Design and Evaluation of Environmental  [g=]ranona
Barrier Coatings for Protection of T L [[EcHNoLoGY
Ceramic Matrix Composites in

Hydrogen-Based Turbines Richard Oleksak

&
i gmere—

o
£ a %

e FECM/NET L SF""T\QRXJD Pfoféz:’r Réview Mééﬁng
April 23-25, 2024 s




Disclaimer N=|NATONAL

TL TECHNOLOGY
LABORATORY

This project was funded by the U.S. Department of Energy, National Energy Technology
Laboratory an agency of the United States Government. Neither the United States Government
nor any agency thereof, nor any of its employees, makes any warranty, express or implied, or
assumes any legal liability or responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product, process,
or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.

P

% U.S. DEPARTMENT OF

.2/ ENERGY




Acknowledgements N=|Narionat

TL TECHNOLOGY
LABORATORY

Co-Authors
Shigiang Hao, Tianle Cheng, Fei Xue, Casey Carney, Youhai Wen,
Michael Gao, Omer Dogan

Funding
This work was performed in support of the U.S. Department of Energy’s Office
of Fossil Energy and Carbon Management Advanced Energy Mafterials
Research Program. The Research was executed through the NETL Research
and Innovation Center’'s Advanced Materials Development Field Work
Proposal.

? U.S. DEPARTMENT OF
.8/ ENERGY
s e N B EEEEEEEEEEEEEEEEEEE——————




Background and Motivation N arona

TL TECHNOLOGY
LABORATORY

- Switching from natural gas to hydrogen as a R alla s
fuel in industrial gas turbines requires materials Dt - L) P
with increased temperature capability. oS -r-a:--:iu-r-a‘w'u'fia'-'"f*-—.ii"'-"':&-‘ .

e

» SiC-based ceramic matrix composites (CMCs)
are among the most promising materials
available for replacing superalloys in the
hottest portions of hydrogen turbines.

« CMCsrequire environmental barrier coatings
(EBCs) to protect the SiC material from
reaction with the harsh combustion
environment.

« Hotter temperatures and higher water vapor
contents in hydrogen turbines places
increased reliance on EBCs for long term
durability.

"’““ﬁ U.S. DEPARTMENT OF
.9/ ENERGY
I L




Project Overview NS lhmoma

TL TECHNOLOGY
LABORATORY

Three main aspects:

1. Computational design of new and improved environmental barrier
coating (EBC) materials to protect ceramic matrix composites (CMCs)
In future hydrogen gas turbines.

2. Capability development and of current EBCs
and NETL-designed EBCs in hydrogen turbine environments.

3. Damage modeling to predict lifetfime and guide design of new and
improved EBCs. (see poster!)

Overarching Goal: Enable use of CMCs in high efficiency hydrogen gas fturbines.
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Background on EBCs N

Complex Materials with Many Design Requirements
An ideal EBC should...

« Resist corrosion by steam
« Resist corrosion by

 Limit oxidation of underlying material (CMC or bond
coat)

« Reduce thermal flux to underlying CMC (act as a
thermal barrier)

CTE MISMATCH

CHEMICAL
COMPATIBILITY

While...
« Minimizing stresses induced during high temperature
opera tion: SN ho SILICA VOLATILISATION
« Coefficient of thermal expansion (CTE) mismatch produ . Si(OH)s

* Phase stability
* Interfacial reactions

« Possessing some toughness to handle these stresses

O

without mducmg COCITIﬂg failure D. Tejero-Martin, C. Bennett, T. Hussain J. Eur Cer. Soc. 41, (2021) 1747-1768
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Coating Design Strategy N o
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Benefits
= CTE match with CMC
= Phase stability at high temperatures
» Fracture toughness
= Corrosion resistance against water
vapor and CMAS
= Potential for low thermal
conductivity (< 1 Wm- K1)
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Phonon Dispersion and partial DOS =
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[14] L. Chaput, A. Togo, I. Tanaka, and G. Hug, Phonon-phon
metals, Phys. Rev. B 84 (2011) 094302.
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Calculating phonon dispersion allows deriving CTE and
thermal conductivity.

Similar approaches can be used for other RE,SI,O,
compounds and their mixtures.

f% ENFETﬁEFY Hao, R. Oleksak, O. Dogan, M. Gao, Acta Materialia, 258 (202_

MCLC, path: T-Y-F-H-Z-I-X-T-Z|M-T-N|X-Y; -H,|I-F,

[Setyawan & Curtarolo, DOI: 10.1016/j.commatsci.2010.05.010]




Thermal Conductivity Calculations =

Methods
(a) ........................... N Ormalﬂ ,(b) ......................... Umklapp .......
Process i Process
o =
q, ’ TN T
Q)

............................

e B L ALLELLE R EE L EEE R L PR L)

« Debye-Calloway model

. Normal phonon scafttering

. Umklapp phonon-phonon
scattering

. Not considered: impurity,
boundary scatterings.

U.S. DEPARTMENT OF

(@) ENERGY

it

TL TECHNOLOGY
LABORATORY

Results Literature
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« The laftice thermal conductivity of Yb,Si,O-, Y,Si,O,, and
YYbSi,O, agree well with literature.

- Ery4luy,4Y3,4Ybs, and La, ,Ce, 4ET, 4LV, .Y, ,YD,,, show even
lower lattice thermal conductivity.

S. Hao, R. Oleksak, O. Dogan, M. Gao, Acta Materialia, 258 (2023), 1_




Thermal Expansion Calculations NS

Methods Results Literature

Quasi-harmonic Approximation I A |
Ftotal(T,V) = Eprt(V) + Fvib(T,V). ' o .
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i Temperature (K) Tempamaturei and Y,3i,0;,) show excellent agreement with literature.

«  Eryuluy,4Y5,4Y 05, exhibits very close match with SiC while
La,,,Ce; 4Ery 4Lu, .Y oY D4 0 Is much higher.

S. Hao, R. Oleksak, O. Dogan, M. Gao, Acta Materialia, 258 (2023),“




Mechanical Property Calculations o

Calculate elastic constants

Taylor series of potential energy:

1
E(V, 5) = E(VO, O) + VO (Z Tifi(si + EZ Cij 51' 151 ]> + 0(63)

l
1 0%
“U =V, 86,06

Elastic stability criteria:

C; > 0 (i=1,2,3,4,5,6)

Ci1+Cop +C33+2(C1, +Ci3+Cy3) >0

C33Cs5 — C25 > 0; C44Ceq — C2g > 0; C33 + C33 — 2C53 >0
C22(C33Cs5 — C35) + 2C23C55C35 — C35Cs5 — C55C33 > 0

2[C15C35(C33C 5 — C13C53) + C15C35(C2Ch3 —

C12C23) + C25C35(C11Ca3 — Cip * C13)]- [C15C15(C22C33 — C33) +
C25C25(C11C33 — Cf3) + C35C35(C11Ca2 — Cf2)]+ gCss > 0

g = C11CyC33 — C11C53 — CpCf3 — C33CT5+ C12C13C3
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Derive mechanical properties

Compliance: Young's Modulus:
Ci11 Ci2 GCy3 0 Cs O g 9GB
Ci2 (2 Cy3 0 Cs O -
C.. = Ci3 C3 (33 0 (35 0 Sij = Ci;l 3B+ G
YL 0 0 0 Cu 0 Cu
Cis Cps C3s 0 Css O
0 0 0 G 0 Co Poisson's ratio:
3B —2G
. L y =
Voigr: 23B + G)
By = 9 [C11 + Cop + C33 + 2(Cyp + Cy3 + Cr3)]
1 .
Gy = 15 [C11 + Coz + C53 + 3(Cyay + Cs5 + Coe) — (Ciz + Ci3 + C23)] Vickers Hardness:
0.585
Reuss: Hy = 1.887 (ﬁ)
B = [S11+ S22 + 533 + 2(S1z + 13 + S23)] ™ Intermetallics 19, (2011) 1275.

Gr = [4(S11 + S22 + S33) — 4(S12 + S13 + S23) + 3(S4q + Sss5 + See)] ™1

S. Hao, R. Oleksak, O. Dogan, M. Gao, Acta Materialia, 258 (2023),—




Mechanical Property Calculations o
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Effect of RE mixture
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« Combinatory chemistry and
first-principles DFT based

I T inry'v

e methods used to design new
’ YBS207 RE,Si,O, materials with:
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Closely simulating gas turbine
combustion conditions is
exiremely challenging, yet
important for evaluating
coating performance.

Industrial gas turbines:

v Ultrahigh temperature ... «
v Complex gas mixture |
v' High velocity

v' High pressure

v' Thermal gradient

v' Long durations

Burner rigs Steam-jet furnace :
g © High gas - — Fu_rnace testing
d }fle?;';yl ! cicxs H; e T ‘/‘\_ v' Confrollable
| gradient @ - S e (Sﬁ — % environment :
! : 2900000000200000000 x Low gas velocity
M < Afmospheric [Jz=- v High gas velocity x Atmospheric pressure
pressure x Fixed environment x No thermal gradient
i x Temperature x Atmospheric pressure < Sample
limitations x No thermal gradient contamination
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NETL Gas Turbine Combustion Simulation Rig [N=]ranove
A new capability for environmental performance testing of T/EBCs, CMCs, and TLJlasokarorr

other high temperature materials

carousel

v Ultrahigh surface temperatures v Complex gas mixtures T .
v' High gas velocity v' Backside cooling (thermal gradient) ReCI.|ISfIC gas turbine
v" High pressure v Long exposure times (unattended operations) environmentis
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NETL Gas Turbine Combustion Simulation Rig [N=]urone
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 Temperature
« 2kW CO, laser — T >1600 °C surface temperatures.
» Backside cooling — temperature gradient.
» Fast thermal cycling — simulate startups/shutdownes.

« Accommodates 1"x1" square samples.
« Uniformly heated 2" diameter circle in sample center.

 Environment
» Controllable pressure up to 20 atm.

- Controllable gas composition (simulated combustion
of hydrogen, natural gas, and their mixtures).

* Long duration testing (unattended operations).
» High velocity gas jet impinging on sample: . ...
« Gas jet via 3-mm converging nozzle ng commissioning

» 45°impingement angle expected summer 2024

« Jet velocities up to 200 m/s

« Jet pre-heated to 650°C

#5%, U-S. DEPARTMENT OF
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Phase Field Damage Modeling of CMCs |N= oNAL
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Understanding effect of microstructure on fracture behavior TL LABORATORY
Fracture surface of a SiC CMC Fiber bridging with interface sliding

Int J Res Sci Innov 2, no. 28 (2015): 10-13140. applications. CRC press, 2017

Anderson, Ted L. Fracture mechanics: fundamentals and

Fiber bridging and fiber pull-out mechanisms are the keys to the superior property of CMCs

=% U.S. DEPARTMENT OF




Phase Field Damage Modeling of CMCs

‘ Understanding effect of microstructure on fracture behavior

2D cross section
B: initial crack C: matrix cracking to fibers
 — Withinterface sliding | x
2000:‘ —— No interface sliding - KR

. ] F'M
2 1500:
= ;
E 1000 1 D: fiber bridging E: fiber breakage -_

\ AN S

0.0 0.5 1.0 ,

Displacement (zm)

TL

3D plot

D: fiber bridging
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A phase field model incorporating interface sliding was developed to describe crack
growth in SIC/SIC CMCs. The model successfully reproduces fiber bridging, and is used
to gain insight info effect of fiber geometry and distribution on CMC performance.

F#= % U.S. DEPARTMENT OF




Phase Field Damage Modeling of EBCs [N=]wrow
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A micro-mechanical model incorporating large inelastic deformation

Like thermal barrier coating (TBCs) on L SL N
superalloys, a primary failure mode in EBCs e,
has been linked to the growth of the

thermally grown oxide (TGO) layer. ' e

(Balint, DS., et al. 2006. Acta Mater. 54, 1815

 [BmaCon

Top coat(s)
1GO

Bond coat

Substrate (superalloy or CMC)

K. N. Lee, J. Am. Ceram. Soc. 102, 1507 (2019).
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Phase Field Damage Modeling of EBCs  [N=|urow
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FeCrAlY

(Davis, A., Evans, A., 2005. Acta

Mater. 53, 1895-1905) ° R O

_+» Developed a multi-phase-field

/o,

.J 041 model focused on TGO growth
0-35 and associated stresses.

0.29
0.23

17 o The model successfully captures
0.11

005 evolving morphology of the
0 inferface induced by TGO growth.

\} ENERGY See poster Wednesday night! _




Summary and Future Work NS oA
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« Ongoing efforts to enable use of ceramic matrix composite (CMC)
marterials in high efficiency hydrogen turbines, with an emphasis on
developing the required to
protect these materials.

« Promising new T/EBC materials in the multicomponent RE,Si,O, system were
designed using DFT based methods. Future work includes further optimizing
coating properties + experimental validation.

- State of the art gas turbine combustion simulation rig coming online
summer 2024. Newly designed NETL T/EBCs will be deposited and tested
alongside existing EBCs to evaluate performance in hydrogen furbine
environments.

* Phase field approaches are being used to model damage evolution in
both EBC and CMC materials.

#7%, U.S. DEPARTMENT OF
.0/ ENERGY
I s




NETL
RESOURCES

VISIT US AT: www.NETL.DOE.gov

@NETL_DOE

@NETL_DOE

@NationalEnergyTechnologylLaboratory

Richard.Oleksak@netl.doe.gov



	Design and Evaluation of Environmental Barrier Coatings for Protection of Ceramic Matrix Composites in Hydrogen-Based Turbines
	Slide Number 2
	Acknowledgements
	Background and Motivation
	Project Overview
	Background on EBCs
	Coating Design Strategy
	Phonon Dispersion and partial DOS 
	Thermal Conductivity Calculations
	Quasi-harmonic Approximation
	Slide Number 11
	Slide Number 12
	Slide Number 13
	Slide Number 14
	Slide Number 15
	Slide Number 16
	Phase Field Damage Modeling of CMCs
	Phase Field Damage Modeling of CMCs
	Phase Field Damage Modeling of EBCs
	Phase Field Damage Modeling of EBCs
	Summary and Future Work
	Slide Number 22

