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Abstract 

To understand the pore filling behavior in thermal barrier coatings during calcium-

magnesium-alumino-silicate (CMAS) infiltration process, porous yttria-stabilized 

zirconia pellets with different sizes of spherical pores were prepared to simulate thermal 

barrier coatings. The pores (D50 ranging from 6 to 77 m) were introduced to the 

pellets using poly methyl methacrylate as pore forming agents. Then the pellets were 

sintered to remove the pore forming agents and to achieve a similar volume fraction of 

porosity with thermal barrier coatings. After CMAS infiltration, only some small pores 

in the CMAS-infiltrated zones were filled by CMAS, whereas all large pores (larger 

than 13 m) remained unfilled; besides, the results also show that even open pores can 

resist filling by CMAS. The reason may relate to pore diameters; if the diameter of a 

pore is relatively large, the pore surface will not be completely wetted by liquid CMAS, 

the liquid meniscus will be discontinuous, and therefore the pore cannot be filled. The 

key insight gained from this study is that introducing “CMAS-proof” pores into thermal 

barrier coatings may be a potential way to mitigate CMAS damage. 

Keywords: thermal barrier coatings (TBC), CMAS, corrosion/corrosion resistance, 

pore filling, infiltration 
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1. Introduction 

Thermal barrier coatings (TBCs) are widely used to protect metallic components in hot 

sections of gas turbine engines employed for electricity generation and aircraft 

propulsion due to their outstanding thermal insulation characteristics.1–3 For TBCs, 

environmental degradation caused by molten silicates, commonly known as calcium-

magnesium-alumino-silicate (CMAS), is becoming a key issue with the ever-growing 

demand for increasing engine operating temperatures to enhance fuel efficiency.3, 4 

CMAS normally comes from siliceous debris (i.e., sand, volcanic dust, and fuel residue); 

large siliceous particles can cause impact damage to TBCs, while small ones can lead 

to erosive wear.5–10 When the operating temperatures of TBCs are higher than the 

CMAS melting point, CMAS melts and infiltrates into the pores and the cracks in the 

coatings due to its excellent wetting ability.6, 11, 12 Then part of yttria-stabilized zirconia 

(YSZ) is dissolved by molten CMAS, which results in alteration of microstructure and 

phase transformation.13 Besides, CMAS infiltration may cause volume expansion of 

TBCs, which may result in buckling of TBCs at high temperatures.14 CMAS infiltration 

can also reduce porosity, which increases the stiffness and thermal conductivity of the 

top coats of TBCs.15, 16 

Many CMAS mitigation strategies have been proposed in the literature.17–29 Most 

approaches aim to manipulate the chemical reaction between TBCs and CMAS by 

changing the chemical composition of TBCs. This kind of approach causes the 

crystallization of CMAS and the attendant arrest of the infiltrating CMAS front. Besides, 
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some researchers tried to modify structures of TBCs to mitigate CMAS.30, 31 For 

example, Liu et al. fabricated a dense layer on the top of atmospheric plasma spray 

(APS) TBCs by alerting the processing parameters; they demonstrated that the dense 

layer can effectively suppress CMAS infiltration.30  

When we studied the interaction between CMAS and YSZ APS TBCs (amount of 

CMAS sufficient to fill all the pores in these TBCs), we found that some pores in the 

CMAS-infiltrated zone were not filled by molten CMAS after the coating interacted 

with CMAS at 1250 oC for 9 h, as shown in Figure 1. This phenomenon indicates that 

some pores may be “CMAS-proof”. If we know what types of pores can resist filling 

by molten CMAS, tailoring pores in TBCs to make them resistant to CMAS infiltration 

may be a potential way to mitigate CMAS damage. Stolzenburg et al. investigated the 

interaction of CMAS with nanoporosity in Yb2Si2O7 environmental barrier coatings 

using small angle X-ray scattering.32 However, little is known about the pore filling 

behavior during CMAS infiltration process in TBCs. To understand this, the pore filling 

behavior in porous YSZ pellets with different sizes of spherical pores was investigated 

in this study. YSZ pellets, instead of actual TBCs, were used because analyzing the pore 

filling behavior in TBCs is difficult due to lack of well-defined pores. Different sizes 

of spherical pores (D50 ranging from 6 to 77 m) were introduced to the YSZ pellets 

using poly methyl methacrylate (PMMA) as pore forming agents. Then these pellets 

were infiltrated by CMAS at elevated temperatures. A scanning electron microscope 

(SEM) was used to observe whether the pores were filled. Finally, the pore filling 
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mechanism is discussed.  

 

Figure 1. (a) Low- and (b) high-magnification cross-sectional SE images showing the 

unfilled pores in the CMAS-infiltrated zones of an APS TBC that interacted with 

CMAS at 1250 C for 9 h.  

2. Experimental Procedure 

2.1 Preparation of porous YSZ pellets 

The starting ceramic materials were zirconia and yttria powders, both with a particle 

size averaging about 50 nm. The zirconia and yttria powders (92 wt% zirconia and 8 

wt% yttria) were wet attritor-milled for 12 h using 0.3-mm-diameter YSZ balls as 

grinding medium. The mixed ceramic powders were then dried, ground into fine 
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powder with mortar and pestle, and sieved (0.3-mm mesh).  

Four sizes of PMMA powders were used as pore forming agent. Their 

morphologies are shown in Figures 2a–d; most of the particles were spherical-shaped. 

The particle size distributions (measured by Malvern 2000 particle size analyzer) are 

shown in Figures 2e–h. The D50 values of the PMMA powders are 8, 16, 40 and 97 

m, respectively.  

 

Figure 2. (a–d) SE images and (e–h) particle size distributions of the PMMA powders. 
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The mixed ceramic powders and PMMA powders (1.7 wt%) were mixed in a 

rotating horizontal drum without grinding medium for 12 h. Then, the mixtures of the 

powders were compacted by a uniaxial compaction machine into pellets (15 mm in 

diameter). Finally, the green pellets were heat-treated in two steps. In the first step, the 

pore forming agent was burned out in air at 700 C for 12 h in a chamber furnace. The 

heating rate was 18 C/h (obtained by trial and error) to allow the volatile components 

to evaporate and to prevent bulk defects such as cracks and swelling. Then the pellets 

were cooled to room temperature. It is expected that such heat-treatment condition is 

enough to remove all the PMMA powders in the pellets, because our thermogravimetric 

(TG) analyses of the PMMA powders (heating rate, 10 oC/min) indicate that all the 

PMMA powders can be completely removed at temperatures lower than 600 oC within 

only 1 h, as shown in Figure 3. In the second step, the pellets were sintered in a chamber 

furnace. Because CMAS infiltration into fully sintered samples will take a long time, 

we need pellets that are not fully sintered. Therefore, the pellets were sintered at 1300 

C for 2 min, with a heating/cooling rate of 10 C/min. This sintering condition was 

obtained by trial and error and can ensure that the pellets were not fully sintered. 
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Figure 3. TG profiles of the PMMA powders.  

The pellets shrank due to sintering, so the pores fabricated by PMMA (termed 

PMMA pores in this study) became smaller. To estimate the D50 values of the PMMA 

pores, the diameters of the pellets were measured using vernier caliper. The results show 

that the diameters of these pellets are 11.9 mm after sintering. Assuming that the 

diameters of PMMA balls were not influenced by pressing, the D50 values of the 

PMMA pores are 6, 13, 32 and 77 m, respectively. Accordingly, these four kinds of 

as-sintered pellets are termed Pellet6, Pellet13, Pellet32, and Pellet77, respectively. The 

densities of these pellets were estimated to be 4.4 g/cm3, according to the mass and 

volumes of these pellets. Besides, sintered YSZ pellets without PMMA (termed Pellet0) 

were also prepared using the above-mentioned method; their densities were estimated 
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to be 4.6 g/cm3.  

2.2 Preparation of CMAS 

The chemical composition of CMAS was 33CaO–9MgO–13AlO1.5–45SiO2 mol.%, 

(C33M9A13S45; glass transition and melting temperatures are 764 C and 1233 C,33 

respectively). CMAS was prepared by mixing fine powders of individual oxides and 

attrition milling them in isopropanol to form a thick paste. 

2.3 YSZ Pellets-CMAS interactions 

The CMAS paste was applied on the as-sintered pellets. The amount of CMAS on each 

pellet was 35 mg/cm2. Then the specimens were heat-treated in a chamber furnace to 

1250 C and held at this temperature for 4 h, and cooled to room temperature, with a 

heating/cooling rate of 10 C/min. This temperature was used because it is higher than 

the melting temperature of CMAS (1233 C) and close to the operating temperature 

(~1250 C) of TBCs.33, 34 For comparison of the microstructures, as-sintered YSZ 

pellets without CMAS infiltration were also heat-treated in the same condition. 

To investigate whether the PMMA pores will be filled when there is no trapped 

gas in the pores, we can observe the filling behavior of the PMMA pores at the bottom 

surfaces of the pellets, because there is no trapped gas in these pores. Because the 

thicknesses of the as-sintered pellets are ~1 mm, overmuch time and CMAS will be 

needed for CMAS to reach the bottom surfaces. Therefore, thinner pellets (~400 m in 

thickness) were also prepared by grinding and polishing the 1-mm-thickness as-sintered 

pellets. To ensure that CMAS can reach the bottom surfaces of the thinner pellets and 



 

10 

 

the supply of CMAS is sufficient for pore filling, ~50 mg/cm2 CMAS was applied on 

top of each of these pellets. Then the specimens were heat-treated in a chamber furnace 

to 1250 C and held at this temperature for 12 h, and cooled to room temperature, with 

a heating/cooling rate of 10 C/min. For comparison, as-sintered YSZ pellets without 

CMAS infiltration were also heat-treated in the same condition. 

2.4 Characterization 

All the specimens were prepared using the standard metallographic procedure. The 

microstructures of the specimens were observed using an SEM. Both secondary (SE) 

and backscattered electron (BSE) imaging modes were used. The chemical composition 

was determined using energy dispersive spectroscopy (EDS). The phase contents of the 

YSZ pellets before and after interaction with CMAS were determined by X-ray 

diffraction (XRD).  

3. Results and Discussion 

3.1 As-sintered YSZ pellets  

Cross-sectional SE images of the as-sintered pellets are shown in Figures 4a–e; Figure 

4f is a high-magnification cross-sectional SE image showing the typical microstructure 

of a PMMA pore. After the burning-out and the sintering process, the PMMA powders 

were successfully removed. This indicates that during the burning-out process there 

must be interconnectivity to the surfaces of the pellets. However, it is worth noting that 

the interconnectivity to the surfaces may disappear due to the sintering at elevated 

temperatures. Most PMMA pores are spherical in shape. Some pores appear darker than 
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the others (indicated by the arrow in Figure 4e), because they are deeper; this 

phenomenon also occurs in other images in this paper. 

 

Figure 4. (a–e) Cross-sectional SE images showing the as-sintered pellets: (a) Pellet0, 

(b) Pellet6, (c) Pellet13, (d) Pellet32 and (e) Pellet77. (f and g) High-magnification 

cross-sectional SE images showing the typical microstructures of (f) a PMMA pore and 

(g) a non-PMMA-pore region in the as-sintered pellets, respectively.  

Figure 4g is a cross-sectional SE image showing the typical microstructure of a 

region excluding the PMMA pores (termed non-PMMA-pore region). Many irregular 
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pores (termed incomplete-sintering pores) are observed. The porosities of the non-

PMMA-pore regions of these pellets was estimated to be 23%, according to the mass 

and volumes of these regions. This value is close to that of typical TBCs1 and suitable 

for CMAS infiltration in this experiment. The grain size was estimated by the intercept 

method; the results show that the average grain sizes of these pellets are 0.1 m.  

 

Figure 5. XRD patterns of the YSZ pellets (a) before and (c) after interaction with 

CMAS at 1250 oC for 4 h.  
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XRD patterns of the as-sintered pellets are shown in Figure 5a. It is seen that the 

as-sintered YSZ pellets are composed mainly of tetragonal and/or cubic YSZ; the 

volume fractions of monoclinic phases in these pellets are no more than 2% (estimated 

using the method in Ref. 35). 

3.2 Pores in the interior of the CMAS-interacted pellets 

The whole cross-sections of the as-sintered pellets that interacted with CMAS at 1250 

C for 4 h are shown in Figures 6a–e. First, residual CMAS can be observed on the 

surfaces of these pellets, which indicates that the CMAS applied is enough. Second, 

CMAS did not cover the whole surfaces of the pellets; this indicates that the contact 

angle between liquid CMAS and YSZ is larger than 0, which is in agreement with the 

results reported in previous literature.21, 24 Third, bubbles are observed in the upper 

zones of CMAS on Pellet32 and Pellet77, whereas such bubbles can hardly be observed 

in CMAS on Pellet6 and Pellet13. The interaction between YSZ and CMAS has been 

investigated by many researchers, but no evidence shows that gas phase can be released 

during their interaction.12–15, 30, 31, 36, 37 Therefore, these bubbles occur in the upper zones 

of CMAS presumably due to the upward migrations of the relatively large unfilled 

PMMA pores (with relatively large buoyancy) in the CMAS-infiltrated zones (see 

higher-magnification SEM images in Figure 7) in Pellet32 and 77. And presumably the 

materials through which the unfilled PMMA pores migrated upwards may behave like 

viscous liquids at elevated temperatures, instead of solid; otherwise, the unfilled pores 

cannot migrate to the top of CMAS. Detailed microstructures of the CMAS-infiltrated 
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zones, which can support this speculation, will be presented later. Last, in each cross-

section, the region that has been infiltrated by CMAS is thicker than that without CMAS 

infiltration. This phenomenon can be clearly observed in Figure 6d. As indicated by the 

rectangle, a sudden increase in thickness can be discerned. This phenomenon is 

consistent with previous studies: infiltration of liquid silicate glass into polycrystalline 

ceramics at elevated temperatures can cause volume expansion.38–40 During the 

infiltration process, grains may be separated by the liquid due to interfacial forces, 

which can cause volume expansion. Besides, the growth of the grains toward their 

equilibrium shapes may also cause expansion (see Ref. 38 and 40 for the detailed 

mechanisms of volume expansion). 

 

Figure 6. BSE images showing the whole cross-sections of the pellets that interacted 
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with CMAS at 1250 C for 4 h: (a) Pellet0, (b) Pellet6, (c) Pellet13, (d) Pellet32 and (e) 

Pellet77.  

The phases after the CMAS infiltration were identified by XRD. To identify the 

phases in the CMAS-infiltrated zones, the residual CMAS on the top of the pellets were 

removed by grinding. The XRD patterns are shown in Figure 5b. Besides YSZ, there is 

no measurable evidence of any other crystalline phases in the XRD data. This is 

consistent with previous studies. First, in the absence of reaction between YSZ and 

CMAS, the molten CMAS may crystallize if it drops below its liquidus. However, 

Zaleski et al., who investigated the melting and crystallization behaviors of model 

CMAS compositions relevant to the degradation of TBCs, found that for CMAS 

composition used in this research, crystallization did not occur under cooling rates of 

10 oC/min.33 Second, when exposed to C33M9A13S45, YSZ dissolves and reprecipitates 

YO1.5-depleted ZrO2, and the ZrO2 and YO1.5 dissolved in the molten CMAS can retard 

the crystallization of CMAS.41 Therefore, in most of the CMAS-YSZ interaction 

experiments, the residual CMAS was largely amorphous upon cooling.4 
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Figure 7. (a–e) Cross-sectional BSE images showing the CMAS-infiltrated zones in (a) 

Pellet0, (b) Pellet6, (c) Pellet13, (d) Pellet32 and (e) Pellet77 after interaction with 

CMAS at 1250 C for 4 h. (f and g) High-magnification cross-sectional BSE images 

showing the typical microstructures of (f) the severe and (g) the slight interaction zones, 

respectively. (h) Cross-sectional BSE image showing an unfilled PMMA pore in the 

severe interaction zone in Pellet77. The double-headed arrows combined with the 
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horizontal solid lines indicate the interaction zones, the dashed lines indicate the 

interfaces between the severe and the slight interaction zones, the one-headed arrows 

indicate the unfilled pores, the ellipses indicate the elongated pores, and the squares in 

Figures 7a, d and e indicate the newly formed pores. 

The cross-sectional BSE images of the pellets that interacted with CMAS at 1250 

C for 4 h are shown in Figures 7a–e. EDS analyses were conducted on these cross-

sections to identify the CMAS-infiltrated zones (indicated by the double-headed 

arrows). CMAS infiltration depths of these pellets are shown in Figure 8; it is seen that 

the size of PMMA pores has little influence on the CMAS infiltration depth. 

 

Figure 8. Infiltration depths of the as-sintered YSZ pellets that interacted with CMAS 

at 1250 oC for 4 h. Error bar indicates the standard deviation (SD). 
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In the CMAS-interacted pellets, each CMAS-infiltrated zone can be divided into 

two parts, based on the morphologies and contrasts of the BSE images. In this study, 

the upper and lower CMAS-infiltrated zones are termed severe and slight interaction 

zones, respectively. 

Figure 7f is a BSE image showing the typical microstructure of the severe 

interaction zone. First, in the severe interaction zone there are many small spherical 

zirconia particles (white phases); such spherical particles were also observed in other 

CMAS-YSZ interaction experiments,13, 36 and they were formed due to dissolution-

reprecipitation of the YSZ grains. Note that most of the zirconia are nearly spherical; 

this indicates that this is their equilibrium shape in molten CMAS. Second, many grains 

were separated by CMAS, which can cause volume expansion of this zone; this can 

explain the increase of thickness observed in Figure 6; besides, the expansion can 

reduce the numbers of the unfilled pores per unit area in the severe interaction zones. 

Third, CMAS in the severe interaction zone almost forms a network. Based on the 

composition of CMAS measured by EDS, the viscosity of CMAS in this zone at 1250 

oC is 8.1 Pa·s (estimated by the composition-based viscosity model by Giordano et 

al.).42 This indicates that the material in this zone may behave like a viscous liquid at 

elevated temperatures. Therefore, the relatively large unfilled pores in Pellet32 and 77 

may migrate to the top of CMAS due to pore buoyance, which can reduce the number 

of the unfilled pores in this zone. Figure 7h is a BSE image showing an unfilled PMMA 

pore in the severe interaction zone in Pellet77. If this pore was not rising before cooling, 
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it would be spherical in shape due to surface tension, just like the spherical bubbles that 

stopped at the tops of the CMAS on Pellet32 and 77 (Figures 6d and e). However, it is 

not spherical in shape. This indicates that it was rising at elevated temperatures. This 

further supports that the bubbles in the upper zones of CMAS on Pellet32 and 77 are 

due to the upward migrations of the relatively large unfilled PMMA pores.  

Figure 7g is a BSE image showing the typical microstructure of the slight 

interaction zone. First, almost all the incomplete-sintering pores were filled by CMAS; 

unfilled incomplete-sintering pores can also be observed, as indicated by the arrow in 

Figure 7g; it was not filled possibly because it was a closed pore. Second, the grains in 

this zone are more spherical than those in the as-sintered pellets (Figure 4g); this 

indicates that the growth of grains to their equilibrium shape occurred, which may cause 

volume expansion of this zone. Third, in the slight interaction zones in Figures 7b–e, 

elongated pores can be observed, as indicated by the ellipses. In contrast, no elongated 

pores can be observed in the pellets after the same heat treatment but without CMAS 

infiltration (Figures 9b–e, cross-sectional SE images showing the microstructures of as-

sintered pellets after heat-treatment at 1250 C for 4 h but without CMAS). Besides, 

almost all the long axes of the elongated pores are parallel to the thickness direction. 

The possible reason for the formation of the elongated pores in the slight interaction is 

as follows. The slight interaction zone tended to expand due to CMAS infiltration. 

However, the uninfiltrated zone below the slight interaction zone did not expand. 

Therefore, the volume expansion of the slight interaction zone was horizontally 
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constrained by the uninfiltrated zone. In contrast, there was no constraint on the volume 

expansion along the thickness direction. Therefore, elongated pores were formed in the 

slight interaction zones. Besides, it is worth noting that the expansion can reduce the 

numbers of unfilled pores per unit area in the slight interaction zones. 

 

Figure 9. (a–e) Cross-sectional SE images showing the microstructures of the as-

sintered pellets after heat-treatment at 1250 C for 4 h but without CMAS: (a) Pellet0, 

(b) Pellet6, (c) Pellet13, (d) Pellet32 and (e) Pellet77. (f and g) High-magnification 

cross-sectional SE images showing the typical microstructures of (f) a PMMA pore and 
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(g) a non-PMMA-pore region in these pellets, respectively.  

Both the severe and slight interaction zones contain unfilled pores, some of which 

are indicated by the one-headed arrows in Figures 7b–e. Except the sub-micron 

incomplete-sintering pores, almost all the pores observed in the CMAS-infiltrated 

zones were not filled by CMAS. However, it is worth noting that some of these unfilled 

pores are not PMMA pores. In Figures 7d and e, there are many small unfilled pores 

(indicated by squares) in the severe interaction zones in Pellet 32 and 77. The two-

dimensional (2D) diameters of these pores lie within the range of 1 to 7 m. According 

to the particle size distributions of the PMMA powders (Figure 2) and the shrinking 

percentages of the pellets due to sintering, these pores are obviously smaller than the 

PMMA pores in Pellet32 and 77, whereas their sizes are close to those of some of the 

PMMA pores in Pellet6 and 13. Such small pores can hardly be observed below the 

severe interaction zones in Pellet32 and 77; besides, no such pores are observed in the 

as-sintered Pellet32 and Pellet77 (Figures 4d and e); therefore, these are not PMMA 

pores; in this study, such pores are termed newly formed pores. Note that after 

infiltration by CMAS at 1250 C for 4 h, similar small pores can also be observed in 

the severe interaction zone in Pellet0 (no-PMMA pellet), which proves that their 

formations are possibly correlated to the penetration of CMAS. 

The formation of the newly formed pores may be caused by the coalescence of the 

unfilled incomplete-sintering pores. At the initial stage, when CMAS infiltrated into the 

pellets, some incomplete-sintering pores were not filled (Figure 7g) and the YSZ grains 
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were not totally dissolved. Afterwards, YSZ grains were dissolved gradually. Finally, 

the material behaved like a viscous liquid. Therefore, coalescence of the unfilled 

incomplete-sintering pores may occur, because this can reduce the total surface energy 

of the unfilled incomplete-sintering pores. Then, newly formed pores were presented. 

Despite the occurrence of the newly formed pores, we can confirm the existence of 

PMMA pores that cannot be filled by CMAS. Note that the newly formed pores appear 

only in the severe interaction zones (Figures 7a, d and e), so all the pores observed in 

the slight interaction zones in the CMAS-interacted Pellet6–77 are PMMA pores. 

In the CMAS-interacted Pellet6–77, almost all the pores observed in the slight 

interaction zones were not filled by CMAS, which indicates that at least these PMMA 

pores can resist CMAS infiltration into them. Figure 10a is a BSE image showing the 

typical microstructure of an unfilled PMMA pore in the slight interaction zone. The 

dark contrast (indicated by the arrow) is CMAS. It is observed that most of the surface 

of the pore is not covered by CMAS, which means that continuous liquid meniscus did 

not form. Therefore, the pore was not filled. Possible reasons for the occurrences of the 

unfilled PMMA pores will be discussed in detail in Section 3.4. Besides, the 

microstructure of the YSZ in this zone is different from that of the as-sintered material 

(Figure 4g). Possible reasons are as follows. The material in this zone was infiltrated 

by CMAS, and almost all the incomplete-sintering pores were filled. Therefore, liquid 

phase sintering (LPS) may occur in this zone, which can accelerate the sintering process. 

Therefore, the material in this zone is obviously different from that of the as-sintered 
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material. 

 

Figure 10. BSE images showing the typical microstructures of (a) an unfilled and (b) a 

CMAS-filled PMMA pore in the slight interaction zone, respectively. The arrow, which 

points at a dark phase, indicates CMAS. 

In addition to the unfilled PMMA pores, there do exist CMAS-filled PMMA pores 

in the slight interaction zones in Pellet6 and Pellet13, as shown in Figure 10b; however, 

no CMAS-filled PMMA pores are observed in Pellet32 and Pellet77. On the other hand, 

all the 2D diameters (or long axes if elongated) of these CMAS-filled pores are smaller 

than 13 m. The two results indicate that it is more difficult for CMAS to fill a PMMA 

pore having a three-dimensional (3D) diameter larger than 13 m.  

In Figure 10b, it is worth noting that some grains grew toward the center of the 

liquid CMAS pocket. However, this phenomenon can hardly be observed in unfilled 
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pores, which indicates that the grain growth toward the center of a pore occurred after 

the pore was filled by CMAS. Consequently, a CMAS-filled pore will disappear at last 

due to microstructural homogenization if the heat-treatment time increases, especially 

for small pores. The elimination of liquid pocket is a common phenomenon during LPS 

process.40 In this experiment, it may explain why there are only a few CMAS-filled 

PMMA pores observed in the slight interaction zone and no filled PMMA pores can be 

observed in the severe interaction.  

To quantitatively compare the pore filling behaviors for different pellets, the 

volume fraction of the unfilled PMMA pores in each pellet is estimated as follows. Let 

us first consider Pellet32 and 77. First, no CMAS-filled PMMA pores can be observed 

in the whole CMAS-penetrated zones. Second, even in Pellet6 and 13, all the 2D 

diameters of the CMAS-filled PMMA pores are smaller than 13 m. Third, the bubbles 

in the CMAS on Pellet32 and 77 are likely due to the upward migrations of the unfilled 

PMMA pores. Based on the three factors, it is estimated that all PMMA pores in 

Pellet32 and 77 were not filled by CMAS. For Pellet6 and13, image analysis was used 

to estimate the volume fraction of the unfilled PMMA pores (P). One may consider 

estimating P by P = Aunf/(Aunf + Af); in this expression, Aunf and Af are the area 

percentage of unfilled and filled PMMA pores in the CMAS-infiltrated zone, 

respectively. However, the calculation will overestimate P, because Af is nearly 0 due 

to microstructural homogenization. By comparing the area percentage of all the PMMA 

pores in the uninfiltrated zone (A0) with that of the unfilled PMMA pores in the CMAS-
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infiltrated zone (Aunf), we can estimate how much PMMA pores were unfilled; that is, 

P = Aunf/A0. To obtain A0, ten BSE images were randomly selected in the uninfiltrated 

zone. All the BSE images used for image analysis have a magnification of 500× and a 

resolution of 0.29 m/pixel. Then the average of the ten values was taken as A0. Note 

that Aunf will be underestimated severely if images containing the whole CMAS-

infiltrated zone are used, because severe volume expansion occurred in the severe 

interaction zone. Therefore, ten BSE images randomly selected in the slight interaction 

zone were used to obtain ten values of Aunf; then ten values of P were calculated. It is 

worth noting that since we have not found a reliable way to eliminate the effect of 

volume expansion of the slight interaction, the actual volume fraction of the unfilled 

PMMA pores is expected to be higher than that we estimated. The results are shown in 

Figure 11; each error bar indicates a standard deviation, which was calculated based on 

ten values of P. In summary, all the PMMA pores in Pellet32 and 77 are unfilled; at 

least 78 vol.% PMMA pores in Pellet13 are unfilled; even for Pellet6, at least 69 vol.% 

PMMA pores are unfilled. This result indicates that larger PMMA pores are less likely 

to be filled by CMAS.  
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Figure 11. Volume percentage of the unfilled PMMA pores in the CMAS-interacted 

pellets. Error bar indicates the standard deviation (SD). 

Besides, it is important to emphasize the following points. Assume that the actual 

volume fraction of filled PMMA pores in Pellet13 is 22 vol.%; this does not mean that 

22 vol.% 13-m-diameter PMMA pores in this pellet were filled, because not all the 

PMMA pores are 13 m in diameter. Additionally, it will take a longer time for larger 

CMAS-filled pores to disappear via microstructural homogenization than smaller ones; 

however, no CMAS-filled pores larger than 13 m were observed; this supports that in 

the YSZ pellets used in this research it is almost impossible for CMAS to fill a PMMA 

pore larger than 13 m. 

3.3 Pores at the bottom of the CMAS-interacted pellets 
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It was reported that trapped gas in closed pores can retard pore filling.43 Although the 

porosities of the non-PMMA-pore regions reach 23%, there may be trapped gas in the 

PMMA pores. To investigate whether the PMMA pores will be filled when there is no 

trapped gas in the pores, the filling behavior of the PMMA pores at the bottom surfaces 

of the thinner pellets were investigated. 

After the thinner pellets were infiltrated by CMAS, EDS analyses conducted on 

the bottom surfaces confirm that CMAS reached the bottom surfaces of these thinner 

pellets. Figures 12a–d are SE images showing the bottom surfaces of the thinner pellets 

that interacted with CMAS at 1250 C for 12 h. The volume fractions of the unfilled 

PMMA pores in these pellets were estimated using the method mentioned in Section 

3.2; to obtain the area percentage of all the PMMA pores in the “uninfiltrated zone” (A0) 

in Pellet6 and 13, BSE images were randomly selected in the cross-sections of the 

pellets that were heat-treated at 1250 C for 12 h but without CMAS. The results are 

shown in Figure 11. All the PMMA pores in Pellet32 and 77 are unfilled; at least 63 

vol.% PMMA pores in Pellet13 are unfilled; but for Pellet6, the estimated volume 

fraction drops to 13 vol.%. The existence of the unfilled PMMA pores in the CMAS-

infiltrated regions on the bottom surfaces indicates that at least these PMMA pores can 

resist filling by CMAS even when there is no trapped gas inside them.  
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Figure 12. (a–d) SE images showing the unfilled PMMA pores at the bottom surfaces 

of the thinner pellets that interacted with CMAS at 1250 C for 12 h: (a) Pellet6, (b) 

Pellet13, (c) Pellet32 and (d) Pellet77. (e) High-magnification SE image showing the 

surface of an unfilled pore at the bottom surface of the thinner pellet.  

Figure 12e is an SE image showing the typical microstructure of an unfilled 
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PMMA pore at the bottom surface. Also, it is observed that most of the surface of the 

pore was not covered by CMAS and continuous liquid meniscus did not form. 

Therefore, the pore was not filled. 

3.4 Mechanism governing the pore filling behavior 

In this study, four sizes of spherical pores were created into YSZ pellets using PMMA. 

After CMAS infiltration, almost all the PMMA pores in the CMAS-infiltrated zones 

remained unfilled. Possible reasons are discussed below. 

Filling a pore requires complete wetting of the pore surface.44 When CMAS 

reaches a pore, the liquid meniscus will be discontinuous if the surface of this pore 

cannot be completely wetted; therefore, this pore cannot be filled (as schematically 

illustrated in Figure 13c). If a pore is closed, trapped gas in the pore may cause 

incomplete wetting of the pore surface. Since the PMMA pores in the interior of the 

YSZ pellet may be closed pores, trapped gas is a possible reason for the occurrence of 

those interior unfilled PMMA pores.  

However, for the unfilled PMMA pores at the bottom surfaces of the pellets, there 

is no trapped gas, so there must be other reasons. Since the CMAS supply in this 

experiment is sufficient, one possible reason may relate to the pore size. To explain the 

influence of pore size, simple systems will now be discussed first. 

Figure 13a is a schematic representation showing the liquid infiltration into a 

cylindrical capillary. The curvature of the liquid surface is determined by the contact 

angle and the radius of the capillary.45 The shape of the liquid surface does not change 
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during the infiltration process since the contact angle and the radius are constant.45 The 

liquid stops infiltrating if the gravitational force of the liquid column reaches a critical 

value.  

 

Figure 13. Schematic representations showing liquid infiltration into different pores: (a) 

a cylindrical pore, (b) pores between spheres of equal size in cubic arrangement, (c) a 

big spherical pore and (d) a small spherical pore.  

Figure 13b shows the liquid infiltration into the pores between spheres of equal 

size in cubic arrangement. The spheres are placed exactly one on the top of the others. 

Assume that (1) the effect of gravity is neglected, and (2) liquid pressure equals the 

vapor pressure, which means that the liquid-vapor interface will be flat when the system 

is in equilibrium. In this case, the infiltration can occur only if the contact angle  is 
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zero.45 If the contact angle exceeds zero, the liquid surface will become flat before the 

liquid reaches the second layer of the spheres,45 which means that the infiltration is 

restricted.  

Figure 13c shows the liquid infiltration into a big spherical pore. All the spheres 

are equal in size. Assume that the effect of gravity is neglected, the contact angle 

exceeds zero, and liquid pressure equals the vapor pressure. According to the analysis 

for the pores in Figure 13b, we know that some regions on the spheres around the pore 

will not be wetted if the diameter of the spherical pore is larger than a critical value. As 

a result, the pore will not be filled by the liquid. In contrast, the surface of a spherical 

pore whose diameter is smaller than the critical value will be completely wetted in the 

same solid-liquid system, as shown in Figure 13d; therefore, this pore will be filled by 

the liquid due to the capillary force. 

In the present work, the YSZ grains are not regular in shape and vary in size. 

Therefore, it is difficult to quantitatively describe the filling behavior. Nevertheless, the 

basic concepts are believed to apply and the occurrence of the unfilled PMMA pores in 

the CMAS-infiltrated zones can be understood qualitatively; the surface of a PMMA 

pore will not be completely wetted if the diameter of the pore is relatively large, so the 

PMMA pore will not be filled by liquid CMAS. 

In addition to pore and grain size, the dissolution rate of YSZ grain and the 

infiltration speed of CMAS may also influence the pore filling behavior in the YSZ-

CMAS system. Non-wetting surfaces (as shown in Figure 13c) may disappear due to 
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the dissolutions of YSZ grains into liquid CMAS if the corrosion time is long enough. 

Therefore, although the surface of an open pore may not be completely wetted at the 

initial stage due to relatively small grains around it, the pore surface can be completely 

wetted before the pore is completely surrounded by CMAS if the CMAS infiltration 

speed is relatively small. Then this pore may be filled by CMAS. This dissolution→

wetting→filling mechanism may be one reason why more PMMA pores at the bottom 

surfaces of Pellet6 and 13 were filled after interaction with CMAS for 12 h. 

At last, it is worth noting that once a PMMA pore is initially not filled by CMAS 

due to incomplete wetting of the surface, gas will be trapped in the pore after it is 

completely surrounded by liquid CMAS. The existence of the bubbles in the upper 

zones of the residual CMAS (Figures 6d and e) proves that there is trapped gas in the 

bubbles, or the bubbles will disappear due to surface tension. The surfaces of these 

bubbles only consist of CMAS; this indicates that an initially unfilled PMMA pore that 

is completely surrounded by liquid CMAS will hardly be filled even if its surface is 

completely wetted by CMAS due to the ensuing dissolution of YSZ grains with time.  

3.5 Implications  

Our study shows that the relatively large pores in the YSZ pellets can resist filling by 

liquid CMAS. This means that tailoring pores in TBCs to make them resistant to CMAS 

may not only reduce the degradation of strain tolerance but also mitigate the increase 

of thermal conductivity due to less degree of CMAS infiltration; therefore, it may be a 

potential way to mitigate CMAS damage. The tailoring-pores method may also be 
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combined with other mitigating methods. It was reported that enhancing the bonding 

ratio between splats in APS TBCs can suppress the CMAS infiltration into the 

coatings.30 Therefore, combining these two methods may be an effective approach to 

improve the comprehensive performance of TBCs. For the design of CMAS-resistant 

TBCs, the pore filling behavior in actual TBCs instead of YSZ pellets may be worth 

studying. 

Besides, it should be noted that introducing large pores into TBCs, though 

providing strain tolerance, may reduce the strength of the coatings. Consequently, using 

large pores as a design strategy for resistance to CMAS may have undesirable penalties 

for other design requirements. Therefore, this issue may also be worth studying. 

Finally, the microstructures of the severe interactions (Figure 7f) and migrations 

of unfilled pores from severe interaction zones to the tops of CMAS (Figures 6d and e) 

indicate that the materials in the severe interaction zones may behave like viscous 

liquids at elevated temperatures. In fact, similar liquid-like zones were also observed in 

actual TBCs after they were infiltrated by CMAS.14 These zones in actual TBCs were 

likely to lose mechanical integrities at elevated temperatures, which may influence the 

failure behavior of TBCs. Therefore, high-temperature mechanical properties of 

CMAS-infiltrated TBCs may also deserve further investigation. 

4. Summary 

In this research, we introduced four sizes of pores (D50 ranging from 6 to 77 m) into 

porous yttria-stabilized zirconia pellets (~1 mm in thickness), and investigated the 
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filling behavior of the pores in these pellets during calcium-magnesium-alumino-

silicate (CMAS) infiltration process. After the pellets were infiltrated by CMAS at 

elevated temperatures, only some small pores in the CMAS-infiltrated zones were filled 

by CMAS, whereas all large pores (larger than 13 m) remained unfilled. By studying 

the filling behavior of the pores at the bottom surfaces of thinner porous YSZ pellets 

(~400 m in thickness), we also demonstrated that even open pores can resist filling by 

CMAS. The reason for the occurrence of the unfilled pores in this research may relate 

to pore diameters; if the diameter of a pore is relatively large, the pore surface will not 

be completely wetted by liquid CMAS, the liquid meniscus will be discontinuous, and 

therefore this pore cannot be filled. This study indicates that introducing “CMAS-proof” 

pores into thermal barrier coatings may be a potential way to mitigate CMAS damage. 
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