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Abstract Environmental degradation of thermal barrier

coatings (TBCs) by molten deposits, which include cal-

cium magnesium alumino-silicates (CMAS), is one of the

vital factors that result in the failure of thermal barrier

coatings. This problem has been exacerbated due to

increases in turbine engine inlet temperatures as a means to

accommodate the demand for higher fuel efficiency. A new

phase composite ceramic had been developed and evalu-

ated for the topcoat of a durable thermal barrier coating

(TBC) system with low thermal conductivity properties

and improved erosion resistance. The primary goal of this

research is to continue exploring the behavior of CMAS

resistance of the phase composite TBC at high tempera-

tures. The effects of CMAS attack and thermal exposure on

the TBC degradation were investigated in experimental

runs. In addition, a YAG-modified layer over the top of the

TBC was applied in an attempt to improve the CMAS

resistance of the TBC system. The evaluation of CMAS

resistance was focused on the most important characteris-

tics of coating microstructure including CMAS penetration,

test condition factors, and mode of failure. The mecha-

nisms for the CMAS infiltration and the TBC damages

were discussed based on the analyses of the CMAS cor-

roded samples in detail.

Keywords CMAS � failure mechanism � low thermal

conductivity � test and evaluation � thermal barrier coatings

(TBCs) � YAG

Introduction

Recently, the increase in combustion chamber temperatures

of gas turbine engines and their operation in particle (sili-

cate sand, ash and dust)-contaminated environments leads

to ingestion, adhesion and infiltration of molten calcia–

magnesia–alumino–silicate (CMAS) in thermal barrier

coatings (TBCs) on hot section components. The adhesive

CMAS molten on TBC surfaces and its mitigation into the

ceramic topcoat in TBCs could result in more severe

coating degradation and early failure (Ref 1-3).

A typical zirconia-based 8YSZ-TBC system is particu-

larly vulnerable to high temperature CMAS attack. The

mechanisms of CMAS attack and damages had been

investigated and identified (Ref 4-6). Generally, molten

CMAS adheres to the TBC surfaces and penetrates into the

TBC through cracks and pores in APS-TBCs and grain

boundaries in EB-PVD TBCs. Subsequently, CMAS may

cause deteriorious changes in the chemical and mechanical

properties of the TBCs. Upon cooling and solidifying of the

molten CMAS, the TBC layer becomes rigid. This change

induces strain responsible for TBC cracking, delamination
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and even spallation attributed to the thermal expansion

mismatch between the TBC and CMAS. The TBC chem-

ically modified by CMAS penetration and chemical reac-

tion can also become unstable in its phase structure and

further reduce its longevity. Chemical interactions that

occur between the molten or semi-molten CMAS and TBC

are quite complicated and depend on the chemical com-

positions, basicity, temperatures and coating structures

(Ref 7).

Researchers have utilized many approaches to improve

TBC CMAS resistance via modifying TBC chemistry (Ref

8-13). Common methods include: (1) Adding solute

dopants, such as Al3? and Ti4?, to TBC to elicit the

crystallization of penetrating CMAS glass front, subse-

quently arresting it and sequentially slowing down the

CMAS migration inward; (2) Adding active oxides into

TBC to capture the molten CAMS by promoting the

interaction; (3) to change and inhibit interaction by some

additives to alter the basicity of CMAS/TBC system; (4) to

use zirconate material for topcoat.

In our previous work, a concept of phase composite

ceramic had been proposed for the topcoat of a durable and

low-k TBC system. This research showed promising per-

formance-related benefits over conventional single-phase

TBCs, including durability, material affordability, thermal

stability and low thermal conductivity (Ref 14, 15), as

shown in Fig. 1. The present work is to continue the effort

to explore the TBC behaviors of CMAS attack at different

test conditions. In addition, the attempt to further improve

the TBC CMAS resistance was made by modifying the

chemical composition of the top layer of the TBC. The

investigation was focused on the macro surface, reaction

layers and phase composition of all the tested samples. The

characteristics of the resistance to CMAS corrosion of the

low-k TBC and YAG (yttrium aluminum garnet:

Al5O12Y3) additive were studied and the related mecha-

nisms were discussed.

Experimental

Preparation of Coating Specimens

TBC specimens used in CMAS tests are listed in Table 1.

The TBC samples were produced by Curtiss-Wright Sur-

face Technologies (‘‘CWST’’) using a F4 plasma torch

(Metco, Westbury, NY) for ceramic topcoats and a Jet

Kote-3000 HVOF torch (Stellite, Goshen, IN) for a

metallic CoNiCrAlY bondcoat (CO-210-24, Praxair) onto

Haynes 188 disk substrates (25 mm in diameter). A rough

CoNiCrAlY flash layer over the dense alloy bondcoat was

applied by the HVOF process to improve interface bonding

between the bondcoat and the topcoat. An interlayer of t’

phase zirconia was deposited over the bondcoat prior to

applying the phase composite topcoat. For the sample #G3,

a mixture of the low-k TBC (sample #G2) and yttrium

aluminum garnet (YAG) was applied as a top layer, as

shown in Fig. 2.

The optimal spray parameters were employed for fab-

ricating the composite phase TBC. More details were dis-

closed in previous work (Ref 14). For comparison, regular

8YSZ TBC (Sample #G1) also were prepared. The TBC

specimens have a typical porosity of 13 * 15% and a

topcoat thickness of about 200 lm.

CMAS Attack Test

CMAS corrosion tests were performed by applying CMAS

sands on the surfaces of the TBC samples demonstrated in

Table 2. The CMAS sand was obtained from a commercial

source (AFRL-02 test dust, PTI Inc., USA). AFRL-02 test

dust was made from 34% Quartz, 30% Gypsum, 17%

Aplite, 14% Dolomite and 5% Salt. DSC/DTA scans data

showed that the CMAS sand has a melting temperature at

1150-1200�C (Ref 16). The sand was mixed with alcohol

into a slurry, then brushed evenly on the surfaces of the

TBC samples. The CMAS sand dosage on the surfaces

were controlled at about 35 ± 2 mg/cm2. For the TBC

Fig. 1 Thermal conductivity data of as-sprayed and heat treated at

1300�C/25 h for a typical phase composite TBC

Table 1 List of TBCs used for CMAS corrosion tests

Sample Code # Main Chemicals for Topcoats

G1 ZrO2-8Y2O3

G2 8YS/Two-phase (t’ ? c) low-k

ZrO2

G3 8YSZ/Low-k ZrO2 ? YAG
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samples #G2-25-5, 15, 35, they have a CMAS dosage mass

at 5, 15 and 35 mg/cm2, respectively.

All the CMAS deposited TBC samples were tested in a

box furnace in air isothermally at 1250 ± 25�C for dif-

ferent durations as given in Table 2. The test samples were

placed inside the furnace, then heated to the isothermal

temperature at a rate of about 50�C/min. After the tests

were done, the furnace power was turned off and the

samples remained inside until the furnace cooled down to

room temperature.

Coating Characterization

The microstructures and material properties of TBC sam-

ples were evaluated and characterized using different

technologies in as-sprayed and tested coating conditions.

The coating microstructures on cross-sections and eroded

surfaces were examined by optical microscope and SEM.

The chemical compositions in selected samples and coating

sections were analyzed by energy-dispersive-X-ray spec-

troscopy (EDXS) equipped with the SEM. The tested

samples #G3-5 and #G3-120 were analyzed by SEM/

EDXS method. In addition, the tested samples #G1, 2, 3-5

were examined by X-ray diffraction (XRD) method for

phase identification, phase quantity and lattice parameter

measurement. The XRD examination was carried out using

a computer-controlled diffractometer (MiniFlex 600,

Rigaku, Tokyo, Japan), with CuK-alpha 0.154 nm

radiation.

Results and Discussion

Effect of CMAS Dosage on TBC Behavior

The TBC specimens #G2-25-5, 15, 35 were tested in air at

1250�C for 25 h, with the surface dosages of CMAS sand

of 5, 15 and 35 mg/cm2, respectively. Figure 3 shows the

optical top views of three TBC samples #G2-25 (G2-5:

5 mg/cm2; G2-15: 15 mg/cm2; G2-35: 35 mg/cm2) after

the CMAS exposure. The damage of the CMAS existence

to the TBC samples is obvious, and the degree of damage

tends to become more severe with the increase of the

CMAS dosage. The damage modes for those TBC samples

are identified as surface buckling at 5 mg/cm2 mass load,

major cracking and local delamination or spallation within

the ceramic layers at 15 mg/cm2, and TBC catastrophic

spallation at the bondcoat/topcoat interface at 35 mg/cm2.

The observation of the distribution of the molten CMAS

adhered on the TBC surfaces indicates discontinuous

coverage at low dosage of 5 mg/cm2; locally concentrated

coverage at a medium dosage of 15 mg/cm2; and nearly

complete coverage at the high dosage of 35 mg/cm2.

The surface morphologies and the cross-section

microstructures of the tested TBC samples are examined

and the paths of CMAS infiltration into the coatings are

schematically shown in Fig. 4. The CMAS infiltration

process progresses in a sequence of (1) Wetting and

spreading of molten CMAS on the TBC surfaces. The

whole wetting process starts with a short-time spread-out

stage and the long-time liquid-flow stage. Gu et al. found

that the CMAS begins to melt and wet the surface of the

samples at 1250�C, and the dynamic contact angle

decreases dramatically with time during this spreading

process. The wetting contact angles are in the range of 3 to

20�, depending on the substrates (Ref 16). In the thermal

sprayed TBCs, the contact angles also should be associated

with the surface morphologies including roughness, grain

size defects, and so on. (2) When the spreading process

reaches a steady-state, the CMAS infiltration process fol-

lows. It is believed that the infiltration starts from the

locations of coating defects. In Fig. 4, several types of

coating defects are indicated in the TBC topcoat. Crack

type 1 is for the intrinsic coating cracks formed during the

coating process, typically, in micro-size. Crack type 2 is for

the cracking caused by the CMAS penetration and

Fig. 2 Microstructure of a typical TBC sample #G3 with a modified

top layer by adding YAG to the matrix of the composite phase TBC

Table 2 List of TBC samples for CMAS attack tests

Sample Code # Test Samples and Duration (hrs)

TBC: G1 TBC: G2 TBC: G3

G1-5 5

G2-5 5

G3-5 5

G2-25-5, 15, 35 25

G1-120 120

G2-120 120

G3-120 120
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associated strain, typically, in macro-size. Crack type 3 is

for the cracking consequentially resulting from the crack-

ing type 2 and will lead to coating delamination, spallation,

and or buckling. Coating porosity in both micro and macro-

sizes plays key roles as preferred start points for CMAS

penetration. (3) When the molten CMAS enters the coat-

ing, it will continue to penetrate inward through the coating

defects primarily macro-pores and widely open cracks.

The effects of CMAS dosage on the penetration

behaviors of the tested TBC samples can be explained as

illustrated in Fig. 4(a), (b) and (c). In the case (a) with a

low CMAS dosage, the molten CMAS is only dispersed

locally due to lacking sufficient mass and or the surface

wetting qualities. The low coverage reduces the number of

CMAS infiltration possible start points through surface

macro-sized defects (interconnected pores and open

cracking). In case (b) with a medium dosage, the CMAS

coverage is increased and there are more defective loca-

tions available for CMAS penetration. In case (c) with a

high dosage, the coating surface should be fully covered by

a layer of molten CMAS, and the chance for CMAS

infiltration is maximized. Also, the CMAS layer can

Fig. 3 Top views of the TBC

samples after CMAS tests at

1250�C for 25 h, with different

CMAS dosages. Sample A: G2-

25-5, 5 mg/cm2; Sample B: G2-

25-15, 15 mg/cm2; Sample C:

G2-25-35, 35 mg/cm2

Fig. 4 Schematic of the effect of CMAS dosage on the damage mechanisms in the TBCs. (a) low dosage with local coverage; (b) medium

dosage with high coverage; (c) high dosage with full coverage
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provide sufficient supply for continuous penetration from

the coating surface to the inner coating, finally reach to the

interface of topcoat and bondcoat.

The concentration of sand particles such as PM2.5 has

been investigated in different environments. In the earth’s

atmosphere, relatively low levels of fine dust are *5-

35 lg/m3 (Ref 17). However, some natural events such as

volcanic eruptions and dust/sand storms led to elevated fine

particulate levels as high as 13,000 lg/m3 (Ref 18). Those

dust particles ingestion into gas turbine engines can cause

severe hot section components damage for both military

and commercial aircraft operating. Now, the safe operating

level for GTEs is presently set to B 2000 lg/m3 (Ref 19).

In this study, the effect of CMAS dosage on the CMAS

attack severity was confirmed, and the aggressive attack

was confirmed at 35 mg/cm2, therefore, this condition was

used in follow-up CMAS exposure tests.

Effect of YAG Additive on CMAS Corrosion

The TBC samples #G1, 2, 3-5 were tested in air at 1250�C
for 5 h with the CMAS dosage of about 35 mg/cm2. The

YAG addition to the low-k material was applied as the top

layer of about 100-150 lm as shown in Fig. 2. The test was

focused on the effect of the YAG additive in the TBC

sample #G3-5 to improve CMAS resistance by comparing

it with the TBC samples #G1-5 and G2-5. The top views of

the morphologies of the tested TBC samples were observed

under optical microscopes and are presented in Fig. 5.

All the tested samples were damaged by the CMAS

attack to a different degree. The 8YSZ TBC sample #G1-5

appears to be the most damaged with large area spallation

and mass loss, as well as deep penetration in the topcoat.

Multi-layered delamination and separation are identified

from the top viewed photo. In the low-k TBC sample #G2-

5, the coating damage with large cracking is found and

appears that CMAS penetration is limited to the near-sur-

face region within the topcoat. However, there is spallation

loss of the ceramic material in nearly half of the whole

coating area. The YAG-modified TBC sample #G3-5

exhibits improved CMAS resistance by reducing the

material loss and limiting the coating attack to some local

areas. Instead of coating spallation, main coating failure

occurred in the topcoat causing buckling of the material.

The visual inspection of those TBC samples before and

after cooling from 1250�C to room temperature, verified

coating damages �Ccured during cooling time.

A distinct layer with a thickness of about 100 lm from

the coating surface is identified. It is assumed that the layer

is formed by CMAS infiltration in the layer, and the ‘‘dark

grey’’ phase could be some new phase due to the reaction

between the CMAS and the YAG composite mate-

rial (Fig. 6). Based on the depth of the CMAS infiltration, it

can be concluded that the addition of YAG to the low-k

material matrix has inhibited the mobility of the CMAS

attack frontier, and thus slows down the coating damage to

some degree. This positive effect of YAG or similar

additives to a TBC system had been investigated and

confirmed by some researchers (Ref 20-22). Turcer et al.

revealed that YAlO3 ceramic can be reacted with CMAS,

and the reaction zone comprises three regions of reaction-

crystallization products, including Y–Ca–Si apatite solid

solution (ss) and Y3Al5O12 (YAG)(ss).

In addition, the low-k TBC (#G2-5) demonstrated better

CMAS resistance than the regular 8YSZ-TBC (#G1-5).

This behavior can be explained by the co-doping of RE

Fig. 5 Surface photographs of the TBC samples after the CMAS exposure test in air at 1250�C for 5 h. (a) TBC sample #G1-5: 8YSZ; (b) TBC

sample #G2-5: Low-k; and (c) TBC sample #G3-5: YAG-modified low-k
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oxides into ZrO2. This formation of the disordered solid

solution structure has lower diffusion coefficients and

therefore suppressed reactivity with CMAS (Ref 23, 24).

XRD Analysis of the Reaction Between CMAS

and YAG

To better understand the reaction between CMAS and

YAG in the CMAS corrosion test, some test samples were

manufactured and then tested by isothermal heat at 1250�C
for 5 h. The test samples for the testing are shown in

Table 3. Three TBC materials (G1, G2, G3) were well

mixed with CMAS sand at a weight ratio of 1:1 (wt.%),

then placed in a ceramic crucible separately prior to the

reaction tests in air at 1250�C. For comparison purpose, a

G3 powder sample and a G3 TBC sample were included in

the XRD analyses.

The results of phase identification by XRD analyses are

shown in Table 3. The results show that there is no major

new phase formed in the sample #G1-S5 after the heating

of the mixture of G1 (8YSZ) powder with CMAS sand for

the duration of 5 h. Pujol et al. found that liquid-state

CMAS will lead to the phase transition from stable t‘-ZrO2

to unstable m-ZrO2 causing the change of volume of lattice,

which can result in the failure of the 8YSZ-TBCs (Ref

25, 26). In the test sample #G1-S1, no m-ZrO2 phase in the

tested sample indicates that there is no major reaction

between the G1 material and CMAS and no resultant phase

transition. In addition, the CMAS with glassy structure

(non-crystalline) is not detected in the XRD spectrum.

The reaction potential of the TBC materials #G2 and

#G3 with CMAS was a main focus in the experiment. The

XRD patterns for the test samples #G2-S5 and #G3-S5 are

shown in Fig. 7 In the sample #G2-S5, a crystalline phase

Ca2Mg[Si2O7] is identified in Fig. 7(a). Wu et al. investi-

gated the CMAS corrosion behavior of the similar co-

doped ZrO2 TBC system at 1300�C, and found some new

reaction phases such as Zr84.4Y5.6Ta5.1Ca4.9 were formed

after reacting with CMAS for 50 h (Ref 27). In this test, no

similar reaction products were detected in the XRD, pos-

sibly due to the difference in the test conditions (temper-

ature, time, CMAS type,…). However, the formation of

crystalline Ca2Mg[Si2O7] is beneficial for inhibiting

CMAS mobility and attack severity based on Nitin et al.

discovery in the TiO2-Y2O3-ZrO2 TBC system, where the

TiO2 promoted the formation of crystalline phase forma-

tion (Ref 8).

In the sample #G3-S5, a reaction product NaO26Si6Y9 is

confirmed in Fig. 7(b). XRD analysis was completed and

determined the phase composition as: ZrO2 phase at

Fig. 6 Microstructures of the TBC sample #G3-5 with YAG additive in low-k material topcoat. (a) CMAS attacked coating near-surface area;

(b) Close look on the attacked area

Table 3 List of test samples for

CMAS reaction tests and XRD-

phase analyses

Sample Code # Test Sample Details and XRD Results

Chemical and Proc XRD-Phase

G1-S5 G1 powder ? CMAS t’ ZrO2-Y2O3

G2-S5 G2 powder ? CMAS c ? t’ ZrO2, Ca2Mg[Si2O7]

G3-S5 G3 powder ? CMAS (c ? t’) ZrO2, Al5O12Y3, NaO26Si6Y9

G3-P1 G3 powder c ? t’ ZrO2, Al5O12Y3

G3-C1 G3 coating, spray c ? t’ ZrO2, Al5O12Y3
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28.7 ± 0.4%, Al5O12Y3 phase at 39.9 ± 0.6%, and

NaO26Si6Y9 phase at 31.4 ± 0.9%. The reaction product

NaO26Si6Y9 contains the elements Si, Na from the CMAS,

and Y from YAG additive and or the co-doped low-k G2

material. It is clear that the CMAS is reactive to the YAG

and or the RE oxide-doped TBC material. Based on the

finding in the sample #G1-5, in which the CMAS has minor

and slow reaction with the Y2O3-doped ZrO2, it can be

assumed that the major reaction occurred between the

CMAS and the YAG (Al5O12Y3) additive in the sample

G3-S5. In addition, the large quantity of NaO26Si6Y9 phase

at 31.4 ± 0.9% indicated that the YAG additive is very

reactive with the CMAS, and can result in quick reaction to

transit liquid CMAS into crystalline solid product. This is

expected to slow down the moving frontier of the CMAS

infiltration in the TBC topcoat and sequentially inhibits the

CMAS corrosion and TBC damage.

One of the methods for improving TBC CMAS resis-

tance was modifying the TBC with the addition of active

oxides or their compounds including RE oxides, TiO2, and

YAG. Godbole et al. found that the Y-containing system

formed both garnet A2B8(TO4)6O2 and apatite A3B2T3O12

(Ref 28, 29). Y3Al5O12 (rare earth Y aluminate garnet,

YAG) is stable in the CMAS-TBC system, and further can

form more stable new reactant components. As a positive

result, the formation of crystalline phases such as apatite

and garnet has a two-fold effect on melt infiltration miti-

gation through a reduction in the melt volume and changes

in the melt viscosity due to changes in the composition of

the residual melt. Conclusively, our CMAS reaction tests

are consistent with the previous related studies and confirm

that the co-doped TBC (#G2) and the YAG-added TBC

(#G3) can promote the formation of some crystalline

products, and eventually change the properties of both

CMAS and the phase components in the TBCs.

TBC Durability Test Under CMAS Attack

The long-exposure CMAS corrosion tests were conducted

for TBC samples #G1, G2 and G3-120 at 1250�C for 120 h

with a purpose to further investigate the degree of the

CMAS attack and the failure mechanisms of the TBC

samples with different chemical compositions. Firstly, it is

confirmed that the CMAS attack becomes more severe and

leads to more damage to those TBC samples with increased

exposure times. Figure 8 shows the top surface views and

the cross-section microstructures of the TBC samples after

the 120-h CMAS corrosion test. Secondly, in the TBC

sample #G1-120, the most severe CMAS attack on the

8YSZ topcoat was observed. The topcoat delaminated and

spalled almost entirely at the bondcoat and topcoat inter-

face. This indicates that the TBC had lost the protection of

the topcoat. The TBC sample #G2-120 shows nearly full

coverage of the ceramic coating. However, it is clear that

the coating suffered multiple layered separation and partial

spallation, thus leading to a lot of material loss. The

coating damage occurred mostly within the low-k ceramic

layer and at the 8YSZ layer and the low-k layer interface.

Thirdly, the TBC sample #G3-120 exhibited the best

CMAS attack resistance among the three TBC samples,

though the CMAS attack and coating loss is still quite

visible. A small area of the original coating surface is

reserved with spallation, and the rest of the coating area is

removed evenly, possibly indicating a more uniform

CMAS attack in the coating region.

The microstructures of the tested TBC samples reveal

the CMAS penetration into the coatings in different ways.

Fig. 7 XRD analyses of the ceramic materials mixed with CMAS sand after heated at 1250�C for 5 h. (a) Sample #G2-S5, (b) Sample #G3-S5
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In general, the liquid CMAS infiltrates and propagates from

the TBC surfaces to the inner coatings predominantly

through the coating defects mainly macro-porosity and

cracks. In addition, the grain boundaries can also provide

attack location as mentioned in some studies (Ref 30, 31),

A YSZ-TBC could suffer grain-boundary corrosion by

molten CMAS considerably due to the grain-boundary

dissolution by molten CMAS, whereas high porosity and or

fine crystalline grain structure leads to more severe TBC

degradation. The TBC sample #G1-120 indicates CMAS

infiltration through the coating defects and possible grain-

boundary dissolution, whereas the distribution of both

localized spots and horizontally lamellar CMAS is formed.

The TBC samples #G2-120 and #G3-120 show similar

CMAS attack behaviors and no major lamellar reaction

products are found in the coatings. However, a clear

CMAS product is located within the top layer of the YAG-

contained layer in sample #G3-120 in Fig. 8(c). Based on

the results of the CMAS reaction tests, it is assumed that

the CMAS reacted with the YAG additive and formed

stable crystalline CMAS products, such as NaO26Si6Y9,

which enabled the inhibition of the CMAS mobility and

reduced its reactivity with the TBC as well. Regarding the

TBC sample #G2-120, it is believed that the improved

CMAS resistance is attributed to the co-doped solute RE

oxides in the low-k material. It is believed that this reduced

the reaction between the molten CMAS and the TBC when

compared with the 8YSZ-TBC sample #G1-120.

Analysis of SEM/EDXS in CMAS Attacked Coatings

The post examination on the tested TBC samples were

performed using SEM/EDXS method as to provide more

experimental evidences for determining CMAS penetration

and attack mechanisms. The cross-sectional SEM photo

micrograph and the corresponding elemental maps taken

10 lm below the surface (determined while carrying out

SEM measurements) are shown in Fig. 9 for the sample

#G3-5 of 5-h CMAS exposure; and in Fig. 10 for the

sample #G3-120 of 120-h exposure.

There are three zones by color contracts identified in

Fig. 9 i.e. (i) a dark grey zone within the top layer of the

YAG-modified low-k TBC, (ii) a light grey zone, and (iii)

light coating zone. The results of EDXS compositional

analyses in the three zones are given in Table 4. In the dark

zone (i), the rich elements are Al and Y from the YAG

Fig. 8 Morphologies and microstructures of the TBC samples after CMAS corrosion tests at 1250�C for 120 h. (a) TBC sample #G1-120;

(b) TBC sample #G2-120; (c) TBC sample #G3-120
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additive, as well as Ca, Si, and Mg from CMAS, indicating

the dark phase will be YAG/CMAS mixture and or most

likely their reaction product. In the light zone (ii), the rich

element is Zr from the low-k ZrO2 and the minor elements

are Al from YAG and Ca from CMAS. Thus, the zone

should locate in the main low-k TBC matrix, and consist of

the main low-k TBC with a small amount of YAG/CMAS

reaction product. In the light zone (iii), the rich elements

are Zr, and the minor elements are Al, Y from YAG, and

Ca, Si and Mg from CMAS. The elements maps of Si

(shown in Fig. 9c) and Ca and Mg (scanned, but not

shown) from CMAS, indicate that most of the CMAS is

captured in the near-surface ‘‘dark’’ zone in the coating of

the YAG ? low-k layer, and a small amount of CMAS

penetrates in the coating, at a depth of at least the view in

Fig. 9. Conclusively, the CMAS attack is limited mainly in

the near-surface region (i) about 100-150 lm correspond-

ing to the top layer of YAG ? low-k ZrO2, whereas

regions (ii) and (iii) are correlated to the unaffected, minor

infiltrated or reacted CMAS that was able to infiltrate

through the coating defects.

Similarly, three zones are identified in sample #G3-120

in Fig. 10. In addition, a dark surface layer above the

coating is detected. The compositions of the three zones are

quite comparable to those in sample #G3-5, indicating the

CMAS attack process is the same as sample #G3-5. The

dark surface layer is comprised of main CMAS elements

and Al and Y from YAG, and thus provides evidence of the

reaction of CMAS and YAG on the coating surface with

the prolonged exposure time.

The reaction product should be NaO26Si6Y9 (see

Table 3) as revealed in the CMAS/TBC #G3-S5 reaction

test by the XRD analyses. In Fig. 10, the coating separation

takes place in the inner coating, corresponding to the

severity of CMAS attack with increasing exposure time.

The beneficial effect of some additives, such as RE

oxides and YAG, has been explained by optical basicity

theory (Ref 32-34). Trucer et al. considered an initial

screening criterion for choosing CMAS-resistant EBC

ceramics. This criterion includes small optical basicity (OB

or K) difference between CMAS and a given EBC ceramic.

Based on this simple criterion, Si-free YAlO3, c-Y2Si2O7,

b-Yb2Si2O7, and b-Sc2Si2O7 have been identified as a

Fig. 9 Cross-sectional SEM micrograph and the corresponding EDXS element scan maps of the TBC sample #G3-5 after CMAS corrosion tests

at 1250�C for 5 h. (a) BSE image, (b) map for element Al, (c) map for element Si, and (d) map for element Y
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promising CMAS-resistant EBC ceramics. CMAS typically

has low optical basicity values, typically in the range of

0.55-0.65, rendering them basic oxides. In contrast, TBCs

are typically greater than 0.8. Several investigations have

shown that large differences in optical basicity (DK)
between CMAS former and TBC lead to more severe

degradation and attack of the TBC. Kumar et al. showed

that a YAG TBC (K = 0.70) has a lower DK with two types

of CMAS used, as compared to a conventional YSZ TBC

(K = 0.87). The reactivity and associated damage were

lower for the YAG TBC (Ref 10). Another theory for the

effect of reactive oxides in inhibiting CMAS attack is the

promotion of the transition of CMAS into crystalline

phases. Both the theories can be applied to the improve-

ment for CMAS corrosion resistance in the co-doped low-k

TBC samples (#G2) and the YAG-modified low-k TBC

samples (#G3).

The influence of the CMAS composition on the forma-

tion of a reactive or protective layer can also play a key

role in the TBC CMAS resistance or damage. As many

Fig. 10 Cross-sectional SEM micrograph and the corresponding EDXS element scan maps of the TBC sample #G3-120 after CMAS corrosion

tests at 1250�C for 120 h. (a) BSE image, (b) map for element Al, (c) map for element Si, and (d) map for element Y

Table 4 Results of SEM/EDXS

analyses in TBC samples #G3-5

and #G3-120 after the CMAS

attack at 1250�C

Point# Detection Zone/Area Zr Al Ca Y Si Mg Na RE

1. TBC Sample G3-5 in Fig. 9: SEM/EDXS Result, % average

P1-5 Dark gray affected zone 0 26.3 0.6 71.4 1.3 0.4

P6-10 Light gray affected zone 99.3 0.4 0.3

P11-15 Main coating zone 74.1 2.7 0.2 7.0 0.9 0.1 15

2. TBC Sample G3-120 in Fig. 10: SEM/EDXS Result, % average

P1-5 Dark surface layer 0 28 20.4 7.8 42.3 0.3 1.1

P6-10 Dark gray affected zone 0 26.6 0.9 70.9 1.5 0.6

P11-15 Light gray affected zone 88.8 0.5 0 11.3

P16-20 Main coating zone 69.7 0.1 0.2 6.4 0.5 0 23.0
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studies indicated, specific CMAS chemistry of the CMAS

deposits varied from type to type due to the variation in

sand chemistry with difference sources and or locations,

and even from location to location on the same blade

surface (Ref 35). The CMAS used in this investigation

mainly is made from quartz (34wt.%), gypsum (30%),

aplite (17%), dolomite (14) and salt (5%). A variety of

other CMAS chemistries are also reported: mono-, di- and

tri-calcium silicates, spinel, anorthite (CaAl2Si2O8), augite

and melilite (Ref 35-37). In author’s early work (Ref 8),

CaO-Al2O3–SiO2 (wt.%) ternary phase diagram shows a

simulated CMAS glass composed of psuedowollastonite

and anorthite fields, and other crystalline phases such as

CaAl2Si2O8 (Anorthite) and Al2Si6O13 (Mullite). Solid

solution of reactive oxides such as Al2O3 and TiO2 into

ZrO2 (8YSZ) could serve as a nucleation agent to promote

crystallization of the CMAS glass and sequentially result in

the nearly complete crystallization of the leading edge of

the CMAS front into anorthite, essentially arresting the

front attack inward. Similarly, Si-free YAlO3(YAP) EBC

ceramic resulted in a CMAS reaction zone comprising

three regions of reaction-crystallization products, including

Y–Ca–Si apatite solid solution and Y3Al5O12 (YAG) (Ref

20). Meanwhile, after c-Y2Si2O7 interaction with CMAS at

1500�C for 24 h, EDXS chemical analyses indicated the

formation of different reaction products in term of the local

CMAS chemistry, including the reaction products of Y–

Ca–Si Apatite, Y–Ca–Si Apatite and CMAS glass. Though

the CMAS reaction products could be very complex, but

the test results revealed that the addition of reactive oxides

can interact with some components in CMAS to form

thermal stable phases and even a protective layer, and thus

mitigate CMAS damage.

In summary, the phase composite low-k TBC demon-

strated better CMAS corrosion resistance at the given test

conditions when in comparison with regular 8YSZ-TBC.

Further improvement can be achieved by the addition of

YAG phase into the low-k TBC matrix. So far, the ana-

lytical data from the tested TBC samples revealed two

possible mechanisms for inhibiting CMAS infiltration and

mobility. These mechanisms include the formation of

crystalline CMAS reaction products in the low-k TBC

(#G2) and the formation of reaction products between

CMAS and YAG and or RE oxides. The coating failure

mechanisms were identified by molten CMAS penetration

inward through the preferred paths of coating defects.

These defects included macro-pores, open cracks and splat

boundaries. Coating delamination and or spallation during

cooling process led to the final coating failure, as shown in

Fig. 4. Future tests focusing on the investigation of each

stages of CMAS attack and propagation are expected to

better control and inhibit coating degradation and damages.

Conclusion

This present work aimed to test and characterize the phase

composite low-k TBC and the YAG-modified low-k TBC

in different CMAS corrosion conditions in air at 1250�C.
The behaviors of the TBCs under CMAS attack and coat-

ing failure mechanisms were investigated and discussed.

The main results are summarized as:

• The CMAS dosage had a major effect on the severity of

CMAS corrosion. The more CMAS dose applied to the

TBC surfaces, the more damage in the TBC samples.

The results could be explained by the CMAS wetted

surface areas and the number of the defect sites for the

CMAS attack initialization.

• The short-term CMAS exposure test revealed that the

CMAS attack was very aggressive and caused coating

damage in all the TBC samples. Relatively, the

degradation of the low-k TBC and its YAG-modified

TBC was inhibited to some degree. Especially, the

YAG additive was more effective to slow down the

process of CMAS infiltration.

• The long-term CMAS exposure caused much more

serious coating damage and failure, indicating the

penetration of CMAS toward the inner coating is a

factor of time, if only the existence of the coating

defects mainly including macro-porosity and cracking

as well as grain and splat boundaries. However, the

compositions of RE oxides and added YAG in the

TBCs had played some key roles in inhibiting the

CMAS infiltration.

• Based on the XRD and SEM/EDXS analyses, it was

proven that the CMAS corrosion resistance of the

composite phase TBC was improved by applying a

YAG-contained top layer, wherein the YAG additive

reacted with CMAS to transit liquid CMAS into

crystalline CMAS (soluted) and reactant phases and

thus reduced the CMAS mobility to penetrate deeply.

• All TBC samples failed during the cooling process

from the test temperature to room temperature. There-

fore, the coating failure mechanism can be attributed to

the loss of the ceramic toughness and coating integrity

due to the CMAS infiltration. The coating failure

locations and modes are quite dependent on the coating

material, structure, defect level, and exposure duration.
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by-Step Investigation of Degradation Mechanisms Induced by

CMAS Attack on YSZ Materials for TBC Applications, Surf.
Coat. Technol., 2013, 235, p 165-173.

26. M.H. Vidal-Sétif, C. Rio, D. Boivin, and O. Lavigne,

Microstructural Characterization of the Interaction Between

8YPSZ (EB-PVD) Thermal Barrier Coatings and a Synthetic

CAS, Surf. Coat. Technol., 2014, 239, p 41-48.

27. D. Wu, Y. Yao, X. Shan, F. Yang, X. Zhao, and P. Xiao,

Equimolar YO1.5 and TaO2.5 Co-doped ZrO2 as a Potential

CMAS-Resistant Material for Thermal Barrier Coatings, J. Am.
Ceram. Soc., 2021, 104(2), p 1132-1145.

28. E. Godbole, A. Handt, and D. Poerschke, Apatite and Garnet

Stability in the Al–Ca–Mg–Si–(Gd/Y/Yb)–O Systems and

Implications for T/EBC: CMAS Reactions, J. Am. Ceram. Soc.,
2022, 105, p 1596-1609.

29. E. Godbole, N. Karthikeyan, and D. Poerschk, Garnet Stability in

the Al–Ca–Mg–Si–Y–O System with Implications for Reactions

Between TBCs, EBCs, and Silicate Deposits, J. Am. Ceram. Soc.,
2020, 103, p 5270-5282.

30. S. Morell, V. Testa, G. Bolelli et al., CMAS Corrosion of YSZ

Thermal Barrier Coatings Obtained by Different Thermal Spray

Processes, J. Euro. Ceram. Soc., 2020, 40(12), p 4084-4100.

31. Z. Cai, J. Jiang, W. Wang, Y. Liu, and Z. Cao, CMAS Penetra-

tion-Induced Cracking Behavior in the Ceramic Top Coat of APS

TBCs, Ceram. Intl., 2019, 45(11), p 14366-14375.

32. L.R. Turcer, A.R. Krause, H.F. Garces, L. Zhang and N.P. Pad-

ture, Environmental-Barrier Coating Ceramics for Resistance

Against Attack by Molten Calcia-Magnesia-Alumino Silicate

(CMAS) Glass: Part II, b-Yb2Si2O7 and b-Sc2Si2O7, J. Eur.
Ceram. Soc., 2018, 38(11), p 3914-3924.

33. V. Dimitrov and S. Sakka, Electronic Oxide Polarizability and

Optical Basicity of Simple Oxides, J. Appl. Phys., 1996, 79,
p 1736-1740.

34. N.L. Ndamka, R.G. Wellman, and J.R. Nicholls, The Degradation

of Thermal Barrier Coatings by Molten Deposits: Introducing the

Concept of Basicity, Mater. High Temp., 2016, 33(1), p 44-50.

35. M.H. Vidal-Setif, N. Chellah, C. Rio et al., Calciummagnesium-

Alumino-Silicate (CMAS) Degradation of EB-PVD Thermal

Barrier Coatings: Characterization of CMAS Damage on Ex-

service High Pressure Blade TBCs, Surf. Coat. Technol., 2012,
208, p 39-45.

J Therm Spray Tech

123



36. M.P. Borom, C.A. Johnson, and L.A. Peluso, Role of Environ-

mental Deposits and Operating Surface Temperature in Spallation

of Air Plasma Sprayed Thermal Barrier Coatings, Surf. Coat.
Technol., 1996, 86-87, p 116-126.

37. G. Witz, V. Shklover, W. Steurer et al., High-Temperature

Interaction of Yttria Stabilized Zirconia Coatings with CaO-

MgO-Al2O3-SiO2 (CMAS) Deposits, Surf. Coat. Technol., 2015,
265, p 244-249.

Publisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

J Therm Spray Tech

123


	Evaluation of CMAS Resistance and Failure Behavior for Phase Composite Thermal Barrier Coatings
	Abstract
	Introduction
	Experimental
	Preparation of Coating Specimens
	CMAS Attack Test
	Coating Characterization

	Results and Discussion
	Effect of CMAS Dosage on TBC Behavior
	Effect of YAG Additive on CMAS Corrosion
	XRD Analysis of the Reaction Between CMAS and YAG
	TBC Durability Test Under CMAS Attack
	Analysis of SEM/EDXS in CMAS Attacked Coatings

	Conclusion
	Acknowledgments
	References




