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Abstract 

The ceramic topcoat has a major influence on the performance of the thermal barrier coating systems 

(TBCs). Yttria-partially-stabilized zirconia (YSZ) is the topcoat material frequently used and the major 

deposition processes of the YSZ topcoat are atmospheric plasma spraying (APS) and electron beam 

physical vapor deposition (EB-PVD). Recently, also new thermal spray processes such as Suspension 

Plasma Spraying (SPS) or Plasma Spray – Physical Vapor Deposition (PS-PVD) have been intensively 

investigated for TBC topcoat deposition. The first section of the article will review these new processes and 

will describe especially the different microstructures that can be obtained. Furthermore, the properties and 

the intrinsic–extrinsic degradation mechanisms of the YSZ will be discussed.   

In the second section, alternative ceramic materials to the YSZ such as perovskites and hexaaluminates, 

which were investigated mainly due to the limited high-temperature capability of the YSZ, 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 and their weaknesses, e.g. 

thermochemical incompatibility with alumina thermally grown oxide, as well as processability issues will 

be outlined. 

 



1. 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 estimated an impressive 

production of nearly 228,000 aviation gas turbine engines valued in $1.232 trillion through 2030 and of 

5,480 power generation gas turbine engines worth $105.3 billion over the next 10 years [1,2]. A recent BBC 

report [] showed a market volume for TBC coatings of 835 Mill $ in 2016, thereof 334 Mill $ EB-PVD, 

168 Mill $ APS and the rest other thermal spray technologies. The volume is expected to increase with an 

annual growth rate of 5.6% over the next 5 years. Considering 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 topcoat (i), a metallic bond coat (ii), and a thermally 

grown oxide “TGO" layer (iii) 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 aluminum-rich bond coat ((Ni, 

Co)CrAlY or aluminides of Pt and Ni), which forms the alumina (α-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 topcoat layer. Since it was introduced in the 1970s [3], 6-8 wt. 

% yttria-stabilized zirconia (7YSZ) has been the material of choice for ceramic top coats, as it has the 

exceptional combination of desired properties (section 2.1). Was YSZ used in 1970, not MgO/ZrO2 

TBC are complex systems bringing the metallic and ceramic materials together, to function under highly 

demanding thermal cycling conditions.  To that end, ceramic materials are further enhanced both in terms 

of thermal insulation efficiency and thermal expansion compliance in different ways and extend by different 

processing routes. Atmospheric plasma spray (APS) and electron beam-physical vapor deposition (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 (section 2.2).  



Even though the 7YSZ remained as the state of the art for decades, its temperature limitation at about 

1200°C (section 2.3) 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 were observed. This introduced the double ceramic layer concept to the 

TBC literature, combining the benefits of YSZ and new materials. Furthermore, deposition of several of 

these complex oxides with stoichiometric compositions was found to be not so easy both with thermal spray 

and vapor phase deposition processes, implying a demand for more careful process optimizations (section 

3.1-4).  

2. YSZ Ceramic Topcoat 

2.1. Properties 

A good thermal stability, a low thermal conductivity, a high coefficient of thermal expansion (CTE) in 

combination 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 microstructures and porosity were reported to be 2.6 W/mK (5.3 wt. % YSZ, 600 °C) [4] and 

0.7-1.4 W/mK (7.25 wt. % YSZ) [5], respectively. The YSZ also has a high CTE (11 x 10-6 K-1), which is 

close to that of the underlying superalloy substrate (14 x 10-6 K-1) [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 coatings regardless of the high toughness as observed in 4-5 YSZ due to its 

ferroelastic switching [7]. Therefore, mainly by trying to reduce the stress levels and/or increasing the strain 

tolerance of the coatings, a further improvement of the coating performance is desired. This can be achieved 

by introducing porosity and cracks (inter-lamellar cracks, segmentation cracks etc.) into the coatings or 

depositing columnar structures as will be discussed below. 

2.2. Deposition Technologies and Microstructure 



Atmospheric plasma spraying (APS) and electron beam – physical vapor deposition (EB–PVD), two 

standard processing techniques for the top coat deposition, both enhance the thermal insulation efficiency 

and thermal expansion compliance of the ceramic materials in different ways and extents. As in this article 

the focus are thermal spray technologies the EB-PVD process is not further discussed, further information 

can be found e.g. in []. 

2.2.1 Athmospheric plasma spraying process 

In the APS process, an electric arc generated between anode and cathode ionizes the flowing process gasses 

(argon, hydrogen, nitrogen or helium) into the plasma state (Figure 1, left). The ceramic powder particles 

are injected into this plasma jet where they are heated and accelerated towards 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 to 5 µm thick, 200 to 400 µm diameter) [8,9]. 

Heat from the hot particles is transferred 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 [10]. As a result of 

quenching stresses as well as imperfect splat contacts, a coating microstructure with typical inter-splat, 

intra-splat cracks, and larger spherical pores is deposited on the substrate in the plasma spray process 

(Figure 1, right). Such microstructure with 10-20 volume % cumulative porosity lowers the thermal 

conductivity (in particular the inter-splat cracks aligned parallel to the substrate surface and normal to the 

heat flux, typical 0.7 to 1.0 W/m/K) and the elastic modulus of the ceramic top coat for a better thermal 

insulation and thermo-mechanical performance, respectively. 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 [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 



conditions leading to high porosity levels, today it is well known to use plastic-ceramic powder mixtures 

for the same purpose [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 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 takes 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) [14]. 
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For a given strain (∆ε), 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 which is a function 

of the Poisson´s ratio (ν). 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.  

2.2.2 Segmented coating by atmospheric plasma spraying 

Another efficient way to reduce the energy release rate especially for thick coatings is the introduction of 

segmentation cracks, which are the vertical cracks running 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 [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 [16,17]. As shown in Figure 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 of the elastic modulus. However, due to dense structure, the thermal 

conductivity of these coatings are 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 (Figure 2) but also a higher thermal conductivity due to the presence of columnar gaps [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. 

2.2.3 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 Suspension Plasma Spray (SPS) process [19]. Here a suspension of submicron ceramic particles 

instead of the powderous micron-sized feedstock is used. Also, precursors as metal salts have been 

employed (so-called solution precursor plasma spraying (SPPS) [20]. The finer size of the deposited 

droplets allow the generation of different microstructures, especially a high segmentation crack density 

(even above 10 cracks/mm [21]) and a high cumulative porosity mainly consisting of sub-micrometer range 

pores [22]) (Figure 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 [23,24]. 

Recently, it also was discovered that the SPS process allows the formation of columnar structures. 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 [25] (Figure 3, right). Also 



these coatings can show excellent thermal cycling performance [] and additionally a non-line of sight 

capacity which is favourable 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 as perovskites [] and pyrochlores [] as segmented or columnar structured coatings. 

2.2.4 Columnar coatings by plasma spray physical vapour deposition 

A rather new thermal spray technology is the plasma spray-physical vapor deposition (PS-PVD). 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 (Figure 4). In addition to the high strain tolerance 

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 shadowed areas [26]. This is possible due to the 

gas flow giving a non-line-of-sight characteristic. It was demonstrated that thermal cycling lifetimes more 

than two times higher than conventionally sprayed TBCs were obtained with optimized PS-PVD process 

conditions [27]. With the use of suitable feedstock materials also other TBC materials can be processed by 

PS-PVD. An example using Gd2Zr2O7 is given in [] showing the excellent performance of the coating as 

a double layer YSZ/GZO system (see section 3.4.6). 

2.3. Degradation 

The newer thermal spray technologies seem already to surpass the capabilities of the APS presenting highly 

strain tolerant and porous coatings. 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 insufficient phase stability and accelerated sintering at temperatures above 

1200 °C, which are the dominant degradation mechanisms of the plasma sprayed ceramic YSZ top coat 

[8,28,29]. At room temperature, a non-equilibrium, high-yttria containing tetragonal phase (t', also called 

non-transformable tetragonal) is observed in as-sprayed YSZ coatings. The t' 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 phases are observed in the as-sprayed microstructures. However, the t' phase 

undergoes phase separations into the equilibrium phases at high temperatures resulting in degradation of 

the coating [30]. Because the transformation of the low-yttria-containing tetragonal phase into the 

monoclinic phase upon cooling is accompanied by a volume change [31,32] and the high-yttria-containing 

cubic phase has low toughness [33,34]. Furthermore, the enhanced sintering and resultant densification 

above 1200°C lowers the thermal resistance and increases the elastic modulus [35]. 

Similar to the thermomechanical compatibility of the components in the TBC system, thermochemical 

compatibility is also a 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 alumina in each other is reported to be 

very limited up to 1250°C [36,37]. 

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 [38]. 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 FODcan they go 

through the compressor?  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 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 react strongly with the V2O3 resulting in formation of YVO4, 

which depletes yttria from the zirconia matrix and causes the spallation of TBC [39]. Furthermore, molten 

oxides permeate to the bond coat through the YSZ top coat and lead to accelerated oxidation of the bond 

coat [?]. 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 was reported by 

Jones et al.[40].  

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 [41-43]. At high surface temperatures, the CMAS rapidly penetrate the porosity of the coating and 

lead to premature failure of the coating 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 discussed above and consequently compromising the 

integrity of the system [43]. 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 particularly vulnerable to the 

CMAS attack. From a chemical perspective, Aygun et al. [44] 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 increase the 

CMAS resistance [45] although other issues related to phase stability are manifested in that case. Recently, 

more general concepts have been developed to get a clearer insight into the complex degradation 

mechanisms by CMAS. A more detailed discussion will follow in section 3.4.5.  

3. Alternative Ceramic Topcoat Materials 

Over the last 15 years, primarily four different ceramic material groups; (i) zirconia doped with different 

rare-earth (RE) cations (defect cluster TBC’s), (ii) perovskites, (iii) hexaaluminates, and (iv) pyrochlores 

have been suggested as promising new top coat materials (see Table 1  for the chemical compositions). 

Some other materials e.g. mullite [46], silicates (ZrSiO4 [6]), garnets (Y3Al5O12 YAG [47], Y4Al2O9 YAM 



[48]), (Ca1-xMgx)Zr4(PO4)6 [49], were also considered as candidate materials however their typically low 

CTE preclude the possibility of their application.  

3.1. 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. [50] 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 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 [51].  

3.2. 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 x 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) decomposes 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 % [52-54]. 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 [55].  

The double-layer structure describes a two-layer ceramic coating system (YSZ and an alternative material 

on top of it with high-temperature stability such as perovskite, pyrochlore etc.). The YSZ layer between the 



TGO and the alternative ceramic material was introduced to solve thermochemical incompatibility 

problems with the TGO but more often to take advantage of high toughness of the YSZ close to the TGO 

(Figure 5).  Because crack propagation in the alternative materials is known to be easier than the YSZ. 

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 [55-59]. 

3.3. 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 [60,61]. 

Furthermore, due to partial amorphicity 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 [62]. As a result of this good combination of 

properties, good lifetime performances were reported for this material [63]. More recently, another 

hexaaluminate LaTi2Al9O19 was conceived as a novel TBC material [64] 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 8-12x10-6 K-1 (200-1400°C), which is also comparable 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). 

3.4. Pyrochlores      

According to Web of ScienceTM, among the four aforementioned group, 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 pronounced 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. 

3.4.1. Crystal Structure  

The pyrochlore crystal structure (A2B2O7 or A2B2O6O’, A and B are 3+ or 2+ and 4+ or 5+ cations) with 

Fd3�m space group is typically described by using its similarity to simple fluorite structure (Figure 7). In 

the ideal fluorite structure (MO2, Fm3�m), the oxygen ions are located 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 <110> 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, thereby 87.5% of the tetrahedral sites are filled in the pyrochlore 

structure while in the ideal fluorite all of them are occupied [65].  

The stability of the A3+, B4+ type pyrochlore structure (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≤rA/rB≤1.80). Accordingly, for instance, 

lanthanide zirconates (Ln: Gd�La) with the ionic radius ratio ranging from 1.46 to 1.61 adopts to 

pyrochlore structure, 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 random distribution of both cations and anions onto their individual sublattice 

and such transformation can be induced by temperature, pressure, composition changes or ion radiation 

[66]. Effect of temperature and composition on the stability and relevant properties of lanthanide zirconates 

(Ln2Zr2O7) for TBCs will be further discussed below.  

3.4.2. Thermal conductivity 



As a result of high concentration of intrinsic oxygen vacancies, high level cation substitution (vs. YSZ) and 

large atomic mass difference between zirconia and large lanthanides, which increases the phonon scattering 

strength of the point defects [67], Ln2Zr2O7 (Ln: La, Nd, Sm, Eu, Gd) are attractive low-thermal 

conductivity material candidates. Their thermal conductivities were reported between 1.2-2.2 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 conductivities than that of the samples sintered conventionally at 1600 °C [68]. A 

thermal conductivity of 2.2 W/mK for the SPS/FAST La2Zr2O7 was reported in this study, which is quite 

similar to that of the YSZ.  

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 thermal conductivity with the 

increase of ma of the doping element [69]. 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 [70]. 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) 

[71]. 

Although many experimental studies, especially on Ln2Zr2O7 pyrochlores, are already available, 

measurements are typically limited to 800 °C. If they are not, then a pronounced contribution of radiative 

heat transfer at higher temperatures complicates the interpretation and understanding of point defects and 

phonon scattering at these high temperatures. In this regard, molecular dynamic (MD) simulations are 



shown to be useful for adapting and further developing earlier phonon models to get a better understanding 

of thermal transport in TBC materials. Schelling  et al. investigated the effect of the size of A, 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 

[72]. Furthermore, while results of different experimental studies indicate Gd2Zr2O7 with the lowest thermal 

conductivity (1.2 W/mK) in Ln2Zr2O7 group (Ln: La, Nd, Sm, Eu, Gd), the simulation results suggest no 

systematic dependence of thermal conductivity 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 zirconates. However, Qu et al. measured the thermal conductivities of Ln2Sn2O7 (Ln: La-Lu, Y) 

between 2.0-2.5 W/mK at 1000°C [73] and Ln2Pb2O7 structures were reported to be unstable above 300°C 

[65]. 

3.4.3. High-Temperature Phase Stability 

Another essential benefit of Ln2Zr2O7 is their high-temperature 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) compositions as well as their melting 

temperatures. The former indicate the temperature at which pyrochlore (P) transforms to a so-called defect 

fluorite structure (F), as mentioned 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 [74-76]. This order-disorder transition is typically attributed to the 

high cooling rate of the molten particles 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 [77]. After heat treatments or thermal cycling of 

the as-deposited coatings, defect fluorite was found to be ordering into pyrochlore structure. 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. 

3.4.4. Coefficients of thermal expansion 

The CTEs of the dense pyrochlores (Ln2Zr2O7, Ln: La, Nd, Sm, Eu, Gd) were reported between 9.1-12.2 x 

10-6 K-1 at 1000 °C (Table 2). Although there are significant differences between the results of different 

studies (see Gd2Zr2O7) likely due to different measurement setups, it is clear that CTEs of the pyrochlores 

are close to that of the standard YSZ 11 x 10-6 K-1. 

In one of the early studies, two groups of zirconate pyrochlores; (i) Ln2Zr2O7, Ln: La, Nd, Eu, Gd with 

systematically decreasing ion radius and (ii) 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 [69]. 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. [71]. 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 11.8x10-6 K-1 to 13x10-6 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+ [78] based on the study of Hess et 

al. [79], 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 11.5x10-6 K-1 at 1000°C in this study which was increased to 

maximum 11.8x10-6 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) 

[80]. 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, but defect fluorite structure may yield higher CTEs than the 

pyrochlore structure. 

3.4.5. 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 [81,82]. 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 temperatures 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 [83]. 

Later on, formation of a sealing layer made of Ca2Gd8(SiO4)6O2 apatite phase was documented for an APS 

Gd2Zr2O7 coating, as well (Figure 8). The CMAS penetration depth in the APS Gd2Zr2O7 coating was noted 

as ~20 µm after 24 h interaction at 1200 °C, while it was ~200 µm 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. [84] also compared the CMAS resistance of different rare-earth (Yb, Gd, Y) zirconate 

compositions and a summary of their findings is given in Table 3. Based on the results, more than a 10-

fold difference in the CMAS penetration depths of YSZ and Y2Zr2O7 compositions clearly demonstrated 

that apatite phase formation and hence the CMAS mitigation resistance is 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 stoichiometrically different apatite phases with CMAS interaction. 

Authors´ hypothesis was that, as more RE+3 cation incorporation is required to form the Gd-type apatite 

than the Y(or Yb)-type apatite ??? wording the CMAS melt needs to penetrate deeper to accumulate 

sufficient amount of RE+3 in the case of Gd2Zr2O7. On the other hand, although they form similar type of 

apatite phases, shorter penetration depth in Y2Zr2O7 than Yb2Zr2O7 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 compositions and their primary and secondary CMAS 

interaction products, such as the apatite, fluorite, and garnet [85]. Their results revealed that from the two 

most relevant reaction products to mitigate CMAS penetration, the apatite 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 composition of fluorite phase 

instead. Furthermore, their result suggested that the effectiveness of crystallization reactions increases with 

larger RE cation sizes (Yb<Gd<La) both in zirconia and hafnia-based systems. Supporting this finding, 

Schulz and Braue studied the CMAS infiltration response of La2Zr2O7 and Gd2Zr2O7 coatings deposited 

with EB-PVD found that the former reacts faster with the CMAS melt than the later [86]. 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 inter-columnar 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. studied the hot corrosion of La2Zr2O7 and YSZ coatings which were exposed to vanadium- 

and sulfur-containing compounds at temperatures up to 1000 °C [87]. 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, 

superior hot corrosion resistance of Gd2Zr2O7 coating than that of the YSZ under Na2SO4 + V2O5 attack at 

1050 °C was reported [88]. 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.  

3.4.6.  Implementation Issues and Performance 

In addition to their advantageous properties, some difficulties have been reported for the application of 

pyrochlores in TBCs. These issues and their effects on the performance of TBCs will be summarized below. 

(i) Thermochemical compatibility with the alumina TGO 

Levi [89] demonstrated that when Y2O3, Gd2O3 and La2O3 are added to zirconia above their critical 

concentrations (Y2O3 ~20mol%, Gd2O3 ~34mol%, La2O3 ~5mol%), formation of garnet, perovskite and β 

alumina phases, respectively, is induced as a result of an interaction with alumina at 1200°C. Bearing in 

mind that the Ln2Zr2O7 phases are stabilized with ~ 33.3 mol% Ln2O3 additions to zirconia, the implication 

was that all mentioned compositions are prone to degrade by diffusional interaction with Al2O3. Later on 

Leckie et al. experimentally studied the interphase formation between the pre-oxidized sapphire substrates 

and EB-PVD Gd2Zr2O7 coatings [90]. They found that Gd2Zr2O7 tends to react with alumina to form a 

porous GdAlO3 perovskite interphase. A similar phenomenon was also observed between Sm2Zr2O7 

coatings and alumina in a later study [91]. Therefore, starting with the early patents filed for the pyrochlore 

implementation in TBC systems, a YSZ inter-diffusion barrier layer was suggested to allow a better 

performance [92,93]. This also addresses the limited toughness of the pyrochlore materials. 

 
(ii) Fracture toughness 

Fracture toughness is a crucial intrinsic factor leading to the 7-8 wt.% yttria-stabilized zirconia with its non-

transformable tetragonal (t') phase remains the material of choice for decades. In the 80s, reorientation of 

ferroelastic domains under applied stress was proposed as a toughening mechanism in tetragonal zirconia 

explaining particularly the high toughness also at elevated temperatures [94]. Today it is known by 



numerous studies that cubic zirconia lacks the benefit of this toughening mechanism and hence exhibit high 

brittleness. Supporting that, the fracture toughness of tetragonal YSZ was measured to be four times higher 

than that of cubic Gd2Zr2O7 and furthermore, it was suggested that addition of smaller cations (Ti4+) can 

lead to increased toughness in Gd-doped zirconias, although mechanisms remain elusive [95]. More 

recently, Dwivedi et al. studied the fracture toughness of YSZ and Gd2Zr2O7 free-standing APS coatings in 

the as-sprayed state and thermally aged conditions [96]. They reported a two times higher fracture 

toughness of YSZ coating than the Gd2Zr2O7 in the as-sprayed state, while the difference further increased 

after heat treatments. Lower toughness increase of Gd2Zr2O7 after thermal treatment was attributed to higher 

sintering resistance of the material which results in a fewer reduction of the overall porosity as well as less-

improved interlamellar bonding. 

------------------------------------------- 

(iii)  Processability and  Performance 

Vaßen et al. compared the thermal cycling lifetime 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°C 

surface and 1070-1090°C bond coat temperatures) [56].  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 100K compared to standard YSZ (1200°C) possible with 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 processing 

techniques (EB-PVD, SPS) [59,75,91,97]. As an example, Figure 9 shows the photo and microstructure of 

an APS Gd2Zr2O7/YSZ double 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 both with APS and EB-PVD processes. Because the Ln2O3 with 



higher vapor pressure than zirconia are 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 

differences between the vapor pressures of zirconia and Ln2O3 increase with decreasing atomic mass of the 

lanthanide elements [98]. 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 was stated in a number of APS and EB-PVD studies [57,74,99,100]. In the 

meantime, only minor compositional changes have been reported for Sm2Zr2O7 and Gd2Zr2O7 coatings 

[77,101]. 

Cao et al. 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 [99]. 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 composition 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 La2Zr2O7 coating can be as short as 14 cycles at 1400°C surface temperature 

and demonstrated that particle diagnostics can be a useful tool for tuning the particle temperatures during 

plasma spraying to have the least evaporation [74]. Likewise, Xu et al. 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 [102]. 

 

4. 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 ceramic 

materials, 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 coatings 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 be more troublesome than the standard YSZ, meaning much more efforts required to achieve 

reliable and reproducible processing. 
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Figure captions 

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

Figure 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). 

Figure 3: Cross section of an as-sprayed SPS YSZ free-standing coating with segmentation cracks (left, 
[22]) and with columnar structure (right, [25]). 

Figure 4: Fracture surface of a columnar YSZ microstructure produced by PS-PVD [27]. 

Figure 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 inter-diffusion with the TGO (middle), a double-layer TBC with a YSZ interlayer (right) [103].   

Figure 6: The numbers of published items since 2002 covering the topics of TBCs and different material 
groups according to Web of ScienceTM. 

Figure 7: Comparison of the cation (A) and anion (B) arrangements in the unit cells of pyrochlore (A2B2O7) 

and fluorite (MO2) compounds [104]. 

Figure 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 [105]. 

Figure 9: Photo (left) and cross-section microstructure (right) showing the failure mode of 

thermally cycled Gd2Zr2O7/YSZ TBC system in burner rig setup. Dashed line on the photo 

indicates the cutting plane for metallographic sample preparation. The test was conducted at 

1394°C/1066°C surface/bond coat temperature gradient and sample failed after 2055 cycles. 

 

 

 



 

 

 

 

 

 

 

Tables 

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 

 

Table 2: Properties of zirconate pyrochlores with large lanthanides ((La, Nd, Sm, Eu, Gd)Zr2O7) vs. YSZ. 
L, P, and F denote liquid, pyrochlore and fluorite phases, respectively. 

Material Thermal 

conductivity at 

1000°C (W/mK) 

Melting temperature/max. 

stability temperature of 

pyrochlore or YSZ (°C)  

CTE (x10-6 K-1) at 

1000°C 

La2Zr2O7 1.8 [106] 2283/2283(L↔P) [107] 
 

9.7 [108] 
9.2 [109] 
9.1 [69] 

1.6 [28] 

1.4 [92] 

2.1 [70] 

2.2 [68] 
1.5 [69]   

Nd2Zr2O7 1.9 [110] 2320/2310(F↔P) [107] 9.6 [69] 

1.3 [69]   

Sm2Zr2O7 1.5 [111] 2497/2026(F↔P) [107]  10.8 [112] 

1.8 [110]  



1.3 [113]  

Eu2Zr2O7 1.7 [111] 2475/1855(F↔P) [114] 10.5 [69] 

Gd2Zr2O7 1.4 [106] 2570/1550(F↔P) [107] 10.5 [69] 

1.5 [115] 11.5 [78] 

1.2 [92] 12.2 [71] 

1.2 [71]  

8 mol% YSZ 2.1 [116] 2700/1200 [30] 10.1 [117] 

 
 

 

Table 3: CMAS mitigation performance of different rare-earth zirconates and their reaction products after 
24h CMAS interaction at 1200 °C reported by [84]. Note the different apatite phase stoichiometries of Y 
and Yb than Gd. 
 

Composition Primary phases Phases observed in the 

reaction zone after 

CMAS interaction 

CMAS 

penetration 

depth (µm) 

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 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

  

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

 



 

Figure 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). 

 

 

 

  



Figure 3: Cross section of an as-sprayed SPS YSZ free-standing coating with segmentation cracks (left, 
[22]) and with columnar structure (right, [25]). 

 

 

Figure 4: Fracture surface of a columnar YSZ microstructure produced by PS-PVD [27]. 

 

Figure 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 inter-diffusion with the TGO (middle), a double-layer TBC with a YSZ interlayer (right) [103].   



 

Figure 6: The numbers of published items since 2002 covering the topics of TBCs and different material 
groups according to Web of ScienceTM. 

 

Figure 7: Comparison of the cation (A) and anion (B) arrangements in the unit cells of pyrochlore (A2B2O7) 

and fluorite (MO2) compounds [104]. 



 

    

Figure 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 [105]. 

 

 

 

  

Figure 9: Photo (left) and cross-section microstructure (right) showing the failure mode of 
thermally cycled Gd2Zr2O7/YSZ TBC system in burner rig setup. Dashed line on the photo 
indicates the cutting plane for metallographic sample preparation. The test was conducted at 
1394°C/1066°C surface/bond coat temperature gradient and sample failed after 2055 cycles.  

 


