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N
ational Aeronautics and Space Adm

inistration 

N
A

SA
 Environm

ental Barrier C
oatings (E

BC
s) and C

eram
ic 


M
atrix C

om
posite (C

M
C

) S
ystem

 D
evelopm

ent

−

		Em
phasize m

aterial tem
perature capability, perform

ance and long-term
 

durability-H
ighly loaded E

B
C

-C
M

C
s w

ith tem
perature capability of 2700°F 

(1482°C
) 

• 2700-3000°F (1482-1650°C
) turbine and C

M
C

 com
bustor coatings 

• 2700°F (1482°C
) E

B
C

 bond coat technology for supporting next generation 
–		R

ecession: <5 m
g/cm

2 per 1000 h 
–		C

oating and com
ponent strength requirem

ents: 15-30 ksi, or 100-207 M
pa 

–		R
esistance to C

alcium
 M

agnesium
 A

lum
ino-S

ilicate (C
M

A
S

) 
S
tep increase in the m

aterial’s tem
perature capability

Tem
perature 

3000°F S
iC

/S
iC

 C
M

C
 airfoil

Capability 
(T/E
(T/EBBC)C) ssuurfarfaccee 

and com
bustor

3000°F+ (1650°C
+) 

technologies 
2700°F S

iC
/S

iC
 thin turbine

2700°F (1482qC
) 

2700°F (1482°C
) G

en III SiC
/SiC

 C
M

C
s 

E
B

C
 system

s for C
M

C
 

airfoils 

2400°F (1316°C
) G

en I and G
en II SiC

/SiC
 

C
M

C
s 

2000°F (1093°C
), PtAl and N

iAl bond coats 

G
en II –

Currentcom
m

ercial
G

en III
G

en. IV

Increase in 'T 
across T/EBC

Single Crystal Superalloy

Ceram
ic M

atrix Com
posite

G
en II – Current com

m
ercial

G
en III 

G
en. IV 

Increase in 'T 
across T/EBC 

Single Crystal Superalloy 

Ceram
ic M

atrix Com
posite 

2800ºF 
com

bustor 
TB

C
 

2500ºF 
Turbine TB

C
 

GG
enen II	 

YYear
ear 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

O
utline 

•		
N

ASA
 environm

ental barrier coating (EB
C

) developm
ent: the C

M
AS 

relevance and im
portance 

− 
E

B
C

 system
s
 

− 
C

M
A

S
 com

positions
 

•		
Som

e generalized C
M

AS related failures 

•		
C

M
AS degradation of environm

ental barrier coating (EB
C

) system
s: rare 

earth silicates 
–		

Y
tterbium

 silicate and yttrium
 silicate E

B
C

s 
–		

S
om

e reactions, kinetics and m
echanism

s 

•		
C

urrent advanced EB
C

s, H
fO

2 -and R
are Earth -Silicon based 2700°F+ 

capable bond coats 
–		

S
om

e C
M

A
S

 durability tests and results 

• 
Sum

m
ary
 

w
w

w
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N
ational Aeronautics and Space Adm

inistration 

EBC
-C

M
A

S
 D

egradation is of C
oncern w

ith Increasing 
O

perating Tem
peratures 

−
		Em

phasize im
proving tem

perature capability, perform
ance and long-term

 
durability of ceram

ic turbine airfoils 
• 

Increased gas inlet tem
peratures for net generation engines lead to significant C

M
A

S
 -

related coating durability issues – C
M

A
S

 infiltration and reactions 

M
arcus P. B

orom
 et al, S

urf. C
oat. 

Technol. 86-87, 1996 

C
urrent airfoil C

M
A

S
 attack 

region -R
. D

arolia, International 
M

aterials R
eview

s, 2013 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

C
alcium

 M
agnesium

 Alum
ino-Silicate (C

M
AS) System

s U
sed 

in Laboratory Tests 
−

		
N

A
S

A
 m

odified version (N
A

S
A

 C
M

A
S

), and the A
ir Force -P

ow
der Technology Incorporated 

P
TI 02 C

M
A

S
 currently being used for advanced coating developm

ents 
−

		
C

M
A

S
 S

iO
2 content typically ranging from

 43-49 m
ole%

; such as N
A
S
A
’s C
M
A
S
 (w
ith N

iO
 

and FeO
) 

N
A

SA
 m

odified C
M

A
S 

A
R

FL PTI C
M

A
S 02 

(higher SiO
2 ) 

G
E/B

orom
 

W
ellm

an 

K
ram

er 

Aygun Sm
ialek 

R
ai 

B
raue 

A
R

FL P
TI 11717A

 02 

Fully reacted 
A

s received 

A
FR

L
02 particle size 

distribution 
(34%

 Q
uartz, 30%

 G
ypsum

, 
17%

 A
plite, 14%

 D
olom

ite, 5%
 

Salt) 
Percentile Size (μm

) 
10 2.5 +/-1.0 
50 8.5 +/-2.0 
90 40.5 +/-3.0 

Fully reacted 
C

M
A

S ED
S 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

C
alcium

 M
agnesium

 Alum
ino-Silicate (C

M
AS) System

s U
sed 

in Laboratory Tests -C
ontinued 

−
		

N
A

S
A

 m
odified version (N

A
S

A
 C

M
A

S
) 

−
		

C
M

A
S

 S
iO

2 content typically ranging from
 43-49 m

ole%
; such as N

A
S
A
’s C
M
A
S
 (w
ith N

iO
 

and FeO
) 

N
A

S
A

 C
M

A
S

 C
om

positions 

N
A

SA
 m

odified C
M

A
S 

A
R

FL PTI C
M

A
S 02 

(higher SiO
2 ) 

G
E/B

orom
 

W
ellm

an 

K
ram

er 

Aygun Sm
ialek 

R
ai 

B
raue 

M
ethod 

C
ontent (m

ol%
) 

C
aO

 
M

gO
 

Al2 O
3 

SiO
2 

Fe
2 O

3 
N

iO
 

(D
esigned/Targeted) 

33.8 
9.0 

6.7 
46.0 

3.0 
1.5 

M
easured by IC

P-
O

ES 
38 r 2 

9.0 r 0.5 
6.9 r 0.3 

41 r 2 
3.8 r 0.2 

1.37 r 0.07 

M
easured by ED

S 
36 r 1 

8.4 r 0.3 
7.5 r 0.2 

43 r 1 
3.9 r 0.1 

1.5 r 0.1 

C
reated w

ith N
E

TZS
C

H
 P

roteus softw
are 

[#] Type 
[1.1] D

ynam
ic 

R
ange 

25/5.0(K
/m

in)/1500 
A

cq.R
ate 

75.00 
S

TC
 

0 
P

1:N
2/O

2 
50.0 

C
orr. 

D
S

C
:020 

[#] Type 
[1.3] D

ynam
ic 

R
ange 

1500/5.0(K
/m

in)/25 
A

cq.R
ate 

75.00 
S

TC
 

0 
P

1:N
2/O

2 
50.0 

C
orr. 

D
S

C
:020 

P
roject : 

Identity : 
D

ate/tim
e : 

Laboratory : 
O

perator : 
S

am
ple : 

G
57 

6/28/2016 9:15:11 A
M

 
G

lenn R
esearch C

enter 
C

osta 
G

57, 40.00 m
g 

R
eference : 

M
aterial : 

C
orr./tem

p.cal : 
S

ens.file : 
S

am
ple car./TC

 : 
M

ode/type of m
eas. : R

ef A
l2O

3,0 m
g 

baseline for Y
S

Z 5 C
_m

in up tp 1500 C
 06-24-16.bd8 / TC

A
LZE

R
O

.TM
X

 
sensitivity from

 sapphire_P
t crucible 1500C

 air 01-06-16.ed8 
D

S
C

 C
p S

 / S
 

D
S

C
 / sam

ple w
ith correction 

S
egm

ents : 
C

rucible : 
A

tm
osphere : 

M
. range : 

3 D
S

C
/TG

 pan P
t 

N
2/O

2, 50.0m
l/m

in 
5000 µV

 

Instrum
ent : N

E
TZS

C
H

 D
S

C
 404F1 File : C

:\N
E

TZS
C

H
\P

roteus\data5\C
osta\S

am
ples\G

62.dd8 R
em

ark : Third D
S

C
 run since O

ct 2014. 1x evac/backfill 

200 
400 

600 
800 

1000 
1200 

1400 
Tem

perature /°C
 

-1.0 

-0.8 

-0.6 

-0.4 

-0.2 

0.0 

0.2 

0.4 

D
S

C
 /(m

W
/m

g) 

0 50 

100 

150 

200 

250 

Flow
 /(m

l/m
in) 

M
ain

 exo 

D
SC

 traces of C
M

A
S during heating and cooling up 

to 1500 qC
 at 5 qC

/m
in. 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

A
dvanced N

A
S

A
 E

B
C

 D
evelopm

ents 

Im
proved tem

perature capability, sintering, phase stability, 
recession resistance, and high tem

perature strength 

A
dvanced com

positions &
 processing for com

bined 
therm

om
echanical loading and environm

ents, higher 
stability and increased toughness tow

ards prim
e-reliant 

G
en I (E

PM
) 

R
&D

 Aw
ard 

G
en II (U

E
ET) 

2000-2004 
Advanced EBC

 
(U

EET) 
2000-2005 
R

&D
 Aw

ard (2007) 

Advanced EBC
 (FAP) 

2005-2011 
R

&D
 Aw

ard (2007) 
coating turbine 
developm

ent 

Advanced EB
C

 (FAP -ER
A) 

2007 -
present 

Advanced (FAP, ER
A) 

Patent13/923,450 
PC

T/U
S13/46946, and subsequent patents 

Engine 
C

om
ponents: 

C
om

bustor 
C

om
bustor/ 

(Vane) 
C

om
bustor/ 

Vane 
Vane/ 
Blade 

-Vane/B
lade EB

C
s 

-Equivalent APS 
com

bustor EB
C

s 

Airfoil com
ponents 

Top C
oat: 

BSAS (APS) 
R

E
2 Si2 O

7 or 
R

E
2 SiO

5 
(APS) 

-(H
f,Y

b,G
d,Y

) 2 O
3 

-ZrO
2 /H

fO
2 +R

E
 

silicates 
-ZrO

2 /H
fO

2 +B
S

A
S 

(APS
 and EBPVD

) 

R
E-H

fO
2 -Alum

ino 
silicate 

(APS
 and/or 100%

 EB
-

PVD
) 

R
E-H

fO
2 -X 

advanced top coat 
R

E-H
fO

2 Silica 
(EB

-PVD
, etc vapor 

deposition) 

Advanced EB
C

s 

Interlayer: 
--

--
R

E-H
fO

2 /ZrO
2 -

alum
inosilicate 

layered system
s 

N
anocom

posite graded 
oxide/silicate 

--

EB
C

: 
M

ullite+ BSAS 
R

E
2 Si2 O

7 /and 
or 
BSAS+M

ullite 

R
E

 silicates or 
R

E-H
f m

ullite 
R

E
 doped m

ullite-H
fO

2 
or R

E
 silicates 

M
ulti-com

ponent 
R

E silicate system
s 

M
ulticom

ponent 
R

E-silicate + H
f /self 

grow
n 

B
ond C

oat: 
Si 

Si 
O

xide+Si bond 
coat 

H
fO

2 -Si-X
, 

doped m
ullite/Si 

SiC
 nanotube 

O
ptim

ized H
fO

2 -Si-X 
bond coat 
2700°F bond coats 

R
E-Si+H

f system
s 

Thickness 
10-15 m

il 
10-15 m

il 
15-20 m

il 
10 m

il 
5 m

il 
1 -3 m

ils 

Surface T: 
U

p to 2400°F 
2400°F 

3000°F/2400C
M

C
 

2700°F/2400F C
M

C
 

2700-3000°F 

Bond C
oat T: 

Lim
ited to 

2462°F 
Lim

it to 
2462°F 

Lim
it to 2642°F 

Proven at 2600°F +; 
Advancem

ents 
targeting 2700°F 

2700°F 

C
hallenges overcom

e by  
advancem

ents: 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

C
M

A
S

 R
elated D

egradations in E
BC

s 

C
ross-section 

50 mm
 

− 
C

M
AS effects 

• 
S

ignificantly reduce m
elting points of the E

B
C

s and bond coats 
• 

M
ore detrim

ental effects w
ith thin airfoil E

B
C

s 
• 

C
M

A
S

 w
eakens the coating system

s, reducing strength and toughness 
•		M

A
S

 increase E
B

C
 diffusivities and perm

eability, thus less protective as an environm
ental

barrier 
•		C

M
A

S
 interactions w

ith heat flux, therm
al cycling, erosion and therm

om
echanical fatigue 

─
 

R
eaction layer spallations 

─
 

A
ccelerated C

M
C

 failure w
hen C

M
A

S
 intact w

ith C
M

C
s 

Such as yttrium
 silicate 

C
oating

 surface 

E
B

C
 and degradations 

C
M

A
S induced m

elting and failure
$
w

w
w

.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

C
M

AS
 R

elated D
egradations in E

BC
s -C

ontinued 
− 

C
M

AS effects on EB
C

 tem
perature capability 

• 
S

ilicate reactions w
ith N

aO
2 and A

l2 O
3 silicate 

P
hase diagram

s show
ing yttrium

 di-silicate reactions 
w

ith S
iO

2 , N
aO

 and A
l2 O

3 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

C
M

AS
 R

elated D
egradations in E

BC
s -C

ontinued 
− 

C
M

AS effects on EB
C

 tem
perature capability 

•		R
are earths generally have lim

ited tem
perature capability below

 1500°C
 in the R

E
2 O

3 -
A

l2 O
3 -S

iO
2 based system

s, 
• 

S
m

aller ionic size R
E

s have higher m
elting points 

Solidus tem
perature in Ln

2 Si2 O
7 -A

l6 Si2 O
13 -

SiO
2 system

 as function of ionic radius 

Y. M
urakam

i and H
. Yam

am
oto, J. C

eram
. Soc. Jpn., 101 [10] 1101-1106 (1993).
 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

R
are Earth D

issolutions in C
M

AS M
elts 

ZrO
2 -3.0Y

2 O
3 -1.5Sm

2 O
3 -1.5Yb

2 O
3 

ZrO
2 -3.0Y

2 O
3 -1.5N

d
2 O

3 -1.5Yb
2 O

3 -0.3Sc
2 O

3 

ZrO
2 -9.6Y

2 O
3 -2.2G

d
2 O

3 -2.1Yb
2 O

3 

Ionic potential trend of RE 

Radius size trend of RE 

− 
Large ionic size rare earths show

ed higher concentration dissolutions in the C
M

A
S

 
m

elt for ZrO
2 -R

E
2 O

3 oxide system
s 

ZrO
2 -R

EO
1.5 -'H

f m
ore endotherm

ic 

G
ustavo and Zhu, International C

onference on A
dvanced C

eram
ics and C

om
posites, 2016 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

C
M

AS R
elated D

egradations in E
BC

 coated C
M

C
s – 

Laboratory H
eat Flux Tests

−
		C

M
AS effects on EB

C
-C

M
C

 tem
perature capability tested in laser high heat 

flux creep-rupture rig 
• 

A
ccelerated failure of C

M
C

 in loading high heat flux conditions 

EB
C

 coated C
V

I-M
I C

M
C

 w
ith N

dY
b silicate R

ESi bond coat, tested Tsurface 2600°F; T
C

M
C

 2450°F 

Front heated C
M

A
S

 side 
B

ack cooled side 

Creep strain, % 

Tim
e, h 

Front C
M

A
S

 side 

200h 

0.5%
 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

E
BC

 C
M

A
S

 S
urface Initial N

ucleation, D
issolution R

eactions 
– 

Y
tterbium

-and yttrium
-silicate silicates reactions and dissolutions in C

A
M

S
 

– 
M

ore sluggish dissolution of ytterbium
 as com

pared to yttrium
 

Y
tterbium

 di-silicate surface C
M

A
S m

elts: 50 
Y

tterbium
 di-silicate surface C

M
A

S m
elts: 5 h 


h 1300°C
 

1500°C

$

Y
ttrium

 m
ono-silicate surface C

M
A

S 
Y

ttrium
 silicate surface C

M
A

S m
elts: 5 h 

m
elts: 50 h 1300°C

 
1500°C

 
A

hlborg and Zhu, Surface &
 C

oatings Technology 237 (2013) 79–87. 
w

w
w

.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

R
are E

arth A
patite G

rain G
row

th 
– 

G
rain grow

th of apatite phase at 1500°C
 at various tim

es 

Y
tterbium

 silicate system
 

50 hr 
150 hr 

200 hr 

200 hr
50 hr 

150 hr 

Y
ttrium

 silicate system

$

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

E
ffect of C

M
A

S
 R

eactions on G
rain B

oundary P
hases 

– 
C

M
A

S
 and grain boundary phase has higher A

l2 O
3 

content (17-22 m
ole%

) 
• 

E
utectic region w

ith high A
l2 O

3 content ~1200°C
 m

elting point 
• 

Loss of S
iO

2 due to volatility 

200 hr, 1500°C
 

N
A

SA
 

m
odified 

C
M

A
S 

G
rain 

boundary final 
phase – low

 
SiO

2 and high 
A

lum
ina 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

R
are E

arth D
issolution in C

M
A

S
 M

elts 
–		

N
on stoichiom

etric characteristics of the C
M

A
S

 – rare earth silicate reacted 
apatite phases – up to 200 h testing 

– 
D

ifference in partitioning of ytterbium
 vs. yttrium

 in apatite 
• 

Average A
E

O
/R

E
2 O

3 ratio ~ 0.68 for ytterbium
 silicate – C

M
A

S
 system

 
• 

Average A
E

O
/R

E
2 O

3 ratio ~ 0.22 for yttrium
 silicate – C

M
A

S
 system

 
C

om
position in apatite (100 hr): 

SiO
2 

A
hlborg and Zhu, Surface &

 C
oatings Technology 237 (2013) 79–87. 

R
E

2 O
3

A
EO

 

Y
ttrium

 Silicate EB
C

 

C
om

position in apatite (100 hr): 

Y
tterbium

 Silicate EB
C

 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 

A
dvanced N

A
S

A
 E

B
C

 D
evelopm

ents 

N
A

S
A advanced E

B
C

 system
s em

phasizing high stability H
fO

2 -and ZrO
2 -R

E
2 O

3 -

EBC
 layer 2 region 

E
B

C
s 

M
ol%

M
ol%

 

S
iO

2 E
B

C
 system

, R
E

2 S
i2-x O

7-2x , such as (Y
b,G

d,Y
) 2 S

i2-x O
7-2x 

-C
ontrolled dissolution and m

aintaining coating stability 

(Yb,G
d,Y) 2 S

i2-x O
7-2x in 

C
M

A
S

, 1300°C
 

(a) 

(b) 

w
w

w
.nasa.gov 
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N
ational Aeronautics and Space Adm

inistration 
E

xam
ple of N

A
S

A
 A

dvanced E
nvironm

ental B
arrier C

oating 
on S

iC
/SiC

 C
M

C
 System

s 

A
dvanced EB

C
 coated vanes 

H
fO

2 -(Y
b,G

d,Y
)2 O

3 

(Y
b,G

d,Y
)2 Si2-x O

7-2x 

R
ESi(O

)+H
f B

ond C
oat 

G
d Y

b Y
 

O
 

Si 

Y
b 

G
d Y

 
Si 

H
f 

─
 A

lternating layered H
fO

2 -M
ulticom

ponent R
are E

arth silicate E
B

C
s used, for fundam

ental 
stability studies
 

─
 2700°F capable Yb/G

d-YbO
+H

f based bond coats
 
─
 C

oated onto S
iC

/S
iC

 C
M

C
 substrates using E

B
-P

V
D


 

The bond coat 
region 

w
w

w
.nasa.gov 
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C
M

A
S

 R
esistant Tests 

– 
JE

Ts test of m
ore advanced coating system

s at 2700F 

Plasm
a sprayed (G

d,Y
)2 Si2 O

7 , 2450 cycles 

Special processed Y
b

2 Si2 O
7 , spalling at 450 C

ycles 
EB

-PV
D

 (Y
b,G

d,Y
)2 Si2 O

7 , total 4450 JETS cycles, 100h 

2450 
4450 

450 

H
ybrid H

f-rare earth alum
inate silicate, com

pleted 4450 
cycles, 100h 

H
ybrid H

ybrid Zr-rare earth silicate,  com
pleted 4450 

cycles, 100h 

2450 
4450 

2450 w
ith 

C
M

A
S 2450 

w
w

w
.nasa.gov 
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N
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H
igh S

tability and C
M

A
S

 R
esistance are E

nsured by A
dvanced H

igh
 
M

elting P
oint C

oating, and M
ulti-C

om
ponent C

om
positions
 A

rea A
 

A
rea B

 

– 
G

enerally im
proved C

M
A

S
 

resistance of N
AS

A
 R

ES
i 

S
ystem

 at 1500°C
, 100 hr 

– 
S

ilica-rich phase precipitation 
– 

R
are earth elem

ent leaching into 
the m

elts (low
 concentration 

~9m
ol%

) 

Surface side of the 
C

M
A

S m
elts 

ED
S E 

w
w

w
.nasa.gov 
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A
dvanced E

B
C

-C
M

C
 S

ystem
 D

em
onstrated 300 hr H

igh C
ycle and 

Low
 Fatigue D

urability in H
igh H

eat Flux 2700°F Test C
onditions 

Specim
en after 300 h testing 

-
A turbine airfoil E

B
C

 w
ith H

fO
2 -rare earth silicate and G

dYbS
i bond coat on C

V
I-M

I C
M

C
 

substrate system
 selected for heat flux durability testing 

-
Laser high heat flux rig H

igh C
ycle and Low

 C
ycle Fatigue test perform

ed at S
tress 

am
plitude 10 ksi, fatigue frequency 3 H

z at E
B

C
, and 1 hr therm

al gradient cycles 
-

Tested E
B

C
 surface tem

perature 1537°C
 (2800°F) and T bond coat tem

perature 1482°C
 

(2700°F), w
ith C

M
A

S
 

-
D

em
onstrated 300 hour durability at 2700°F+ 

-
D

eterm
ined fatigue-creep and therm

al conductivity behavior of the E
B

C
-C

M
C

 system
 

Specim
en in rig testing 

Test C
ondition Sum

m
ary 

-
EB

C
/C

V
I-M

I, Fatigue
$
loading 10 ksi (69 M

Pa), 

R

=0.05, w
ith 1 hr Therm

al 

LC

F
$
-

T
EB

C
-surface 1537°C

 (2800°F)
$
-


T
bond coat 1482°C

 (2700°F)
$
-


T
back C

M
C

 surface 1250°C
 

(2282°F) 

w
w

w
.nasa.gov 
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A
dvanced E

B
C

-C
M

C
 Fatigue Test w

ith C
M

A
S

 and in S
team

 Jet: 
Tested 300 h D

urability in H
igh H

eat Flux Fatigue Test C
onditions 

-
A

dvanced H
f-N

dY
b silicate-N

dY
bS

i bond coat E
B

C
 coatings on 3D

 architecture 
C

V
I-P

IP
 S

iC
-S

iC
 C

M
C

 (E
B

-P
V

D
 processing) 

-
Further understanding w

ater vapor -environm
ental interactions necessary 

Surface view
 C

M
A

S 
35m

g/cm
2) 

B
ack view

 C
M

A
S 

35m
g/cm

2) 

w
w

w
.nasa.gov 
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E
BC

 S
ystem

 D
esigns – E

ffects of C
om

posites and C
lustered 

C
om

positions?
 
-

A
n alternating H

fO
2 -and R

E-silicate coatings (E
B

-P
V

D
 processing) – H

fO
2 -layer 

infiltration and rare earth silicate layer m
elting 

E
B

-P
V

D
 P

rocessed E
B

C
s: alternating H

fO
2 -rich and ytterbium

 silicate layer system
s for 

C
M

A
S

 and im
pact resistance? 

w
w

w
.nasa.gov 
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S
um

m
ary 

•		
C

M
A

S
 degradation rem

ains a challenge for em
erging turbine engine 

environm
ental barrier coating – S

iC
/SiC

 C
M

C
 com

ponent system
s 

•		
C

M
A

S
 leads to low

er m
elting point of E

BC
 and bond coat system

s, w
ith 

accelerated E
BC

 and C
M

C
 degradations 

•		
N

A
S

A
 advanced E

BC
 com

positions show
ed som

e prom
ise for C

M
A

S
 

resistance at tem
peratures up to 1500°C

 in high velocity, high heat flux 
and m

echanical loading tests 
•		

C
urrently focus on better understanding of E

BC
 com

positions, and 
EBC

-C
M

A
S

 interactions particularly w
ith hafnium

, zirconium
 and rare 

earth silicates, for im
proved tem

perature capability and C
M

AS
 

resistance 
•		

A
lso standardize C

M
A

S
 testing, and quantify C

M
A

S
 induced life debits, 

helping validate life m
odeling; 

•		
C

ontrolling the com
positions for C

M
A

S
 resistance w

hile m
aintaining 

high toughness continued to be a key em
phasis 

w
w

w
.nasa.gov 
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C
M

A
S

 R
eaction K

inetics in B
ond C

oats 
– S

iO
2 rich phase partitioning in the C

M
A

S
 m

elts 
– R

are earth content leaching low
 even at 1500°C


 
– M

ore advanced com
positions are being im

plem
ented for im

proved therm
om

echanical –
	

C
M

A
S Partitioning on R

E-Si 
bond coat, 1500°C

, 100hr 

R
E incorporations 

C
M

A
S

 resistance 

w
w

w
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Strength R

esults of Selected EBC
 and EBC

 Bond C
oats 

-C
M

A
S

 R
eaction R

esulted in Strength R
eduction in Silicates 

S
elected E

B
C

 system
s 

–		
H

fO
2 -R

E
-S

i, along w
ith co-doped rare earth silicates and rare earth alum

ino-
silicates , for optim

ized strength, stability and tem
perature capability 

–		
C

M
A

S
 infiltrations can reduce the strength 

350 
646-Specially alloy toughened t' like H

fO
2 

648-EBC Bond Coat Constituent 
300

659-A
E9762 

150

EB
C

s

EB
C

s 

H
fO

2 -Si (Si-rich) 

Y
b

2 Si 2 O
 7 

250

658-EBC H

fO
2-Rare Earth-A

lum
ino Silicate 

660-Y
2Si2O

7
657-Zr-RE silicate 
669-Y

b2Si2O
7 

Strength, MPa
 

200

696-EBC Bond Coat Constituent
 

100

681-H

fO
2-Si 

669-9762 w
ith CM

A
S 1350C 50hr reacted 

693-H
fO

2-Si  w
ith CM

A
S 1350C 50hr reacted
 

50
0
0 

200 
400 

600 
800 

1000 
1200 

1400 
1600
 

Tem
perature, °C


 

Strength test data com
pared	

Y
b

2 Si2 O
7 C

M
A

S reacted tensile 
Y

b
2 Si2 O

7 C
M

A
S reacted 

specim
en fracture surface

surface 
w

w
w

.nasa.gov 
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H
igh Stability and C

M
AS R

esistance O
bserved from

 the R
are 

E
arth S

ilicon H
igh M

elting P
oint C

oating C
om

positions 

–		
D

em
onstrated C

M
A

S
 resistance 

of N
AS

A
 R

E-S
i S

ystem
 at 

1500°C
, 100 hr 

– 
S

ilica-rich phase precipitation 
–		

R
are earth elem

ent leaching into 
the m

elts (low
 concentration ~9 

Surface side of the 
m

ol%
) 

C
M

A
S m

elts 

A
rea A

 

A
rea B

 

w
w

w
.nasa.gov 
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