#,OAK RIDGE

al Labora

Enhancing Lifetime of Environmental Barrier
Coatings for Hydrogen-Fired Industrial Gasefmrbmes

Ql@l%llﬁ)ﬁ)ll \)\1()1 K) \

Q XQ\\Q llﬁxn

M. J. Ridley, M. J. Lance, T.G. Aguirre, B. A. Pint
Oak Ridge National Laboratory

Oak Ridge, TN 37831-6156

UTSR, November 15t, 2023

ORNL is managed by UT-Battelle, LLC for the US Department of Energy .
{0} ENERGY




Acknowledgments

 Funding from U.S. DOE, Office of Fossil Energy and Carbon Management,
Advanced Turbine Program

- FWP-FEAA149 (ending) and FWP-FEAA300 (starting)

e ORNL Team

— G. Garner, B. Johnston, J. Wade - oxidation experiments

— J. Horenburg — metallography

— T. Lowe — SEM

- Y.Su-TEM

— E. Lara-Curzio, J. A. Haynes, R. Lowden, D. Mitchell — input on CMCs

e Collaborations

— Stony Brook Univ., Center for Thermal Spray Research (S. Sampath and E. Garcia-
Granados)

— NASA Glenn Research Center (K. Lee)
— 2 industrial collaborators

OAK RIDGE

National Laborator y




Enabling ceramic matrix composites (CMCs) for combustion

environments requires protective environmental barrier coatings
(EBCs)

IPM Research Group Website.
I

« CMC components entered commercial \/
service in 2016 (GE/Safran LEAP engine) - %
— 1/3 the density of traditional superalloys é T a—— \Maximym:
— High-temperature stability + strength IR rac - tomparare-
— SiC recesses in steam environments ] ool w | Wmos e gk |

e Interest in CMCs as hot section components e ]
for land-based turbines

- H, / H, blend fired IGTs to replace natural gas for
green power production

— Turbine efficiency increase likely needed to offset
H, (g) costs

— Increased temperatures and steam production
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Foundation: Environmental Barrier Coatings (EBCs)
needed to protect SiC in combustion environments

*Yb,Si,O, - %
YbDS
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standard

Silicon Bond Coating

et SiIC 50 um

1. SiC oxidizes in air/steam environments
« SIC + 20, (g) =3Si10,+ CO, (9)

2. SiO, voldatilizes in steam environments
»+ SIO, + 2H,0 (g) = Si{OH), (9)

Oxidation must be minimized for long lifetimes (1)

EBCs required to prevent volatilization (2)

\‘ SiC/SiC shroud with EBC
General Electric, DOE's

Continuous Fiber Ceramic
Composite (CFCC) program




EBC failure modes need to be better understood for long
term IGT application

MISMATCH

e Steam reaction: Si-based ceramics
volatilize in steam

. : : PHASE
CHEMICAL e EOEO000 STABILITY
COMPATIBILITY e ealoe cex ety

« Bond Coat Oxidation: Weakens
Interface, promotes delamination

 Thermal Stabllity: Phase/property
changes during operation

 Thermal Expansion Mismatch

i Tejero-Martin et al., J. Eur. Cer. Soc. (2021).
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Themes for ORNL EBC Lifetime Model Development

1. Perform cyclic steam oxidation tests fo measure oxidation
kinetics

— Baseline EBC (Yb,Si,O,) and initiation of modified EBC chemistries
- EBC/CMC systems without the Si bond coating

2. Finite element model to guide understanding of failure modes
— Thermal expansion coefficients measured for implementation
- SIO, phase change included in simplified model

3. Use advanced characterization tools to identify leading
cause for coating failure

- SiO, phase transformation and growth rate
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Capabilities: Focus on cyclic steam furnaces

1-h cycles: automated cyclic rigs
Air + 90%H,0, 10 min cool in lab. air

e 1-h or 100-h thermal cycling Id
o SIC or Al,O4 labware

e 1.5cm/sor 10 cm/s

- TGO growth underneath EBC
not strongly dependent on
gas flow rate above EBC

furnace

2005 cyclic rig: 2019 cyclic rig:
% OAK RIDGE 1350°C maximum 1500°C maximum
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Methodology for assessing EBC performance is based
on bare SiC/Si oxidation in air and steam

Silica in steam: EBCs to prevent evaporation - Si(OH),

AND reduce scale growth rate

1350°C
Dry air

Silica

\

0.5

Temperature (°C)
1500 1400 1300 1200 1100 1000 900

Deal and Grove

oq wet

Opila

Calculated k, SiC, pH,0~0.9 atm

dry p02~0.2 atm

Experiments performed in SlC reaction tube

- Based on Harder (N
- Defines upper and
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bounds for EBC pert

ASA)
ower
ornmance

Deal and Grove
"~ Si, pO,~0.2 atm

[0 SiAir Ogbuji and Opila .
] SiSteam SIC, pO,~0.2atm
[ SiC Air --.,__“
] SiC Steam
056 060 064 068 072 076 0.80 0.84
1000/T (1/K)

Kane, et al. J. Amer. Ceram. Soc. 105 (2022) 590



Methodology & Software developed for assessing EBC performance is
based on bare SiC/Si oxidation in air and steam

Starting Material 1000h Exposure Parabolic oxidation kinetics
(Stony Brook University) 1350°C, 90% H,O (g)
[ YbDS/Si/SiC 100h FCT
LW | ; 304 <& YbDS/Si/SiC 1h FCT i
2 sl ¢ E : Silicon
O o, 2 = SiC
e - v e Um)
o N egah ~ £ S -t
VTR N | 27 k =0.813 um?h ! i
.\YS/V@MS | CVD SiC 20 um 5 i o k, = 0.617 pm?/h
s | e -
S ] L PR R e = _
L« Porosiy - YbI pe o TN 5 =
- aﬁj - ﬁy - i YPD}/ ,Y-'sz'.' Pyt < = YbDS/Si/SiC
. = 1 S A, g k, = 0.067 um?h |
0 T T T T T T T T T I
0 200 400 600 800 1000
Exposure Time (h)
CVD ORNL open-source code developed for SiO, growth
SiC https://github.com/TriplePointCat/SOFIA-CV
OAK RIDGE High statistics: thousands of measurements over mm'’s of cross-section

National Laboratory Su Y.-F., et al. OnePetro. (2021).




Big Picture: Develop Lifetime Model for Industrial Gas Turbine EBCs

200 um YbDS/YbMS EBC TGO Thickness

90 um

e Kinetics: Use intermediate
timescale kinetic data to estimate
maximum operating temperature
for achieving 25k hours of service
time

« 1350°C, up to 1000h test data

 Thermodynamics: Temperature
dependence for Si oxidation
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« Model validates test data at other
temperatures (ex. 1250°C)

1100 1150 1200 1250 1300 1350 1400

\ Temperature (°C)
100 2.2 2.7
300 3.6 3.9
500 5.0 5.3

OAK RIDGE

National Laboratory Rate 0.051 um?/h 0.052 um?/h




Big Picture: Develop Lifetime Model for Industrial Gas Turbine EBCs

« Predictive quality can be

improved with further testing TGO Thickness

200 um YbDS/YbMS EBC

« Does not incorporate _ 0. o ﬁ
microstructure or pressure effects = 25 L — e — - - o
ege ° B 15' 30 — — 30 um
+ Is there a critical TGO thickness for £ ;. S —
EBC failure? 2 5_\15um_% 20 m
» 30 um TGO, max temp: 1170°C 3
* 40 um TGO, max temp: 1334°C ¢
g | 5pum
* Likely governed by system = s
sfresses, cracking, bond
s’rreng’rh, microstructure 1100 1150 1200 1250 1300 1350 1400
evolution Temperature (°C)

Improvements needed for lifetime model (2024 - 2024)
1. How do dopants impact oxidation resistance?
% 0AK RIDGE 2. What is the critical SiO, thickness for EBC failure?
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Initial laboratory studies on modified EBC systems to improve performance

Provided by: Provided by: Provided by:
Comm. Pariner 1 NASA Glenn Research Center Comm. Pariner 2
(Y/Yb)DS YoDS+D1 YoDS+D2 YoDS+D3 YbDS/YbMS

CVD SiC
Commercial EBC Inc. Concentration of Dopants in EBC Dopants in Si
Dopant: Dopants (D): Dopant:
Y231,0;7 Mullite, 3A1,04-2Si0, AlL,O,

OAK RIDGE YAG, Y;AI:0,,
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Commercial (Y/Yb)DS has lower rates than YbDS in both air and steam
(2021 -2022)

Temperature (°C)

(Y!/Yb)DS \ (Y/Yb)DS _ (Y/Yb)DS . 1425 1350 1300 1250
re : 0L 0.0 - T T T T
: Si Steam
-0.5 A SiC Steam
) 100h Isothermal
—-1.0 -
= Steam FCT A
5-1.5—: - A
YbDS/YbI\/IS Lo (DS AibIIS, atds YbDS/YbMS $20] -v-'-'.'_'_':: -------- -
m .~' S oot - V‘ : 5.' e = 1 ae~r 0 TTEeell SIC Air
W 40 : ¥ ,-IEW" ; h[? 5 25] Air FCT 100h Isothermal
= : v A YbDS/YbMS
-3.0- A (Y/Yb)DS

0.58 0.60 0.62 0.I64 0.I66 0.68
1000/T (1/K)

- Why (Y/Yb)2: $16.4/kg Yb,O4, $3.4/kg Y,O4
- Manufactured at different locations, one temperature: further study needed
« Stony Brook Univ. spraying (Y/Yb)DS EBCs with commercial powder (FY24)

OAK RIDGE Ridley, MJ, et al. JACERS. (2022).
National Laboratory Stack, P, et al. JECERS. (2022).



Three doped EBC compositions received through
collaboration with NASA Glenn Research Center (2023)

Research-grade EBC with dopants: YbDS+D3 EDS Mapping

Dopants:
I\/\U”ITG, 3A|203‘28|02 # x5
YAG, Y;AI:0,,

Dopants chosen for
thermochemical
stability and low O
diffusivity

OAK RIDGE
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Doped EBCs show improvements at 1250°C, 100h
exposure , 1-h steam cycling (2023)

YbDS/YbMS (Stony Brook) YbDS (NASA) YbDS+D1 (NASA)

Median: 6.3 ym Longer exposures

25 Um needed




NASA doped EBCs show similar TGO thicknesses after 500h at 1350°C (2023)
YbDS+D1 YbDS+D2

YbDS+D3

« Similar global TGO thicknesses

* 14,000-21,000 measurements over ~3.5
mm cross-sections

 Abnormal TGO growth greatest for
YbDS+D1 for 100, 300, 500h exposures

« Higher dopant concentration slightly
decreases median TGO thickness

OAK RIDGE
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https://github.com/TriplePointCat/SOFIA-CV



Oox = Eox AT A

Causes for EBC delamination
addressed in simple FEM

« Cooling from 1350°C to RT

« SiO, phase transformation at 250°C

« 5% vol. change

« Temperature dependent CTE and
Young's Modulus included for all layers

Model 1 (Theoretical)

Model 2 (Research Stcmdard EBC Svstem)

EBC ; 'ﬂ a EBC 3 4
—M. Lance ef. dl, JAC?’S.(2923.) i i
30fon—Crist *
£5.
. . O ] a—B SiO, Transition at ~250°C ] _ a2
Cristobalite gzof ~5% Volume Change - Silicon
i S YbDS ;
properties 154 OB ] CVE
vary 2 10 i 4
g |
greatly £,

o
M

0 200 400 600 800 1000 1200

gﬁﬁlﬁﬁgg Temperature (°C)




“Defect-free” 2D FEM initial results for each model (1, 2, 3)
SiO, TGO Stress on Cooling EBC Stress on Cooling

Si0, TGO Thickness Si0, TGO Thickness
—&— 5 um —&— [5 pm —¥— 30 pm —&— (0 pm —®— 5 pm —&— [5 pm —¥— 30 um
1 2 3 1 2 3

0
~— 2000 —_ I
m -— -
g il
g E -50 |
7] A I
® 1500 @ -75
= et |
» ! & 100 F
= Transformation Transformation Transformation — L
Sromof _Srese S Siess
2 . a . a . a g —150 [
f= = L
pe o 175
£ 500 E I
3 3 -200
E E -
ﬁ c -225 r
E 0| p———----=n S— ‘___——é E -250 |

------------------ 25— 777 77—
1500 1000 500 01500 1000 500 0 1500 1000 500 0 1500 1000 500 0 1500 1000 500 0 1500 1000 500 0
Temperature (°C) Temperature (°C)

* Phase fransformation dominates ¢ EBC compressive siress increases
all system stresses with SIO, TGO thickness

« Overestimate, due 1o no pre-
existing cracks in model

Now... Can we measure this experimentally?
OAK RIDGE

National Laboratory Aguirre, Lin, Ridley, Pint, ORNL internal review.




Renishaw Raman Microprobe allows for characterization of
phase and stress evolution

« Raman Spectroscopy with heating
stage attfachment (600°C)

+ 332nm (green) laser, 50x lens, 2 ym spot [
size

« Peak shifts « f(Temperature, Stress)
« Calibrations performed for Si

Objective

Microscope ]

532 nm
laser light

Interaction
‘ Volume

| |—Si + a-Cristobalite at 200 °C ‘,’/ After 100 hin |—Si+ a-Cristobalite at 200 °C
—Si + p-Cristobalite at 260 °C | | §j o | 90%H,0 at —Si+ IS—(?rlsfobcllte at 260 °C
—Bare Siat 200°C 1350°C ——Bare Siaf 200°C
=T . >
5 | f 10 um
42 100 hin wet 2
> air at 1350°C =
3 0
N N
e T
£ £
2 2
Cristobalite

150 200 250 300 350 400 450 500 550 600 650 700 150 200 250 300 350 400 450

Raman Frequency (cm-1) Raman Frequency (cm-1)
OAK RIDGE M. Lance et. al, JACerS (2023).

National Laboratory




Visualized cristobalite (SiO,) phase transformation with SEM and
measured siress with Raman without EBC

SEM Heater Stage High-temp. Raman Speciroscopy

IO, crack closure af phase change 300 - 500 MPa increase from phase change
*Specimen tilted 70°

700
600
500
400
300
200
100

P oo

M. Lance et. al, JACerS (2023).

Biaxi_al Stress (MPa)

CTE difference & ~5% volume change cause cracking,
but what happens when EBC is applied?

OAK RIDGE
National Laboratory




Raman Stress and phase measurements on a full EBC system in
cross-section at elevated temperatures was attempted

Light Optical Image
Yb,Si,O,/Yb,SiO. EBC

1000 h (10-100h cycles)
at 1350 °C in wet air

SiO, TGO
ORNL EBC made by
Stony Brook University

. - -
g = - o\
v o »
. . T 4
» Yo < § ’
-y ’
2 -~ . 4 .
m— 4 - .
- - -
. ¥ 3 -
|

B-SiC (CVD) 20 um

e The sample was mounted in epoxy, polished and then
removed from the epoxy prior to heating from 220 to 290 °C

OAK RIDGE
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Methodology developed for high-temperature Raman in cross-section after
EBC exposure to cyclic steam

260°C, a-cristobalite TGO 270°C, B-cristobalite TGO
Yb,SiO;

B-cristobalite

- - ¢ .‘ . ;';‘;.. ; !‘
e, a-cristobalite & ==

¢ s T
Y¥e ~ - .
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B e ¥ S i .
ey =] - \ )
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P : i s B .
-’ X | ol O :
y  ® | : Ll e
-rs :“' g ¥ B L
L3 “ 5B v
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[ )
’ -
»
:

14

2 ) UM

. Phase mMaps creo’red from Roman Spectra W|’rh pnnc:lple componen’r analysis
e a-cristobalite phase disappears after 260°C due to phase transition

Goal: Quantify thermal and phase
QAKX RIDGE tfransformation stresses with EBC




Stress measurements in doped EBCs
Photo-Stimulated Luminescence Spectroscopy (PSLS)

Yb,Si,O,; EBC modified with Mullite (3Al,O, 2Si0O,) and YAG (Y;Al;O;,)

'Raman Region I I Luminescence Reqionl 25 r .
i . — Mullite
Yb,Si,O7 52 — Alpha Alumina
) . < — YAG
Cr3+:3Al,04 2510, Qo
£1.5
\ 3
N — e
Cr3©:AlL,O, = —
=
E‘TT' / 6 0.5
o~ Z
™
IR 0 - et T S
525 550 575 600 625 650 675 700 725 680 685 690 695 700 705 710
Wavelength (nm) Wavelength (nm)
I s 8

e Raman microprobe used for PSLS spectra acquisition

e Trace Cr3* (few ppm or less!) substitutes for Al and
can absorb green light and emit R(Red)-lines

OAK RIDGE
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EBC Stress Measurement using Photo-stimulated luminescence
spectroscopy of Mullite: Thermal & TGO growth stresses

YbDS+D3, doped EBC (NASA)
1-h cycles at 1350°C in wet air

0h (As Sprayed) __ 100h 300 h 500h ACMEl rengon

R ‘v g"” AP >‘< at'h -z,?%\’ TR P S Ty TR TR X ] AT LT
[y = _.‘ e T TAS L o TSRy R 1
il ] e uses N
e P o . !
| v‘.‘] .v.:} . .'\‘.; | . l‘
& I 14563
: o
<4l " L s o
\;‘ﬁ’f:' w1 t w-ro | :- 'I'“ rt: .-'( 4 »A.l._. -'\"".‘1""- - -'-‘. :-.{'. e o 7
for R el T L R T (L v ERek 14562
: :‘t‘._,hﬂj:&' \ v | (RS, Y Pl N “ P g
- .:4‘-'-': > - 1 _,.‘.;{,:' A - o8 N T
:’.S’"‘-‘v T oA
g s WLl 14561
J 7 ; b T R -
Tl e
o[BS R SR 1560 N
5 . o

Partially [ 700am Compression

Amorphous
e R-lines shift 7.6 cm'/GPa (Lipkin and Clarke, 1996)
» Crystallized EBC before steam exposure needed for baseline*
« Average minor compression in EBC, tensile near EBC-gas surface

Dopants can allow for NDE of EBC stresses in service
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EBC Stress Measurement using Photo-stimulated luminescence
spectroscopy of Mullite: Thermal & TGO growth stresses

YbDS+D3, doped EBC (NASA) Parabolic EBC
1-h cycles at 1350°C in wet air stress change
- ]00 h 300 h 500 h AS#]JO' Tension
Averqge ‘;"41'_:‘32,,6“ 1,( DR ?@! ; “"*&@’3‘;’:"' G ‘:"‘ ,:.:g NS o e AR R 14564 A\ = :'
EBC Stress | S | F s R -
. . n; - Kih 1 ’ 14563 5 6
Measured: | 0 MPa |l " -13MPa 2 ]
o L OHTC SRR >
2D FEM ~ 0MPa - -8 MPa 2,
£ R 14561 5
- *é"""w-%"":‘“: . S 14560 < 7 I
| . 0 100 200 300 400 500
100 ym CompreSSIOH Exposure Time (h)

« 100h test sample set as zero stress reference to visualize general frend
» Average EBC stress agrees with simplified 2D model results

EBC stress changes as a function of SiO, thickness

OAK RIDGE
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Clear directions going forward
1. We need better EBCs 2. Understand/mitigate y 3. Characterization to

the SiO, phase further understanding
« Thermal & oxidant barrier trans-formation
* Need replacement for Si « EBC stress evolution with
boncz coating (T er= « Need basic SiO, data steam cycling
1414°C) e Stress impact on EBC « Microstructure-relevant
* Understand effects of needed for lifetime modelling for
dopants on oxidation model quidance/comparisons
EBC Thermal Conductivity Effect
400 0N EBC Temperature Gradient _ T
~ 3.0x10 “Sa—Crist. . _glﬁlzgn | | . %\
%300_ 1 W/mK ‘?\2_5x1o-5 § 5 :slt%.SCnstoballte- 500 E
& O 2.0x10° gg —— (Y/Yb)DS W
o C =S hld
E 199 3 W/mK _'5.0x1o-6-f ;ﬁ -100 5
] —Crist. @
0- | | | . 0.0 .
0 100 200 300 400 500 0 200 400 600 800 1000 1200
EBC Thickness (um) Temperature (°C)
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Thank you for your atiention!
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