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Thermal Barrier Coatings in Hydrogen-Fired IGCC Turbines 2

CHALLENGE: Improved realiability and APPROACH: Tailored and optimized plasma-
lifetime of coatings in IGCC gas turbines sprayed thermal/environmental barrier coating
- Increased mass flow of syngas fuel - Material requirements and selection
- Increased heat transfer from water vapor - Processing impacts on microstructure
- Impact of water vapor on oxidation and properties
- Contaminants - Iterative coating design and testing
- Industry feedback and knowledge
transfer

Multi-Layer
"= ..°® Ceramic Top Coat .

| P -

e etaliic Bond Coat = |

Nickel Superalloy

/A Y
() BROSK

TY OF HEW TORK

-
Courtesy of GE




TBC degradation in IGCC is more complex than in natural gas turbines 3

Water Vapor
High Sulfur Content
Higher Turbine
Inlet Temperatures

Particle
Adhesion

.'-T_ e : TR TR .' ) - : ':",-_T_E._J—_____-. R I .' s TR T

LICOOREE PR, e Crach nmatlnn Sites N

S S ; Could Lead to Enhanced § S
Cemm:c Tup Enat g Lracklng at Interface : ngdann N Cﬂffﬂﬁm" EPEHEE o

'ﬂ" R - e e el 1 '. i

Particle
Impact

__ ] Residual Stress

o from Thermal
% Expansion Mismatch

Y STONY
W, BROWK

%m”\\" STATE UNIVERSITY OF NEW TORE



TBC degradation in IGCC is more complex than in natural gas turbines 4

Can lead to degradation o
top coat and also leads to

increased bond coat ]
oxidation _ Water Vapor / Leads to increased
High Sulfur Content sintering rates and higher
temperature at the
[Leads to localized coating\ TBC/Substrate interface

spallation . .
Higher Turbine
Inlet Temperatures
Particle \ /

Adhesion Deposits

Particle
Impact

B, Y

Residual Stress
from Thermal

R G H N Lrack Inmahnn Sites | SO TUAS
Sl : G:-:ldatmn & dCould Lead to Enhanced |}  Diffusion of 8
Cemm:c Tﬂp En:rat ) Lracklng at Interface : D“Efﬂdﬂhﬂﬂ Corrosion Speciesig
., ,#l = - .

e

g Diffusion of coat ash species into the top Stress develop during TS I4f ocessing and )

coat can lead to local spallation and can also result from thermal expansion
increase bond coat oxidation mismatch between the TBC and substrate

7 STONY
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Multilayered architecture to combat multifunctional requirements °

Development/
Evaluation Plan
Erosion Resistant Top Coat
- Produce dense Y5Z and Gd3Zr20+ top coat layers
- Evaluate erosion resistance of dense materials
- Develop density-graded structure for top coat

Thermal Barrier Layers

- Determine Gd;Zr;07 properties (thermal/
mechanical) under thermal gradients

- Assess IGCC enviromental effects on degradation of ™
zirconates

microstructure and phase composition of MCrAlY
(where M = Ni, Co, Si, Hf, and/or La)

- Determine IGCC environmental effects on long-term
oxidation of bond coat materials

System Level

- Determine thermal gradient effects on overall
multilayer TBC system

- Evaluate the impact of water vapor on degradation
of multilayer TBC

Py i

Bond Coat 0
- Evaluate processing (HVOF/LPPS + anneal) effects on

Performances
Attributes

Erosion Resistance

Sinte:r ﬁesistanﬁe
Low Thermat Canducnww :

e \, e M e E ._-..---..___“_.- .__..:..H_.-‘_. e

Transmon Layer L
Mitigates Zirconate/TGO Reactions .

' Oiida;tiun Protection/Adhesion

Nickel Superalloy
(Rene 80 or CMSX4)

Layer
Microstructures

e

if ;;i?w 4

HVOF/LPPS MCrﬂIY

Plasma spray is naturally suited for such layered manufacturing

STONY
BRWK



Status of today’s TBCs

Plasma spraying is the principle approach
for TBC manufacturing

h
=
L=

Potential Benefit

TBC
150

- YSZ by atmospheric plasma spray and variants

- CoNICrAlY bond coat via LPPS or HVOF

100 o

Salient facts:

50 Mono N4_—

- 2 M pounds of YSZ was plasma sprayed in 2010

Rerne 80
1 I 1
1870 1980 1980 2000 2010

- Multitude to spray cells within OEM and Year
throughout the supply chain all over the world

Increase in Temperature Capability (K)

The TBC system of today was started almost 40 years ago

Photo Courtesy — GE Advertisement

STONY
BRO'WK
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Life cycle of a TBC

o Morphology
o HOSP
o F&C
0 A&S

o Distribution

o Torches
o Processing cond.
o Particle state
o Non part.state
o Substrate
O geometry

o surface

Process

Powder

@ Total Porosity

o Types of porosity
o Interfaces

0 Microcracks

Microstructure

A life cycle

of TBCs

Properties
o Starting

o Conductivity

o Compliance

o Extrinsic
o0 Cycling cond.
o Erosion
o FOD
o CMAS

0 Ambient cond.

Performance

o Intrinsic

o0 Phase stability
o Sinterability
o TGO

o With T&t
o Sintering

o Conductivity

o Compliance

STONY
BRAWSK



What is the difference in these TBC coatings?
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15% Porosity 16% Porosity 20 % Porosity

=
®

Understanding, optimizing
and controlling
microstructure is critical
for design, performance and
reliability.
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Thermal spray is a complex process

Melting, quenching and consolidation in single process

Splat based build-up and state induced properties

High velocity & ’ Impact &
temperature rapid solidification
(melting/softening) « i >
Heererstresses

Layered and graded architectures through successive splat quenching

-f. d Layered o Graded
& Thick Porosity
Films In ceramics
«‘mll
7 & STIONY
Y JLIQNWSK
Tesgg o STATE UINTVERSITY OF HEW FORK




Sprayed coatings are complex, layered, high defect density materials

APs/ N sopm U T

How to design based on the defect architecture ?

How to precisely manufacture coatings with defects ?
What are the relevant and true properties for design ?
How to measure them and How to assess reproducibility ?

7 What processing protocols do we follow for control ? STONY
N/ BRAWSK



APS TBC fabrication involves numerous variables

- Feed rate
- Raster / Rotation Rate
- Angle of Deposmon

- Plume Orientation
-Plume Spread
- Particle State

- Composition
- Morphology
- Size Distribution

- Defect (Cracks & Pores)

- Crystal (Phase & Composition)
-Layering (Splat Characteristics)
-Grain (Size)

A

Feedstock I
Characteristic

Implications

Extreme variability —local and global Component
AR Performance

Infant mortality and poor reliability

Process
Variables Difficult to incorporate into life models

‘ esidual Stress,
, Stiffness, Elastic Modulus
- Equipment related

| Furicuoriail
(Gun, Gases, Power) - Adsorbates Electrical / Thermal transport,
- Particle Injection - Temperature Wear / Erosion / Corrosion Resistance
- Roughness

Multitude of applicators Multitude of spray devices Multitude of evaluation

Criteria and variants

BRE'SK

STATE UNIVERSITY OF NEW TORE

locations & parameters




Interplay between APS TBC manufacturing & performance

Intrinsic

» Engine design variants,
operating environment

e Material system and
components

 Part geometry

* Location specific
performance attributes

Extrinsic

Feedstock materials
(chemistry/morphology/size /nomogeneity)

Coating processing location and equipment
attributes (control !)

Spray Process parameters

Deposition parameters (robotic
manipulation, dep.temp., flux etc.)

Part handling and management (prep,
heating, cleaning)

» Evaluation criteria, specification, semantics !

STONY
BROSK



How can modern TS science enhance TBC requirements?

7S STONY
\ g BRAWSK



Advances in Process Monitoring and Control

F4-MB Torch
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Relevant properties for plasma sprayed thermal barrier coatings 1°

Mechanical %
compliance i R STV i
’ E‘ 'J
r
—

esistance i

Plasma
Thermal Sprayed TBCs

\

~

Fracture
toughness

All these properties are governed by coating
architecture, commonly called as “porosity”

@ If‘> can be tailored by processing... %E:EQIY(



How do defect architecture affect thermal conductivity ?

Thermal conductivity

=
o

c o =
o © N

o
w

Thermal Conductivity (W/mK)
o
o

HOSP A&S F&C

Simulation results

—~ 25
x L
§ - Reduction by Pores
> °f
E .
g H """ 1
3 15} I By splat
S I, interfaces |
o 1
— I
g 1[ Y v_ ..
o 1
E |
2 ' A d coati
> 05} | s sprayed coating
E S
— |
L0

0 |

KL Image courtesy: Prof. Nakamura,

Fall 2011 Consortium meeting

F&C

Reduction in thermal conductivity is
more prominent by splat interfaces

1‘ \dl j Weiguang Chi, PhD Thesis,
Stony Brook University, 2007
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Recent work has demonstrated non-linear elastic effects 17

e P % —> S stiffer under compression:
> <— due to crack/ pore closing

: Loading
----------------------------------- Non-linear
<\ 2> % - ,CE
—>  Compliant under tension:
< < g —>  with crack/ pore opening al ) Unloadin

=| Atypical &

~ I\

0| Ceramic .

Globular & Hysteresis
(- | -
o pores =
S 7
2 Splat
= . APS-YSZ
S interfaces
P I
@ ntrasplat
| -
o cracks
@ Interlamellar : 0/
Strain (%)
POTes Crack Face
%Sliding
c Inter splat 7 1 [ 1 ]
= interfaces _l)l - [ I I_)| [ ! | : | " -
et in
g Microcracks | Sliding start Sliding continues  Sliding reversal Sliding continues
S <€——— heating > € cooling >
g
Q . . .
’ Nonlinearity + Hysteresis:
@M.I -
hhe
y Anelastic STONY
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Quantifying compliance for different processing/microstructure

In-situ: Curvature Monitoring

€Spray|n&>< Cooling Measurement tells the

1.0 250 evolution history of a
/\E\ 08 200 8 deposited coating.
—
= @
~ 06 150 2 Each local peak
= = corresponds to a pass
*§ 0.4 100 g (deposition of one layer).
5 0.2 Curvature 5 £ The slope of the. |
© Evolution 2 | curvature evolution is

0.0 0 referred as “Evolving

0 100 200 300 400 stress”
Time (sec)
Ex-situ: Thermal Cycle of the Coated Specimen

0.1 :
_ YSZ coating on After spraying, the coating (with
£ o0 | @nAluminum Substrate substrate) is heated inside a furnace.
= The temperature change induces
% -0.1 mismatch strain, and the curvature of
§ coating changes. The continuous
s 02 recording of one thermal cycle provides
O s an ANELASTIC curv-temp plot, which is

o R 50 100 150 200 250 then converted to a stress strain curve
f@ Temperature (°C) | to quantify the coating compliance. STONY
Tesgg o

J BRWK



Microstructural Effects on Mechanical Behavior

Case study: three coatings deposited at three different spray distances

In-situ Ex-situ
Curv—temp relationship obtained from
02 | 0.11  postdeposition thermal cycling
E 0.1 0.0 i ’é
=t R’
()
= - O
2 Of o1} 5
: E
3-01 L S
0.2 @)
-0.2 —SD:60 mm ]
- —SD:100 mm A
T T T T T -03 : —SD 150 mm
0 100 200 300 400 500 S S S S -
Time (sec) 0 50 100 150 200 250

Temperature (°C)
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Identification of compliance parameters

0.10
Tmax
__oos]
£
An :
g 0.00 Heating .-
: 4/ -
‘?g'f LINEARg Y ,/’ NONLINEAR
8 -0.05 ," Transition
010 =t ' ' ‘ ‘
0 50 100 150 200 250
Temperature (°C)

Two non-linear parameters

E—

E

Elastic Modulus

&
N/

ND

Degree of Non-linearity

The two parameters are unique to a coating.

g |O_T|_1 for o<o;
_JE Eoy
o (o-on) |GT| for o>0o
E Eop* -
N
10
A NON-LINEAR
o*1 :
(or, &) [ 0.1% "
\\d Esecant(ES)
""" T
LINEAR i
E'Iinear(E) ND — E/ ES
STONY
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Early results indicate correlations to FCT life

Non-linear parameters and FCT life

Maximum

Compliance

& also
Highest
FCT life

Q
Z

3.8

3.6 |
=
3.4
3.2
3.0 |

2.8 -

2.6

14

16 18 20 22 24 26
Elastic Modulus, E sec (MPa)

28
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It has been a moving target to define properties...

Porosity
measurement by |
i mage an alySlS o

Advances porosity

5%  15% |
measurement using

SANS
Anisotropic Elastic
Modulus
o
70.0 Non-linear.
- ' = 500 1 AT T £
4':_ %40.0 ..-—""F { 7JE 01%
2 300 = Anisotropy °
= 0.0 Cross-over s
. 100 | —— Top surface — — Cross section
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Integration of processing science with properties and performance

n
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08 20| Low porosity
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Overall UTSR Program Approach

[Advanced Thermal Spray TBCs for IGCC Turbine Systems]

Bond Coat Top Coat
- CoNiCrAlY | NiCrAlY - B e
e ; System Level
[ Materials: MCrAlY 1 Rig Testing: Thermal ) Materials: )
M = Ni, Cc; Si, Hf, La gradient exposure with | YSZ, GdZZrZOIZ’ Co-doped
Processing Effectson ) waterrvapor J ( Processing Effects on
Microstructure [ Isothermal Exposures with ) Microstructure
(HVOF/LPPS/Anneal) | ash deposits . (APS) J
sothermal Ex Ssuresin ) I “ ( Isothermal Exposures in |
water vgpor Property Evaluation: Bond | { water'vapor )
I g Cﬁatkoxidationd, thlrough- (" Property Evaluation: )
r N | thickness residual stress e
Property Evaluation: and composition, erosion ;2?;:?% Cg:ﬂ;ff;:gg’
Oxidation behavior in high | \_ ) erosio’n thermal ’
temperature water vapor .
9 y \ expansion y

7S STONY
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UTSR Project Objectives

(d Evaluate oxidation characteristics of different types of bond
coat materials in water vapor containing atmospheres in
order to select the most viable material and processing
condition.

(d Develop processing strategies and maps for plasma spraying
of emerging zirconate materials.

d Optimize engineered coating architectures for the ceramic
top coat of the TBC system to simultaneously provide erosion
resistance, thermal and environmental protection, low
thermal conductivity, sintering resistance and compliance.

(d Determine the degradation mechanisms in multilayer TBCs
after controlled-atmosphere furnace tests & erosion tests.

7S STONY
N/ BRAWSK



UTSR Project Objectives

(d Evaluate oxidation characteristics of different types of bond
coat materials in water vapor containing atmospheres in
order to select the most viable material and processing

condition.

7S STONY
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Not all bond coats are the same ! Processing plays arole

Particle Temperature (°C)
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Processing Effects on HVOF Bond Coats
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Impact of water vapor on conventional and new TBC materials

F GdZ-YSZ-BC-Rene80 (air 1125-170h) r1314/16

G YSZ-Rene80 (air 1125-170h) r1314/15

| YSZ-Rene80 (water vapor 1125-170h) r1314/15

 H GAZ-YSZ-Rene80 (water vapor 1125-170h) r1314/16 | X1000

No significant difference found at this temperature

Ongoing collaborative partnership

» HVOF bond coats have been sprayed (NiCoCrAlY &
NiCoCrAIYHfSi) for ORNL testing

» ORNL is investigating the interactions with several different substrate

f‘w N materials STONY
N w,f BR‘\"E‘E;‘K

LINTYERSITY OF NEW TR




Down selection of bond coat material

Lifetime at 1100°C (1h cycles)

Pint et al., AMP May 2012

1100°C, 2012°F

700 — : : :
i CMSX4 substrate

%] £a I £n &
=] =] = = =
= = = = =
1 | | 1 1

X4: Dry Op X4: 10% HgD

XPT: NiCoCrAlY
AMDRY: NiCoCrAIlY-HfSi

) MCraly
# MCrAIYHIS

FHE "\ :1:-'.-."-.-"-'

CM 514+‘|":'La
~12¥.8La ppma

L

2
I
-

X4-2: ‘1ﬂ%HED X4-2: EE%HEG

Reactive element bondocat

showed higher life under all
the conditions

5TONY

Collaboration with Dr. Bruce Pint and Dr. Allen Haynes at ORNL BRQWSK



Bond coat roughness effects may overshadow chemical

Top coat life (hours)

Furnace

{ cycle test

24 hrs cycle

Commercial

Fracture in TGO

Roughness, Ra (mm)
IS [e)} (0] 5

o

effects?

N

Bondcoat layer
require adequate
roughness for
high TBC life

100 pm

racture In topcoat

T MNY
L INK

STATE UNIVERSITY OF NEW TR



Approaches for roughness improvement via processing

bond coat

Two layers bond coat deposition

Layer-2: ~50um NiCrAlY Coarse powder (Rough Surface)

Layer-1: ~100um mNiCrAlY Fine powder (Dense microstructure)

Substrate

Processing details

HVOF Torch JP5000 Raster Speed 1 m/sec
Nozzle 8” Feed Rate 65 g/min
Raster length 627" Carrier gas N, 20slpm
Run # Spray Dist. | Powder Condition Thick/pass
(inches) name (m)
860 14 AMDRY Cond. # F1 ~14
861 16 386-2 Cond. # F2 14
(Fine) ond. # -
862 16 Cond. # F3 ~12
863 18 AMDRY Cond. # C1 ~25
18 386-4 Cond. # C2 25
(Coarse) ond. # -
20 Cond. # C3 ~25

Surface Roughness, Ra (um)

12

101

20

—— AMDRY 386-2 D.,: 32.31um
——— AMDRY 386-4 D.,: 62.72um

16

100

R865! Coarselayercond.#

R862! Denselayercond.#

Q\O, 12 4
)
£
=
O 8-
>
4 -
0 =
10
Particle Diameter (um)
Poor Adequate
roughness roughness
.
{R863 R864
{R860 R861
R860
One
layer BC Two layerBC

STONY
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Two layer bond coat: roughness results

Coating # Spray Run # Spray Run # Roughness , Ra (um)
Fine Powder (AMDRY 386-2) | Coarse Powder (AMDRY 386-2)

1 R860 R863 7.3-9.7

2 R861 R864 8.1-8.5

3 R862 R865 7.9-8.5

R860: Densest bottom layer

R863: Poor splat cohesion

Surface Roughness, Ra (um)

12

10

R861: Denser bottom layer R862: least dense bottom layer

R864: Poor splat cohesion and R865: good particle melting and
some cracking splat cohesion

Poor Adequate
roughness roughness
.
{R863 R864 R865!
{R860 R861 R862!
R860
One
layer BC Two layerBC

Selected parameters
0 R860 for dense layer (100um)
O R865 for coarse layer (50um)

Coarse layercond.#
Dense layercond.#

STONY

BRAWSK



UTSR Project Objectives

(d Develop processing strategies and maps for plasma spraying
of emerging zirconate materials.

7S STONY
W/ BRWK



Process development for multilayer top

coats Is critical

Erosion Resistance U Erosion. E AS/Ash | )
Fpsoriy T R s Tt R 3

-~:\ Slnter Resmtante : ] 25> .

o Low Thermal Conductlwty 2| _|Low-Kmg S .2 = prosity,

I e ! i Lower sin G £Z1e

L e~ g ] (@) © >'

b : Transmon Layar -3 Remains | 2 O St

Mltlgates erconate/T GO Reactlons S <o

EN D P S 5 D P Co - 0° oat

b e : = > _
Mostly C, High
toughness )

Adeguate roughness,
oxidation resistant (dense),
environmental effects
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Need for higher operating temperature and severe environments

Traditional New TBC
YSZ Requirement
mp | Phase Stability Good < 1200C | Good<1300-1400C
mp | Thermal Expansion Fair Challenging
3 Thermal Conductivity* Low Lower
m | Sintering Resistance* Fair Good
m) | Erosion Resistance* Good Challenging
® | Fracture Toughness* Good Challenging
m | Mechanical Compliance | known To be explored

®» Materials’ intrinsic properties

®» Can be optimized via processing strategies*

7S STONY
W/ BRWK



Candidates for top coat composition under consideration

TBC Materials under considerations

Material Composition | Advantages Powder
YSZ 7-8wt% YSZ Stable below 1200 C, cost effective, Various sources,
properties well-characterized different levels
of purity
Zirconate | LayZr,0O, Pyrochlore, low thermal conductivity, Julich
phase stability to 1400 C
Zirconate | Gd,Zr,0O, Pyrochlore, low thermal conductivity, Saint Gobain,
phase stability to 1400 C, compatible Julich,
with YSZ
Co-doped | 1.5mol%Yb20s t' phase, low thermal conductivity, NASA
1.5mol% Gd20s | sintering resistant, compatible with
2.1mol% Y203 MCrAIlY bond coat, high erosion
ZrO2 resistance

STONY
BRWK




Exploring and processing new materials

VD STONY
") BRO'®
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Processing challenges with new materials

General processing challenges

Different melting temperature than YSZ

/

s Optimization of Plasma condition

/

s Optimization of powder cut

/

¢ Different conditions for several layers

Properties driven processing challenges
s Poor erosion resistant of new materials

/

% Denser yet sufficient compliance

s Lower fracture toughness than YSZ

/

¢ Microstructural optimization

Cost driven processing challenges
% Minimum use of the material

+» Traditional or alternative materials

o,

d Compatibility issue

Lo -
“Vsm..w“"

Multi-directional
Integrated approach
to address the
challenges
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Extend knowledge gained with YSZ to new ceramics
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Process enabled tailoring of microstructure & properties

Cond. #1: Porosity 10.7% Cond #2 Por05|ty 17 8% Cond. #3: Por05|ty 21 4%
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Comparing process space between YSZ and Gd,Zr,0,

YSZ (10-75 pm)
GdZ-Fine (10-45 pum)
GdZ (45-90 pm)

CTSR T Einey
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3050 R :
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|
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Process Maps for new materials: case study Gd,Zr,0O-

2400 2600 2800 3000 320!

T T T i T

T T T
L-YSZ
N 8
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C N
Fem— M-YSZ
N
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2400 2600 2800 3000 3200
Temperature (°C)

Temperature (°C)
3050 UH- dZ)"ine
2950 :
H-GdZ _mnysz
O 2850 _* A//’
°v - !/ M'YSZ
= 2750 M-Gdz P
/ Lysz H-GdZ:Fine
2650
L-GdZ ¢
2550
80 100 120 140 160 180 200 220 240
o &,
{g;,‘} V (m/s)
4&«3 4

o Different melting
temperatures

o Different powder cut

o Same T-V map??

e s>
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Coating Characterization Scheme

Process Map

Coating Deposition

Multidimensional characterization to
achieve desired properties

Evolving Stress
+— Coating Modulus
T Non-linearity/Compliance

T Thermal Conductivity
T Erosion
— Fracture Toughness
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Stresses and compliance measurement

ICP: Evolving stress

Stoney’s formula
for Evolving stress

sty

O = Ak
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E
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Atypical curvature-temperature
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Insitu and EXxsitu curvature characterization of coating stresses 46
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Comparison of non-linear elastic properties for range of process conditions 47
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GdZ is significantly more sinter resistant and related to starting microstructure 49
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Sintering behavior of new materials

Thermal Conductivity (W/m-K)

Larson Miller Parameter
(LMP): Temp and Time for

1.6

1.5

1.4

1.3

1.2

1.1

1.0

0.9 r

> LMP =T(Int+ C)

> k* =K/,

thermal exposure

> In(k*) = b, + b,LMP

* YSZ
Gd2Zr207 Cond #1 |
Gd27Zr207 Cond #2| -

¢ Gd2Zr207 Cond #3

® Co—doped Cond #2

High K, Low
Sintering rate

---------------------------------------------

44000 46000 48000 20000 52000 51000 56000 58000

Larson Miller Parameter (LMP)
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Erosion performance of new material (Gd,ZrO-)
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UTSR Project Objectives

(1 Optimize engineered coating architectures for the ceramic
top coat of the TBC system to simultaneously provide erosion
resistance, thermal and environmental protection, low
thermal conductivity, sintering resistance and compliance.
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First step to multilayer

Understanding for individual layer

Step to multilayer coatings

Step-1: Bi-layer

RAWSK
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FCT results of bi-layer top coats
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Sintering compatibility of bi-layers

Isothermal exposure at 1200°C for 24 hours

After [Before

Various duration at
1100C and 1200C

LT m GA2Ze207 Cond #1
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111111
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Matching compliance of GdZ with that of YSZ
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Sintering compatibility of bi-layers via processing
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Lignite ash exposure @ 1200C for 24 hours 60
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Simulated Lignite ash was provided by Prof. Nitin Padture, Brown University STATE LISVERSNTY OF MEW MR




IGCC Turbine Coating Properties: Material Effects 61

)

Co-doped

NASA Co-doped materials
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NASA Co-doped materials for topcoat

Comp. 1

1.5mol% Yb203
1.5mol% Gd203
2.1mol% Y203
Balance ZrO2

Comp. 2

1.2mol% Yb203
1.2mol% Gd203
1.7mol% Y203
Balance ZrO2

Comp. 3

1.9mol% Yb203
2.0mol% Gd203
6.0mol% Y203
Balance ZrO2

Comp. 4

3.0mol% Yb203
3.0mol% Gd203
3.0mol% Y203
Balance ZrO2

Ulow K

Usintering resistant
Ucompatible with MCrAlY BC
Uhigh erosion resistance

t’ phase

Lower K

cubic

Material courtesy: Dongming Zhu, NASA Glenn
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Knowledge application to Co-doped materials

Non-linear parameter space
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Performance assessment of co-doped powders

Isothermal exposure: System level

Slngle Iayer YSZ~ 600hrs

300
hase
‘w250 -
S
2 200 -
qq_) 150 ~
: 100 -
QO 5
0_
.Comp-3 Comp-2,
\ 150mmSD y \ 100mmSD y

Y
Gd2ZrO7/YSZdouble layer

Lignite exposure at 1200°C
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Co-doped powder#2 and 3: Reaction with Lignite at high
temperature

-y Jew e

v' Limited FCT life

v’ further process
optimization

» Poor performance
against lignite ash

» Can not be used
as top layer
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Co-doped powder: summary

103
32 o. S » -]
— G-L Ysz o~ -7 = S 7
% 301 o Co-doped (C) § 710° | , AN 3 * """"“L
= 23l \ o~ R e - A Zeny Py :
9 oe ] .\. 2 i 5 incr(é:\se AR Sl ; MRt _.-'I ‘-"- .':‘-__’._
g " . z ax10° over time ') @ eins
— _ \ \\\ \\ - '_‘:'_.. . 7 : s .- ? . ;_ b -. ,_L_-- --"._“'
§ 2:21 GH AR ‘LC\ b@ 5103 —-"”_‘J o E A - W ¢ ¢ p
= \\\ \\:\\ ! o ] -‘—.—— ~ = sy 5, ‘- A “ 3 # = E
s 29 e Y \a = et ol Lignite reactlon at
Z 1.8 f e ‘ g
ol Y-M O UL 410° + Catgrefes S mtérspiatboundanes
. o) - £ - :
T T T T T : i S r 55 : 4‘ ety
10 15 20 25 30 35 40 2108 Peondition . -
Elastic Modulus, E (GPa) As Sprayed Isothermal
heating for50
hniire at120N0C
300
~—~
0 250 1
o
k= 200 A
N
@ 150 A
=
—
100 -
O
LL 50 7
0

L-L .comp-3 Comp-2,

N 150 mm SD y N

100 mm SD y
Y Y
Gd2ZrO7/YSZdouble layer NASA Co-doped

O Promises and Challenges.

STONY
BRWK



Task update summary

Task Discription % Progress Status Comment
1. Project Management and Planning
1.1 Revise and Maintain Project Management Plan Completed
1.2 Quarterly Assessment and Reporting 100 Completed

1.3 Annual Meetings 100 Completed
1.4 Final Report 0 On schedule

2.Bond Coat Processing and Evaluation

2.1 Bond Coat Processing and Microstructural Evaluation 90 Completed Additional characterization
2.2 Determination of Bond Coat Oxidation Behavior in High Temperature Water Vapor 60 Working w ith ORNL
2.3 Final Selection of Bond Coat Material for System-Level Coating 90 Collaboration w ith
Working w ith Setup developed
MILESTONE: Determination of bond coat oxidation behavior in controlled atmospheres 60 at
MILESTONE: Dow n-selection of optimum bond coat material and processing for
multilayer coating 80 In progress, w orking with ORNL

3. Thermal Barrier Processing and Evaluation

Completed
Completed
Completed
Completed

3.3 Determine Thermal Conductivity Changes Due to Thermal Gradient Exposure 50 Burner rig test setup is completed

MILESTONE: Process maps w ill be completed relating processing conditions to
properties for plasma sprayed Gd2Zr207 100 Completed

MILESTONE: Development of gradient thermal conductivity model for plasma sprayed Application of the model for various
Gd2Zr207 80 Completed layers is being considered
Additional processing conditions are
MILESTONE: Development of erosion-resistant Gd2Zr207 top layer for TBC Completed being explored
tem-Level Evaluation of Multifunctional Coating

4.1 Production of Multilayer TBC 50 On schedule

4.2 Rig Testing 10 On schedule Burner rig test setup is completed

4.3 System-Level Oxidation and Hot Corrosion Testing 30 On schedule FCT test setup is completed and started

4.4 Residual Stress and Composition Evolution in Multilayer Coatings 30 On schedule

4.5 Additional Ex Situ Characterization of Multilayer Coatings 35 On schedule

MILESTONE: System-level determination of oxidation and hot corrosion behavior of

multilayer TBC 20 On schedule FCT and Burner rig setup

MILESTONE: Determination of residual stress state and compositional evolution in

multilayer coatings exposed to high temperature w ater vapor atmospheres NA On schedule

MILESTONE: Determination of thermal and mechanical properties in multilayer TBCs after \I Y

high temperature, controlled atmosphere exposures NA On schedule
DREWK



Collaboration Efforts: Industrial Partnerships

Wi Working with them regarding Gd,Zr,0, commercial
thermal spray powder development

CERAMIC MATERIALS

SIEMENS Anand Kylkarm of Siemens for Substrate and
FCT testing

OAK Bruce Pint/Allan Haynes ORNL
£RIDGE
oo A.Shyam, E.Lara-Curzio ORNL HTML

C onsol'ti"m for Thermal Spray Tec]mojo e

SIEMENS
% P LT

ALST@ M CATERPILLAR

‘ZKENNAMETAI.

%camﬁl SULZER
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