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Materials Under Extreme Environments

.. | Alloy capability to meet US-DOE requirement
Supercritical CO, Technology Advanced {( 100,000 ereeplife at 100MPa _
Fal
Turbines Ferritic Steels Austenitic Steels  Ni Superalloys
Advanced * Inlet Temp | ' '

USC Steam

Reduced emission (million tons of CO,) |
relative to USA fleet average 37% efficiency

Ni Based Superalloys transformational 26 119 213

Austenitic Steels | Energy savings (Thtu)
relative to USA fleet average 37% efficiency

Ceramics & Refractory Alloys |

Ferritic 257 1161 2076
Steels ] |
| | | ¥ | | | | | | | | | LY | Plant efficiency
| | | | ] | | | | | | | | | 38% 2% 48%
500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800
Temperature (°C) Operating temperatures for SC and USC technologies
mature mal n-goin n RE&D
) Efficiency’ Materials Cost supereritical Mh:::m“ ° E:r:’:::?al:trl ow':lls':mﬂ "
. | i
Materials Challenges 500 650 700 750
. Temperature (°C)

High Temperatures, High Pressures,
Corrosion, Oxidation

Large Components

Manufacturability

Long Service Life > 100,000 hrs

Cycling of plants designed for base load

Technology Enabler
Affordable, Durable and Qualified

Structural Materials for Harsh
Service Life
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Application Benefit/Opportunity Alloy Needs

Advanced Steam Plants

Industrial & Waste Heat
Recovery

sCO, Power Cycles

Concentrating Solar Power
(CSP)

Transportation:
Turbocharger & Housing

A-USC steam at 760°C and 35 MPa; 47% plant
efficiency.

Recover 0.3 Quads energy T > 650°C

9 percentage points increase in plant efficiency
compared to PC oxyfuel combustion with 20%
lower LCOE for near 100% carbon capture at
800°C in high pressure CO, atmospheres

Receivers: < $150/kW,,; Thermal Efficiency 2
90%; HTF exit T > 720°C; 2 10,000 cycles (30
years)

Affordable, high-efficiency engines

Low-cost, durable, high-strength, & qualified
steels, and Ni-base superalloys (at 760°C)
for 100,000 h creep life at 100 MPa stress at
use temperature.

Low-cost, corrosion, erosion, fouling
resistant alloys for heat exchangers.

Qualified, high-temperature, oxidation,
corrosion, & carburization resistant alloys, T
> 700°C. Production level/ready materials in
the US.

High-temperature, stable alloys for
receivers.

High-performance Fe-base alloys to
replace Ni-base alloys.

N NATIONAL

T L TECHNOLOGY
LABORATORY

AAMES LABORATORY
Creating Materials & Energy Solutions

S
» Los Alamos ;y‘,OAK RIDGF

NATIONAL LABORATORY

p— B
M Idaho National Laboratory L@ haa‘{‘{g?,g‘figg,‘g‘ig{‘o?;e

I Laborato Pacnflc Northwest 6

ATIONAL LABC

EEEEEEEE



‘remelVIAT ) ENERGY

3
/2
Accelerating the Development of Extreme Environment Materials w

Alloy Al Co Cr Fe Mo Ti Ni w Bal 185205 911 89 1923  1.38-165 sl
#1* 1.5 10.0 20.0 15 85 21 Bal |
- 18 10.0 200 s g5 . Bal H282-B Bal 19.22 9.86 8.49 2.22 1.27 1.75 seros
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. . . . . ) mH282B I
rate with increasing Ti/Al ratio _ .>I<>H< . S R VN
80 g) - t (hours)
® Alloy#1 (Regular Composition) ~ )I&
¢ Alloy#2 (Increasing Al) (/)]
~ 75] 4 Aloy#3 (Increasing Co) (7)] Creep H282-B H282-c
E O Alloy#4 (Increasing Cr) . @ A%
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& 70 v Alloy# (Increasing Ti) T )
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& 65 W
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£
]
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0 50 100 150 200 . . .. . .
| ’
Time(hrs) creep life! One more method for optimizing y' nickel , - y .
. alloy creep life ©.
Youhai Wen, NETL y creep
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Stress (ksi)

Multi-scale computational modeling tools Optimize composition Optimize processing Optimize microstructure
with best melt practice, heat treatment o
. . . Z-phase —e— 1.85at%
design & thermo-mechanical processing  /.° o, - 30w 0!
. . ° W TR o 741% AR |
to produce optimal microstructures and | -* N AV 3
highest possible alloy performance. § ol . e a,.\,\:ﬂu roe |8 74 -
100 . . . . . g WA NV A AA | E°] [ e
I LMP for CPI-7 W () & E () 1 0 AAH | E s- - — = {2
i LMP for COST E (W) & COST CB2 (C) Y V d : 2 4 I Outcome: NETL CPJ-7, New Fe-9Cr Alloy
i Mean Curves for Data i _ ° ¢ = 34 L with an Increase Temperature Capability
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° Mean COST E (W) AgAuCdCeCoCuFe Hf Ir LaMnMo NiOsPd Pt ReRhRuScTaTe Ti V W Y Zn2r 2 T T T T T T T T T
L. LMP Curve | ) 2 5 101520 25 30 35 40 45 50 power plant steel.
0o (W.) '.. .. Z-phase (CrNNb) Cacr23 Carbide 10* DISTANCE | rf
[ LMP Data ’ . . e Cpiaévg;g © 1 _/‘:T___—T" NETL’s R&D 100 sward winning Mprove creep pertormance
e ";"'_’:‘x ° computational tool used to guide heat- 90 | i o torr T Ty
- Mean COST CB2/(C) > mH0¢ : ola @ . treating cycles to optimize the alloy’s t Creep Rupture: 648C
LMP Curve ° N m @ |° microstructure and properties. - COST-E vs. NETL-CPJ7
o X+ . 1N »
s 2, %0 = NETL-CPJ7
10 | | | | | N0 0 | | & Q
38 40 42 44 46 48 50 52 L= =
LMP (25)/1000 DFT and CALPHAD used to optimize alloy COST-E .
. . . composition. Simulations used to determine
US Patent 9,181,597: Creep Resistant ngh the effect of alloying elements on the 10 ¢ o '1";03 e 10 ‘10;
Temperature Martensitic Steel Hawk, formation and stability of unwanted (Z-phase) x X
Jablonski. Cowen. NETL and desired strengthening phases (Carbides) Time to Failure (h)
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Lar ge Ni-Base Castin gs for “Un-mixing” during solidification CALPHAD Simulations of Mo segregation
1350 -4 L . . .
in Ni-alloy after heat-treatment
A- USC Turblne Appllcatlons 1320 | Isothermal1100°Cy 1100 °C/10,000s +
* i ; ] 1200 °C/remaining tlme
f o 1290 :_fquiﬁhm,'m 10 L . — ——— 10 T L ———— ]
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@y 2 5101520253035404550 f) 2 5 10 15 20 25 30 35 40 45 50
10° DISTANCE 10° DISTANCE
s-Cas
_ o2V T Properly homogenized H282 CREEP AT 800°C | 400
Casting Challenges | ; casting has comparable ,,, . =
1--15 tons; Up to 109 mm In properties to wrought = o %
thlcknesg, slow cooling rates and material = -
segregation prone alloys 2 Wrought | &
Cast Version of Wrought Alloys Creep t;i?:g&aft‘?;;ffagg P~ - /|3
; , , H ized
WrOUght alloyS considered due to Homogenized: NETL multi- step solution @ Ng?ﬁg;’:;:nized - 100
.- . . . treatment+ double aged
proven Weldablllty In thICk sections 7 s Not Homogenized: traditional solution 1020000 21000 22000 23000 24000 25000 26000 27000
Sl e : treat t + doubl d
Paul Jablonski, Jeff Hawk, NETL Homogenized reaiment T double age LM = T[K](C[20]+log(t))
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« NETL Small Ingots (15 Ib): 1100°C/3 h + 1200°C/9 h
Applied to industry casting for A-USC turbine components

* Metaltek Step Block (300 Ib): 1130°C/3 h + 1200°C/3 h + 1210°C/14 h
 Flowserve Step Block (1000 Ib): 1100°C/6 h + 1200°C/48 h

 Special Metals ESR/VAR (10,000 Ib): 1133°C/4 h + 1190°C/8 h + 1223°C/30 h
« GE: Y2 actual size valve body for an A-USC turbine (18,500 Ib casting)

EEEEEEEE

3 e Computation simulations specified
3 512 heat-treating schedules.
12 50.6 Designed to match existing furnace
24 47.0 capability at commercial heat-
24 50.1 treating facilities!
m
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Cast Version of 740H: Computational homogenization heat-
treatment not effective H282 (6S & GB modification needed).

400

350

9
)
(=)

—~

~ Wrought

Conventional Cast
Modified Cast -

NETL modified

=
(oW
Em, 250F © @ O om casting
3 comparable to
3 200} © S wrought all
= 2 [~ o p— / g ol OV
= ¢l == - as of 11/1/187 .
RN AANE ¢ VA : 150 .
Conventional Casting: Modified Casting: 100 bt
22 23 24 25
LMP (C=20)
Ongoing research: Detrois, Jablonski, Hawk, NETL (2019)
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_ st st 3G DOEOCDO!
E appllcatmn ‘on “ﬁ'_'ndvanted -+ ALUSC-Steam Boiler Cunsm'ﬂum
|- Boiler- Tube Alloy.” - - + o+« |+ imitrated : Accelerates the

| NiCo-Cralloy-. . - - - ... oo, deveiopmentnfﬂﬂﬁc 5}r5tem5 saa s
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 Need to meet perf-:}nnance : T e
reqmnemerﬁ&h—ﬂﬁﬂprugrm s g L

Opportunity: Computational approaches to accelerate materials design,
materials manufacturing, and performance prediction & qualification
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For example, importance - eXtremeMAT Objectives -
e Cost effective, heat-resistant materials

» Reliable life prediction models based
on actual PP operation parameters

v critical for advanced cycles (e.g., sCO, power cycles), but also valuable for
existing FE power plants

* Lower cost alloys for >650°C service
e Thin section long-term integrity

200 1 I 1 30 T T T T T T
A Carbon Steel Haynes 230 o
100 = 4 CrMo Low Alloy Steel Ni-Based \ / Inconel 617 Po ER N ORNL 4mil Foil CREEP AT 750°C 100MPa i
I I M i\ Engineering onfh
— AN EN - -
8 ™[ = iswcr0%ni stee £ 202 ) - Haynes 230 i sections in
e 20.25%Cr Austentic Steel /| incanel 740 Eowt gy conmzmifel - Mechanical 1 H sco,?
b~ High Cr-High Ni Steel 4 { i H i H . .
H gh Cr-Hig Changing Mission Profiles 3 performance of thin
1] = . -
s 10 - w15 sections in sCO,?
2 05/22/2017 &
'F"; o 10 A
t By Mike Caravaggio and Norris Hirota, Electric Power Research Institule . He\yrlcs 230
Over the past decade, fossil and hydro plants have if 5 ' W ought ( Tube)
changes in their operating strategies, or "mission profiles.” compared to their original designs. These |ex DL‘L‘[L'L] life ~15,000 hrs)
1j= - changes include new operating regimes with increased cycling, extended unit layups, and prolonged .
periods of low turndown.
| | | 0
400 500 600 700 800 The changes, in tum, are creating a multitude of challenges for the plants and their operating staff in 0 1000 2000 2000 4000 5000 5000 —
areas r‘sngun:nf;::n mrrlpoﬂlem fegr‘scaum to staffing levets, O&M budgets, and meeting envircnmental T|ME “"SJ P J ) M BSTBSZ‘, Bt Bl 0 R N L 2006
Allowable Temperature at 49 MPa Maximum Stress (°C) P.J. Masiasz, et al ORNL 2006
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Opportunities -

Lower cost, higher temperature
austenitic alloys — reduce the
cost of A-USC power cycles

Life prediction for critical components
in plants undergoing cycling
conditions (e.g., hold-time fatigue)

Performance of thin sheet used
in recuperators in sCO, power
cycles

200 T T T
A Carbon Steel

30

T T T T T

100 =

W
k=]
|

ki
=)
1

Relative Material Costs
L4}
T

A CrMo Low Alloy Steel

@ 9-12%Cr Steel

= 18%Cr-8%Ni Steel

® 15%Cr-10%Ni Steel
20-25%Cr Austentic Steel
High Cr-High Ni Steel

Ni-Based A\

Alloys

. / Inconel 617

o—— H282 and

Inconel 740

400

500 600

700

800

Allowable Temperature at 49 MPa Maximum Stress (°C)

L)
Haynes 230
ORNL 4mil Foil

POWER . _
Engmneering 2

Rayn
200

Changing Mission Profiles

057222017

CREEP STRAIN (%)
i
T

By Mike Caravaggio and Norris Hirota, Electric Power Research Institute

Over the past decade, fossil and hydro plants have fi 5
changes in their operating strategies, or "mission profiles.” compared to their original designs. These
changes include new operating regimes with increased cycling, extended unit layups, and prolonged
periods of low turndown.

CREEP AT 750°C 100MPa

L Corrosion ' §

Comm. 3.2 mil Foil

1 ¥ of thin
es 230 W sections in
H sCOo,?

1

Mechanical
performance of thin
sections in sCO,?

Haynes 230
Wrought (Tube) <
(expected life ~15,000 hrs)

1 1 L L

0 s
The changes, In tum, are creating a multitude of challenges for the plants and their operating staff in
areas ranging from mmpcnem degrscaum to staffing levets, O&M budgets, and meeting environmental 0 1000 2000 3000 4000 5000 6000 7000 .
under TIME (hrs) P.J. Masiasz, et al ORNL 2006
P.J. Masiasz, et al ORNL 2006
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Going beyond empirical materials development

Discovery H I Deployment*
1 2 3 4 5 6 7

Development Property Systems Certification Manufacturing
Optimization Design and
Integration * Includes Sustainment and Recovery

Traditional materials development takes 10-20 years (source: OSTP MGI White Paper, 2011)

Empirical lifetime prediction is unreliable and not transferable to new alloys.

Solution: Use data management and analytics to integrate materials development.
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Integrated Materials Engineering Approach

Physics-based modeling tools

Data Analytics ‘ Materials Solution
High-throughput screening tools * y

High-Throughput Thermodynamic/
Kinetic Data Tools

Component

. Solid-State : .
Design & Chemistry M'_DFOC?SS'?Q Microstructure Mschanltcal Materials
Performance jComposition crostructure Evolution roperty Solution

Modeling Tools Modeling Tools

Modeling Tools

Requirements

High-Throughput Mechanical/Physical
Properties Tools

* New Alloys — Achieve Cost/Time Reduction
* Predict Materials Service Performance & Manage Part Life

Utilize unique, world-leading

US DOE - NL resources

associated with:

 materials design,

e HPC power,

 advanced processing &
manufacturing,

* in-situ characterization

o performance assessment at
condition

in a focused, coordinated, &

collaborative way to

demonstrate a methodology &

framework for developing

materials for any challenging

FE power cycle.
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eXtremeMAT Challenge -

Micro Finite|Element

(FE) Models| ——~_
. =7 \
o Dpportunity? ,’
y
U
= /
P /

Crystals, Grains, Particles ¢

Crystal Plasticity,
Micromechanics & Phase Field
Models

Dislocation Dynamics

mm
Molecular|
D-y namlr:' Disconnect?
Simulatios P
’
’
KM | Ab Initio o
Calculations
nm
Ly i
Atoms/Molecules

General Requirements for
Computational Tools & Analysis in
Multi-time & Multi-dimensional Scales
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\ 4

12
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11—’1713—>
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BAGHOUSE —15

7
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SCR HYDRATED
LIME

|
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14

!

FLY AsH

24
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WATER AIR
18 19
16— FGD |——21
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17 20
LIMESTONE GYPSUM
SLURRY

4

/

P
TURBINE LP TU

25

FD EANS *_ PULVERIZED ”
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6 BOILER l—23
— N (-
\}
PA FANS Y HP
TURBINE
8 9
ConL FEED i
BOTTOM ASH
BOILER P
FEEDWATER

FEEDWATER |«
HEATERS

CONDENSER
LP
FEEDWATER
26

HEATERS AND
DEAERATOR

Note: Block Flow Diagram is not intended to
represent a complete material balance. Only
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Accelerating the Development of Extreme Environment Materials

Why physics based models?

e Certain observations are counter-intuitive

 For example, increase in yield stress with increasing temperature
 Tension-compression asymmetry (both in yield and creep)
e Violation of Schmid’s law

* Increasing complexity

. _ All these processes can be described
« (ordered) Precipitate strengthening

by physics-based models using constitutive

« Lattice-mismatch effects equations. Early attempts used simple
e Cross-slip induced strengthening physical models. XMAT will use more
. Multi-modal dispersion of precipitate state-of-the art, physically descriptive ones.

» Accelerated alloy design
 |dentify vital microstructure X's (i.e., variables)
* Their relative impact and their stability in the model

N=|NAronaL

NERG AMES LABORATORY V1§ . M Lawrence Livermore OAK RIDGF :
TL | EGaNGSSY A——— S m;‘dﬂho Noional lobortory (L4 Rearenent Laboratory  ° LOSAlamos ¥OAKRIDGE ific Northwest 18

EEEEEEEE NATIONAL LABORATORY




K2, tremelVIAT ) ENERGY

Accelerating the Development of Extreme Environment Materials

Simple Physics Based : V. "
’ Y Base strength of the matrix Matrix composition
Model Example lid soluti . 4 e Matrix volume fraction

Solid solution strengthening * Strengthening coefficients
» Q@ Ordered precipitate strengthening * Precipitate volume fraction
) = . . ) ) ) ) * Precipitate composition
O o | Cutting by single and/or pair of dislocations “— «Shear modulus
& g Lattice mismatch effects « APB energy
i) h =
[ ‘» : At
= o Anomalous yield response :‘Ct"’a:_m" onerey If°t’_'°°k
. . | ormation Issolution
f_E 5 Thermal]y activated cross-slip & .locks 1 « cut-off SEie)e e e
IS g. Dissolution of locks/change of slip system mechanism to operate
0p)
) Grain-size effects [ Grainsize
Hall-Petch strengthening * Hall-Petch coefficients

Data science!

T : : : - : LEGEND /
Dislocation dynamics simulations » DFT

* ThermCalc™

» Experiment/Literature
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S

STiTes

U.S. DEPARTMENT OF

Modeling
Building
Blocks

. Lifatime Assessment
1. Criterion
- 2. Demonstration on thin wall

tube
- s ..

Develop Basic Tool Sets:
Computational Modeling -

. . | = Dislocation/solute (Temperature
& Data Science/Analytics e s
= Cavity nucleation, growth

= Dand Cdiffu
-}, Dislocation/solute interactions
= Dislocation precipitate
interactions
| = Effect of solutes on surface
 —-4

‘ Data Analytics driven
data transfer

Experimental validation

tension

“.i = (niide scale Kinetics

| = Thermodynamics modefing -

Life Time Modeling & Performance <€ Alloy Design

= Processing of m

racessing of maodel
materia

= Processing of Alumina

forming austenitic steels

< Mechanical characterization
and testing
=* Testing on thin wall tubes

-
=

Model Material: Fe-Cr-Ni
Alumina farming alloys

Chromia forming alloys 347

120, NFF09
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XMAT Physics-based Modeling

Develop a physics-based modeling framework
using most appropriate & realistic constitutive
equations describing quasi-static & dynamic
deformation processes across all stress states &
length/time scales. Use these models to predict
component/material lifetime (e.g., ferritic,
austenitic, etc., ppte strengthened or not, & the
components made from those materials) as
function of material chemistry, temperature,
environment, operation history, etc.

—>Lifetime assessment

> Material design
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I 2.5. Lifetime Assessment XMAT will look at a wide range of
I (H. Huang) 2.4. Constitutive modeling and physics-based models over many length

homogenization ti | i iat
> Integration across length & time scales using appropriate

scales
- Multiphysics framework

D D

(R. Lebensohn) constitutive equations that completely

> Polycrystal plasticity code describe the physical loading situation
> Constitutive law & the evolution of microstructure over
z%:tﬁgfjecreep the operational lifetime. This schematic

describes some of the physical models.

strength and damage (M. Brady) Testing .
(R. LeSar) _ (E. Lara-Curzio)
- Thermodynamics based design _ -
I > Coupled Cluster dynamiCS/ - Kinetic based design -> Me(-:hanlcal characterization &
DDD tool - Strength based design testing _
- Void formation model kinetics - Passivation layer formation B :estlng on thin wall tubes
| = ’ —
2.1. Individual defect properties
(B. Wood)
M | Material: Fe-Cr-Ni
I - Interatomic potential Fe-Cr-Ni - odel Material: Fe-C
-> C e_md O diffusivities in Fe-Cr-N D Alumina forming alloys
Data science as input - Oxidation rate at free surfaces

& model validation D D Chromia forming alloys

2 2 Collective effects on 2.3. Microstructure evolution 4. Characterization & *
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7y

Mechanical Failure due to
Response as a damage
function of evolution as a
microstructure function of
and chemistry composition
Metal Scale Gas
Oxygen flux  Oxidizable element flux Cations
" (— — >

Cation vacancies {M2+ +26e" + 1502 = MO
or

M= M2t 4+ 2¢~ ”
or :|>
M+ 0% = MO + 2e~

Failure prediction
due to failure of the
passivation layer

Our understanding of the
phenomena leading to oxidation
IS mature (e.g. Wagner's theory.)

Challenge:

Electrons " %02 +2e =0%
R— Effects of trace elements.
Does stable scale form?
| - :
; Connection with failure and
R — > Su-Erain bowndary chemistry is uncleatr.
10Z Bulk alloy y
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Mechanical
Response as a
function of
microstructure
and chemistry

a1

N

— &1

lﬂi'

{Biaxial state of siress)

Capolungo, LANL

Log Time Lo Ruplure

Formation oxide scale

20 # Numerical Data Points
- [ GP-Formmlated Prediction
15 —
S T=873K
10 B ke
5]
0. filness: 0.969971, mse: 1.174455 =1

-0.052725 * (x1) +

-0.007348 * [(x1).(x2)) +
-0.058236 * (x3) +
1.792270

(1.5

150

100
Lambda, A 0 50

Major Stress [MPal|

Failure prediction
due to failure of the
passivation layer

Data analytics
can yield new
failure criteria

T=973K

New Lifetime Prediction Tool:
log(t,) = Aoy + Bo{ + C-T+D

A=-53x10"2%2 B=-73x1073,
C=-58x%x10"2 D =718
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Joint effort with

Task 3
ROM for
mechanical

response

standards committees to apply modeling
approach to practical power cycle

Accelerating the Development of Extreme Environment Materials
materials situations. I

Given the incredible complexity envisioned

P91 - ferritic Constitutive law "
VPSC (used for fittin

347H L A (u tting)

in the modeling activity, Reduced order
316H
Reduced order Models (RoM) are not I

Models (RoM) may be developed to
facilitate acceptance by industry &

curve fitted data. These models provide

a simplified pathway into the the

ROM rupture

modeling framework and eliminate the FEM | D life
need for industry to know/provide all Limited to 2D microstructure Joint effort with
model variable information. Numerical efficiency Task 3

%‘S«;;;’
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Accelerating the Development of Extreme Environment Materials
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eXtremelIAT

Data science will be used to reduce the time, and cost, for alloy design & development
activities as well as provide lifetime prediction modeling simulation tools.

Data mining, open
framework, machine learning

Meares t Neighbor
25000
R=0.965 2
o 22500
=
B 20000
=
8
Q. 47500 |- _“
15000 =
15000 17500 20000 22500 25000
Actual LMP
*LMP=(T[°C]+273)><(20+l0gt,,;,[N])
Unceiainty

unti ication

Validation,
Diagnostics,
& Monitoring

;R

Input Data
1B ¥ W Multiscale Modeling
? Hi !!!*-'n.&_ﬁ From DFT to Finite Elements

™~ _— Task 2

( »-r/

" H:Memduh

B

nm mieter
Length scale

HPC resources

isualization
& Analytics
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Stakeholder
Industrial
Advisory Board

. . . Steering Committee

DOE-E Program I=eadershlp —— Technical Director — NL Rebs

Technical

Project Management Team Advisory Group
|
Validation Team
Comp Models & Data Science I Manufacturing
Simulations Team Team I Team
Materials Synthesis Characterization Performance Assessment

Challenge: Managing the seven DOE National Laboratories to

facilitate and ensure communication, coordination, collaboration,
research progress and project success.
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High Level Milestone/Accomplishment 2019 2020 2021 2022 2023
Q1 @2 ja3 ja4 Ja1 ja2 a3 a4 Jai a2 [@3 j@4 a1 @2 ja3 ja4 fa1 ja2 |3 |as
Develop multiscale modeling integration strategy >
Establish database of information on chromia- & alumina-forming alloys to be >
used for alloy design Outcome
Implement modeling strategy & first demonstration for mechanical response
and failure of model alloys & chromia-forming alloys Improved PhySiCS'
Validate modeling strategy through experiment | > based Materials
Complete identification of candidate alloys & share chemistry, microstructure | N Models for predicting
and processing data for early baseline performance prediction 'd performance & Service
Apply modeling strategy & formulate improved austenitic alloys [ > life.
Develop data-driven models to integrate with physics based models for reliable N
dictions. D t model tions & limitations in EDX :
predictions. Document model assumptions & limitations in I I d | Computatlonal
Validate candidate austenitic alloy(s) formulated from modeling strategy > Fram ework for
Predict performance and failure of a component (thin wall tube) for several Optlmlzmg SpeCiﬁC
different environments aIon performance
Predict microstructural stability under performance conditions by combining ">
microstructure data, simulation data & process models 2 .
. . . — Improved alloys with
Demonstrate a full integrated & validated data analytics capability for alloy | N .
design & lifetime prediction v superior performance.
Demonstrate manufacture of optimized austenitic alloy(s) formulated from N
computational and data analytics || | — — I/f
N=NTA AMES LABORATORY HLa Li OAK R
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Atoms to Metals
ICME multi-scale computational approaches
incorporating best practice manufacturing
and focused on performance evaluation and
characterization.

Targeted Valdiation Experiments >
Conducted in industrial relevant
environments and scales.

Design
ualified
Materials

Manufacture Performance

N’

Data Informatics and Analytics
Analyze the large volume of data generated
from materials testing incorporate leaning to
improve predictive capability of simulations

and reduce uncertainty.

Validated simulations
linking structure,
processing and
performance.

Accelerate the
identification and
deployment of cost
effective materials by 2X
for extreme environment
applications.
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Thank you

e Questions
e Comments
» Other thoughts & considerations

/
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« BACKUP SLIDES
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Accelerating the Development of Extreme Environment Materials

Task 2: Multi-scale modeling

° Objective: (i) Deliver predictive criterion for the lifetime of materials as functions of chemistry &

environment; (ii) Develop figures of merit for alloy design; (iii) Design an engineering-based approach for
assessing performance of components in extreme environments.

e Approach: Development & use of hierarchical multi-scale / multi-physics framework for the prediction

of mechanical response & microstructure evolution in alloys subjected to extreme environments.
Integration strategy relies on multi-scale characterization (Task 4) & leverages data analytics methods for
information transfer across length scales (Task 3).

e Subtasks:

o 2.1 Individual defect properties

2.2 Collective effects on strength & damage

2.3 Oxidation, corrosion & microstructure evolution
2.4 Constitutive modeling & homogenization

2.5 Lifetime assessment

N=ev AMES LABORATORY '_' i D =77
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Accelerating the Development of Extreme Environment Materials st

Task 3. Data Analytics and Management

¢ Objective: Develop a data analytics framework to predict performance at extremes and design
alloys with improved creep and oxidation resistance.

° Approach: Collect, curate and validate data; quantify uncertainty; analyze data; develop a user
interface; and manage data lifecycle.

e Subtasks

« 3.1 Data Assessment: Identify data gaps, collect and curate data (Tasks 2 and 4)

« 3.2 Data Management: Develop data management framework with support for customizable
workflows, visualization, user interfaces, and model setup. (Task 2)

« 3.3 Data Analytics: ldentify the main drivers of mechanical degradation in extreme environments.
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Life time predictions, Apply to optimize (improve)
including thin sections 347/316 (austenitic) type alloys
Modeling f f

e Assessment T Material Processin

iterion
2. Demonstration on thin wall

Building
Blocks B

= Processing of model
materia
= Processing of Alumina
forming austenitic steels

Develop Basic Tool Sets:

Computational Modeling “microstructure

| =* Dislocation/solute (Temperature

& Data Science/Analytics Sramemenecs) > sl > Tetog o thin vl s

= Cavity nucleation, growth

=

=

=

...I.

& ODand Cdiffusivity

-i‘, Dislocation/solute interactions
= Dislocation precipitate

B Model Material: Fe-Cr-Ni

S

s |_
E-‘_'/. Experimental validation . /
o Alumina farming alloys

interactions
Data Analytics driven | = Effect of solutes on surface - y
- data :ra,-.:::e; — o -_— Chromia forming alloys 347

120, NFF09
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Integrated Modeling Framework

Computational Modeling &
Data Informatics/Analytics
(entirety of project duration)
* Develop & Optimize
Computational |
Frameworks |

» Establish Targeted
Validation Experiments

| =» Dislocation/solute (Temperature
and stress effects)
= Superposition
=» Cavity nucleation, growth
—

<> Processing of model

materials
= Processing of Alumina

H forming austenitic steels

- Precipitation and testing
) 5 coice scae Kinecis —
= Thermodynamics medeling

-

e Construct & Implement
Data Science Resource

for FE Materlals -:’, Experimental validation

- Data Analytics driven
data transfer

= Dislocation precipitate

> Effect of solutes on surface

3 Mechanical characterizati

= Testing on thin wall tubes

Model Material: Fe-Cr-Ni

interactions Alumina forming alloys

i Chromia forming alloys 347

120, NF709
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Stress (MPa)
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Modeling and simulations

Stress (ksi)
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Modeling and Simulations

Edisonian approaches to material design are
reaching their limits.

Trace elements and many-body interactions
between defects and chemical species can
rarely be postulated a priori.
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Modeling and Simulations

Mod/Sim will deliver a framework for designing
heat resistant alloys that fully accounts for
metal chemistry, exposure, and cycling:

Generalized rupture life criterion sensitive to
chemistry, stress, temperature and for environment.

Enhanced thermodynamic and kinetic database.
New alloy design guidelines.

_ Mod/Sim software/codes/tools to predict system
performance.

Ve
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Manufacturing

Science

Modeling and

Simulation

In situ

Characterization

Data Analytics

Pilot Scale
Manufacturing

Process Modeling
& Control

Advanced Process
Science

Application of
Thermodynamics

Integrated
Computational
Materials
Engineering
(ICME)

Scale Bridging
Theories &
Codes

Code Validation

Quasi-static
Response

Kinetic Response
Incipient Failure
multi-axial &

cyclic/dwell

Showcase Multiple
Environments

Flexible Database
with Variable
Access

FE Materials
Properties Data

Linear & Non-
Linear Analytical
Tools

& Kinetics Methods
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