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Ceramic Thermal Barrier Coatings (TBCs)
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Ceramic TBCs

Electron-Beam Physical Air Plasma
Vapor Deposition Spraying (APS)

e

* Low Thermal Conductivity (ZrO, + 7 wt% Y,0; Solid Soln.: 7YSZ)
* High Porosity (15 - 20%); Thickness 100 to 500 um

* “Strain Tolerant” to Accomodate Th. Exp. Mismatch with Metal



Thermal Barrier Coatings (TBCs)
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Sources of Silicate Deposits in Aero Engines
Calcium-Magnesium-Alumino-Silicate (CMAS) Sand

¥ Middle East
Q’«’;ﬂ_

* Sandstorms: ~0.1 mg/m3
(Ansmann, et al. 2003)

* Ambient: ~0.01 mg/m?3
* Runways: >1.0 mg/m? (?)

* Sand Ingested by Engines: 1 to 100 g/h
(Depends on Engine, Bypass Ratio...)

Can Cause Severe Damage to TBCs and Engines




Sources of Silicate Deposits in Aero Engines
CMAS Volcanic Ash

-
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enfield

* Eyjafjallajokull Eruption in
Iceland in 2010

~ * Shut Down of Vast European Air

Space for Several Days

| * Economic Loss Approaching $2B

* Conc.: No-Fly Zone: >4.0 mg/m3
Limited-Fly: 2.0-4.0 mg/m3
Unrestricted: <2.0 mg/m3

(Sultana,
2010)

Can Cause Severe Damage
to TBCs and Engines




Sources of Silicate Deposits in Power Engines

Geo Solar

Hydro
Bio 272 (0145"/) o%z?*’/
54 (6.9%) '\:/( -02%) * USA Electricity Generation
(1.4%) —, > . by Source in 2009

* USA Total ~3,950 Billion KWh
(World ~19,100 B KWh)

Wind

74 Need for Environmentally

(1.9%) Responsible, Efficient
Oil Way of Using Available Coal
39
(1.0%)

US Energy Info. Admin.
http://lwww.eia.doe.gov/fuelelectric.html



Sources of Silicate Deposits in Power Engines
Integrated Gasification Combined Cycle (IGCC)

* Natural Gas (~40% Eff.)

* Syngas Produced from
Abundant Coal + H,0O

* CO, Capture/Sequester

* 1IGCC Plants Highly
Efficient (~55%)

* H,-Rich Syngas-Fired:
Higher Temps., Water

*F-Class: 1370 °C
*H-Class: 1430 °C
*J-Class: 1480 °C
*X-Class: 1700 °C

* Syngas has Fly Ash
(0.4 mg/m3) (R. Wenglarz)

* Amb. Dust (0.01 mg/m3)
* Kgs/day

Severe Damage to
TBCs and Engines

Coal, Biomass, Tar .=,

oy
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Flue Gases ;7 S Sequester
t / \ or Use CO,

- * Purified \

Slag | Syngas
e 1 H
=Hot Exhaust-I 1
Heat Recovery Gases IE
Steam ‘\ IGenerator
Generator Gas
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IGCC Power Plants
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Sources of Silicate Deposits in Power Engines

Fly Ash (Lignite) Injection Tests on Hot Vanes (without TBC)

i 1010°C
= 1 hFly Ash
Injection

1066 °C
0.5 h Fly Ash
Injection




Thermo-Chemo-Mechanical Damage of TBCs

Glass

Da

$ Substrate $ Substrate

Accumulation Melting Penetration, Loss of Strain
Exfoliation Tolerance

DoE (R. Wenglarz)

GE (R. Darolia) RD (R:Kﬂl-a'“‘) Kramer et al., 2008




Molten Silicates Damage to Conventional TBCs

Air Plasma Spray (APS)
7 wt% Y,0, Stabilized ZrO, (7YSZ) TBC
on Haynes 214 Ni-Based Superalloy Buttons

Y,0, Mole Fraction
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Compositions of Silicate Deposits
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Silicate Deposits: CMAS Sand

Composition of Field Iraqgi Sand Fines by XRF (wt.%)

49.7 35.3 6.7 3.3 24 1.6 1.0 Mixture of Oxides to
R. Kowalik Sio Simulate C_omposition
nZ and Ball-Milled
1
0.8
CMAS Sand —_
O\O
Psuedo- ~ 0.6 :
Wollastonite = 04 I
" |
Glasses Highly < :
Stable / Anorthite 0.2 :
|
Y

CaAlS,

Gehlenite

L
Ca,AlSi

Osborn et al. 1965

A% %4

L4 W LY W
CaAl,  CovAl Call, o\, oA

200 400 600 800
Temperature, T ("C)

CTE: 10.4 x 106 °C-1
Viscosity: ~20 Pa.s@1200 'C

1000
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Molten Silicates Damage to APS 7YSZ TBCs:
CMAS Sand

CMAS Sand Glass Frit
(35 mg.cm-?)

APS 7YSZ
TBC

Heat-Treatment 1200 'C, 24 h

TBC Fully Penetrated

Acta Mat. 2007; Acta Mat. 2010



Silicate Deposits: Volcanic Ash
Eyjafjallajokull Ash (wt.%): Aero Engines

Si0O, ALO FeO CaO Na,0 MgO TiO, K,0 P,0. MnO
3

58.0 149 938 5.5 5.0 2.3 1.8 1.8 0.5 0.2
Oskarsson et al., 2010 .

Plinian-Style
(Explosive)

Si0,(wt%) Magma
68-77%  Rhyolite

63-68%  Dacite TR LN

= USGS [y by D.A Suransan, heay 18, Y980

52-63% Andesite

48-52% Basalt \

Hawaiian-Style
(Effusive)

Schmincke, 2004 SGS



Molten Silicates Damage to APS 7YSZ TBCs:
Eyjafjallajokull Ash

Volcanic Ash (15 mg.cm™)
APS 7YSZ
TBC

Heat-Treatment 1200 'C, 24 h

Adv. Mat. 2011 TBC Fully Penetrated

\
A

Siy

Counts

Al,

1.0 1.5 20 25
Energy (keV)



Fly Ash

Composition of Field Lignite Fly Ash by XRF (wt.%)

Si0, CaO FeO ALO, Cr,0, MgO SO, TiO, SrO MnO

29.7 254 148 147 5.1 3.6 1.8 1.1 1.0 0.9

M.P. ~1180 °C by DTA 1327

\ \ Calculated
for Glass
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1027 1 ' L 1
100 102 104 106 108

Senior et al., 1995 Viscosity (Pa.s)



Compositions of Si0,
Silicate Deposits

Middle East
Sand

Mullite
Casi

CaSipfl

. Rankinit
Ca,Si

Anorthite

Gehlenite

Ca,Si

Osborn et al. Il;:grxteh
1965 yAs

v v v
Cal CaAl,  CacAlCall,

Eyjafjallajokull
Volcanic Ash

AlLSi,
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Molten Silicates Damage to APS 7YSZ TBCs:
Lignite Fly Ash — Power Engines

Ball-Milled Fly Ash
(35 mg.cm-?)

APS 7YSZ "t

Heat-Treatment 1200 'C, 24 h

-

1 2 3 4
Energy (keV)

Mat. Sci. Engr. A 2011 ‘ TBC Fully Penetrated \




Molten Deposits Damage Mechanisms: 7YSZ

* CMAS/Ash Melts into a Glass
* Infiltrates Pores/Cracks
* Penetrates 7YSZ Grain Boundaries

*TYSZ Dissolution, Reprecipitation
as Y-Depleted ZrO, (C. Levi)

* Dilatation and Exfoliation
* Little Effect on Glass Behavior,

Small Amount of Solute (Y,0;) in TBC:
Solute:Zr :: 0.083:1

BWGlass
mYSZ
COPorosity
OZrO,




Damage Mitigation: APS 7YSZ+AIl+Ti TBCs

* Engineered TBCs Modify Glass in Contact In Situ

* TBCs “Reservoirs” of Al**, Ti4* in Solid Solution

* AR* Incorporation in Glass => Shifts Comp., Crystallizes Glass
* Makes Glass Immobile at Operating Temps.

* APR*, Ti** in Solid Solution (Metastable) in 7YSZ TBC

- Avoids Second Phase, Th. Exp. Mismatch, Cracking
- Easier dissolution
- Ti** Serves as Nucleating Agent

Silicates
Deposit

Acta Mat. 2007; Surf. Coat. Tech. 2009; Acta Mat. 2010; Adv. Mat. 2011; Acta Mat. 2012



APS 7YSZ+AIl+Ti TBCs: New Composition

7YSZ +
Sio, 16.9 wt% (20 mol%) Al,O; +
a Sand - 3.3 wt% (5 mol%) TiO,
®m Volcanic Ash
® Fly Ash

* Solid Sol’'n with Metastable
Al,O; + TiO,
* Shift Glass Comp. to Al-Rich

* Crystallize Anorthite
(CaAl,Si,0y)
* TiO, as Nucleating Agent

Mullite

Gehlenite
AlSi,

W A% A%4 A%
CaAl,  CaAl Cak, Cal, CaA, AlO
1.5



APS 7YSZ+Al+Ti TBCs: Processing

* Special Sprayable Powders Synthesized
-7YSZ + 16.9 wt% (20 mol%) Al,O, + 3.3 wt% (5 mol%) TiO,

~

4 Aluminum Isopropxide
Titanium (IV) Isopropoxide
Yttrium (ll) Nitrate Hexahydrate

Zirconium n-Butoxide

Ethanol

(N /

Atomize ll:\‘Precursor

11\
(AR
T T1%

Co-Precipitated Washed and Calcined
Gel in NH,OH Dried (800 °C, 24 h)
Solution Precipitate & Crushed

Slurry + Binder
Spray Drying + Plasticizer

+ Dispersant




APS 7YSZ+AIl+Ti TBCs: Processing

* Spray-Dried Single-Phase Powder: ~20 um

* Air Plasma Spray Development
- Single-Splat Experiments
- Process Optimization Through Diagnostics
- Coatings on Haynes 214 Substrates

g b eiets

Spray-Dried Single-Splat APS Coatings
Powder Experiments

S. Sampath



APS 7YSZ+AIl+Ti TBCs: CMAS Sand

CMAS Sand
Glass Frit
(35 mg.cm™?)

1200°C,24h = o o meEB e CMAS-
| ' i Front
Arrested

(~25%)

Acta Mat.
2010

1.0 1.5 2.0 2.5
Energy (keV)



APS 7YSZ+Al+Ti TBCs: Eyjafjallajokull Ash

Ball-Milled

Volcanic Ash

(15 mg.cm-?)

1200 °'C, 24 h
Ash-
Front
Arrested
(~17%)

Adv. Mat. 2011



APS 7YSZ+AIl+Ti TBCs: Lignite Fly Ash

Ball-Milled |
Fly Ash =
(35 mg.cm?)

1200 °C, Ash-
Front
24 h )
Partially

Arrested



Mitigation Mechanisms: APS 7YSZ+Al+Ti TBCs

* Sand/Ash Melts into a Glass
* Infiltrates Pores/Cracks
* Penetrates Grain Boundaries

* Dissolution-Reprecipitation
of Solute-Depleted ZrO,

* Glass Accumulates Al and Ti,
Large Amount of Solute
(Y,0,, Al,O,, TiO,) in TBC:
Solute:Zr :: 0.73:1

* Shifts to Anorthite Composition

* Crystallization of Anorthite
(MP 1550 °C) Aided by

. . W Glass [1Zro,
TiO, Nucleating Agent W7YSZ+AI+Ti mAI-Rich Glass
COPorosity B Anorthite

* Arrests Front



APS Gd,Zr,0, TBCs

Gd,Zr,0, APS TBC

Pyrochlore/Fluorite

Gd Low Th. Cond.

* CMAS Resistance
in EB-PVD TBCs

4 T T T
J. Am. Cer. Soc. 2002; & Demonstrated
Winter and Clarke, 2007 ' (Maloney et al.,
3le_ . %, S |5 Litton et al .,
$o: _ /YSZ T e Levi et al.)

Gd,Zr,0,

-—
|
1

Thermal Cond. (W.m"1. K1)
N
i
L

Fully Dense Ceramics

0 . . ! Adv. Mat. 2011; Mat. Sci. Engr. A 2011;
0 200 400 600 800 Surf. Coat. Tech. 2012

Temperature ("C)




APS Gd,Zr,0, TBCs: CMAS Sand

Original TBC Surface

CMAS Sand
Glass Frit
(35 mg.cm-?) CMAS-
Front
1200 °'C, 24 h Arrested

SRIES (~10%)

Surf. Coat. Tech. 2012



APS Gd,Zr,0, TBCs: Eyjafjallajékull Ash

Ball-Milled ——
Volcanic * 2 ~-SEM_ 103
Ash = i3 S . | .
15 © ' ‘ : 312
mg.cm-?) ' o en |

215

1200 °C,
24 h

Zr,

Molten
Ash Front
Arrested
(~5%)

Gd,,

‘b

, , B 10 15 20 25
B=[001] Energy (keV)

Adv. Mat. 2011



APS Gd,Zr,0, TBC: Lignite Fly Ash

Ball-Milled ==
Fly Ash >
(15 mg.cm2) *§

Molten-Ash
1200 °C, Front
24 h Arrested
(~30%)

213 114
CaAl,Si,0,

Mat. Sci. Engr. A 2011 B=[151]



Mitigation Mechanisms: Gd,Zr,O, TBCs

* Sand/Ash Melts into a Glass
* Infiltrates Pores/Cracks

* Penetrates Grain Boundaries

* Dissolution of Gd,Zr,0, and
Reprecipitation of ZrO,(ss)

* Glass Accumulates Gd,
Large Amount of “Solute”
(Gd,0,) in TBC:

Gd:Zr :: 1:1

* Shifts Glass Composition

* Rapid Crystallization of EGlass JZro,
Apatite Phases W Gd,Zr,0, B Gd-Rich Glass
" [IPorosity W Apatite or/and
Arrests Front Anorthite or/and

Zirconate



TBC Ceramics/CMAS Glass Interactions:
“Model” Study

* Effects of “Solute” Type, Concentration in ZrO,-Based TBC Ceramics
- “Solute” Type: Y, Gd, Yb, Y+AI+Ti
- Concentration: Low, High

* Partially Sintered Ceramic Pellets (~15% Porosity)

- No Substrate: Higher Heat Treatment Temperatures Possible
- Porous: Avoid Possible Dilatation Issues in Dense Ceramics
- Better Control Over Composition, Microstructure

* CMAS Sand Glass Plate (wt%)

SiO,: 53.3 Glass Plate 1200 C; 24 h
Ca0: 37.1 (5x5x0.35 mm3)
AlLO;: 7.1
MgO: 3.5 l \
/\/\/\/\\/\/\/ J
Porous Ceramic A
Pellet -




TBC Ceramics/CMAS Glass Interactions

7YSZ 48YSZ
3.9m%Y,0, 33.3 m% Y,0,
Y:Zr::0.08:1 Y:Zr::1:1
6.8GdSZ iy GdyZr,0;
3.9 m% Gd,0, SHENGE 33.3 m% Gd,0,
Gd:Zr::0.08:1 - Gd:Zr::1:1
Yb,Zr,0,
TYSZ+AI+TI 33.3 m% Yb,0,
Y+Al+Ti:Zr:: Yb:Zr::1:1

0.73:1




48YSZ (2Zr0,°Y,0,)
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TBC Ceramics/CMAS Glass Interactions

e7YSZ m6.8GdSZ 048YSZ
1200 'C; 24 h A $
®7YSZ
g 400f 'Il\ ©48YSZ
E . m6.8GdSZ
= N
= S mGd,Zr,0
& 300} . 2T
o S AYb,Zr,0,
= | & : |
o .~ .  TYSZ+AI+Ti
wd ~ N
£ 200} . N
Q S e AN
: ~ N\
& \\\ \\\
\\\ ® .

< 100} NN
E o \\
() S u

Se A

)

0 M 2 2 M M 2
0 0.2 04 0.6 0.8 1.0 1.2 1.4
Measured Cation(s):Zr Atomic Ratio in Pellet

* Solute Concentration Most Effective
* At High Conc.: Gd < Yb <Y in Effectiveness

* Almost Complete Suppression in 48YSZ
Acta Mat. 2012



7YSZ

1200 °C; 24 h

1200 °C

Eﬂll

100 190
Time [h)

* CMAS Penetration Continues
* No Detectable Other Phases




TYSZ+AI+Ti

& 7YSZ+AI+Ti

g b ol B
=T Y

~ 111

. . 211455
+ B=[312] B=[011]"

* Anorthite Crystallization
* Reprecipitation of m-ZrO,(ss)
* Arrest Region Almost Glass-Free



6.8GdSZ 26.8GdSZ

B=[110]

!
ngGds(SiO4)602

* Reprecipitation of m-ZrO,(ss) &:

* Crystallization of Gd-Apatite
and Anorthite

* Gd Decreases Glass Viscosity




11 111
. Glass

o011l §Ca,Gd,(Si0,)0,
1ui 320

211

102

s=257 .1 pm

* Primary Crystallized

Phase in Arrest Region:

Ca,Gd,(Si0,)0,

Gd,SiO; ~TEM
c-ZrO,(ss)

3}:’

Ca,Gd,(Si0,).0,




48YSZ (2Zr0,°Y,0.,)

048YSZ

Ca,Y,(Si0,),0

L'ﬁt

c-ZrO,(ss)

* Primary Crystallized Phase in
Arrest Region: Ca,Y(SiO,),O



Yb,Zr,0,

AYDb,Zr,0,
5? oy © 4 ! A

* Primary Crystallized
Phase in Arrest Region:
Ca,Yb(SiO,),O




TBC Ceramics/CMAS Glass Interactions

* XRD of Powder Mixtures
Heat-Treated at 1200 °C, 24 h

* Confirm Primary Crystallized

Gd,Zr,0, +

{ CMAS Glass .

— XRD Pattern
o C-, t-ZrO,(ss)
= Ca,Gdg4(Si0,)s0,
vGd,Zr,0,
¢ Ca,ZrSi,0,

Intensity (arb. units)

n - ]
¢
— ¢ %Wl : : .
! 48YSZ+ ¢ — XI;DOP(att(;rn

o C-ZrO,(ss

CMAS = Ca,Y,(Si0,);0

Glass v Y,Zr,0,
¢ Ca,ZrSi,0,

20 (degrees)

20 30

Phases
Yb22r207 + ¢ — XRD Pattern
| CMAS Glass 2 CZr0:(53)

Vst _Jm.;l A

40

= Ca,Yby(SiO,);0
¢ Ca,ZrSi,0,

20 (degrees)



Silicate Apatites

* Gd,Zr,0,
- Forms Ca,Gdg(Si0,):0,
- Al: All (2) Ca?* + 2 Gd3*
-All: 6 Gd3*
- (Ca,Gdy)Gdg(Si0,4)60,
- Need 8 Gd Atoms

*48YSZ
- Forms Ca,Y(SiO,):O
- Al: All (4) Ca?*
- All: All (6) Y3+
- Need 6 Y Atoms
*Yb,Zr,0,
- Forms Ca,Yb¢(SiO,):O
- Al: All (4) Ca?*
- All: All (6) Yb3*

CN=9 CN=7

il4ﬁ6(3i04)60x

Cation | A! Site Al
“A” (pm) Site
(pm)

2s Harder to
Lu 103 = Crystallize

Yb3* 104 93 Agatite
Er* 106 95
Y= 108 9% J

- Need 6 Yb Atoms, But Apatite = Ca* 118 106

Crystallization Propensity

Decreases with RE Size
(Quintas et al., 2008)

Gd* 111 100 oo
Sm3* 113 102 RE?®*

+ to Form
Nd® 116 3 Apatite
Ced* 120 107

3+
La®™ 122 M0 976



APS 48YSZ (22rO,*Y,0,) TBCs: Processing

* Developed Powders in Collaboration with Sulzer Metco
- Highly Sprayable Powders (Kilograms)

Intensity (arb. units)

25

Single-Phase Cubic Fluorite

35 45 55 65 75
20 (deg.)

85



APS 48YSZ (22rO,*Y,0,) TBCs: Processing

s e ;-f
.

s Substrate 60"”‘

Rietveld Analysis

2 c-ZrO,: 100 wt%; a = 5.2105(4) A

5

2

L

£ * Thermal Conductivity (25 °C):

S 0.86 W.m-1.K-

c

= | J * Toughness Measurements on
S S S— AIM Dense Ceramics Underway
25 35 45 55 65 75 85



APS TBCs 48YSZ: Lignite Fly Ash

Ball-Milled
Fly Ash
(30 mg.cm™

1300 °C,
24 h

Ash-
Front

Arrested
(~5%




APS TBCs 48YSZ: Lignite Fly Ash

. H ‘4 5 .
“\B - o 1) )
. ; > ~ -

v
By |

-
&

CapAliO0s3 ¢.zrO,(ss) Ca,Y,(SiO,):0
(Mayenite) (Flyorite)  (Apatite)



APS TBCs 48YSZ: Lignite Fly Ash

c-2rO,
Elemen Th. Actual
t At.% At.%
Apatite Ca 2.9
Y 50.0 35.9
Zr 50.0 61.2
Ca,Y4(Si0,)O
Elemen Th. Actual
t At.% At.%
Si 37.5 43.5
Ca 25.0 14.4
Y 37.5 42 .1

C-ZrO,(ss) Ca,Y(Si0,);0
(Fluorite) (Apatite)



48YSZ - Lignite Fly Ash Interaction

* XRD of Powder Mixtures (50:50) Heat-Treated at 1200 °C, 24 h
* Confirmed Primary Crystallized Phases
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Summary

* Molten CMAS attack of TBCs is a growing issue with rising
temperatures and environmental severity in gas-turbine engines

*T7YSZ TBCs are not suited to repel CMAS attack
- Low Y:Zr atomic ratio of 0.083:1 does not alter CMAS

* Damage mitigation via TBCs composition engineering

- New APS TBCs of 7YSZ with AI3* and Ti%* (Y”Al+Ti:Zr::0.73:1)
- APS TBCs of Gd,Zr,0, (Gd:Zr::1:1)

* Porous TBC ceramics/CMAS interactions: “model” studies
- Effect of “solute” type in ZrO,: Y, Gd, Yb, Y+AI+Ti
- Effect of concentration: low, high
- Near-complete CMAS penetration suppression in
27r0,°Y,0, (48YSZ) solid solution composition
- Guidelines for design of future TBCs

* New APS 48YSZ TBCs from commercially developed powders
- CMAS interaction studies show arrest of penetration front



Ongoing and Future Work

* Two-Layer and Graded APS 48YSZ-7YSZ TBCs Optimization
- CMAS-Resistant Top Layer, High Toughness Bottom Layer

APS 48YSZ (~200 um)

APS 7YSZ (~50 um)
TGO (1-5 um)
Metallic Bond-Coat (~100 um)

Metallic Superalloy Substrate

* Toughness, High-Temperature Thermal Conductivity Measurements
* Lignite Coal Fly Ash Testing Against Optimized TBCs

* Understanding Mitigation Mechanisms

- In Situ Raman Spectroscopy Studies
- DTA/DSC Studies of CMAS/TBCs Interactions and Crystallization



Ongoing and Future Work

*7TYSZ, 48YSZ, and Layered/Graded TBCs Testing Under Gradient
with CMAS

* Mechanisms-Based Analysis of CMAS-Induced TBC Failure Under
Thermal Gradient

G,c=30 J/im?; A=0.25; Deep Delamination
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Outlook
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