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Failure of Thermal Barrier Coatings
Subjected to CMAS Attack
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(Submitted April 21, 2009; in revised form June 9, 2009)

The effect of environmental deposits, such as calcium-magnesium-alumino-silicate (CMAS), on thermal
barrier coatings (TBCs) of commercial grade was investigated in laboratory scale. A controlled CMAS
infiltration was achieved through exposure of coatings to calibrated cement tape composites containing
synthetic glass powder representative of CMAS. Tube furnace and cyclic thermal shock simulation
equipment were utilized to melt the synthesized CMAS tape on coating surfaces. The resulting
premature failures of coatings were investigated through study of the thermomechanical and thermo-
chemical interactions between the coatings and CMAS deposit. It was found that the porous nature of
the thermal-sprayed TBCs make them vulnerable to CMAS attack even before discernible chemical
reaction starts. Possible mitigation approaches are proposed for a better coating life under such severe

circumstances.

Keywords CMAS, environmental barrier, gas turbine, TBC,
YSZ

1. Introduction

Airborne contaminants have been extensively investi-
gated as a major cause of the early-life failure in jet
engines which operate in dusty environments such as
deserts or the vicinity of volcanic eruption plumes. The
presence of these contaminant deposits is believed to
trigger multiple adverse effects in gas turbine engines. In
the cold and hot sections where temperatures are below
the melting point of the contaminant particles, erosion of
compressor components and blockage of cooling passages
were reported by Smialek et al. (Ref 1) in their investi-
gation of the loss of performance in Blackhawk helicop-
ters operating in Persian Gulf. The contaminant particles
were composed of mainly desert sand which was found to
contain a calcium-aluminum silicate glass, low quartz,
carbonates (dolomite and calcite), and some sodium
chlorides (NaCl). Blockage of the flow paths and cooling
holes in the hot section by the molten contaminant deposit
was also found by Kim et al. (Ref 2) in their study of the
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disposition of volcanic materials in the hot sections of gas
turbines. Although these investigations had not involved
thermal barrier coatings (TBCs), their findings of deposi-
tion of glassy contaminants in engine components are
relevant.

The 7 wt.% yittria-stabilized zirconia (7YSZ) TBCs
currently in use rely on both the low thermal conductivity
of the 7YSZ composition and the presence of porosity
within the coating to provide a barrier to heat transport
from the hot gas to the underlying bond-coated superalloy.
The adverse effect of airborne contaminants on the early-
life TBC degradation was also investigated in terms of
erosive wear (at low temperatures) and thermomechanical
and thermochemical attack (at high temperatures).
Nicholls et al. (Ref 3) compared the erosion behavior
of thermal spray and electron-beam physical vapor-
deposited (EB-PVD) TBCs. Mercer et al. (Ref 4) pro-
posed a coating delamination mechanism after molten
CMAS infiltration, and Evans et al. (Ref 5) identified a
number of material-removal mechanisms through obser-
vations of deformation and cracking of EB-PVD thermal
barrier coatings. Toriz et al. (Ref 6) addressed that the
deposition of gas stream molten debris would increase the
coating stress due to the thermal expansion mismatch and
cause spallation. In the study of degradation of TBCs in jet
engine operating in Middle East route, Stott et al. (Ref 7)
found that desert sand material consume free-standing
TBC material aggressively during the test exposure at
1400 and 1500 °C.

Borom et al. (Ref 8) investigated the spallation of
air-plasma-sprayed (APS) TBCs on power generation
combustors, military turboshaft engines, and commercial
turboprop engines. It was found that CaO, MgO, Al,O3,
and SiO, (defined as CMAS, the acronym of each oxide),
are incorporated in the molten phase that infiltrates the
TBC microstructures. The differential thermal analysis of
synthetic desert glass showed the melting of such kind of
material is complete at 1290 °C.
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Kriamer et al. (Ref 9) systematically studied the ther-
mochemical interaction of EB-PVD thermal barrier
coatings with molten synthetic CMAS deposit. According
to these authors, “CMAS rapidly penetrates the open
structure of the coating as soon as melting occurs,
whereupon the original 7YSZ dissolves in the CMAS and
reprecipitates with different morphology and composition
that depends on the local melt chemistry”’. Phase evolu-
tion during the interaction was also elucidated in their
study in terms of available thermodynamic information.

In this article, the authors investigate CMAS attack on
a number of TBCs of commercial grade with various
typical coating microstructures. Experiments carried out
in laboratory scale is yet to be prudently designed to be
close to the real conditions encountered in the engines.
Attack of molten CMAS on coatings is quantitatively
compared. Mechanisms of coating failure caused by
CMAS attack are scrutinized. The important role of
coating microstructure at the incipience of CMAS attack
is elucidated. A possible mitigation method is proposed in
terms of delaying the molten CMAS infiltration and
minimizing the penetration depth.

2. Experimental Details

2.1 CMAS Synthesis and Calibration

The CMAS powder was synthesized in Washington
Mills Electro Minerals Co. (Niagara Falls, NY, USA). The
nominal composition of the powder is listed in Table 1
which is close to what was reported elsewhere (Ref 8). In
order to better control the amount of powder applied
during the course of the experiment, it was ball milled to
an average particle size of 27 um. The particle size dis-
tribution is listed in Table 2. Systematic experiments of
CMAS infiltration into coatings require a repeatable and
reliable way to apply quantified CMAS powder for even
infiltration into the coating system. A practice to achieve
this goal originating from the University of California at
Santa Barbara (Ref 10) is to fabricate tapes bounding
various amounts of CMAS particles uniformly. The pow-
der was weighted and then mixed with certain volume of
cement 520 (Wall Colmonoy Corporation, Madison
Heights, MI, USA). This particular cement was selected
because it burns out leaving no residual above 550 °C.

Table 1 Nominal composition of the synthesized CMAS
powder

Oxides: Ca0 MgO ALO3 SiO, Fe,03 Other

wt. % 32.90 7.23 12.68 46.71 0.41 Balance

Table 2 CMAS powder particle size distribution

Volume, %: 3 10 50 90 94

Size, pm >75.02 >64.67 29.68 >10.36 >8.47

é

After evaporation of the solvent, the mixture consists of
thick slurry that can be cast into a flat Teflon mold with a
dimension of 140 mm x 89 mm x 0.13 mm. After drying,
a thin sheet of cement-bonded CMAS particles was
formed that could be readily cut to the desired shape and
size and positioned on top of coatings of interest. In order
to calibrate the CMAS concentration in the cement sheet,
samples from four corners of the sheet were cut to 1-cm
diameter and burnt in the furnace up to 600 °C. The
powder residual was then weighed to determine the con-
centration in grams of CMAS powder per square centi-
meter. Table 3 lists several CMAS cement sheet made in
this study.

2.2 Infiltration Process and Characterization

The YSZ thermal barrier coating system of commercial
grade and some experimental coating systems provided by
Praxair Surface Technologies Inc. (Indianapolis, IN, USA)
were subjected to CMAS attack in this study, as listed in
Table 4. The coating porosities were determined through
Archimedes’ Principle (ASTM B328-96) on free standing
coatings prepared at the same spray conditions as
those for CMAS infiltration, which were applied on
HASTELLOY-X buttons with a diameter of 25.4 mm and
a thickness 3.2 mm. CMAS tapes of 25.4 mm diameter
with one of the concentrations listed in Table 3 were glued
on to top of the coating surfaces using the cement 520. The
infiltration process was accomplished either in a tube
furnace or through a flame burner. The CMAS infiltration
through a tube furnace was implemented by sliding sam-
ples topped with a CMAS tape in a furnace tube pre-
heated to 1000 °C. The furnace temperature was then
raised to 1300 °C in 30 min and maintained for additional
90 min before being cooled down to 1000 °C (within
30 min). Subsequently, samples were removed from the
furnace and air cooled to room temperature. For the flame
burner, an oxygen-propylene flame was utilized to melt
and infiltrate the CMAS into the different coatings. The
burner was set up so that the flame was in the horizontal
position and the sample surface was perpendicular to it.
Table 5 summarizes the typical burner set up for infiltra-
tion purposes. The front and back surface temperatures

Table 3 CMAS cement tapes

2

CMAS concentration level Concentration, g/cm

Low 3
Medium 13, 14
High 22,23

Table 4 TBCs subjected to CMAS attack

Deposition Thickness, Porosity,
Coating name method Materials pm %
Low density Air plasma spray 7YSZ 610 15
Dense vertically Shroud plasma 7YSZ 762 8
cracked (DVC)  spray
D-gun YSZ Detonation spray 7YSZ 406 6
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were measured with a two-color pyrometer at wavelengths
of 0.75 and 1.05 pum, respectively. CMAS-attacked sam-
ples were characterized meticulously through scanning
electron microscopy to elucidate the physical interaction
of molten CMAS on various coating structures. Possible
chemical reactions were examined through x-ray diffrac-
tion (XRD) using the Cu Ka illumination.

3. Results

3.1 Macro/Microstructure Evaluation

3.1.1 Typical Failure Mode. A mud-flat cracked tex-
ture and coating delamination has been previously
reported in a Far East combustor venturi (Ref 8). A similar
failure mode is observed in dense vertically cracked
(DVC) YSZ samples subjected to a 90-s burner infiltration
followed by a 2000-cycle test. A typical test cycle consists
of a 20-s heating, a 20-s forced nitrogen cooling, and a 40-s
dwelling in ambient air (Ref 11). The layered spallation
mode of the dense vertically cracked YSZ coating after

Table S Flame burner set up

Oxygen, Propylene, Standoff distance, Heating time,
slm slm mm s
7.53 3.70 127 60-200

the CMAS attack is observed on the surface (Fig. 1a and
b). Please note that after 2000-cycle test, most of the
CMAS-infiltrated YSZ has spalled off. A cross-sectional
view (Fig. 1c) reveals that the spallation cracks, under-
neath the CMAS-contaminated area, run through the YSZ
coating parallel to the interface. On the other hand, for
the tube furnace-infiltrated DVC sample, a glassy matrix is
observed in the CMAS-accumulated area with dissolved
YSZ particles present within. The porous coating structure
is replaced by a densified composite (as shown in Fig. 1d).
Frothing, once reported by Borom et al. (Ref 8), is also
evidenced during the dissolving process (Fig. 1d).

3.1.2 Effect of the Area Density of the CMAS
Powder. The CMAS infiltration with tapes having two
different powder concentrations (14 and 22 g/cm?®) were
compared to elucidate the possible relationship between
the amounts of infiltrated CMAS powder and the resulting
penetration depth in the ceramic coating. It is surprising to
observe that the CMAS infiltration had almost an identical
penetration depth (150-250 pm) in both cases (Fig. 2). The
residual glassy material is accumulated on top of the
coating surface. A thicker residual CMAS layer was
observed in the case of 22 mg/cm? infiltration compared to
that of 14 mg/cm? infiltration. Unless delamination occurs,
the dense layer formed after the infiltration works as a
barrier to prevent further CMAS attack into the inner
coating structure.

3.1.3 Effect of the Coating Structure. The resistance
to CMAS attack of various coating structures was

CMAS matrix
YSZ particles

_Frothing

Fig. 1 Surface (a, b) and cross-sectional (c, d) views of the CMAS-attacked dense vertlcally cracked YSZ coating. (a-c: 90-s burner
infiltration followed by 2000 -cycle test, The CMAS tape used had an area density of 14 g/cm?; d: furnace infiltration with a CMAS tape of

area density of 22 g/cm?)
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investigated. Low density (~15% porosity), dense verti-
cally cracked YSZ (~8% porosity), and D-gun YSZ (~6%
porosity) coatings were infiltrated with the CMAS powder
at an area density of 13 g/cm®. It is found that after the
infiltration, the low density coating (Fig. 3a) is completely
soaked with CMAS and is crumbled into multiple layers
with ~0.5 mm for each layer; DVC (Fig. 3b) and D-gun
YSZs (Fig. 3c) hold their structural integrity fairly well,
and the surface contamination is more prevalent for the
DVC sample. The D-gun YSZ coating seems intact—only
large drops of CMAS residue is left on its surface.

CMAS 22 mglcm?

5 1 E -
NoCMAS — — CMAS 14 mg/cm?

Fig. 2 Surface (top) and cross-sectional (bottom) views of the
dense vertically cracked YSZ coatings infiltrated by the CMAS
powder with two different area densities (furnace infiltration).
The diameters of the buttons are approximately 25.4 mm

<

3.2 Study of Incipience of CMAS Attack

As denser coatings demonstrate a higher potential to
resist the CMAS attack (as shown in Fig. 3), it would be
interesting to quantify the resistance in terms of time and
study the dynamics of the CMAS attack on such dense
coating structures. The DVC YSZ (~8% porosity) and
D-gun YSZ (~6% porosity) were chosen for the CMAS
infiltration (area density 13 g/cm?®) using the oxy-fuel
flame setup until a noticeable reaction occurred.

3.2.1 CMAS Attack on the DVC Coating. The DVC
YSZ coatings topped with the CMAS tapes were heated
by the flame for 60 and 90 s, respectively. After 60 s of
heating, there is less sign of a reaction (Fig. 4a). The
CMAS powder is molten and accumulated on top of the
coating surface. It is worth noting that the 60-s infiltration
image shown in Fig. 4(a) looks different from what is
shown in Fig. 3(b). The reason is that the CMAS glassy
shell delaminated during the handling of the sample
shown in Fig. 3(b). Noticeable attack of the CMAS
occurred after 90-s heating of the flame as shown in
Fig. 4(b). This attack was denoted by the frothing phe-
nomenon (as shown in Fig. 5a and b). Molten CMAS finds
its way into the cracked area and solidify inside the
coating when temperature is below its melting point. The
solidified CMAS that is captured in the middle of a ver-
tical crack is shown in Fig. 5(c) and (d).

3.2.2 CMAS Attack on the D-gun YSZ Coating. The
similar infiltration test was also performed on the D-gun
YSZ. Figure 6 illustrates the dynamics of the CMAS
attack on the D-gun YSZ after 60-s (Fig. 6a), 90-s (Fig. 6b),

Fig. 3 Surface views of (a) low density, (b) DVC YSZ, and (c) D-gun YSZ coatings infiltrated by the CMAS powder with the same area
density, 13 g/cm?® (60-s burner infiltration). The diameters of the buttons are approximately 25.4 mm
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Fig. 4 Dynamics of the CMAS attack on the DVC structures after (a) 60-s and (b) 90-s heating with the oxy-fuel flame. The CMAS tape
used had an area density of 13 g/cm® The diameters of the buttons are approximately 25.4 mm

Fig. 5 Surface (a, b) and cross-sectional (c, d) views of the CMAS attack of the DVC YSZ, after 90-s heating with oxy-fuel flame. The

CMAS tape used had an area density of 13 g/cm?

and 150-s (Fig. 6¢) heating of the oxy-fuel flame. It seems
that the remarkable reaction occurred in about 150 s.
However, even after 150 s, the contaminated areas still
have a fairly uniform coating surface structure. Bubbles
were observed on the surface of contaminated area
(Fig. 7a and b). Cross-sectional views (Fig. 7c and d)
reveal a pool of glassy material flowing on top of the
coating surface with fewer bubbles compared to that in
Fig. 5.

152—Volume 19(1-2) January 2010

3.3 XRD of the Infiltrated and the Non-infiltrated
YSsz

Possible chemical reactions of YSZ coatings with
CMAS were examined by means of XRD. Krémer et al.
(Ref 9) found that during the chemical reaction, CMAS
causes a significant yttrium depletion out of the YSZ
system, which leads to a monoclinic phase transforma-
tion of the YSZ coating. Tube furnace infiltrated and

Journal of Thermal Spray Technology



Fig. 6 Dynamics of the CMAS attack on the D-gun YSZ after (a) 60-s, (b) 90-s and (c) 150-s heating with the oxy-fuel flame. The
CMAS tape used had an area density of 13 g/cm?® The diameters of the buttons are approximately 25.4 mm

Fig. 7 Surface (a, b) and cross-sectional (c, d) views of the CMAS attack of the D-gun YSZ, after 150-s heating with oxy-fuel flame. The
CMAS tape used had an area density of 13 g/cm?

burner-infiltrated DVC YSZ samples were characterized (Fig. 8a). In order to eliminate the possible process effect
using XRD. Only samples infiltrated with CMAS in the of heat treatment per se, a non-infiltrated coating was put
tube furnace showed noticeable monoclinic peaks into the furnace and subjected to the same heat treatment
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Fig. 8 XRD results of multiple dense YSZ coatings with or without CMAS attack: (a) 2-h furnace infiltration; (b) 2-h furnace heat
treatment without CMAS infiltration; (c) 60-s oxy-fuel burner infiltration; (d) 90-s oxy-fuel burner infiltration. The CMAS tape used had

an area density of 13 g/cm

process together with the infiltrated sample. No mono-
clinic peaks are detected on the non-infiltrated coating
(Fig. 8b), which suggests that the monoclinic phase
transformation is induced by the chemical attack of
CMAS. However, this kind of attack is not observed in the
burner-infiltrated YSZ coatings (Fig. 8c and d) due to very
limited interaction time, i.e., 60-90 s compared to 2 h for
furnace infiltration.

4. Discussion

The CMAS attack on thermally sprayed YSZ coatings
is very aggressive due to the coating splat-layered

154—Volume 19(1-2) January 2010

structure. The CMAS dissolving process densifies the
affected area by attacking the micro cracks and splat
boundaries first. However, frothing of the reaction gen-
erates new kind of porosities. The cause of the frothing
phenomenon is still under debate. One possible reason is
that the air within the porous coating structure tries to
escape from it and is trapped within the solidified CMAS
layer, which can be seen in Fig. 5 and 7. A further
infiltration of CMAS may be retarded by the original,
reacted layer. The coating failure observed in this study
involves the spallation of the top layer coating which has
been infiltrated with the CMAS. The incipience of the
CMAS attack seems to involve only the physical dam-
ages. The discernible chemical attack requires a long
term interaction between the molten CMAS and YSZ
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materials. In this study, only the infiltration in the tube
furnace (2 h) resulted in a detectable chemical reaction.
Because of the porous nature of thermally sprayed
coatings, the CMAS attack can lead to a catastrophic
coating failure in a relatively short time period—even
before a noticeable chemical reaction sets forth. It is also
found in this study that the coating density has an impact
on the dynamics of the CMAS attack. A denser coating
has a potential to resist the CMAS attack for a longer
time than a more porous coating. Based on this finding,
a dense cap layer may be envisioned as a potential
mitigation technique.

5. Summary

An experimental methodology to approach the prob-
lem of CMAS attack on TBCs has been investigated. The
coating degradation simulated in this method is similar to
reports from field studies of aircraft engines. This meth-
odology may assist in the evaluation of mitigating solu-
tions for CMAS attack. Mitigation concepts under
investigation include high-density cap layers.
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