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bstract

ttria stabilized zirconia (YSZ) thermal barrier coatings (TBCs) are used to protect hot-components in aero-engines from hot gases. In
his paper, the microstructure and thermo-physical and mechanical properties of plasma sprayed YSZ coatings under the condition of
alcium–magnesium–alumina–silicate (CMAS) deposits were investigated. Si and Ca in the CMAS rapidly penetrated the coating at 1250 ◦C
nd accelerated sintering of the coating. At the interface between the CMAS and YSZ coating, the YSZ coating was partially dissolved in the

MAS, inducing the phase transformation from tetragonal phase to monoclinic phase. Also, the porosity of the coating was reduced from ∼25% to
%. As a result, the thermal diffusivity at 1200 ◦C increased from 0.3 mm2/s to 0.7 mm2/s, suggesting a significant degradation in the thermal barrier
ffect. Also, the coating showed a ∼40% increase in the microhardness. The degradation mechanism of TBC induced by CMAS was discussed.

2011 Elsevier Ltd. All rights reserved.
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. Introduction

Thermal barrier coatings (TBCs) have been widely employed
o improve the durability of hot section components in gas tur-
ine engines.1–4 Because of the demanding extreme operating
onditions, TBCs possess one of the most complex structures
mong the widely available coatings which are used to protect
tructural materials from various environments. TBCs are mul-
ilayered systems consisting of a ceramic topcoat for thermal
nsulation, a thermally grown oxide (TGO) scale, predominantly
l2O3, a metallic bond coat that provides oxidation/hot corro-

ion resistance, and a superalloy substrate that is the load-bearing
omponent. The ceramic topcoat of TBCs is typically made of
irconia partially stabilized with yttria (YSZ) for its low thermal
onductivity and high thermal expansion coefficient.5

With the ever increasing demand to increase the tur-
ine inlet temperature (TIT) for improved engine efficiency,

prime reliability TBCs system to effectively protect the

ot section turbine components has been a critical require-
ent for gas turbine engines. Extensive efforts have been

∗ Corresponding author. Tel.: +86 10 8231 7117; fax: +86 10 8233 8200.
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ade to identify the failure mechanisms of the TBCs to
ncrease the durability and reliability of TBCs.6–9 Among
he various life-limiting factors, one key durability issue of
BCs is their resistance to environmental degradation due

o molten deposits arising from the aggressive combustion
nvironment as well as from air-ingested foreign particles,
ommonly known as calcium–magnesium–alumina–silicate
CMAS, CaO–MgO–Al2O3–SiO2) which refers to the main
hemical components of Ca, Mg, Al, and Si.10–13 The CMAS
elts are produced when siliceous minerals (dust, sand, vol-

anic ash, and runway debris) are ingested with the intake air
nd deposited on the hot surface of the components. Below
he melting point, these deposits cause erosive wear, block-
ge of cooling holes and local spallation. When operated at
igh temperature, these deposits melt and adhere to the coating
urface. They rapidly penetrate into the whole coating through
he open pores of the coating, and during cooling stage, these
eposits crystallize and cause spallation of the coating because
f the thermal expansion mismatch between the CMAS and
he coating. CMAS damage to TBCs has been investigated in

14 15 16 17
etail by Mercer et al., Krämer et al., Li et al., Chen,
nd Aygun et al.18 Some efforts have been made to improve
he resistance of TBCs to high-temperature attack by glassy
eposits.19,20
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Table 1
Processing parameters for plasma spraying of YSZ coatings (D: spray distance;
F: feed rate; V: transverse speed of plasma gun).

Power
(kW)

D (mm) Ar (slpm) H2 (slpm) F (g/min) V (mm/s)
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The objective of this study is to investigate the microstructure
volution of plasma sprayed YSZ coatings under the simulate
MAS condition and understand the effect of CMAS deposits on

he thermo-physical and mechanical properties of the coatings.
lso, the CMAS degradation mechanism of the YSZ TBC is

lso discussed.

. Experimental procedures

.1. Preparation of the simulated CMAS coating

Ni-based superalloy K3 was used as the substrate mate-
ials for TBCs. YSZ coatings were prepared by Metco 7M
tmospheric plasma spray facility with 9 MB spray pistol and
etco 4MP-dual type feedstock system. The 7.8 wt.% Y2O3 and

.6 wt.% HfO2 stabilized zirconia powder feedstock was used
or spraying the YSZ coatings, which mostly comprised tetrag-
nal phase with the content of more than 94%. Free-standing
SZ coating specimens were produced by removing the coat-

ngs from the substrates using hydrochloric acid. The processing
arameters for spraying the YSZ coating are listed in Table 1.
he choice of spray parameters were based on the first author’s
revious work.21

A laboratory synthesized CMAS with chemical composition
f 22CaO–19MgO–14AlO1.5–45SiO2 in mole percent was used
n this study. The chemical composition of CMAS was deter-

ined based on the chemical composition of the deposits on
ane blades in aircraft engines after hundreds times of flight
ervice. The CMAS was prepared by mechanically milling the
ixtures of CaO, MgO, Al2O3 and SiO2 at room temperature for

4 h. The CMAS powders were deposited onto the YSZ coating
pecimens by plasma spraying at a concentration of 20 mg/cm2.
he feedstock morphology of the simulated CMAS was shown

n Fig. 1. The average size of the powder was ∼150 �m. The
imulated CMAS particles were agglomerated to enhance the
owder flow ability. After agglomeration, the composition of
he CMAS deposits showed a little variation. The content of
i decreased, while the contents of Ca and Al increased, as

hown in Table 2, possibly due to the loss of SiO2 during ball
illing.

able 2
hemical composition of CMAS deposits on the YSZ free-standing coating

amples (mol%).

iO2 CaO MgO AlO1.5

0.44 28.15 18.85 22.56

t
c

2

r
r
w

Fig. 1. Morphology of the simulated CMAS powders for spraying.

.2. Heat treatment

Heat treatment of free-standing coating specimens with
MAS deposits was performed in a muffle furnace. The spec-

mens were heated in the furnace to 1250 ◦C and held at this
emperature for 4 h, 8 h, 16 h, 24 h and 48 h, respectively. Both
he heating and cooling rates were kept at 6 ◦C/min. The temper-
ture for heat-treatment was chosen based on the CMAS deposits
elting temperature reported in literature.15

.3. Microstructure characterization

The microstructure of the YSZ coating was characterized
y a QUANTA 144 600 scanning electron microscopy (SEM).
he porosity of the free-standing coating was determined by
mercury porosimetry (Micromeritics Autopore II, Shimadzu,
yoto, 149 Japan). Before the porosity measurement, all the

urfaces of the specimens were finely polished in order to
liminate the effect of surface roughness on the porosity mea-
urements. As Raman spectroscopy is particularly sensitive
o zirconia polymorphs,22 Raman spectra were measured on
M2000 Raman spectroscopy (Renishaw Company, UK) to

dentify the phase change of YSZ coatings caused by CMAS
ttack at high temperature. The crucial parameters were used
s follows: laser wavelength: 632.8 nm; Raman shift scope:
00–4000 cm−1; microscope: ≥1 �m; wave resolution of spec-
rum: 1 cm−1. Raman spectroscopy was used to analyze the
hases of YSZ coating adjacent to the CMAS deposit. Along
he white line, every 5 �m distance, the phase of YSZ was
haracterized.

.4. Thermo-physical properties

Free-standing YSZ coating specimens were produced by

emoving the coatings from the substrates using hydrochlo-
ic acid. The diffusivity of the free-standing YSZ coatings
as determined by laser flash technique. Thermal diffusivity
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ig. 2. SEM micrograph of cross-section of the YSZ coating with CMAS
eposit.

(T) measurements were conducted using a laser device (LFA
27/71/G, Netzsch) on disk-shaped specimens of 12.6 mm in
iameter and 1 mm in height. During measurement, the speci-
ens were heated from room temperature up to 1200 ◦C. The

hermal diffusivity data were recorded every 100 ◦C. Before
he measurements, the specimen surfaces were coated with

thin film of carbon to increase the absorption of laser
ulses.

Porosity size distributions in the free-standing YSZ coat-
ng specimens were determined by a mercury porosimetry
Micromeritics Autopore II, Shimadzu, Kyoto, Japan). In order
o avoid the effect of surface roughness, the surfaces of the spec-
mens were finely polished before measurement. The maximum
ressure applied during measurement was 400 MPa, correspond-
ng to a pore diameter of 4 nm. The volume shrinkages of
he specimens at 1250 ◦C for 10 h were determined using a
igh-temperature dilatometer (Netzsch DIL 402E, Germany)
n specimens of 25 mm in length and 5 mm in both width and
eight.

.5. Microhardness

The Vickers hardness of the YSZ coatings subjected to
MAS attack was measured in their cross sections using a micro-
ardness indenter. A load of 50 g was applied onto the specimens
uring the measurement, with a loading time of 10 s.

. Results

The microstructure of the as-sprayed CMAS deposits is
hown in Fig. 2. The CMAS deposits were loose and poros-
ty, very similar to the morphology of the YSZ coating. There
ere mainly two kinds of pores in the CMAS deposit. The coarse

ores mainly resulted from the semi-molten feedstock, and the
ner pores were the typical feature of APS coating. The deposits

hickness was ∼200 �m.

c

b

ig. 3. SEM micrograph of cross-section of the YSZ coating with CMAS after
h heat-treatment at 1250 ◦C.

The YSZ coating samples with the CMAS deposits were heat-
reated at 1250 ◦C to allow CMAS to infiltrate into the YSZ
oating. After 4 h heat-treatment, the CMAS deposit thickness
ecreased to ∼100 �m and some coarsen bubbles were formed
n the deposits (Fig. 3). It can be inferred that the CMAS melted
t 1250 ◦C and infiltrated into the YSZ coating. The fine pores
n the YSZ coating were filled with some dark phases. The
ark phases were mainly consisting of Si and small amount of
a by EDS. Correspondingly, the contents of Si and Ca in the
MAS deposits decreased to ∼5 at.% and less than 1 at.%. On

he other hand, the YSZ coating became denser since the large
orosity in the as-sprayed coating obviously decreased after
eat-treatment.

Besides the CMAS infiltration into the YSZ coating, there
s a loose zone between the YSZ and the CMAS deposits,
here fine spherical particles were observed, as shown in
ig. 4a. The thickness of this zone was about 15 �m. By
DS, this zone was still made of YSZ. From the Raman

esult, in the zone very closed to the CMAS deposit, there
as m-phase YSZ peak at ∼200 cm−1 Raman shift, as shown

n Fig. 4b. In this zone, t-phase YSZ was transformed to
-phase.
After 8 h (Fig. 5a) heat-treatment, the depth for the interac-

ion zone between the CMAS and YSZ coating is ∼20 �m and
ncreased to ∼30 �m after 16 h heat-treatment (Fig. 5b). How-
ver, the interaction zone did not show apparent increase in the
epth after longer times as shown in Fig. 5c and d.

As the CMAS began to melt at 1250 ◦C, the glassy CMAS
apidly infiltrated into the YSZ coating, as shown in Fig. 6.
fter 8 h heat-treatment, the infiltration thickness of CMAS was
400 �m, and the infiltrated zone in the YSZ was apparently

enser than the un-affected zone, as shown in Fig. 6a. The infil-
ration thickness increased to ∼600 �m after 16 h heat-treatment
Fig. 6b) and after 36 h, CMAS almost penetrated into the whole

oating (Fig. 6c and d).

The porosity distribution of the coatings revealed a typical
imodal distribution of small and large pore sizes, as shown in
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ig. 4. (a) Micrograph of the interaction zone of CMAS deposit and YSZ coa
ositions marked in (a).

ig. 7. Before heat-treatment, the free-standing coating had a
orosity of ∼25%, while the porosity reduced to ∼22% after
0 h heat treatment. However, for the YSZ coating with CMAS
eposits, the porosity was only 5%, which shown a significant
eduction. It can be supposed that for the TBC with deep CMAS
enetration, the thermal barrier function would be severely
ompromised. This was confirmed by the thermal diffusivity
easurement results as shown in Fig. 8. The as-sprayed coating

ad a thermal diffusivity of ∼0.3 mm2/s at 1200 ◦C. At the same
emperature, the thermal diffusivity for the coating subjected to
0 h heat-treatment increased to ∼0.4 mm2/s. Compared to it,

he thermal diffusivity for the coating subjected to 10 h CMAS
ttack increased further to ∼0.7 mm2/s. The thermal diffusivity
or the coating with CMAS penetration was nearly 70% higher

s
h
m

after 4 h heat-treatment at 1250 ◦C, and (b) Raman spectra obtained from the

han that of the coating without CMAS penetration at the same
emperature with 10 h heat-treatment.

Sintering behaviors of the free-standing YSZ coatings at
250 ◦C were investigated. As shown in Fig. 9, the shrinkage
f the only YSZ coating and the coating with CMAS penetra-
ion were compared. In the case of the only YSZ coating, a total
hrinkage (dL/dL0) of ∼0.22% was observed after 10 h heat-
reatment. For the coating with CMAS infiltration, the shrinkage
s about 1.1%. This implies that CMAS infiltration could con-
ribute to faster sintering of TBC.

Fig. 10 displayed the microhardness of the YSZ coatings

ubjected to CMAS attack at 1250 ◦C. The coating before
eat-treatment had a microhardness of 6–8 GPa, while the
icrohardness increased to 10–13 GPa after 50 h heat-treatment.
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ig. 5. Back scatter images of cross-sections of YSZ coatings with CMAS dep
d) 48 h.

MAS attack together with sintering led to an improvement of
ore than 25% in the microhardness.

. Discussion

.1. Effect of CMAS deposits on YSZ coating microstructure

In the present observation, CMAS deposits melted at 1250 ◦C
nd rapidly infiltrated into YSZ coating. In the interface between
MAS deposits and YSZ coating, the original t phase YSZ was
issolved and reprecipitated into loose particles of m-phase, as
hown in Fig. 5. The infiltration parts of CMAS deposits were
ainly Si and a little Ca.
The mechanism by which the YSZ phase changes happen in

he interface is still under investigation. One possible assumption
s that the ZrO2 grains are dissolved in the molten CMAS glass
nd reprecipitate in globular forms.23 Globular nature of the
rO2 grains provides a strong indication for diffusion-controlled
issolution reprecipitation. The transformation of t-ZrO2 to m-
rO2 appears to take place during dissolution re-precipitation.24
nother assumption is that a lower Y content, which is dissolved
n CMAS, leads to the instability YSZ.15

The interaction zones between the CMAS deposits and TBC
idn’t show apparent increase in the depth after 16 h. The reasons

4
C
T
a

fter heat-treatment at 1250 ◦C for different time: (a) 8 h, (b) 16 h, (c) 24 h, and

or this maybe that the Si and Ca elements in the CMAS quickly
nfiltrated into the YSZ coating once the melting temperature
pproached. As a result, the contents of Si and Ca in the CMAS
ecreased. With the time, Si and Ca in the CMAS became less
nd less. Consequently, the interaction between CMAS and YSZ
as significantly decelerated.
The time, t, needed for the CMAS glass to penetrate the

orous TBC can be roughly calculated based on the following
quation18:

∼
[

kt

8DC

(
1 − ω

ω

)2

L2

]
η

σLV

here η is the CMAS glass viscosity, σLV the glass surface
ension, kt the tortuosity of TBC pores, ω the porosity open to
ow, and Dc the capillary diameter. The CMAS glass viscos-

ty η is referred to be ∼49 Pa,25 while σLV ∼ 0.4 Jm−2, kt ∼ 10,
nd Dc ∼ 1 �m18, respectively. The open porosity ω of the YSZ
oating in the present work is measured to be ∼0.25. According
o the above equation, the time for CMAS penetrating into the

00 �m thickness YSZ coating is nearly 4 h, and the time for
MAS penetrating into the 1 mm thickness coating nearly 22 h.
hese results were well consistent with the experiment results
s shown in Fig. 6.
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shown in Fig. 7. As a result, the thermal diffusivity of the YSZ
coating with CMAS infiltration was nearly 70% higher than that
of the coating without CMAS infiltration, as shown in Fig. 8.
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ig. 6. SEM micrographs of cross-sections of the free-standing YSZ coatings w
nd (d) 48 h.

The small pore sizes are mainly attributed to microcracks and
ntersplat gaps within the coating.26–29 When the YSZ coating
as held at 1250 ◦C, the glassy CMAS penetrated into the coat-

ng quickly and filled most of the open porosities which led to
he significant reduction in porosity.

According to the shrinkage result shown in Fig. 9, CMSA
eposits caused accelerated sintering of YSZ coating. As ear-
ier mentioned, when CMAS infiltrated, there were in fact Si
nd Ca elements diffusing into the YSZ coating. CaO was
ver used as stabilizer for zirconia and the infiltration quan-
ity was much less than that of SiO2, so the effect of Ca
n sintering of YSZ can be ignored. Silica has a significant
nfluence on the sintering behavior of YSZ coating, promoting
intering of the coating during high-temperature annealing. An
xplanation about this might be the observation of silica-rich
hase at grain boundaries. These phases have a low viscos-
ty at elevated temperatures and can promote densification by
iquid-phase sintering. It has been shown that SiO2 was detri-

ental to the thermal cyclic life times of YSZ coating.30 In
irconia ceramics, SiO2 was segregated at grain boundaries
nd enriched in triple points. Y2O3 was precipitated from YSZ
rain boundaries, which led to local instability. Otherwise,
iO2 caused the ZrO2 super-plasticity, accelerated the sintering
peed.

.2. Effect of CMAS deposits on thermo-physical properties

f YSZ coatings

For a TBC, pores and microcracks in the ceramic layer con-
ribute significantly to the thermal barrier function, as they can

F
(
t

MAS after heat-treatment at 1250 ◦C for diferent time: (a) 8 h, (b) 16 h, (c) 24 h

educe the thermal conductivity of the coating by more than a
actor of two over the bulk ceramic material.30 During high-
emperature exposure, glassy CMAS easily infiltrated into the
oatings by inter-connected pores and cracks, then filled the
ores and cracks. On the other hand, as discussed above, acceler-
ted sintering of YSZ coating occurred due to CMAS infiltration.
hus, the porosity of the coating was significantly reduced, as
ig. 7. The cumulative porosity distribution of the free-standing YSZ coatings:
a) as-sprayed; (b) heat-treated at 1250 ◦C for 10 h; (c) with CMAS and heat-
reated at 1250 ◦C for 10 h.
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herefore, it can be concluded that the CMAS penetration could
ompromise the thermal barrier capability of TBC.

There are hundreds of cooling channels in turbine blades,
hich are designed to reduce the surface temperature of blades in
rder to allow the blades to operate at high-temperatures. When
hermal barrier coatings (especially for plasma sprayed coatings)
re applied onto the blades, the surface chemical activity of the
lades could be increased. In this case, CMAS deposits were
rone to stick to the blade surfaces and block the cooling chan-
els. As a result, the cooling effectiveness could be decreased
nd cause local over-heating of blade alloys. Simultaneously,
or the TBC parts, due to degradation of thermal barrier effects,
he temperature at the interface between the ceramic topcoat
nd bond coat rose up accordingly. Accelerated thickening of
hermally grown oxide (TGO) could occur, which would lead to
remature spallation of TBCs.

.3. Failure analysis of YSZ coating with CMAS deposits

From above results, CMAS deposits melted at 1250 ◦C and
apidly infiltrated into the YSZ coating. At the interface between
MAS deposits and YSZ coating, the original t phase YSZ was
issolved and precipitated into finer particles of m-phase ZrO2.
s known, too much phase transformation of t-m would cause

arge volume expansion and deteriorate the integrity of TBC
ystem, and eventually spallation failure of TBC.

On the other hand, the CMAS led to an accelerated sintering
f YSZ coating. Sintering usually leads to shrinkage at the sur-
ace of a TBC. The sintering effect decreases gradually from the
urface to the bond coat. This leads to an increase in Young’s

odulus which decreases strain tolerance capability of the coat-
ng and increases top-coat stresses. The variation in the stress
istribution also changes the strain energy release rate and failure
echanisms. This may be the mechanism by which the horizon-

al cracks form and the TBCs spall. In addition, for the case of
hose rotation blades, due to the increased thickness the CMAS
ayer deposition would increase the load of TBC system. This
s also one of factors affecting service lifetime of TBCs.

. Conclusions

The microstructure evolution and thermophysical properties
f the plasma sprayed YSZ coatings attacked by CMAS at
250 ◦C were investigated. The conclusions can be drawn as
ollows:

1) Si and Ca in the CMAS rapidly penetrated the coating and
accelerated sintering of the coating.

2) At the interaction zone between the CMAS and YSZ coat-
ing, the YSZ coating was partially dissolved in the CMAS,
inducing the phase transformation from tetragonal phase to
monoclinic phase.
3) Due to CMAS penetration, the porosity of the coating was
reduced from ∼25% to ∼5%. As a result, the thermal dif-
fusivity at 1200 ◦C increased from 0.3 mm2/s to 0.7 mm2/s,
indicating a severe degradation in thermal barrier perfor-



1 n Cer

A

T
d
5
o

R

Coat Technol 2005;192:48.
30. Vaßen R, Czech N, Malléner W, Stamm W, Stöver D. Influence of impurity
888 J. Wu et al. / Journal of the Europea

mance. Also, the coating showed a more than 25% increase
in the microhardness.
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