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Abstract

Rare earth silicates have been investigated to evaluate their potential as an advanced environmental barrier coating (EBC) having higher
temperature capability than current EBCs. Volatility data in high steam environments indicate that rare earth monosiligsies RE rare
earth element) have lower volatility than the current barium strontium aluminum silicate (BSAS) EBC top coat in combustion environments.
Rare earth silicates also exhibit superior chemical compatibility compared to BSAS. The superior chemical compatibility and low volatility
are key attributes to achieve higher temperature capability. The chemical compatibility is especially critical for EB{Bk be&iuse of the
high chemical reactivity of some of the oxide additives iglNgi In simulated combustion environments, EBCs with a rare earth monosilicate
top coat exhibit superior temperature capability and durability compared to the current state-of-the art EBCs with a BSAS top coat.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction normally responsible for their excellent high temperature
oxidation resistance in dry air, reacts with water vapor,
A major breakthrough in gas turbine engine performance a byproduct of combustion reactions, and forms gaseous
(efficiency and emission) requires a new generation of hot silicon hydroxide species? This results in unacceptably
section structural materials having a temperature capability high recession rate of Si-based ceramics. This can be
considerably higher than current metallic hot section struc- prevented by an environmental barrier coating (EBC) which
tural materials. It is generally agreed that the temperatureis an external barrier coating whose prime purpose is to
capability of Ni-base metals has reached their limit. Ceramic prevent Si-based ceramics from reacting with water vapor.
thermal barrier coatings are used to insulate metallic com-  Mullite attracted the most interest as a protective coating
ponents, thereby allowing higher gas temperatures, but thefor SiC or SgN4 ceramics in the early days of coating de-
metallic component remains a weak link because the designewelopment due to its low coefficient of thermal expansion
must allow for the possibility of coating loss from spallation (CTE), chemical compatibility with Si-based ceramics, and
or erosion. Si-based ceramics, such as silicon carbide (SiC)good adherenc&.’ One key issue with plasma-sprayed mul-
fiber-reinforced SiC ceramic matrix composites (SiC/SiC lite coatings is the phase stabilftyMullite processed with
CMCs) and monolithic silicon nitride (§N4), exhibit supe- conventional plasma spraying contains a significant amount
rior high-temperature strength and durability, indicating their of metastable amorphous phase due to the rapid cooling of
potential to revolutionize gas turbine engine technology. A molten mullite during its solidification on a cold substrate.
key stumbling block to realizing Si-based ceramic turbine hot A subsequent exposure of the mullite coating to a tempera-
section components is their lack of environmental durability ture above~1000°C causes crystallization of the amorphous
in high velocity combustion environments. The silica scale, phase. Shrinkage accompanies the crystallization, leading to
cracking and delamination of the mullite coating. A second

o __generation, fully crystalline plasma-sprayed mullite coating
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temperaturé. Consequently, the second generation mullite volatilization of the BSAS top coat in high velocity combus-
coating exhibits dramatically enhanced adherence and crackion environments. A projection based on a silica volatility
resistance. Another major issue with the mullite coating is modef in conjunction with BSAS volatility data from high
the relatively high silica activity{0.4) and the resulting re-  steam low velocity environments indicates a BSAS reces-
cession in high velocity combustion environments due to the sion of~70um after 1000 h at 1400C, 6 atm total pressure,

selective volatilization of silica by water vap®ihe selec- and 24 m/s gas velocify. Actual gas turbines operate at sig-
tive volatilization of silica from the mullite leaves a porous nificantly higher pressures and gas velocities, increasing the
alumina surface layer which readily spalls. projected recession to much higher levels. In fact the EBC on

One way to overcome the recession of mullite is by adding Solar Turbine engines suffered significant BSAS recession
a water-vapor resistant top coat. Yttria-stabilized zirconia in some areas after the 14,000 h tesanother key durabil-
(YSZz) is a logical top coat candidate because of its track ity issue is the chemical reaction between BSAS and silica
record as a successful thermal barrier coating (TBC) for formed on the Sibond coat by oxidation. The BSAS-silicare-
metallic components in gas turbine engines, signifying its sta- action generates a low-melting {300°C) glass that causes
bility in water vapor. Consequently, the first generation water EBC degradation and premature failure attemperatures above
vapor-resistant EBC was developed by addingan YSZ$ZrO ~1300°C .10
8 wt.% Y,03) top coat® One critical weakness of YSZ is its Research has been undertaken at the NASA Glenn
large CTE, twice that of SiC or mullite. This first generation Research Center under the support of the Ultra Efficient
EBC provided protection from water vapor for a few hun- Engine Technology (UEET) Program to develop EBCs that
dred hours at~1300°C. In longer exposures under thermal can withstand a 1482 (2700°F) surface temperature and
cycling, however, the CTE mismatch causes severe crackingsustain 1316C (2400°F) EBC/substrate temperature over
and delamination, leading to premature EBC failure. thousands of hours. The research has focused on identifying

Second generation EBCs, with substantially improved a new top coat, to replace the current BSAS top coat, that has
durability, were developed in the NASA High Speed 2700°F temperature capability and chemical/mechanical
Research-Enabling Propulsion Materials (HSR-EPM) Pro- compatibility with the mullite or mullite + BSAS interme-
gram in joint research between NASA, General Electric and diate coat at 1400C (2552°F) or higher. Some rare earth
Pratt & Whitney?1? The YSZ top coat was replaced with silicates have been identified as promising candidates due to
BSAS (1xBaOxSrO-Al,03-2Si0,, 0 < x < 1) which exhib- their low CTE and phase stabilityable 1lists the CTE of
ited superb crack resistance due to reduced tensile stresow CTE rare earth silicates determined in this study along
resulting from the low CTE and low modulus of BSAS. with the CTE of current EBCs. It has been reported that rare
Adding BSAS second phase in the mullite coating also sig- earth disilicate (RESi,O7, RE: rare earth element) of Y, Tm,
nificantly reduced the tensile stress, resulting in far supe- Er, and Ho has several polymorpHst® while Lu,Si>O;
rior crack resistance compared to the unmodified mullite has no polymorph¥ Among rare earth monosilicates
coating!! Another innovation in second generation EBCs (RE;SiOs, RE: rare earth element), Sc, Lu, Yb, Tm, Er,
was the development of a Si bond coat which further en- and Dy do not have polymorphs, while the other rare earth
hanced the EBC performance by providing significantly monosilicates have two polymorphs with a substantial dis-
improved adherence. Consequently, the second generatiomparity in density between the two polymorptsMaterials
EBCs consist of three layers: a silicon bond coat, a mullite having polymorphs with differing density are not desirable
or a mullite + BSAS intermediate coat, and a BSAS top coat. coating candidates since volume change accompanies the
EBC stress evolution and its effects on EBC durability is phase transformation. It appears that rare earth monosilicates
discussed in detail in rét with relatively low CTE happen to have phase stability as

The second generation EBCs have been scaled up and apwell, making them promising EBC candidates.
plied on SiC/SiC CMC combustor liners used in three Solar
Turbine (San Diego, CA) Centaur 50s gas turbine engines
under the DOE Ceramic Stationary Gas Turbines (CSGT)

Table 1
CTE of SiC and various EBC materials

Programt213 The combined operation of the three engines Mat?”al Average CTEX10 °°C)
has resulted in the accumulation of over 24,000 h without fail- Y251% 56
ure by the end of 199941250°C maximum combustor liner 5[)22%5 g__57_4_5
temperature). One engine used by Texaco in Bakersfield, CA| ;,sio, TBD2
successfully completed a 14,000-h field test. The higher op- S¢Si,07 + Se0; 5-6
erating temperature resulted in emissions consistently belowYb2Si07 TBD?
15 ppmv nitrogen oxides (NX) and below 10 ppmv carbon Mullite - , 56
. . BSAS (monoclinic celsian) 4-5

monoxide (CO) throughout, roughly reducing the XNand BSAS (hexagonal celsian) 78
CO loads on the environment by factors of about 2 and 5, g; 3545
respectively. SiC, Sic/siC 4555

Second generation EBCs have some durability issues thatSisNa 3-4

limit their use temperature and lif8.One key issue is the 2 To be determined.
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\olatility of Y, Yb, and Lu disilicates has been inves- coat/intermediate coatinterface, wasto avoid accidental melt-
tigated in high velocity and high steam environments at ing of the Si bond coat whose melting point is 14T5for
1450-1500C.16.18.19 These disilicates gradually decom- pure Si and lower when contaminated. A few selected sam-
posed to monosilicates due to selective volatilization of sil- ples were exposed to 140G or higher to evaluate chemi-
ica. To the best of our knowledge no volatility data for rare cal compatibility at higher temperatures. Each thermal cycle
earth monosilicates in combustion environments have beenconsisted of 1 h at temperature, rapid cooling to room tem-
reported in the literature. This paper will discuss the volatility perature, and 20 min at room temperature. Samples reached
of selected low CTE rare earth disilicates and monosilicates peak temperature within 2 min<700°C/min), and cooled
in high steam environments and their performance as an EBCto room temperature within 5min~300°C/min) in each
on SiC/SiC composite and$bi4 ceramics in simulated com-  cycle. Sample size for thermal cycling tests was nominally
bustion environments. 2.5cmx 0.6 cmx 0.15¢cm.

2. Experimental 3. Results and discussion

EBCswere applied by atmospheric pressure plasma spray-3.1. Volatility in water vapor
ing onto sintered--SiC coupons (Hexoloy, Carborundum,
Niagara Falls, NY), melt infiltrated (MI) SiC/SiC cM€@ ~ 3.1.1. BSAS, SAS, and BAS
(GE Power Generation Composites, Newark, Delaware) and Fig. lisaplotof weight change versus time for hot-pressed
sintered SiNs (AS800'M, Honeywell Engines, Phoenix, BSAS family materials exposed to 50%®-balance @
AZ). The monolithic SiC was etched in molten $€0; to flowing at 4.4 cm/s at 1500C and 1 atm total pressure. BAS
create a rough surfac&k{ =5-6um) necessary for good (BaO-Al,03-2Si0O,) shows the highest volatility followed by
mechanical bond with the coatifgThe MI SiC/SiC CMC ~ SAS (SrO-AbO3-2SiQ,) and BSAS. The volatility and the
and AS800M SizN, were used as processed. Silicon powder resulting recession at higher flow rates and system pressures
was purchased from Atlantic Equipment Engineers (Bergen- xperienced in actual gas turbines can be projected by using a
field, NJ), mullite powder from Cerac Inc. (Milwaukee, silica volatility modef in conjunction with the volatility data
WI), BSAS powder from H.C. Starck Inc. (Newton, MA), from Fig. 1L The projected recession of BSAS after 1000 h
and rare earth silicate powder from Praxair Specialty Ce- at 6atm total pressure and 24 m/s gas velocity is 30, 70, and
ramics (Woodinville, WA). Two types of silicon bond coat 270pm at 1300, 1400, and 150C, respectively}° Higher
were used: the S“icon surface |ayer a|ready present on aSJ’eCESSiOH iS eXpeCted fOI’ BAS or SAS. These I’eceSSiOI’l rates
processed MI SiC/SiC with the thickness ranging from a are unacceptably high for long-term durability (over thou-
few wm to ~100um; or a plasma-sprayed silicon, typically ~Sands of hours) in advanced gas turbines.
50-75pm (2-3 mils) thick. The subsequent coating layers

were~125um (5 mil) thick each. Details of the coating pro-  5-1:2- Rare earth silicates _ _
cess parameters are described elsewhere. Fig. 2a and b are plots of weight change versus time for

The volatilization of EBC top coat candidates were inves- Various hot-pressed rare earth silicates exposed to 5% H
tigated by thermogravimetric analysis (TGA) of hot-pressed Palance @ flowing at 4.4cm/s at 150(C and 1atm total
monolithic EBC coupons. Hot pressing was performed at Pressure. The volatility of BSAS is included ig. 2 for
1500°C/4 ksi in vacuum using powders with the particle size comparison. T_he st_artmg raw materials (rare earth oxide a_nd
of 1-5pm. TGA was conducted in 50%40-50% G flowing _5|I|ca) were _m|xed in a ratio to produce rare earth monosil-
at 4.4cm/s in 1 atm total pressure at 1500 Volatilization icates (RESIOs; RE: rare earth element) when completely
kinetics was measured with a continuously recording Cahn "éactedTable 2shows the phases in rare earth silicates de-
1000 microbalance (Cerritos, CA). Sample size was nom- rmined by X-ray diffraction before and after exposure. Yt-
inally 2.5cmx 1.25cmx 0.15cm. EBC performance was terbium, lutetium, erbium, and yttrium silicates contained
evaluated by exposing EBC-coated coupons to thermal cy-
cling in simulated lean combustion environments. All EBC-
coated coupons were annealed in air at 1°3D€or 20 h prior
to testing to stabilize coating phases. Most thermal cycling
tests were conducted at 130D (or 1316°C) and 1380C
in 90% H,O-balance @, flowing at 2.2 cm/s at 1 atm total
pressure, using automated thermal cycling furnaces. Details
of the automated thermal cycling furnace are described in‘5
ref10 The choice of 1380C as the upper test temperature, % e
instead of 1400C which is the goal temperature at the top
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[ Fig. 1. Volatility of hot-pressed BSAS family materials exposed to 50%
a Average distance from the roughness profile to the mean line. H,O-balance @ flowing at 4.4 cm/s at 1500C and 1 atm total pressure.
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Fig. 2. Volatility of hot-pressed rare earth silicates exposed to 5@-bhlance @ flowing at 4.4 cm/s at 1500C and 1 atm total pressure.

mostly monosilicate phase with a trace amount of unreactedg 01
rare earth oxide and disilicate, whereas disilicate and rare§ |
earth oxide were the major phases with a trace amount of €
monosilicate in scandium silicate. This indicates that either &
S SIOs is unstable and readily decomposes to disilicate and
oxide on cooling, or the reaction kinetics to formpySOs is
very sluggish. The weight of YA8iOs and EpSiOs remained
fairly flat, while Y2SiOs and LipSiOs showed a slight weight
gain and SgSipO7 + Se 03 showed a slight weight loss. Post- 0.5 ; " s s o e
exposure ¥SiOs, Yb,SiOs, ErSiOs, and Ly SiOs showed a Time ()

trace amount of alumina-containing compound. The reaction

chamber is an alumina tube and alumina is known to react Fig. 3. Volatility of hot-pressed rare earth disilicates {SigO; and
with water vapor to form aluminum hydroxidésTherefore, Yb2Siz07) exposed to 50% pD-balance @flowing at 4.4 cm/s at 1500C
alumina-containing compounds are believed to be due to theand 1 atm total pressure.

reaction between RISiOs and aluminum hydroxides in the

vapor phase. Post-exposureSipO7 + S¢03 did not show

any reaction products, indicating that the small weight loss that of BSAS and therefore 88i0s has lower volatility than

0.1 1Y
024

-0.3 1

Specific Wt Chang

is due to the volatility of SgSi>O5. BSAS. Itis likely that the other rare earth monosilicates are
Fig. 3 shows the volatility of two rare earth disilicates also less volatile than BSAS since all rare earth monosilicates
(Se:Sih07 and YSi,O7) exposed to 50% pD-balance @ are likely to have similar silica volatility. Thermodynamic

flowing at 4.4 cm/s at 1500C and 1 atm total pressure. Both ~ calculations have shown that the silica activity ofa3%07
disilicates and BSAS showed a similar weight loss within and DySiOs at 1500°C is~0.3 and~0.01, respectively, and
the experimental scatter. Si,O7 did not show any reaction ~ further decreases with decreasing temperattirehe very
products while YbSi,O; showed a trace amount of alumina- low silica activity of Dy, SiOs is consistent with the low silica
containing compound. volatility suggested for rare earth monosilicates. A volatility

The contamination by alumina makes it difficult to make test that eliminates the contamination of test samples is nec-
unequivocal conclusions on the volatility of rare earth sili- €ssary to unequivocally determine the volatility of rare earth
cates except for Sc silicates: ;5,07 has volatility similar to silicates.

Table 2
Phases in hot-pressed EBC materials by X-ray diffraction before and after a 100-h exposure to@&®a%61 G flowing at 4.4 cm/s in 1 atm total pressure at
1500°C

Material As-processed Post-exposure

Y2SiOs Y5SiOs + Y2032+ Y,Sib, 072 Y 2SiOs, A|2Y40gb

Er,SiOs ErpSiOs + Er,032 + Er,Si, 072 Er,SiOs, AI10Er6024b

Yb,SiOs Yb,SiOs + YbyO32 + YboSinO72 Yb,SiOs, AlsYb3012°

Lu,SiOs Lu,SiOs Lu,SiOs, AlsLuzO12°

S3Sih07 +S03 SeSih07, S©03, S6SIOs?, Si0? S Sib07, S©03, SESIOs?
SCzSizO7 SCzSizO7, SiOza SCzSi207

Yb,Si,O7 Yb,SibO7, YbySiOs? Yb,Sih07, YhySiOs?, AlsYbzOq,P
BSAS Monoclinic celsian Monoclinic celsian

2 Trace amount.
b Trace amount, from reaction with #Ds tube used during exposure.
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Fig. 4. Cross-sections of Si/mullite + BSAS/BSAS EBC on MI SiC/SiC composite in 99@-bhlance @ after 1000 h-1316C-1 h cycles (a) and 300 h-
1400°C-1 h cycles (b).

3.2. Chemical stability/environmental durability—SiC interface causes premature EBC delaminatfbiherefore,

or SiC/SiC composite substrate itis desirable to avoid the BSAS component in high tempera-
ture applications{>1300-1350C) to prevent low-melting

3.2.1. Mullite + BSAS family/BSAS EBC glasses.

Fig. 4a and b shows cross-sections of Si/mullite + BSAS/
BSAS EBC on MI SiC/SiC composite in 90%;B-balance 3.2.2. Rare earth silicate EBC
O after 1000 h-1316C (1 h cycles) and 300 h-140C (1 h Fig. 52 and b shows two typical cross-sections of
cycles) exposures, respectively. Both maintained excellentSi/Yby,SiOs EBC on MI SiC/SIiC composite after 100 h in
adherence and oxidation resistance. Patches of glass phase0% HO-balance @ at 1300°C (1 h cycles). The Si bond
(areas with darker contrast) are clearly noticeable in the coat suffered rapid oxidation, forming a thick and sometimes
BSAS top coat irFig. 4a. The glass formation becomes more porous scale (20-50m thick). Premature spallation of EBC
active at 1400C, converting significant portions of EBCinto  occurred along the scale as the thick, porous scale constitutes
glass Fig. 4b). The glass formation is due to a reaction be- a weak link. Two possible explanations for the rapid oxida-
tween BSAS and Si©(grown on the Si bond coat by oxida- tion are lack of chemical bonding between Si ancSi®s
tion), forming a low melting £1300°C) eutectict® The high and easy access of water vapor through cracks isB5¥®s.
velocity gas in turbine engines can blow away the low melting The fact that the Si/mullite EBC provides far superior oxi-
glass exposed on the EBC surface, causing rapid EBC receselation resistance and longer life, although mullite develops
sion. A continuous layer of glass along the Si/mullite + BSAS  similar cracksC indicates that inadequate chemical bonding

Fig. 5. Cross-sections of Si/¥BiOs EBC on MI SiC/SiC composite after 100 h in 90%®balance @ at 1300°C (1 h cycles).
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is likely the more critical issue than cracks. The other rare
earth silicates investigated in this study exhibited similar be-
havior. This necessitates an intermediate coat that provide
bonding with the Si bond coat.

3.2.3. Mullite or mullite + BSAS family/rare earth
silicate EBC

Fig. 6 shows the cross-section of mullite/SiOs
EBC on SiC after 46h in 90% #D-balance @ at
1400°C (1h cycles). There were severe reactions be-
tween mullite and ¥SiOs, turning the entire EBC
into a layer of yttrium—aluminium-silicate bubbles. The
Y 203—-Al>,03-Si0; phase diagram shows compositions with
melting point as low as 140@. These compositions are
responsible for ternary silicate bubbles observed in the
mullite/Y,SiOs EBC. Adding BSAS in the mullite layer
further promotes the silicate formation reaction. Ba and Sr
are glass modifiers that promote glass formation and lower
melting points and viscosity by breaking silica networks in
glasseg?

Silicon/mullite + BSAS/E3SiOs EBC on MI SiC/SiC
composite after 1000 h in 90%,8-balance @ at 1300°C

K.N. Lee et al. / Journal of the European Ceramic Society 25 (2005) 1705-1715

Fig. 7. Cross-section of silicon/mullite + BSAS#SiOs EBC on SiC after
100 h in 90% HO-balance @at 1400°C (1 h cycles).

Fig. 8 shows the cross-section of silicon/mullite
+ SAS/SeSi,07 + S0O3 EBC on MI SiC/SiC composite af-
ter 300 h in 90% KHO-balance @ at 1380°C (1 h cycles).

(1h cycles) maintained excellent adherence and chemicaIThe EBC maintained excellent adherence and chemical com-

compatibility, as good as the silicon/mullite + BSAS/BSAS
EBC in similar exposuredrig. 7 shows the cross-section
of silicon/mullite + BSAS/E3SiOs EBC on SiC after 100 h

in 90% HO-balance @ at 1400°C (1h cycles). Exten-
sive erbium—-aluminium—silicate glass formation is observed
within the EBC as well as on the EBC surface. The low
viscosity erbium—-aluminium-—silicate glass is responsible for
interfacial pores. At 1420C mullite/ErSiOs EBC turned
into a layer of erbium—aluminium—silicate bubbles, similar to
mullite/Y>SiOs EBC shown irFig. 6. Consequently, ¥SiOs

or ErnSiOs with mullite or mullite + BSAS family interme-
diate coat is not suitable for temperatures around 2@06r
higher.

Fig. 6. Cross-section of mulliteASiOs EBC on SiC after 46 h in 90% #0-
balance @ at 1400°C (1 h cycles).

patibility. The SeSi,O7 + SeO3 top coat develops through-
thickness cracks which typically stop in the intermediate coat
or atthe intermediate coat/Si bond coat interface. The slightly
higher CTE of SgSi,O7 + S0z and mullite comparedto the
SiC/SiC substrate (sé@@ble J) is mainly responsible for the
through-thickness cracks. Assuming that stresses are relaxed
at the high temperature during the thermal cycling, tensile
stresses develop in the ceramic layers during cooling, caus-
ing the cracking. Si has lower thermal expansion than SiC (see
Table 1), implying a compressive stress in the Si bond dur-
ing cooling. This explains why the through-thickness cracks
do not propagate into the Si bond coat. The development of
compressive stress in the Si bond coat and tensile stress in
the mullite intermediate coat was verified experimentally in
ref1l

Fig. 8 and ¢ shows high magnification views of the in-
termediate coat/Si bond coat interface. The thin silica scale
(~2 pm)indicates excellent oxidation protection provided by
the EBC Fig. 8). Glass formation is observed at the bottom
of a crack that has penetrated to the Sibond coat/intermediate
coat interfaceKig. 8c). Enhanced oxidation occurred in the
area where cracks reached the Si bond coat, leading to glass
formation due to the SAS-silica reaction similar to the BSAS-
silica reaction described earlidfig. 8d is a high magnifi-
cation view of the SgSi,O7 + S O3 layer. Two phases are
clearly noticed: bright S5 precipitates and dark $8i,07
matrix which also forms a thin surface layerf wm). Itis be-
lieved that the S¢SipO7 surface layer is due to lower surface
energy of SgSixO7 compared to SOs. In two phase mix-
tures, the phase with lower surface energy moves to surfaces
to minimize the surface energy.

The silicon/mullite/SgSi,O7 + S 03 EBC exhibits sim-
ilar behavior, except for the absence of glass formation at
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Fig. 8. Cross-section of silicon/mullite + SAS/S1,07 + SOz EBC on MI SiC/SiC composite after 300 h in 90%®kbalance @ at 1380°C (1 h cycles).

cracktips. A mullite intermediate coat is preferable for higher phase (se€ig. 3) is expected to cause selective loss of sil-
temperature applications due to the absence of BSAS family-ica from the SgSi,O7 phase at high velocity combustion
silica reaction. However, EBCs with a mullite + BSAS fam- environments, leading to a porous,StOs surface layer. Se-

ily intermediate coat exhibit longer durability (as long as the lective loss of silica from rare earth disilicates in high ve-
temperature is low enough to avoid glass formation) due to locity combustion environments have been repotfetf.1°
enhanced crack resistant®'! The volatility of SeSi,O; Porous surface layers are not likely to have sufficient mechan-

Mullite + SAS

Si

Fig. 9. Cross-sections of silicon/mullite + SAS/X3i0s (a) and silicon/mullite/YBSiOs (b) EBC on Ml SiC/SiC composites after 300 h in 90%®balance
0y at 1380°C (1 h cycles).
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Fig. 10. Cross-section of silicon/mullite/k8iOs EBC on MI SiC/SiC com-
posite after 300 h in 90% #D-balance @at 1380°C (1 h cycles).

ical strength and thus readily spall. Mullite exposed to high
velocity combustion environments suffered a selective loss
of silica, leaving a porous, easily spalling alumina surface
layer®

Fig. 9a and b are cross-sections of silicon/mullite + SAS/
Yb,SiOs and silicon/mullite/YhSiOs EBC, respectively, on
MI SiC/SiC composites after 300 h in 90%,8-balance
O, at 1380°C (1 h cycles). They exhibited excellent ad-
herence and chemical compatibility. The through-thickness
cracks tend to be narrower than in the;SiBO7 + S603
top coat, presumably due to the lower thermal expansion
of Yb,SiOs (seeTable ). Yb,SiOs is expected to be less
volatile than SgSi»,O7 + SOz in high velocity combustion
environments as discussed earlier in the volatility section.
Fig. 10is a cross-section of silicon/mullite/L8iOs EBC on
MI SiC/SiC composite after 300 h in 90%,B-balance @
at 1380°C (1 h cycles). Its performance is similar to that of
the silicon/mullite/YhSiOs EBC.

Fig. 12. Cross-sections of silicon/mullite + SAS$S®07 + SG03 EBC on AS800M SizN, after 200 h in 90% HO-balance @ at 1380°C (1 h cycles).
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3.3. Chemical stability/environmental durability—iSj glass attacked the $M4 substrate in some areas, creating pits

substrate onthe S3N4 surface Fig. 11b). Thisis in contrast to the same
coating on SiC or SiC/SiC composites in which no signifi-

3.3.1. Mullite or mullite + BSAS family/BSAS cant glass formation occurs after similar exposidfehe

Fig. 11a and b shows cross-sections of Si/mullite/BSAS glass formation was far more severe with a mullite + BSAS
EBC on AS800M SizN, after 400 h in 90% HO-balance  intermediate coat. &3 and SrO additives in the AS8HY
O, at 1380°C (1 h cycles). There was extensive formation SizN4 reach the EBC and promote the glass formation reac-
of Ba—Sr—Al silicate glass that covered the entire EBC. The tion even in the absence of BSAS in the intermediate layer.

»

p—

Fig. 13. Cross-sections of silicon/mullite + SASARiOs (a) and silicon/mullite/YBSiOs (b) EBC on AS800M SigNj, after 400 h in 90% HO-balance @at
1380°C (1 h cycles).
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EDS analysis of the glass layer confirmed the presence of La, Fig. 13 and b shows cross-sections of silicon/
while Sr could not be confirmed since its peak overlaps with mullite + SAS/YSIiOs and silicon/mullite/YhSiOs EBC,

the Si peak. respectively, on AS80Y SisNs after 400h in 90%
H>O-balance @ at 1380°C (1 h cycles). There are two

3.3.2. Mullite or mullite + BSAS family/rare earth features distinctively different from the behavior of EBC

silicates EBC having a SgSixO7 + SeO3 top coat Fig. 12a): (i) through-

Fig. 122 and b shows cross-sections of silicon/mullite thickness cracks are narrower with less penetration to
+SAS/SeSib07 + Se0s EBC on AS800M SisN4 after the Si bond coat; (ii) substantial chemical reaction at the
200h in 90% HO-balance @ at 1380°C (1 h cycles). The  mullite + SAS intermediate coat/Si bond coat interface,
EBC exhibited excellent adherence and chemical compatibil- forming a continuous interfacial glass layer. The fact that
ity. In contrast to the same EBC on MI SiC/SiC composites there was no glass formation in the Si/mullitef®0s or
in which cracks stop within the intermediate coat or at the in- Si/mullite + SAS/SgSi,07 + S0z EBCs indicates that
termediate coat/Si bond coat interface, cracks typically pen-the presence of both ¥BiOs and SAS is needed for the
etrate through the Si bond coat all the way to the SMgi enhanced glass formation shown kig. 13. This may
interface. Some cracks branch laterally within the Si bond indicate that YbSiOs is more reactive with BSAS family
coat. The disparity in the cracking behavior can be explained than SgSi,O7 + SgOg. It is also interesting to note that the
by the difference in thermal expansion between Ml SiC/SiC silicon/mullite + SAS/YbSiOs EBC on SiC/SiC composites
and SiN4. As discussed earlier Si has lower thermal expan- did not form glassesF{g. 9a). This supports the earlier
sion than MI SiC/SiC composites. Thus, the Si bond coat suggestion that the additives in AS8HD SizN4 promote
on Ml is in compression, preventing the crack penetration. glass formation. The narrower crack width is attributed
In contrast, Si has higher thermal expansion thaiN${see to two factors: the lower thermal expansion of 2805
Table 1), implying a tensile stress in the Si bond coat. Con- compared to S6Si,O7+Sg0O3z and thinner intermediate
sequently, cracks can readily propagate through the Si bondcoat (compard-igs. 12a and 13aBoth the lower thermal
coat. Oxidation occurs on crack surfacBggy( 12b), acceler- expansion of YbSiOs and the thinner intermediate coat
ating the degradation of the Si bond coat. The cracks branch-contribute to reducing the EBC strain (tensile).
ing laterally can be interconnected to form long horizontal Fig. 1X—e shows higher magnification views of the top
cracks, leading to premature EBC delamination. Therefore, coat surface, the top coat mid section, and the top coat/mullite
the cracking behavior in the Si bond coat ol is dele- interface after the 400-h exposure. Three phases are clearly
terious to the durability of EBC, especially under frequent noticed in the top coat: a dark surface layer, small bright pre-
thermal cycles. There weren't noticeable chemical reactions cipitates, and the matrix with an intermediate contrast. Both
at the intermediate coat/bond coat interface despite the presYb,SiOs and YpSi>O7 were major phases according to X-
ence of SAS in the intermediate coat. This is in contrast to ray diffraction. Judging from XRD and EDS analysis, it is
the massive glass formation in the mullite or mullite + BSAS believed that the dark surface layer is 8 O7, bright pre-
family/BSAS-coated AS80" SisN4. The lack of glass  cipitates are YpOsz and the matrix is YpSiOs. Therefore,
formation with the SgSibO7 +SOs top coat indicates a  Yb2SiOs is the major phase with a small amount of X3
critical role by the BSAS top coat in the glass formation precipitates and a thin layer of ¥8i,O; surface layer. As
reaction. discussed with respect to scandium silicate, the presence of

Fig. 14. Cross-sections of silicon/mullite + BSAS/yttria-stabilized k(@) and silicon/mullite/yttria-stabilized H#(b) EBC on AS800M SizN,4 after 200
and 300 h, respectively, in 90%B-balance @ at 1380°C (1 h cycles).
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Yb,Si>O7 on the surface is presumably due to its low sur-
face energy. There was a limited diffusion reaction (50
thick) at the YbSiOs/mullite interface, which is not likely to
affect the EBC durabilityKig. 13).

3.

3.3.3. Mullite or mullite + BSAS family/yttria-stabilized
hafnia EBC

Fig. 14a and b shows cross-sections of silicon/mullite
+ BSAS/yttria-stabilized Hf@ and silicon/mullite/yttria-
stabilized HfQ EBC on AS800M SisN, after 200 and 300 h,
respectively, in 90% bO-balance @at 1380°C (1 h cycles).
Both EBCs were severely delaminated and spalled either 7.
along the intermediate coat/Si bond coat interface or at the
Si/SkN4 interface. Significant glass formation is observed
within the mullite + BSAS intermediate coat. The severe de-
lamination is ascribed to the high CTE of yttria-stabilized
hafnia (~10x 10-6°C)?* leading to a high tensile strain.
Similar behavior was observed with silicon/mullite or mul-
lite + BSAS/yttria-stabilized Zr@EBC on AS800M SisNj.
It has been shown that Si/mullite + BSAS/yttria-stabilized
zirconia EBC on SiC generates much higher tensile stress
than Si/mullite + BSAS/BSAS EBC dueto the high CTE mis- 11.
match and YSZ sinterin§t The high strain resulted in pre-
mature EBC failure under thermal cycling.

5.

6

9.

12.

4. Conclusions

Our volatility data in conjunction with thermodynamic
calculationd? in the literature indicate that rare earth
monosilicates are less volatile than BSAS and rare earth dis-
ilicates in combustion environments. Some rare earth sili-
cates, such as ytterbium, lutetium, and scandium silicates,
are chemically more stable than BSAS. One potential dis-
advantage of rare earth silicate coatings compared to BSAS14.
coating is their susceptibility to through-thickness cracking.
Through-thickness cracks, however, may not be a concern forl>:
EBCs on SiC/SiC composites in which the cracks typically
stop within the intermediate coat or at the intermediate/bond
coat interface. On N4 substrates cracks tend to propagate
all the way to the Si bond coat/substrate interface. This may 17.
affect the long-term durability under frequent thermal cy- 18
cling. The cracking was significantly reduced with a lower
CTE rare earth silicate top coat, such a$Si®s, and a thin-
ner mullite-based intermediate coat. Thermal cycling tests in
simulated combustion environments have demonstrated the
potential of rare earth monosilicate EBC (8105, S6SiOs,
Lu,SiOs) for advanced gas turbine engines requiring higher
temperature capability and durability than current EBCs.

13.

19.

20.

21.

References

22.
1. Opila, E. J. and Hann, R., Paralinear oxidation of CVD SiC in water 23.
vapor.J. Am. Ceram. Soc1997,80(1), 197-205.
2. Smialek, J. L., Robinson, R. C., Opila, E. J., Fox, D. S. and Jacobson, 24.
N. S., SiC and SiN4 scale volatility under combustor conditiorsdv.
Compos. Mater.1999,8(1), 33-45.

1715

Lee, K. N., Fritze, H. and Ogura, Y., Coatings for engineering ce-
ramics; in progress. I€eramic Gas Turbine Developmeibl 2, ed.

M. van Roode, M. Ferber and D. W. Richerson. ASME Press, New
York, NY, 2003.

. Richerson, D. W. and Schienle, J. L., High temperature coating study

to reduce contact stress damage to ceramicfrbreedings of the
Twenty-Second Automotive Technology Development Contractors’ Co-
ordination Meeting 1985.

Price, J. R., van Roode, M. and Stala, C., Ceramic oxide-coated
silicon carbide for high temperature corrosive environmeéy. Eng.
Mater, 1992,72-74 71-84.

. Federer, J. I., Alumina base coatings for protection of SiC ceramics.

J. Mater. Eng. 1990,12, 141-149.

Lee, K. N., Miller, R. A. and Jacobson, N. S., New generation of
plasma-sprayed mullite coatings on silicon-carbide Am. Ceram.
Soc, 1995,78(3), 705-710.

. Lee, K. N., Key durability issues with mullite-based environmen-

tal barrier coatings for Si-based ceramigsans. ASME 2000, 122,
632-636.

Lee, K. N., Current status of environmental barrier coatings for Si-
based ceramicsSurf. Coat. Technql.2000,1-7, 133-134.

10. Lee, K. N., Fox, D. S., Eldridge, J. I., Zhu, D., Robinson, R. C.,

Bansal, N. Pet al, Upper temperature limit of environmental barrier
coatings based on mullite and BSAB Am. Ceram. Soc2003,86(8),
1299-1306.

Lee, K. N., Eldridge, J. I. and Robinson, R. C., Stress evolution and
its effects on the durability of environmental barrier coatings for SiC
ceramics,J. Am. Ceram. Socsubmitted for publication.

Eaton, H. E., Linsey, G. D., Sun, E. Y., More, K. L., Kimmel,
J. B., Price, J. R.et al, EBC protection of SiC/SiC compos-
ites in the gas turbine combustion environment—continuing eval-
uation and refurbishment considerations. ASME paper 2001-GT-
0513 ASME TURBOEXPO 2001. June 4-7, 2001. New Orleans,
Louisiana.

More, K. L., Tortorelli, P. F., Walker, L. R., Kimmel, J. B.,
Miriyala, N., Price, J. R.et al, Evaluating environmental bar-
rier coatings on ceramic matrix composites after engine and lab-
oratory exposures. ASME paper 2002-GT-30630. Rroceedings

of ASME Turbo Expo 2002June 3-6, 2002. Amsterdam, The
Netherlands.

Magsood, A., Wanklyn, B. M. and Garton, G.Cryst. Growth 1979,

46, 672.

Liddell, K. and Thompson, D. P., X-ray diffraction data of yttrium
silicates.Br. Ceram. Trans. J.1986,85, 17-22.

16. Ohji, T., Environmental barrier coating on silicon nitride; challenges

and critical issues. IfProceedings of the 28th Int. Cor. Exp. On
Adv. Ceram& Composites2004.

Felshe, J.Structure& Bonding 1973,13, 100.

Klemm, H., Fritsch, M. and Schenk, B., Corrosion of ceramic mate-
rials in hot gas environments. IRroceedings of the 28th Int. Conf.

& Exp. On Adv. Ceram& Composites2004.

Ueno, S., Jayaseelan, D. D., Kondo, N., Ohji, T. and Kanzaki, S.,
High temperature water vapor corrosion resistance of silicon nitride
with Lu-Si-O EBC layer. InProceedings of the 28th Int. Conf

Exp. On Adv. Ceram& Composites2004.

Brewer, D., HSR/EPM combustor materials development program.
Mater. Sci. Eng., A1999,261, 284-291.

Opila, E. J. and Meyers, D. LAlumina Volatility in Water Vapor

at Elevated Temperatures: Application to Combustion Environments
High Temperature Corrosion and Materials Chemistiihe Electro-
chemical Society, Pennington, NJ, 2003, pp. 535-544.

Meschter, P., GE Global Research Center, private communication.
Kingery, W. D., Bowen, H. K. and Uhimann, D. Rntroduction to
Ceramics(2nd ed). John Wiley & Sons, New York, 1975.

Touloukian, Y. S., Kirby, R. K., Taylor, R. E. and Lee, T. Y. R.,
Thermophysical Properties of Mattevol 13 IFI/Plenum, New York,
1977.



	Rare earth silicate environmental barrier coatings for SiC/SiC composites and Si3N4 ceramics
	Introduction
	Experimental
	Results and discussion
	Volatility in water vapor
	BSAS, SAS, and BAS
	Rare earth silicates

	Chemical stability/environmental durability-SiC or SiC/SiC composite substrate
	Mullite+BSAS family/BSAS EBC
	Rare earth silicate EBC
	Mullite or mullite+BSAS family/rare earth silicate EBC

	Chemical stability/environmental durability-Si3N4 substrate
	Mullite or mullite+BSAS family/BSAS
	Mullite or mullite+BSAS family/rare earth silicates EBC
	Mullite or mullite+BSAS family/yttria-stabilized hafnia EBC


	Conclusions
	References


