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Program Focus*

* Robust domestic supply chain

* Prediction & Repair to
manage flexible fleet of generators
that enable high penetration of
renewables into the grid

* Low-cost, high performance alloy
development to enable the next
generation Natural Gas Combined
Cycle plants and the Hydrogen
economy

*https://netl.doe.gov/coal/high-performance-materials
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Advanced Alloy Development FWP
Affordable, Durable High-Performance Alloys.
v' Techno-Economic & Market Assessments

v" Alloy Development & Manufacturing

» Simulate and Manufacture of Large-Scale
Ingots

» Cast Versions of Wrought Superalloys

» Large Area Additive Manufacturing

» Manufacturing of Compact Heat-Exchangers
» Ni-, Fe- Alloy Development

v Materials Performance in Harsh
Environments

» Creep & Creep-Fatigue (LCF) modeling
» Materials Performance in sCO, cycles

U




Presentations at Review Meeting N=[ranena:
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Tuesday, June 15, 2021

* 1:20 PM: Materials Performance in sCO,
Environments, Omer Dogan

* 2:20 PM: Design Tool for Creep-Resistant Materials
and Low Cycle Fatigue Modeling, Youhai Wen

* 2:40 PM: Simulate and Manufacture of Large-Scale

Ingots & Summary of Past Ni-Alloy Development
Work, Paul Jablonski

Eastern Daylight Time
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Techno-Economic & Market Assessments

Research Guidance and Direction

Strategic Systems & Analysis Engineering Svstem Studies & Benefit Analvses
y u y

Reports on NETL’s web site

https:/ /netl.doe.gov/crosscutting /publications

Previous Accomplishments

* High Performance Alloy Applications In

Adjacent Markets
. : NS o NS rows = o
* Understanding the Supply Chain of Lo EE%S’.‘.R%S&‘ :s%s'.::’%ga'
BENEFITS OF ADVANCED ASSESSING THE EXPORT
Advanced AHOYS MATERIAL USE FOR BOILER TUBES HIGH PERFORMANGE ALLOY POTENTIAL FOR HIGH-
IN COAL-FIRED POWER UNITS APPLICATIONS IN ADJACENT MARKETS PERFORMANCE MATERIALS
* Benefits of Advanced Materials for Boiler JEFEREY WITHUM, STEVE HERRON, ERK SHUSTER RENE SPITSaERG | CRARLTON FETER JARGS, PAULAIVLES
Tubes
* Export Potential for High-Performance
Materials

* GADS Failures subsets analysis for boiler
tubes, turbine, and balance of plant.

S. DEPARTMENT OF
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Current Effort

Assessment of Advanced Alloy Opportunities for
Natural Gas Combined Cycle (NGCC) Plants and H,
Production

Identify how can advanced materials contribute to
improved performance and reduced cost in NGCCs

* With and without CCS

* Interest in not only efficiency, but cyclability, reliability,
service life, etc.

* Identify parameters of interest.

* Establish SOA design features, materials, and
performance.

* Identify materials-driven opportunities for
improvement - informed by literature and
consultants.

Contact: Travis Shultz (travis.shultz@netl.doe.gov)

U.S. DEPARTMENT OF
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Current Effort

Benefits, Advantages, and Opportunities for Cost HIGH PERFORMANCE ALLOY DOMESTIC VALUE CHAIN

Reduction in the Materials Value Chain From Advanced Opporksiies; for impact within the Fossh Ensrgy Bacter

Manufacturing for Power Plant Applications m H —
m INDUSTRY STRENGTHS

. . ]
Assess the economic benefit of novel manufacturing Aoy Prodiction * Diversiy of Product
. . .. * Major Companies: Haynes
approaches in production of key, cost-driving Lt e o e
: : Techno , Universal Stain
components of the advanced power system and identify i =
R&D challenges to realizing these benefits. E“,mn -
. . Gasting, stamping forging - controlling T —
* Explore the most rapid path to market being used mécrosiructuce and stresses * Major Comparies? Procision
: . PRODUCT semtineshectimbnsbed wives, Castparts, ATI, Ancomic, U5 Steel
in current AUSC designs BERS tbi vop
. .
* Investigate near-net-shape manufacturing =
. ] inishing Lo et el
techniques to reduce post-processing of large cast Kok s lnces, bt * Ml Campais: WIC roun,
parts PRODUCT: Finistied momponent :
* Study manufacturing one-off parts, reducing .
{ 1 1 1 1 1 Component « High Prant
inventory, r;ducmg wait times, and modification of i SOt o
larger parts in power plants PRODOCE: Sebsontln dad compocost e

Contact: Erik Shuster (erik.shuster@netl.doe.gov)
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Improve Electro-slag-remelting (ESR) . ¢ 1 1bine CED (MeltFlow) & CALPHAD

ingot quality & melt efficiency. (JMatPro, Thermo-Calc) methods with
* Optimize melt parameters (and experiments. By applying .models.:
alloy/slag compositions) to maximize * Methodology to predict segregation during v lhanpripesl yizksl cliiag
ingot quality. ESR melting as a function of process ESR melting of NETL
parameter (such as slag temperature, melt Fe-9Cr alloys (CPJ7,
* ESR ’use’d for mission critical rate, fill factor). Important for alloy JMP) XMAT alloys (347).
applications element retention and control of tramp v’ Achieved 41% reduction
o . clements. in power required to melt
~-[® - s R oy Voo e o Lo at constant melt rate for
| o ; Tlm?ggéK | master alloy production.
B g Mo wze | v Reduced tramp element
ot - . concentrations in ESR
g;;E: E iégg L | Reative partde Densiy ingOtS'
o cE S 0. | ¥ Controlled chemistry for
. I IR elements in tight
s£;§u o e concentration ranges.

1 Il TN T T T A 1 o |
0.1 0 0.1 0.2 0 0.02 004 006 008 0.1

- i R(m) R(m)

Contacts: Paul Jablonski (paul.jablonksi@neitl.doe.gov) Martin Detrois (martin.detrois@netl.doe.gov)
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Simulate & Manufacture of Large-Scale Ingots

N: NATIONAL
- [ENERGY

TL TECHNOLOGY
LABORATORY

Creep of NETL Superalloys compared to wrought 740H

Current Effort : |
. 500_ @ O
Apply models to Ni-superalloy
melting & upscaling
* Emphasis on NETL developed <
Ni-superalloys — large range of = ® 105C
. . . 0 B 263 STD
chemistries & microstructures. @ 200F [ 263 Mod
% W 2825TD
* Provides insights on = ?iﬁ;ing
processability of superalloys o ImeP
(pre-competitive). ool |2 7aonFan
) ) . |v HES
* Increase the likelihood of R
transfer to U.S. industry

24
LMP (20)/1000

25 26

Contacts: Paul Jablonski (paul.jablonksi@netl.doe.g

#= %5 U.S. DEPARTMENT OF
o)

ov) Martin Detrois (martin.detrois@netl.doe.gov)

Presentation on June 15, 2021 at 2:40 PM (EDT)
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Large Area Wire Arc Additive Manufacturing TL [Ecoocy

Identify the technical research challenges and opportunities
for LA-WAAM and other wire-based AM methods for the
production, repair, and alloy feedstock development of

precipitation strengthened superalloys.

Current Effort
Gap Analysis for Feedstocks for LA-WAAM

* Establish an industrial technical committee
that actively contributes feedback to gap
analysis

* Develop research road map

Contact: Chantal Sudbrack (chantal.sudbrack@netl.doe.gov)

#=%,, U.S. DEPARTMENT OF
o)

LABORATORY

Torch
"

New layer
v Molten pool

Component_, =

Substrate

TA. Rodrigues, Materials. 12 (2019).
https://doi.org/10.3390/ma12071121.
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~Manvufacturing Compact Heat Exchangers T [rcioroey

* sCO, power cycles — highly recuperated cycle

* sCO, power cycle conditions necessitate the

use of higher temperature materials

* Demonstrate a diffusion bonding process
in accordance with Appendix 42, ASME
Section VIII,DIV 1 for Alloy 740H

Prior research on

LABORATORY

Alloy 230

Transient-liquid-phase (TLP) bonding using
Ni-P interlayers developed for Alloy 230.

~
¢ ]
.

E stacks possessed acceptable

Alloy 230

18 2 3 48 8
Bond Pressure (MPa)

200 - 8‘/ H230 data sheet (sheet)
2‘,’- H230 data sheet (plate)
150 +
o
'E Bulk sub-size
s /Zdata points
= 100 - o Aé’
g o )3
b
> o~
50 - TLP o &
(o]
A
0

Contact: Omer Dogan (omer.dogan@netl.doe.gov)

S. DEPARTMENT OF

18 19 20 21 22 23 24 25 26
LMP (C=17.5) / 1000

™ properties. However, plastic
e ™~ strain localization in the bond |

Strength of the bonded stacks o
was greater than 85% of base =
alloy 230 yield stress. Bonded |+

low-cycle fatigue and creep

region caused low tensile
and creep elongation

400 -
— 323
gaoo 278
262 259
-E— 45 35 [ E| 2
H £
® a0 MREIRE
Q ‘2 iﬂ E 23
5 i 15| |2 | 5% |3
- [z ] (Bl 2] [32] | ¢
swof| 2| [ 3| |58 |35 ][] ]2
(7] - = ~N S o =
= L 1E [ |28 || |23
. 35| | 5| |3¢




Manufacturing Compact Heat Exchangers [N
Demonstrated diffusion bonding of 740H

Bon lin

a=0.4466 nm

7 osumf 05 1m 0.5 um 0.5um

Contact: Omer Dogan (omer.dgn@etl.do.gov

U.S. DEPARTMENT OF

ENERGY
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Grip Head
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\Bonded region

2 4 6 8

Displacement (mm)

—8—Asbonded - Asaged —@—Asreceived

10 12

N
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Current Effort

Demonstrate a diffusion bonding

process for IN740H in accordanc
Appendix 42, ASME Section VIII

I —

50 sheets

> Produce diffusion bonded stacks of

» Tensile yield stress and elongation
) > 75% of the bulk material.

e with
DIV 1.

l Acknowledge the collaboration of:

SPECIAL -
METALS V ey
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Improve the temperature @
1000 COSTEUTS JMP Steels 40 £ iber g CPU-7: 1202F
oqg e L /% g vy 4100 5 = -114.28 + 18232 (t9 ™ N o2z (10201
capability and performance b e 0 S cnsnr
S L e 2 cee oo ommo LSl wpsess
life of the relatively low-cost & === 05, Lo g, CTITAmE |
S 5 8 & o 90 MPa
g i g g 1 g 2 \\‘\ )
o 400 x.. o N
0 . . 5 %] 40 \\ + \9
Fe-9-12% Cr ferritic- L dodh ] TR R
g ‘F X X‘- iﬁ Xo % K ,n.* & COSTE 1% o= 16153 + 205.23 (t 0018 \\ }t\
r = Elongation NN (68.95 MPa)

L] L] PR T AT PR T
mal'tenSItIC Steel. TR S e ve— Tox10° 100x10° 1x10° 10x103 100108

Temperature (°C) Time to Failure (h)

NETL-CP]7 and NETL JMP Steels Current Effort
* Cast and he £ v Low cycle fatigue (LCF), Hold-time fatigue, and Project
ast an Wroug orms 12 R LL S BTt S SR RAT . T e
* 70kg (150 Ib) ingots produced i v cosre | i o costre

1.0 [ 0 O AT o & COSTB . S EESSRE AP S v costE L
L + NETL CPJ7/10A | *+  NETL CPJ7/10A

and reduced to plate (VIM, s ; i ]
:\0\ 0.8 _0(>+++’ ------------------------- - ;\_; 0.8 [ w ........................... e -

ESR) s 0 ®v < : : :
. % 0.6 fevvevereee e b R - £ 06 e R — i

* Formulated ESR slag chemistry s ' ORI 2 : ow - :
S A S S 4 P 0 S 4

* Welding trials/studies _ : _ _ ; _
» Conventional NETL 02| LCFatRoomTemp ___________________ ] o -LCFat650°C .................... * ........................ :
" FPriction Stir Welding PNNL I T Y R SR % Y TP

11l
“102 10% 104 108 106 102 108 104 105 108

<> Runout

[N}
IN)

* Matetial available fOI_‘ CValuatiOIl Cycles to Failure Cycles to Failure

Contact: Jeffrey Hawk (jeffrey.hawk@netl.doe.gov)

U.S. DEPARTMENT OF




Materials Performance in Supercritical CO, Power Cycles [N=]tanonal
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HIGH-TEMPERATURE OXIDATION OF STEELS ¢ JOINING LABORATORY
AND SUPERALLOYS .
Effects of impurities and pressure Dlssupllar n.'netal
No SO 0.1% SO welds investigated
: ” P22-P91
c s P91-347H
i P22-Alloy 263
2 equibiom g Non-protective Alloy 625-Alloy 263
£ 4 d I 347H-Alloy 263
3‘ 8 +— ANio = Anisog < . s s ¢ ? g ®
0 s s 700 a0 LOW-TEMPERATURE CORROSION Current
° Temperature (°C) . ldentifying low-cost steels resistant to | [ ves 25 Eff
LINKING OXIDATION BEHAVIOR AND acidic condensates _ . Liiott
N MECHANICAL DEGRADATION . H,CO, H,CO, + H,SO, £ Impact of
. T 5 0 E CO, on
700 | fg = = = 2 ¢
g m'/ « o2 - g7 v
el %04 & & creep
o EEEr - Increasing [wer] || creep-
| s v =" Crcontent —> Time (h) fatigue
* 5 = = = 1 ————————1Increasing—
sened Cr content It

Contacts: Omer Dogan (omer.dogan@netl.doe.gov), Richard Oleksak (richard.oleksak@netl.doe.gov

Presentation on June 15, 2021, at 1:20 PM (EDT)




Creep & Creep-Fatigue (LCF) modeling ¥E ENERGY

Develop a microstructure-based life prediction tool that couples creep, fatigue,
and environmental effects. w0

T v T
EVPFFT (Lebensohn)

* Developed a crystal plasticity phase-field model - ST | Current Effort: LCF modeling
that includes both shear deformation in each ! ' [ :
Phase field model
(a)

CPPF simulation (without GBS)
slip system of polycrystals and grain boundary |
v 8 e | ] to predict the LCF
» Lt
el

T Y
Iu |1 i pl
04 0 - - -’ﬂ 33 I

~
h
1

9
=
1
I

sliding (GBS).

* Developed a phase-field model of precipitation
process with continuous coherency loss.

Equivalent stress (MPa)
= T
1 |

= wn )

: E- ]
» Developed a microstructural based oxide- — Gason g 0,025
scale spallation model T 0002 0003 S T
p Equivalent strain g | T el SI ope=-0.53
21072 @50 =345 MPa s ;

[ --@-- 0, =400 MPa

Spalla tion due to: Jo New:Oxide After 5 years of operation Evolution of stresses Nl T =
. Gas ! i T T T ' " ‘ T T T T L 0, = a ]
. 10} B F L1 " NP | | A e e
» Temperature (Different ~ &_ 150 109 T 102
thermal expansion) S o ©- | g0 " Number of cycles to failure
Oxide growth strain with | duMetallh 2 % —— 550 J u u u ] |
’ § -5 { © L 1
geometric constraint _10} /a,‘ 0 Ll

« Different creep rate 4 \ 1.4 1.6 1.8 2.0 2.2 2.4 0 1 2 3 4 5
between oxide and metal = % Position r (cm) Time (year)

Metal

. U.S. DEPARTMENT OF

Presentation on June 15, 2021 at 1:40 PM (EDT)
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B Lawrence Livermore OAK RIDGE '
TL [RGoRaToRY MW" e m'"l. + daho NationolLabarofory National Laboratory "°5A"“m°s HRAGTIDT  pacific Northwest

APPROACH | !
- I Reduce the time and cost for alloy qualification and certification

s |
BENEFIT I
|
Data-driven Alloy
Life Predictors

order) Engineering
modeis Models for 12x10

Data for
Base Metal

Data for

Database of Fusion
Data for Heat
Zone

Affected Zone

Hig_h-lfideﬁry responses with Surrogate

Constitutive Model experimental data (reduced

capturing effects of alloy and synthetic data
microstructure and generated over

i wide range of o
deformation and damage o c?ns embedding in - eyeui:ad;, -
rocesses
P FEM packages guoo] g = BM
% 6.0x10° - -
o ,-/ static loads

4.0x10°

Improved physics-based mechanistic
models to inform alloy design; reduce
time and cost for alloy development

Improved component design eliminates
over-design and enables predictive
maintenance

2oai0s f——————

0.0

0 1x107 2x107 3x107
Time to Rupture (hr)

« Tuesday, June 8, 2021, 11:10 AM (EDT): eXtremeMAT Computational
Simulations Laurent Capolungo (LANL)

« Tuesday, June 15, 2021, 1:20 PM (EDT): eXtemeMAT Guidelines for Alloy
Development Edgar Lara-Curzio (ORNL) & Jeffrey Hawk (NETL)

5 U.S. DEPARTMENT OF

website: https://edx.netl.doe.gov/extrememat/
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Visit Us At
www.NETL.DOE.gov/onsite-research/materials

il

NETL's

Advanced Alloy

Developmentumms .

Research

NETL utllizes an Integrated alloy
development approach that leverages
computational materials engineering,
manufacturing at scale, and performance
assessment at condition to develop alloys

solutions to enable advanced technologles.

NETL's Award Winning
Computational Homogenization
Heat Treatments Routine

NETL has developed a computational routine to
homogenize castings and ingots. The approach
uses CALPHAD and simulations of the diffusion of
alloying elements based on measured or calculat-
ed dendrite arm spacing from a casting to devise
multi-step heat-treatments to homogenize alloy

Advanced Alloy

Development
Capabilities

ALLOY FABRICATION CAPABILITIES

Melt Processing Capabilities
~ Air Induction Melting: up to 300 Ibs.
~ Vacuum Induction Melting: 10, 50, and

NETL's

Materials

Performance
Capabilities

Laboratory Capabilities to Simulate
Real World Environments

Severe Environment Corrosion/Erosion
Research Facility (SECERF)

Corrosion & Oxidation Laboratories
Capabilities include systems for steam
exposures, supercritical CO, exposures, and
high pressure/high temperature immersion
tests involving saturated GO, or mixed gas
involving Air, Ar, Na, COy, Og, SO, HsS, CH,, NHa.
~  Ultra-super-critical (USC) Steam Autoclave: Dual rat-
ed to 4500 psig at 760°C and to 5000 psig at 746°C

mmmmwmﬂm with : ET;:BNm won an R&D 100 300 Ibs. Modular facility that allows researchers to ~ Supercritical GO, Autoclave: Rated - 4000 psig at
award in 2 800°C
— Vacuum Arc Remelting, Electro Slag Remelting: examine the performance of materials under
applications, "‘“"P""- defense, ""*““"‘""‘“‘-"b" The technology was developed to d 3- to B-inch diameter ingots, a wide variety of corrosion and hot-corrosion - for testing in COy

hhmrunmﬂrumnmb-amﬂws

H282 CREEP AT 800°C

Homogenized
Not Homogenized
10
R EEEE T

LM = T[K](C[20}+log(t))

Creep properties of alloy H282 in cast and wrought form. Properly
homogenized casting have equivalent properties to wrought alloy.

that thick wall castings could be manufactured
from typically wrought gamma-prime strengthened
Ni-base NETL that
through proper homogenization, cast alloys could
be produced that have equivalent creep properties
to the wruudn wmunl ufthe alloy. ‘I'hl: was key
Steam

ments of subsequently larger |rquh and u-hrv
that were at a variety of

casting and heat-treating facilities. This culminat-
ed with the design of a heai-treatment for an %
valve bud,' 1!,CIII-puund demnnltrlhnn casting
ofa One aspect
of the NETL routine, is that heat-treatments can
be tailored to meet existing fumace capabilities
available at the heat-treating facility.

50-500 lbs.
~ Button Melfing: 50-500 grams

Heat Treatment & Fabrication Capabilities

~ Hot and Cold Roll mills: 2 and 4 high
configurations

conditions, such as “fire-side” power generation
conditions.

- the basic for
at varying in pure or
mixed-gas environments, and in pure- or mixed- gas/
liquid environments

~ A programmable gas delivery system with mass flow
controllers, monitors, and interlock system allows for
safe 24/7 unattended operations

~ Temperature Range: Furnaces — Ambient to 1600°C;
Hostile Atmosphere Erosion testing apparatus -
Ambient to 800°C

or mixed gas involving Air, Ar, Na, COz, Oz, S0 H:S,
‘CH,, NHg Standing Stirred Autoclaves (5000 psig,
250°C), Flow-Through Unit (5000 psig, 500°C)

= Available static and cyclic oxidation testing for
24/T exposures to: air, Oz, Nz, Ar, He, COz H0, and
Nu/4% Hy, at ambient and elevated temperatures

at high-pressures and temperatures {4500 psig,
250°C} in in saturated CO. or mixed gas involving
Alr, A, N, COy, O, S04 HS, CH,, NH,

oo F in - Heat-treatment furnaces: 1650°C, inert = for eonduet-
B . = &tﬁlﬁg':'”hd;mf?mrhﬂ:::{- atmospheres and controlled cooling - m‘::':“‘,mm ::g‘:;g:" CHa, Ha, He8, S0, HCI, O, ing electrochemical experiments.

é Wrought ﬁ EE e borae BO0 R - Gas flow rates: 5-4000 mL/min -G e

0 w

Fracture Mechanics &

Creep Capabilities

~ Mechanical Testing: tension, compression, low and
high cycle II‘ﬁM lmiwe crack growth rate testing
using elect Uni-

CHE e e HOMOGENIZED versal Testing Machines (s,somo 220,000 Ibs.) with
= o t - high temperature capability and with fully instru-
Lawsst melting B o mented computer centrel and data acquisition.

" I’:ex [ B ~ Creep Testing: creep frames for stress-rupture and
3=20,000s e W creep-rupture tests and stress relaxation tests.
4-40,000s i Testing can be dona in Air, Ar,,COzor Ny. Maximum

load capacity of 10,000 Ibs. and a maximum tem-

% B N % David Alman-Associate Director perature capability of 1200"C.
= Dastance Matsrials Enginesring & Menutacturing Directoras
davidaiman@nat. doa gov
REFEIENCE: www.netl.doe.gov www.netl.doe.gov — A rrang www.netl.doe.gov
s, 0 . o ; 3 L3
m7mmm e u.8. DeRARTMENT OF us. .mmm or | e ’ o eramrmenr on .
@ENER GY ENERGY i ENERGY' .ﬁ
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