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Effects of Yttria Content on the CMAS Infiltration Resistance of 

Yttria Stabilized Thermal Barrier Coatings System  

Abstract 

 

The effects of YO1.5 doping in yttria-zirconia based TBCs against CMAS 

interaction/infiltration are discussed. The TBCs with an YO1.5 content ranging from 43 to 67 

mol % (balance ZrO2) were produced by EB-PVD techniques. The results reveal a trend of 

higher apatite formation probability with the higher free YO1.5 available in the yttria-zirconia 

system. Additionally, the infiltration resistance and amount of consumed coating appears to 

be strongly dependent on the YO1.5 content in the coating. The thinnest reaction layer and 

lowest infiltration was found for the highest produced 67YO1.5 coating. Complementary XRD 

experiments with volcanic ash/YO1.5 powder mixtures with higher yttria contents than in the 

coatings (80YO1.5 and pure YO1.5) also showed higher apatite formation with respect to 

increasing yttria content. The threshold composition to promote apatite-based reaction 

products was found to be around 50YO1.5 in zirconia which was proved in the coatings and 

XRD powder experiments. An YO1.5-ZrO2-FeO-TiO2 bearing zirconolite-type phase was 

formed as a reaction product for all the coating compositions which implicates that TiO2 in 

the melt acts as a trigger for zirconolite formation. This phase could be detrimental for 

CMAS/Volcanic Ash infiltration resistance since it can be formed alongside with apatite 

which controls or limits the amount of Y
3+

 available for glass crystallization. The Fe rich 

garnet phase containing all the possible elements exhibited a slower nucleation compared to 

apatite and its growth was enhanced with slow cooling rates. The implications of phase 

stability and heat treatment effects on the reaction products are discussed for tests performed 

at 1250 °C. 

 

1.Introduction 
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Thermal barrier coatings (TBCs) find extensive utilization in gas turbines and aero-

engine parts to protect the metallic surfaces and engine components from high temperature 

exposure for extended duration. The TBCs represent state of the art material systems, which 

are critical components of modern gas turbines allowing them to operate at temperatures 

higher than the melting point of Ni-based super alloys. Thus, the engine’s thermal efficiency 

is increased significantly
 [1-8]

. The material of selection for the TBC refractory ceramic 

represents 7 wt % Y2O3 stabilized ZrO2 (7YSZ), which is commonly produced by means of 

electron beam physical vapor deposition (EB-PVD) or atmospheric plasma spray (APS). 

These deposition techniques provide a complex network of porous features in the 

microstructure, which in combination with the low thermal conductivity 7YSZ produces all 

properties of an excellent insulator. In addition, the porous microstructure features also 

provide strain tolerance to the high thermal cycles that the engines are typically encountered 

in operation 
[9]

. Furthermore, the current high demands in industry for more fuel-efficient gas 

turbines that can be operated at temperatures up to 1500 °C has brought into attention the 

vulnerability of TBC against high temperature corrosion related to ingestion of silicate based 

debris into the engine; commonly referred to as CMAS attack 
[3, 10, 11]

. This currently 

represents the main technological limitation to the development of high temperature capable 

engines based on more sophisticated high temperature structural material systems based on 

ceramic matrix composites (CMC) protected with environmental barrier coatings (EBC) 
[11-

16]
. CMAS refers to the chemical composition of CaO-MgO-Al2O3-SiO2, which represent the 

main oxides present and their sources are dust, sand, volcanic ash, fly ash, runway debris and 

environmental pollution. As these debris are ingested into engines, they melt and deposit onto 

the TBC surfaces and consequently infiltrate into the porous features of the coatings. This 

infiltration generates corrosion of the 7YSZ material and also loss of the strain tolerance of 

the coating which produces premature coating failure 
[3, 10, 11, 17-20]

. Special attention has been 
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paid to volcanic ash as a CMAS source from the unprecedent eruption of the Eyjafjallajökull 

volcano in 2010 in Iceland. This eruption generated a significant air traffic disruption and 

obligated engine manufacturers to re-consider the threats that volcanic ash concentrations 

pose to aviation safety
 [21]

. Due to the serious threats that CMAS attack has on reducing TBC 

lifetime, significant research attention and efforts are directed to mitigate CMAS infiltration 

in gas turbines. One of the most successfully tested CMAS mitigation strategies involves the 

use of a coating material based on rare-earth (RE) zirconates or hafnates with a high RE 

oxide concentration (50 mol % or higher) which reacts with the molten CMAS glass inducing 

its crystallization into stable crystalline products such as apatite therefore, the infiltration is 

minimized 
[11, 22-35]

. Therefore, it has been widely recognized that an effective CMAS reactive 

material must react quickly upon interaction with the glass melt and it must induce 

crystallization of products, which can effectively seal the porous TBC features in order to 

minimize CMAS infiltration. However, current studies on CMAS resistant coatings do not 

evaluate the effects of the different RE contents in EB-PVD coatings on their CMAS 

resistance. In this context, the goal of the present work is to provide a detailed investigation 

on the reaction kinetics of EB-PVD YSZ coatings having YO1.5 contents ranging from 43 to 

67 mol % with respect to their volcanic ash crystallization potential. The detailed study of the 

influence of coating composition on the infiltration resistance presented and discussed in this 

paper is useful to develop strategies for effective infiltration resistance.  

2. Materials and Methods 

2.1. Coating Preparation 

Yttria-zirconia coatings were prepared by EB-PVD using a jumping beam method 

with two evaporation sources, one matching the standard 7YSZ composition and the other 

one being pure Y2O3 as done in previous studies 
[30]

. The sample holder was positioned in 
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between the two crucibles in a parallel plane configuration as shown in Figure 1a. The 

produced samples exhibited an overall thickness of 50 (±3) µm  and were deposited on top of 

previously developed 65 wt % Y2O3-ZrO2 coating (produced with the same jumping beam 

procedure as described elsewhere 
[30]

). The used deposition power was 112 KW and the 

average deposition rate was about 1.8 µm/min. Additionally, the deposition chamber 

temperature was set at about 1000 °C, the deposition chamber pressure was set at 4x10
-3

 mbar 

and the sample holder had a set rotation of 30 RPM. The fast sample rotations were selected 

to produce enlarged feather arms as described in previous studies 
[36]

. A schematic of the 

complete TBC system with the substrate is shown in Figure 1b. A 1 mm thick Al2O3 

substrate was used due to the advantages it gives to test high-temperature infiltration (>1250 

°C) which cannot be tested if standard Ni-based superalloy substrates are used. Due to the 

evaporation process, two clouds of different evaporated material e.g. 7YSZ and Y2O3 are 

produced (as shown in 1a). These clouds generate a different Y2O3 content in the coated 

samples with respect to how close it was located with respect to the pure yttria ingot in the 

coating chamber. Therefore, the produced samples exhibited a YO1.5 content (ZrO2 balanced) 

in between 43 to 67 YO1.5
 
mol %. 

2.2 Infiltration Experiments 

The selected CMAS source was natural volcanic ash (VA) collected from the Eyjafjallajökull 

volcano. Its composition is given by C11M6A13S45F16T4L5 where each letter represents every 

oxide in mol % using single cation basis (CaO, MgO, AlO1.5, SiO2, FeO, TiO2 and L which 

represents the sum of Na0.5O and K0.5O). Its composition was determined by energy 

dispersive X-Ray spectroscopy (EDS) using different powder samples. The estimated melting 

range of the Iceland VA is in between 1060 and 1150 °C. It was measured via differential 

scanning calorimetry (DSC) in previous studies 
[30]

. The volcanic ash infiltration experiments 

were performed by mixing the VA with distilled water. Subsequently, the slurry was 
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deposited on top of the coatings corresponding to an ash concentration of 20 mg/cm
2
and 

dried at ambient temperature for 2 h. The heat treatment was performed with a heating rate of 

about 80 K/min followed by isothermal treatment at 1250 °C for 1 h and subsequently cooled 

down (using extra fans) to room temperature at an average rate of 18 K/sec with a faster 

cooling rate at the beginning of cooling. The infiltrated samples were cut in half and prepared 

metallographically for microscopy inspection. Complementary experiments for 1 h 

isothermal infiltration were performed as well using a box furnace for slow furnace 

heating/cooling at 10K/min.  

2.3 Yttria-Zirconia Powder Preparation  

Yttria-zirconia powders in the compositions ranging from 50 to 80YO1.5 were 

synthesized by co-deposition of stoichiometric aqueous solutions of ZrCl2*8H2O and 

Y(NO3)3*6H2O (Alfa Aesar, 99 %+ purity) on a hot plate at 400°C. The obtained 

composition products were crushed and subsequently heat treated at 1200 °C for 1 h in a 

chamber furnace. Additionally, pure Y2O3 powders (Alfa Aesar 99.9 % purity) were also used 

to compare the pure YO1.5/Iceland VA XRD reactions. 

2.4 Characterization 

2.4.1 Microscopy Analysis 

Cross-sectional scanning electron microscope images (SEM) were obtained from the 

infiltrated samples to assess the VA infiltration damage. The infiltrated samples were covered 

with a epoxy (Gatan G2) and cut in half using a diamond saw automated machine. The cross-

sections were then embedded in a conductive epoxy and polished down to a 0.05 µm finish 

using standard metallographic techniques. A DSM Ultra 55 (Carl Zeiss NTS, Wetzlar, 

Germany) SEM microscope equipped with an EDS system (Inca, Oxford Instruments 
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Abingdon, UK) was used to determine compositions of the crystalline phases and 

microstructural analysis. Focused ion beam (FIB) assisted transmission electron microscopy 

(TEM) was used to analyze the coatings after 1-hour infiltration from a non-infiltrated region. 

The used equipment were a Strata 205 FIB machine and a Tecnai F30 TEM-STEM utilizing a 

field-emission gun (FEI Inc., Eindhoven, Netherlands). 

2.4.2 XRD Studies 

Phase identification was done via X-ray diffraction (XRD) of synthesized yttria-

zirconia powders mixed with Iceland VA. The process for yttria-zirconia powder 

synthetization is explained in the next section. The powder mixtures of 60 wt % of Iceland 

VA and 40 wt % of yttria-zirconia were ground in a mortar with ethanol until 

homogenization was achieved and heat treated via air rapid cooling as explained before for 

10 hours on top of a Pt foil. Then, the heat-treated powder mixture was mechanically 

removed from the Pt foil and pulverized in a mortar to get a fine powder for XRD analysis. 

The XRD measurements were carried out using a Si single crystal holder and a Siemens 

D5000 diffractometer equipped with a CuKα radiation source with a secondary graphite 

monochromator (EVA/Topas 4.2 software package, Bruker AXS, Karlsruhe, Germany). The 

XRD of the as coated samples was performed on samples still attached to the alumina 

substrate. 

3.  Results  

3.1  Microstructure and Phase Analysis of TBCs and Synthesized YO1.5 Powders  

The as-coated samples exhibited the typical parallel columnar structure generated by 

EB-PVD methods. Figure 2 shows the microstructure for the as coated samples from the 

lowest YO1.5 (top left) and highest (bottom left) with the compositions of 43 and 67 mol% 
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(ZrO2 balanced) respectively. The microstructure of both the samples exhibit parallel 

columnar growth with enlarged feather arms (2-5 µm long) compared to standard 7YSZ 

microstructures (0.5-3 µm) 
[37]

. Both samples showed a 2 µm thick deposited layer of alumina 

(referred as AlO1.5 in Fig. 2) with an approximated composition of 18.6AlO1.5, 25.4YO1.5 and 

56ZrO2 in the low yttria side and 10.4AlO1.5, 50.8YO1.5 and 38.8ZrO2 in the high yttria side. 

The uniform alumina layer was a result of the involuntary short evaporation of one alumina 

substrate that fell into the molten evaporation pool due to the high rotations used during 

deposition. At this point it could not be ruled out that such a small amount of additional 

alumina alloyed in the coatings can influence the CMAS crystallization behavior. Therefore, 

the potential alumina effect is presented in detail in the discussion section.  

The XRD patterns of as-deposited and as-synthesized YO1.5-ZrO2 coatings and 

powders are shown in Figure 3. No significant peaks from the alumina-rich deposited layer 

are evident in the XRD patters for the TBCs. This is expected since previous Al2O3 EB-PVD 

experiments generally produced amorphous as-deposited alumina coatings 
[38]

. The 

crystalline phase could be indexed as a cubic fluorite YSZ phase for the as-coated TBCs. In 

the case of as synthesized powders (Figure 3b), the fluorite lattice constant is increased with 

yttria additions until the 80YO1.5 composition where the pure cubic yttria peaks start to 

appear. These small yttria peaks are slightly distinguished in the 67YO1.5 TBC sample. It is 

difficult to extract conclusions of the produced phases in the as coated TBCs from the XRD 

analysis compared with the as synthesized powders since different material layers could 

possibly grow from the evaporation technique due to different vapor plume densities and 

beam fluctuations.  

3.2 XRD Analysis of the CMAS/TBC Interaction 

The reaction products produced during the annealing of VA/YO1.5 powder mixtures 

were analyzed by XRD as shown in Figure 4. The XRD patterns indicate the apatite (A) and 
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garnet (G) phases as common reaction products among all the reactions involving yttria and 

VA (50YO1.5 to pure YO1.5). The XRD peaks clearly indicate a trend, where the probability 

for apatite formation increases with respect to the yttria content in the coating i.e., availability 

of yttria as “solute” increases in the glass. This is due to the fact that most intense apatite 

peaks are observed for the pure YO1.5 sample followed by the 80, 65 and 50 YO1.5 samples, 

respectively. Apparently 50YO1.5 is the limit to promote apatite formation, as observed in the 

present study. The garnet formation seems to be un-affected regardless of the YO1.5 content in 

the reaction. Garnet also appears to be the silicate-based phase with the highest concentration 

(highest peak formation) in the reaction. As expected, the fluorite phase (F) was found for all 

powder mixtures containing ZrO2 (80 to 50 YO1.5) since it is the dominant host phase for 

ZrO2. It is also known that the ZrO2 solubility in the glass is lower than that of the YO1.5 [39]. 

This promotes the nucleation of ZrO2 bearing crystals which capture YO1.5 to crystalize as 

any of the three available YSZ phases (monoclinic, tetragonal or cubic fluorite) depending on 

the composition of the melt 
[39-42]

. A zirconolite-type phase ‘Z’ (Zirconolite: nominally 

CaZrTi2O7) was identified for all the ZrO2 bearing mixtures only. A summary of the 

identified reaction products and their theoretical chemical formulae is presented in Table 1. 

The Z and F phases can accommodate Y
3+

, this reduces the amount of Y
3+

 available to 

promote apatite formation. Finally, it is important to note that all the pure YO1.5 powder was 

consumed in the crystallization reaction since no traces of the cubic yttria phase (peak) are 

visible after the heat treatment test. 

3.3 Volcanic Ash Melt Infiltration 

Figure 5 shows the cross-sectional image of the Iceland VA infiltrated samples with 4 

different YO1.5 average compositions of the TBC (43, 53, 60 and 67 mol%, respectively) after 

1 h at 1250 °C followed by rapid cooling. The reaction phases were identified similar to the 

XRD studies (apatite, garnet, fluorite and zirconolite) with help of the composition 
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measurements using EDS and co-relating with the XRD found phases and literature. It is 

clearly seen that 43YO1.5 sample (Figure 5a) has undergone some reaction with the VA; 

however, no apatite formation (A) was found in the layer. At the reaction front a uniform 

zirconolite (Z) layer is visible on top of the TBC/glass interface with a thickness of 1-2 µm. 

Large globular fluorite crystals (F) are seen distributed evenly throughout the reaction layer 

(delimited within the dotted lines in the other figures). Lastly, no garnet phase (G) presence is 

identified in 43YO1.5. In contrast, the 53 to 67 YO1.5 reactions exhibit different reaction 

products than that of 43YO1.5. Apatite crystals (A) are clearly seen in small confined areas 

such as small columnar gaps or feather arms and they clearly grow favorably to seal the gaps 

and their presence becomes more prominent with the higher yttria content. 

The garnet phase appears to be engulfing the other products at the glass/TBC 

interphase (apatite, garnet and zirconolite) but it seems to consume mainly the apatite phase 

in the columnar gaps (see Fig. 5d). This type of growth is in agreement with the hypothesis 

that the garnet phase represents a secondary reaction product, which grows or nucleates 

slower at expense of other phases from the constant interaction with the glass 
[43]

. Fluorite 

and zirconolite phases are clearly distinguished in all the reactions; however, the amount of 

fluorite decreases and partly appears to transform into zirconolite with increasing yttria 

content. The 53YO1.5 emerges to be the compositional threshold for the apatite. These results 

are in agreement with the XRD studies discussed earlier. The reaction zone gets thinner with 

respect to the increase in YO1.5 content: 23, 20 and 18 µm for the 53, 60 and 67 YO1.5 

respectively. 

The coating containing YO1.5 from 47 to 60 percent exhibited full infiltration of the 50 

µm thick top coat having an additional reaction at the underneath 67YO1.5 layer. The 67YO1.5 

top layer was the only one that did not show complete infiltration as seen from Figure 6 

where the Si and Ca elemental maps (given in green and pink colors respectively) show the 
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localized infiltration at large columnar gaps at about 40 µm maximum. The elemental 

mapping shows a clear Ti enrichment in the zirconolite layer. This phase was seen in 

previous experiments at 1250 °C at various heat treatment durations (5 min to 20 h) 
[30]

 but it 

was finally identified in this study. Additionally, the zirconolite phase was also found after 

long heat treatments (100 h) for Gd2Zr2O7 TBCs tested with an artificial volcanic ash 

produced matching the composition of the Iceland VA collected from a different ash plume 

event 
[34]

. This phase is believed to be closely related to the pyrochlore structure and is also 

structurally related to the zirkelite and polymignyte minerals 
[44-46]

. The garnet phase showed 

a characteristic Fe enrichment as seen in Figure 6. These findings are consistent with 

previous studies with Iceland VA 
[30]

. 

 4. Discussion 

The results obtained on as-deposited and reacted samples and their reaction products 

are discussed to understand the performance of the proposed TBCs in CMAS infiltration 

experiments. The effect of composition and microstructure along with the reaction kinetics 

can be understood from the results obtained in the experiments performed using Iceland VA 

as CMAS bearing source in interaction with TBCs produced by jumping beam evaporation 

with varying YO1.5 content at 1250 °C. Results and their implications on the infiltration 

performance are discussed in the following section. 

4.1 Effects of Deposited Alumina in the Reaction with VA 

The presence of AlO1.5 in the 2 µm thick top layers of the yttria-zirconia, which was 

accidentally deposited on top of the intended yttria rich layers, was found to be amorphous in 

nature. As stated before, previous studies using EB-PVD alumina coatings were amorphous 

after the deposition and additional heat treatments were needed to stabilize the α alumina 

phase 
[38]

. The estimated amount of dissolved alumina from the coating would be very 

minimal which could count about 0.4 vol % of the CMAS deposit (estimated by the average 
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deposited CMAS volume on top the TBC (about 3.51 mm
3
) and the alumina volume content 

in the 2 µm thick alumina bearing layer (0.015 mm
3
). These amounts are essentially 

negligible for the VA melt equilibrium. However, this alumina could lead to the formation of  

alumina-yttria based phases such as YAG (Y3Al5O12), YAP (YAlO3) and YAM (Y4Al2O9) 

upon heat treatment 
[47, 48]

. Special interest has been paid to these phases since they have 

exhibited potential as a CMAS resistant coating 
[49, 50]

. Since the alumina and zirconia are not 

expected to form any crystalline phase 
[51]

, only attention was paid to the Al-Y mixture. In 

this context, TEM studies were performed on the 1 h heat treated sample at 1250 °C in the 

non-VA infiltrated region to look for possible Y-Al phases. The TEM results are shown in 

Figure 7 for the top alumina mix layer in the 67YO1.5 sample. The results indicate nonmixing 

of the alumina and zirconia as expected but it also showed no mixed yttria-alumina phases. 

The Al was found to be located in small polycrystalline inclusions, presumably as a γ-Al2O3 

phase. Additionally, cubic fluorite YSZ crystals were found in this region. Furthermore, the 

TEM results in the column core are also shown. The base material at the column core had a 

lanthanide cubic type yttria structure with alternating layers of fully stabilized cubic fluorite 

YSZ phase of varying content. This is due to the jumping beam evaporation process which 

produces an intermixing layer which is the function of the jumping beam frequency 
[52]

. Thus, 

it can be concluded that no reaction products are formed from the alumina additions into the 

coating, as well as negligible effects of the alumina dissolution into the molten glass to 

promote different reaction phase formation. 

 

4.2 Effects of Y contents in the Interactions with VA and Reaction Phase Formation 

Having addressed the uniqueness of the TBC composition, we now turn our attention 

to the effect of reaction phase formation with YO1.5 content. It is well known that the most 

desirable phase for CMAS resistance is the apatite since it represents the first and fastest 
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silicate based phase to crystalize upon yttria saturation in the glass 
[11, 31]

. Additionally, its 

crystallization morphology/configuration within the columnar gaps allow sealing them 

effectively; therefore, no more glass is allowed to infiltrate through the columnar gaps. This 

crystallization behavior is believed to be beneficial in the initial infiltration stages (first few 

minutes of interaction) for porous TBC microstructures. However, it is suggested that after 

long-term heat treatment (more than 1 h) it is important that the coating consumption rate (or 

reaction layer growth) is minimum so the need of thick sacrificial coatings is reduced. 

Additionally, since the reported CMAS glasses and VAs exhibit a large variety of oxides 

such as Fe, Ti, K and Na, it is important that the reaction phases are able to retain more glass 

and more oxides per consumed TBC amount (i.e. Y and Zr). In this context, the garnet phase 

appears to be the most beneficial phase at the long-term infiltration since compared to the 

other phases it retains less TBC material i.e., glass g/TBC is highest as seen in Figure 8. The 

determination of this ratio is based on the mole percentage of glass products “g” (Ca, Al, Mg, 

Si, Fe, Ti) with respect to the mole percentage of coating material “TBC.” Furthermore, 

studies performed comparing a vigorous apatite former TBC material such as Gd2Zr2O7 

(referred as GZO) have shown a larger reaction layer growth for the GZO. These results 

support the hypothesis that the garnet phase appears to be beneficial for the long-term 

infiltration. The composition summary for the reaction products formed on the reaction layer 

for the 67YO1.5 coating after 1 h at 1250 °C is shown in Table 2 for the experiments 

performed.  

The importance of the early and quick formation of apatite phase was discussed 

above. Therefore, the present work and the results obtained demonstrate that, in order to have 

a CMAS/VA resistant YO1.5 based coating, a minimum amount of 50YO1.5 (shown in the 

XRD and TBC results) is required to promote the formation of this apatite phase. The thinner 

reaction layer with respect to higher yttria content in the coating leads to the conclusion that 
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more yttria available for reaction is needed to generate more apatite (consuming less coating 

material to crystalize the melt), which is also supported by the XRD results. This can be 

explained from the phase equilibria of pure yttria and yttria-zirconia coatings seen in the 

Y2O3-ZrO2 phase diagram shown in Figure 9, which is adapted from 
[53-55]

. The red dashed 

line in Fig. 9 indicates the testing temperature of 1250 °C. As the coating material is 

dissolved by the glass the Zr
4+

 re-precipitates upon reaching a saturation limit (about two 

times less than Y
3+

) 
[39]

. Since the glass is enriched in Y
3+

 as well, the fluorite phase is 

promoted which can retain about 16 YO1.5 percent minimum at 1250 °C. From this point the 

Y
3+

 ion partitions into fluorite and apatite formation. From the XRD results, the 80YO1.5 

powder sample represented the sample with the maximum YO1.5/ZrO2 ratio tested, as seen 

from the phase diagram this leaves more Y
3+

 ions available to divide into apatite and fluorite. 

However, since the Zr content is reduced for higher YO1.5 contents less fluorite phase can be 

promoted which provides more free yttria available for reaction in the system. From this 

analysis it is then expected that the pure free YO1.5 composition will maximize apatite 

formation since the cubic fluorite will not be present. It has been proposed that fluorite 

formation limits apatite formation for RE compositions and this reaction changes with respect 

of RE ionic radius 
[43, 56]

, this is due to the change in fluorite phase stability depending on the 

doped RE. The current results show that the limited amount of available yttria for reaction to 

promote apatite is constrained to the point where the pure fluorite phase (F) starts to form; 

this is in good agreement with the literature reports. Additionally, we report that the 

compositional limit to promote glass reaction is with 50YO1.5 compositions as confirmed 

from the TBC and XRD experiments. Thus, it is evident that below this 50YO1.5 amount 

there is not enough free yttria available to promote apatite formation from its dissolution into 

the glass. Therefore, the apatite cannot precipitate as seen for the 43YO1.5 composition. 

Similar results were found in experiments performed with Yb-Hf based pellets with similar 
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phase fields as for the YO1.5-ZrO2 (e.g. fluorite and δ phase) performed by Poerschke et al. 

[23]
. In their studies apatite formation was promoted for the δ Yb-Hf phase (56YbO1.5 

composition) but it was not promoted for the 30YbO1.5 tested composition. The study 

concluded that the low Yb composition did not form apatite since the dissolved Yb was 

retained in the fluorite phase or in solution in the melt and as more Yb was added the system 

could saturate in Yb to promote apatite formation. It is important to note that the boundary 

for formation of the δ phase (Zr3Y4O12) still allows the apatite formation as found in the 

literature 
[11, 56]

 since it exhibits a 57YO1.5 content which still has potential to give out excess 

yttria for dissolution prior fluorite formation. One more hypothesis can be drawn from the 

phase diagram. It is seen at higher temperatures (e.g. 1400 °C) that the fluorite phase field 

expands into wider yttria compositions of about 14 mol % YO1.5 at the lowest and 61 % at the 

highest. This range is seen to expand even further with increasing temperatures. This leads to 

the conclusion that the potency of apatite formation for yttria rich-zirconia coatings at 

temperatures above 1300 °C will be reduced due to the thermodynamic preference to promote 

fluorite nucleation with lesser yttria contents which reduces more the yttria available for 

reaction. In contrast, the pure yttria would promote pure apatite crystallization since it would 

not produce any fluorite formation upon Y
3+

 dissolution (since no Zr
4+

 is available in the 

reaction) which theoretically would make a better candidate for CMAS/VA infiltration 

resistance. On the contrary, experiments performed by Eils et al. 
[31]

 using pure yttria and 

Y2O3.ZrO2 coatings showed lower CMAS infiltration for the Y2O3.ZrO2 coating than the pure 

yttria coating. However, the microstructure of both coatings was not analyzed (not providing 

data for permeability of each coating) which makes it difficult to draw any conclusions from 

these results. It is important to stress that also that microstructure plays a prominent role in 

CMAS infiltration. For instance, for EB-PVD coatings, the microstructure can be tailored to 

reduce CMAS infiltration by effectively distributing the flow of the molten glass 
[36, 57]

. Also, 
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very wide columnar gaps may allow large volumes of glass to infiltrate first/before apatite 

formation starts which could shift the saturation limit of the melt retarding the apatite 

formation. Therefore, a comprehensive study of microstructural infiltration effects is needed 

to effectively evaluate the infiltration resistance for coatings with different compositions. 

It must be emphasized that our motivation to use yttria-zirconia based coatings comes 

from some limitations that pure yttria exhibits such as low toughness compared to fluorite 

YSZ 
[58]

 and higher thermal conductivity 
[59]

. It is reported that the increase in yttria in the 

fluorite lowers the thermal conductivity 
[59, 60]

 up to 32YO1.5, after that the thermal 

conductivity starts to increase again 
[61]

. The performed CMAS experiments show the 

superior protective behavior of the highest yttria bearing coating (67YO1.5 or about 65 wt % 

Y2O3).  

Finally, the zirconolite phase appears to nucleate from the Y-Zr dissolution in the Ti-

rich glass. A similar Zr-Ti bearing phase identified as calzirtite (Ca2Zr5Ti2O16) with a 

diffraction match with zirconolite was identified by Vidal-Setif et al. 
[62]

 in high pressure 

turbine blades removed from military airplane engines under CMAS attack. This phase has 

also been reported with gadolinium zirconate interaction with artificial volcanic ashes bearing 

Ti 
[34]

. It exhibits a general stoichiometry of A2B2X7 where A= Ca, Na, RE, Zr, Ti and 

actinoids (ACT). B= Ti, Nb, Ta, Al, Mg and Fe and X= O or F 
[44, 45, 63, 64]

. It is seen that a 

wide variety of elements can be accommodated in solid solution but the main constituents 

appear to be Zr and Ti 
[45]

. It is believed that trivalent Ti
3+

 can be incorporated in the A site in 

small amounts 
[65]

 but due to the large content of available cations in these experiments and 

no evidence for the presence of Ti
3+

, it is assumed that Ti exclusively occupies the B site as 

Ti
4+

. Additionally, no reports in literature were found about the possible incorporation of Si. 

It is important to note that the zirconolite phase requires less yttria compared to apatite since 

it was formed already in the 43YO1.5 TBC sample. Additionally, it retains a significant 
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amount of Y
3+

 (up to 23 mol% as seen from Table 2) which could be problematic since it 

represents an additional sink for Y
3+

 which cannot be used for apatite formation. Conversely, 

this phase was only found in the upper reaction layer only in interaction with the glass 

reservoir and not in the columnar gaps. This could mean that a special precipitation 

mechanism is required for this phase where an interaction with large glass contents is 

required. Additionally, this phase has been found to be present in the reaction layer up to 50 h 

at 1250 °C with yttria based TBC interactions (67YO1.5 yttria contents) and also in GZO 

reactions up to 100 h at 1200 °C[34]
. These results show how dynamically complex these 

reactions are and the strong influence in the phase equilibira that other cations such as Ti 

have. Therefore, a comprehensive understanding on the thermodynamic influence that 

different cations have in the system could significantly help in predicting the CMAS/VA 

infiltration resistance of TBCs. 

4.3 Effects of Varying Cooling Rates in Reaction Product Formation 

Finally, we now turn our attention to the effect of cooling rate on the crystallization of 

the reaction products and the implications. Note that the aircraft engines are subjected to very 

abrupt temperature changes during operation e.g., take-off, cruise and landing 
[66]

. The 

landing stage is very critical since it produces a very severe temperature drop in the material 

from the reverse thrust to the ground idle stages. This makes the use of air quenched 

experiments discussed above a more approximate testing condition for the actual engine 

operating cycle. Besides, by using this testing approach, the high temperature phases are 

retained so they can be analyzed. In order to investigate if there is any phase nucleation upon 

cooling, the CMAS infiltration experiments were performed one more time under slow 

heating and cooling (10K/min) conditions using a box furnace. The reaction layers after the 

heat treatments are shown in Figure 10 for the 43 and 67YO1.5 TBCs only. The reaction 

products, consisting of A, G, F, etc., were found but an additional phase consisting of 



 18 

dendritic particles (d) in the molten glass zone was distinguished compared to the air 

quenched samples. These dendrites were also found for the Iceland VA in previous tests with 

slow furnace cooling and they exhibited all available cations in their composition 
[30]

. These 

particles retained all possible cations (Fe, Ca, Y, Zr, etc.) in them and were identified as 

garnet dendrites but they exhibited a larger Fe content (21.3 mol %); the cation-only 

composition being approximately Mg9.9Al9.9Si29.5Ca11Ti1.2Fe21.3Y17.3. Thus, the current 

experiments proved that the nucleation of these particles is driven by the slow diffusion 

control growth from the slow cooling rate of 10 K/min. Additionally, very small dendrites 

were also found in the air quenched samples with sizes below 1 µm (Figure 10c). However, 

their presence in the air quenched samples was not as dominant as in the slow cooled TBC 

samples which supports the findings on their diffusion enhanced growth due to the slow 

cooling process. 

Furthermore, the infiltration depth exhibited for the slow cooled samples was 

practically the same as for the air quenched samples. A clear formation of garnet crystals is 

seen in the 43YO1.5 TBC sample (Figure 10a) which were not seen in its counterpart under 

air quenched conditions (Figure 5a). Additionally, the garnet crystals appear to be nucleating 

at the expense of the fluorite globular particles in the slow cooling case. Also, higher 

conglomeration and larger garnet crystals are seen for all the slow cooled TBC samples. 

These findings are in agreement with the reported garnet growth behavior in literature which 

is enhanced during slow cooling and by the consumption of apatite and fluorite phases 
[11]

. 

5  Conclusions 

Experiments were performed using Iceland VA as CMAS bearing source in 

interaction with TBCs produced by jumping electron-beam physical vapor deposition with 

varying YO1.5 content at 1250 °C. The infiltration resistance of the coatings was assessed 

with respect to the YO1.5 content in the coating and supplemental studies with VA/YO1.5 
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synthesized powder mixtures were performed for phase identification. The results have given 

the following conclusions: 

 The results from XRD powder mixtures and TBC coating experiments showed 

that higher VA infiltration resistance is expected with higher YO1.5 as solute to 

promote apatite formation in order to seal the columnar gaps. Thinner reaction 

layer is also expected with higher yttria contents. 

 The reaction showed that 50YO1.5 contents in the coating appears to be the 

lower compositional limit to promote apatite formation as reaction product. 

This phase reaction exhibits a correlation with the fluorite phase formation and 

free yttria available for reaction which is also a function of infiltration 

temperature. 

 The growth of the garnet phase is enhanced due to the diffusion-controlled 

growth mechanism produced during slow cooling. Additionally, the garnet 

dendrite phase also exhibited the same slow diffusion-controlled growth 

process. Their compositions did not vary significantly with respect of heat 

treatment. 

 The high Ti contents in the glass promote the zirconolite phase formation 

which accommodated large amounts of Y
3+ 

and nucleates with lower yttria 

contents in the coating (43YO1.5) compared to apatite. This shows the urgency 

to understand the effects of other cations within CMAS for the phase 

equilibria to effectively predict phase formation and to guide the development 

of more CMAS-recession tolerant TBCs. 
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Figure 1: (A) Schematic representation of the jumping beam evaporation process and (B) 

schematic representation of the as coated TBCs used for this study. 

 

Figure 2: SEM cross-section image for the as coated samples from the lowest 43YO1.5 

content to the highest 67 YO1.5 content. The dashed red line shows the interface between the 

underlying previously coated 67 YO1.5 and the new layer. High magnification images are 

shown on the right side for the area delimited within the dotted yellow rectangles. 
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Figure 3: XRD plots for the (A) as coated TBCs with different YO1.5 compositions and (B) 

as synthesized YO1.5 powders. 

 

Figure 4: XRD plots for the YO1.5/Iceland VA mixtures heat treated for 10 h at 1250 °C. 
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Figure 5: Cross-section SEM image of the reacted TBCs for 1 h at 1250 °C with Iceland VA. 

The area delimited within the dotted lines represent the reaction zone, “g” stands for the 

unreacted glass. A) shows the reaction for the 43YO1.5, B) for the 53, C) for the 60 and D) for 

the 67. 

 

Figure 6: Cross-section SEM image of the infiltrated 67YO1.5 TBC sample showing the 

elemental mapping for the overall infiltration (seen as Ca and Si mappings) and reaction layer 

zone with the Ti and Fe concentration. The dotted line shows the interface between the new 

and old deposited coatings. 
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Figure 7: Bright field TEM image of the 67YO1.5 column after 1 h heat treatment at 1250 °C 

from the non-infiltrated zone. The SAED images show the non-mixed alumina phases at the 

alumina rich zone and the mixture of cubic fluorite and cubic yttria at the core of the TBC 

column. 

 

Figure 8: g:TBC ratio plot for the produced reaction products. Where the g represents the 

amount in mol % of the glass oxides and the TBC represents the YO1.5 and ZrO2 contents for 

the 67YO1.5 TBC coating infiltrated for 1 h at 1250 °C. 
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Figure 9: Adapted phase diagram from [55] of the ZrO2-YO1.5 system showing the possible 

phases for the tested system at 1250 °C up to 80YO1.5. Single arrows represent the other 

powder compositions of 65 and 50 YO1.5. 

 

Figure 10: SEM image of the (A) 43YO1.5 TBC sample after slow cooling, (B) 67YO1.5 TBC 

sample after slow cooling and (C) 67 YO1.5 TBC sample from the top reaction zone after air 

quenching showing the small dendrite particle formation. All the samples had the same 

infiltration time of 1 h at 1250 °C 

 



 30 

Table list: 

Table 1: Summary of reaction phases for the Iceland VA/ YO1.5 powders heat treated for 10 h 

at 1250 °C. RE stands for rare-earth ion.  

Phase name ID Theoretical formula 

Apatite A (Ca,Mg,RE)2(RE,Zr)8(SiO4)6O2 

Garnet G (RE,Zr,Ca)3(Mg,Al,Fe,Ti,Zr)2(Si,Al,Fe)3O12 

Fluorite F (RE,Zr,Ca)O1.x 

Zirconolite Z (Ca,RE, Zr)2(Fe, Ti, Al, Mg)2O7 

 

 

 

Table 2:  Summary of chemical composition of reaction products and residual glass (g) 

for the 67YO1.5 coating, measured by EDS in SEM. Unless specified in the 

table, the element composition error was below 1.0 mol %. 

  Chemical composition (mol %) 

Phase 

ID NaO0.5 MgO AlO1.5 SiO2 KO0.5 CaO TiO2 FeO YO1.5 ZrO2 

Z - 1.5 3.5 3.9 ±2.5 - 2.0 19.9  19.3  21.2 

±1.3 

28.7 

±1.9 

G - 6.8 ±1.1 7.2 

±2.2 

20.7 

±2.2 

- 9.6 0.9 21.9 

±6.5 

29.4 

±5.1 

3.5 ±2.3 

A - 1.7 0.4 30.7 

±3.2 

- 10.4 ±1.3 - 0.6 47.8 

±2.1 

8.4 ±4.7 
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F - - - - - 0.6 4.5 6.7 23.5 

±2.5 

64.8 

±3.2 

g 3.7 5.9 13.2 43.6 0.9 10.3 1.9 10.0 7.8 2.7 ±0.2 


