting of Suspension Plasma-
Sprayed Thermal Barrier Coatings, Coatings, 2014, 4(3), p 630

25. K. VanEvery, M.J.M. Krane, R.W. Trice, H.Wang,W. Porter, M.
Besser, D. Sordelet, J. Ilavsky, and J.Almer, ColumnFormation in
Suspension Plasma-Sprayed Coatings and Resultant Thermal
Properties, J. Therm. Spray Technol., 2011, 20(4), p 817-828

26. M. Karger, R. Vaßen, and D. Stöver, Atmospheric Plasma
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48. S. Krämer, J. Yang, C.G. Levi, and C.A. Johnson, Thermo-
chemical Interaction of Thermal Barrier Coatings with Molten
CaO-MgO-Al2O3-SiO2 (CMAS) Deposits, J. Am. Ceram. Soc.,
2006, 89(10), p 3167-3175

49. A. Aygun, A.L. Vasiliev, N.P. Padture, and X. Ma, Novel
Thermal Barrier Coatings that are Resistant to High-Temperature
Attack by Glassy Deposits, Acta Mater., 2007, 55(20), p 6734-
6745

50. W. Li, H. Zhao, X. Zhong, L. Wang, and S. Tao, Air Plasma-
Sprayed Yttria and Yttria-Stabilized Zirconia Thermal Barrier
Coatings Subjected to Calcium–Magnesium–Alumino–Silicate
(CMAS), J. Therm. Spray Technol., 2014, 23(6), p 975-983

51. P. Ramaswamy, S. Seetharamu, K.J. Rao, and K.B.R. Varma,
Thermal Shock Characteristics of Plasma Sprayed Mullite
Coatings, J. Therm. Spray Technol., 1998, 7(4), p 497-504

52. N.P. Padture and P.G. Klemens, Low Thermal Conductivity in
Garnets, J. Am. Ceram. Soc., 1997, 80(4), p 1018-1020

53. X. Zhou, Z. Xu, X. Fan, S. Zhao, X. Cao, and L. He, Y4Al2O9

Ceramics as a Novel Thermal Barrier Coating Material for High-
Temperature Applications, Mater. Lett., 2014, 134, p 146-148

54. D.A. Hirschfeld, D.M. Liu, and J.J. Brown, CMZP-a new high
temperature thermal barrier material, in The 4th International

Symposium on Ceramic Materials and Components for Engines,
ed. by R. Carlsson, R. Johansson, and L. Kahlman (Elsevier
Applied Science, London, 1992), pp. 370-372

55. D. Zhu and R.A. Miller, Development of Advanced Low Con-
ductivity Thermal Barrier Coatings, Int. J. Appl. Ceram. Tech-
nol., 2004, 1(1), p 86-94

56. D. Zhu, J.A. Nesbitt, C.A. Barrett, T.R. McCue, and R.A. Miller,
Furnace Cyclic Oxidation Behavior of Multicomponent Low
Conductivity Thermal Barrier Coatings, J. Therm. Spray Tech-

nol., 2004, 13(1), p 84-92
57. W. Ma, M.O. Jarligo, D.E. Mack, D. Pitzer, J. Malzbender, R.

Vaßen, and D. Stöver, New Generation Perovskite Thermal
Barrier Coating Materials, J. Therm. Spray Technol., 2008,
17(5-6), p 831-837

58. M.O. Jarligo, G. Mauer, D. Sebold, D.E. Mack, R. Vaßen, and
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