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bstract

n the development of environmental barrier coating system for silicon nitride ceramic, a corrosion behavior of mullite was examined under static
tate water vapor environment at elevated temperatures. Results showed that a small amount of sodium, which was present in mullite bulk as an
mpurity, accelerated the water vapor corrosion of silica component and decomposition of mullite into alumina phase. To improve the selective
orrosion of the boundary phase in silicate compounds, a mullite/Lu Si O eutectic system without boundary glassy phase was developed. The
2 2 7

utectic composition was Al2O3:SiO2:Lu2O3 = 27.3:54.6:18.1 in molar ratio and the eutectic temperature was estimated to be ∼1500–1520 ◦C.
o weight loss was measured after the static state water vapor corrosion test at 1300 ◦C for 100 h. However, the recession of mullite phase in the

utectic oxide occurred after exposure to high speed steam jet environment at 1200 ◦C.
2007 Elsevier Ltd. All rights reserved.
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. Introduction

On the development of ceramics gas turbine systems for land-
ased power generation applications, the main effort has now
een focused on the development of environmental and/or ther-
al barrier coatings systems.1–3 The advanced silicon nitride

eramics developed contain a rare earth silicates phase on the
rain boundary aiming to improve the strength as well as creep
nd oxidation resistance at elevated temperatures.4,5 Also, these
as turbine components manufactured from Si-based ceramics
ust exhibit superior resistance to the corrosion and recession

rocess, and thus maintain the long-term dimensional stability
nder gas turbine conditions. Recent studies of silicon nitride gas
urbine components such as first stage vanes and blades have
hown that substantial material recession occurs after engine
eld tests due to the rapid volatilization of normally protec-

ive silica layer.6 Thus, environmental barrier coating (EBC)
ystems need to be engineered to protect Si-based ceramic com-

onents to ensure long-term mechanical reliability and lifetime
erformance.
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To overcome this problem, EBC systems for non-oxides
eramics have been proposed by several research groups.1,7,8

he EBC materials must maintain both of the microstructure
nd chemical stability under combustion field and protect the
ubstrate from oxidation and corrosion attack for the antic-
pated lifetime. Because the protective EBC layer would be
mployed on the non-oxide substrates, thus the coefficient of
hermal expansion (CTE) of EBC materials must be compati-
le to that of the substrates. As results, the low CTE materials
uch as rare earth di-silicates (Ln2Si2O7, Ln = rare earth), mul-
ite (Al6Si2O13), zircon (ZrSiO4), and hafnon (HfSiO4) could
e potential candidates for EBC materials.

In this paper, we summarize efforts on the development of
BC using mullite for Si3N4 ceramics that have been carried
ut during the past several years and the problems encountered
uring the course of the development of mullite coating are
ddressed and discussed.

. Experimental procedures
Mullite bulk was prepared using Al2O3 (99.99% purity with
.001% sodium, Kojundo Chemicals Lab. Co. Ltd.,) and SiO2
99.9% purity, Kojundo Chemicals Lab. Co. Ltd., 0.8 �m part-
cle size) powders. A stoichiometric molar ratio of Al2O3:

mailto:ueno23@sanken.osaka-u.ac.jp
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4 ean Ceramic Society 28 (2008) 431–435

S
a
i
a
t
a
p
o
t
g
r
4
p
t

b
(
s
a
A
p
1
w
t
p
e
h
v
a
o
a
e
s
s

3

r
d
p
T
s
6
1
1
t

s
d
t
p
r
s
p
i

F
s

E

A

t
1
w
i
t
3
t
r
f
p
the high temperature steam environment.

Fig. 2 shows the SEM micrograph for the inner wall of a
pore. Faceted grains were observed. EDX analysis showed these
faceted grains only contained Al2O3 without silica component.
32 S. Ueno et al. / Journal of the Europ

iO2 = 3:2 powder was used and homogeneously mixed in an
gate mortar using ethanol. The mixed powder was then packed
n a graphite die and hot-pressed at 1600 ◦C for 3 h under an
pplied pressure of 20 MPa in argon atmosphere. The high
emperature water vapor corrosion test was performed using

corrosion testing machine located at Japan Ultra-high Tem-
erature Materials Research Institute. The sample was kept
n mullite jig and then heated under the following condi-
ions: temperature: 1300 ◦C for 100 h and 1500 ◦C for 50 h;
as flow, 30 wt% water (air: H2O = 70:30 in wt%); gas flow
ate, 175 ml/min which is corresponding to the velocity of
.6 × 10−4 m/s. The corrosive gas was introduced when the tem-
erature reached the elevated temperatures 1300 or 1500 ◦C and
he gas flow was stopped after the 50 or 100 h testing period.

The details of the preparation of Lu2Si2O7/mullite eutectic
ulk can be found in the previous report.9 High purity Lu2O3
99.99% purity, Shin-Etsu Chemical Co. Ltd., 4 �m particle
ize), SiO2, and Al2O3 powders were used as starting materi-
ls. These powders were mixed in an agate mortal according to
l2O3:SiO2:Lu2O3 = 27.3:54.6:18.1 in molar ratios. The mixed
owder was packed into a platinum crucible and heated at
550 ◦C for 12 h in air. It was then cooled down to 1000 ◦C
ith a cooling rate of 0.8 K/min. and cooled down to room

emperature in the furnace. The recession test of this sam-
le was performed at 1200 ◦C for 500 h using water injection
quipment located at Oak Ridge National Laboratory. The pre-
eated distil water was directly sprayed on the sample surface
ia a water pump. The estimated velocity of the steam jet was
pproximately 30 m/s. X-ray diffraction analysis was carried
ut before and after the steam exposure. Also both optical
nd scanning electron microscopy (SEM) were employed to
xamine the samples after steam exposure in order to under-
tand the oxidation and corrosion mechanisms of EBC systems
tudied.

. Results and discussions

Since the preparation of mullite bulk in this study was perfo-
med in graphite crucible, a small amount of Al2O3 phase was
eposited on the bulk surface by volatilization of silica com-
onent under reducing ambient as reported in reference.10

he weight of mullite bulk slightly increased during the static
tate water vapor corrosion test with weight gain rate of
.60 × 10−6 g/cm2 h at 1300 ◦C and 8.42 × 10−5 g/cm2 h at
500 ◦C. Exposure results indicate that the weight change for
500 ◦C test sample is ∼8–10 times larger than that for 1300 ◦C
est.

For those samples tested at 1500 ◦C, all peaks present corre-
ponded to corundum phase and the mullite phase completely
isappeared from the surface.11 However, the X-ray results from
he middle region of the sample showed the peaks of mullite
hase similar to those obtained for as-sintered bulk. Hence, the

esults suggested that corundum phase only formed on the bulk
urface exposed to water vapor environment at elevated tem-
eratures. The mullite phase on the bulk surface decomposed
nto alumina phase by removing silica component according to

F
R

ig. 1. SEM micrograph of the cross section for 1500 ◦C testing mullite
amples.11 Reprinted with permission from Ref.11 Copyright@ Elsevier Ltd.

q. (1):

l6Si2O13(s) + 4H2O(g) = 3Al2O3(s) + 2Si(OH)4(g) (1)

Fig. 1 shows the SEM micrograph of the polished cross sec-
ion of mullite bulk after corrosion tests under water vapor at
500 ◦C.11 A large amount of cavities with size of ∼100 �m
ere observed near the bulk subsurface region. Such large cav-

ties were not observed in 1300 ◦C sample.11 Analysis shows
hat the composition of Al2O3:SiO2 just below the surface was
.04:1.98 that was the same as the reference mullite composi-
ion. Results thus suggested that the composition of Al2O3:SiO2
etained the same throughout the bulk except on the bulk sur-
ace and in the pores. These pores formed due to the corrosion of
olycrystalline mullite (i.e., removal of silica component) under
ig. 2. SEM micrograph of a inside of pore.11 Reprinted with permission from
ef.11 Copyright@ Elsevier Ltd.
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corrosion of the grain boundary phase containing silicate com-
pounds, a mullite/Lu2Si2O7 eutectic without grain boundary
phase was then developed by the author.9
S. Ueno et al. / Journal of the Europ

n the other hand, the composition of the glassy phase was
ilica-rich aluminosilicate phase containing a small amount of
odium. Note that although purities of the starting materials of
l2O3 and SiO2 powders were high, these powders contained

odium as an impurity in the range of 0.001% for Al2O3 powder
nd 10 ppm for SiO2 powder.

In our previous report, the weight of single and polycrys-
alline Al2O3 phase increased after exposure to static state water
apor environment at 1500 ◦C, even the surfaces of the sam-
les were corroded and material was recessed.12 That could be
ttributed to that fact that water vapor diffuses into alumina lat-
ice in the water vapor environment. In the water vapor corrosion
f mullite phase, the increasing weight is larger than the decreas-
ng weight at high temperatures, especially, above 1500 ◦C. This
s attributed to the larger surface area of 1500 ◦C sample than
hat of 1300 ◦C sample due to the formation of open pores, and
lso the amount of corundum phase that generated on the mul-
ite or aluminosilicate surface for 1500 ◦C sample is larger than
hat of 1300 ◦C sample. Based on these two observations it could
hen explain why the apparent weight change of 1500 ◦C sample
s much larger than that of 1300 ◦C sample.

It is well known that the hydroxide ion acts as a catalyst on
he water corrosion of silica phase.13 When sodium atom reacts
ith water, the formation of free energy of NaOH in Eq. (2)

xhibits negative value for the temperature range studied. This
act suggests that the existence of sodium atom in the corrosion
ystem for silicates compounds would accelerate the corrosion.

a2O(s) + H2O(l or g) = 2NaOH(s or l) (2)

Moreover, it has been reported that in the hot corrosion of
ilicon-based ceramics, silica phase reacts with sodium oxide
nd sodium silicate is readily formed.14,15 The melting points of
he sodium silicates are lower than 1000 ◦C. So it is possible that
ilica-rich boundary phase reacts with impurity sodium oxide
nd silica-rich aluminosilicate is formed. The silica-rich alumi-

osilicate with sodium element melts well below 1300 and/or
500 ◦C. Thus, for the water vapor corrosion of mullite contain-
ng a small amount of sodium, acceleration of silica vaporization
s the most probable mechanism.

Fig. 3. Microstructure of Lu2Si2O7/Al6Si2O13 eutectic sample.

F
j
p

eramic Society 28 (2008) 431–435 433

In the static state water vapor corrosion tests for low CTE
xides, the corrosion rate for Lu2Si2O7 phase showed minimum
alue.7 However, it was observed that the grain boundary phase
ainly containing silica in Lu2Si2O7 bulk was selectively cor-

oded under static state water vapor, high speed steam jet and
ctual gas turbine conditions above 1300 ◦C.7 This selective cor-
osion will make channels in the protective EBC layer and the
ubstrate will be oxidized and corroded by the inward diffusion
f corrosive gas along these channels.16 To inhibit the selective
ig. 4. SEM micrographs of the sample surface after the test: (a) the steam
et exposed region and (b) outside of the exposed region.18 Reprinted with
ermission from Ref.18 Copyright@ Springer.
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Along these lines, single crystals or a single-like crys-
al silicate are hopeful possibilities for EBC applications.
t was reported that Yb2Si2O7/Al6Si2O13 eutectic exists in
b2O3–SiO2–Al2O3 ternary system.17 In general, it is antici-
ated that the amount of boundary phase for eutectic compounds
s much smaller than for polycrystalline bulks. Thus, this eutec-
ic system could be a potential candidate for EBC application.
he Lu2O3–SiO2–Al2O3 ternary phase diagram has yet to be
ublished. However, it would be relatively easy to anticipate
hat the composition of the Lu2Si2O7/Al6Si2O13 eutectic could
e very similar to that of the Yb2Si2O7/Al6Si2O13. By the exper-
mental procedures mentioned above, a Lu2Si2O7/Al6Si2O13
utectic was successfully prepared. Fig. 3 shows the microstruc-
ure of this eutectic sample.9 The white and black phase denotes
u2Si2O7 and Al6Si2O13 phase, respectively.

This eutectic sample did not show any weight change within
xperimental error after the static state water vapor corrosion
est at 1300 ◦C. The corrosion rate of this sample was measured
o be less than 10−6 g/cm2 h.

The recession test with high speed steam jet is to provide the
imulated gas turbine conditions. Fig. 4 shows the sample sur-
ace after the test. It is clear that one phase completely recessed
y the steam jet.18 The X-ray diffraction pattern from the sam-
le after exposure indicated that only mullite phase was removed
rom the bulk surface, and the micro honeycomb-like structure
as mainly consisted of Lu2Si2O7 phase.
The eutectic bulk was well sustained in the static state water

apor environment as mentioned above. However, mullite phase
as selectively recessed under high speed steam jet condition.
he remnant of alumina phase due to mullite recession would
e a relative stable phase in the static state water vapor envi-
onment. In high-speed exhaust gas conditions above 50 m/s,
he alumina phase is easily recessed even if the sample was
sed as a single phase.19 Since Lu2Si2O7 crystalline bulk well
ustained in high speed steam jet environment and the eutectic
ample well sustained in static state water vapor environment,
multi-layered system, in which Lu2Si2O7 is top layer and the

utectic is intermediate layer is hopeful EBC system for silicon
itride ceramics.

. Conclusions

The disadvantages of mullite for EBC application can be
ummarized follows:

. Mullite phase corroded by water vapor attack at elevated tem-
peratures and decomposed into alumina phase. The water
vapor corrosion of the boundary phase was confirmed for all
silicate compounds under water vapor environment at high

temperatures.

. The corrosion and decomposition of mullite phase were
accelerated by a small amount of sodium element and many
cavities formed under bulk surface above 1300 ◦C.

. Mullite phase recessed by high speed water jet at high tem-
peratures.

1

1

eramic Society 28 (2008) 431–435

On the other hand, the protection performance of Lu2Si2O7
till could not meet the long-term application criteria because
f its corrosion and recession of silica-containing boundary
hase. The Lu2Si2O7/mullite eutectic that was first reported by
he authors was well sustained under static state water vapor
nvironment for long time.

Hence, the advantages of mullite for EBC application can be
ummarized follows:

. The high corrosion resistance material Lu2Si2O7 could form
a eutectic material with mullite without boundary glassy
phase.

. The eutectic material shows excellent water vapor corrosion
resistance under static state water vapor environment.

. The silicon nitride with a multi-layered EBC system in which
the eutectic layer was used as an interlayer is hopeful for EBC
system.
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