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Project Objectives

To develop a database of microstructures, mechanical

properties, and damage mechanisms for long-term serviced
EEM (>700,000 hours)

Key Approaches

= Source and acquire EEM components worldwide

= Perform detailed characterization and mechanical testing

NDE, macro and microstructures (SEM/EDS, EBSD, TEM), hardness, etc.
Time-dependent and time-independent mechanical testing
Collaboration with external labs to generate additional mechanical data

= Link compositions and microstructural features to long-term materials behavior
Secondary phases, inclusions, decomposition/evolution, damage

= Develop a comprehensive database on mechanical properties and microstructures

Database will be accessible by DOE and other organizations for future
materials research and modeling
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| . . . NATIONAL ; . NATIONAL
( ficinotoer - Program Mission & Implementation Tscuuomv ‘ ricoloar” Strategic Research Thrusts Tecmomc—,v
. LABORATORY — Recent spending addresses pressing challenges LABORATORY

while aligning with broader technology frends

» Produce high performance materials suitable for extreme environments
found in fossil power generation to support existing and new plants.

« Encourage change and stimulate innovation in the high performance Existing Fleet Next Generation Plant
mafterials value chain to spur US competitiveness.

o MARKET SEGMENTS
Mission

Maintain cost competitiveness of Commercialize a novel coal plant design
Objectives  ouicting assets with efficiency >44%
With diverse technical approaches
Meeﬁng chullenging Comgufuﬁcu:ml Advanced §truciural | Advuncetzi o N
end-user objectives: material design materials manufacturing Aging infrastructure; Temperature and cycle alloy capability;
. . ~ Barriers Unpredictable outages; High-costs of suitable alloys;
*  Flexible Operations Costly repair Lack of domestic supply chain

= Increased Efficiency
* Reduced Costs
* Intelligent Asset Management

High temperature/high performing alloys;

Component and Materials Life Prediction; Computational tools for alloy & process

Solutions ;\rccj)\;cézézeid Manufacturing and Repair Gevelopment

EEM Project Support DOE Technical Approaches: EEM Project Supports Existing and Next Generation power
* Microstructural and mechanical data enable improved Plants:

computational materials design e Reduce materials uncertainty to minimize unscheduled
e Detailed knowledge linking material production to long- outages and costly repairs

term high-temperature performance and enabling * Practical context and foundational data for new material

advanced structural materials and advanced and manufacturing developments

manufacturing

The EEM Project Provides Valuable Data and Tools to Reduce

Uncertainty in the Operation of Current Fossil Fleet and Enable
Development of Future Energy Systems
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EEM Project in Support of Other Opportunities

Existing Fleet New Technologies Future Technologies

XMAT Consortium: Materials Design

Fithess-for-Service .

Advanced technology demonstrations (Fossil, CSP,

Adv. Power Cycles, etc.)
Materials
Advanced Nuclear

characterization &
data analytics Reactors

EEM Project Data & Findings

Materials database provides foundational information to other technologies
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Project Tasks and Scope

= Task 1: Project Management
Task 2: Identification and Removal of EEM Components

Task 3: Metallurgical Characterization of Components
- Engineering materials are not homogenous

Task 4: Fabrication of Test Samples for Mechanical Testing

Task 5: Mechanical Testing and Remaining Life Assessment of Components
— Uniaxial tensile testing _ ] _
_ Charpy V-notch / notch bar impact testing ¢ Time-independent testing
— Fracture toughness testing
~ Base-metal creep testing
- Cross-weld creep testing } Time-dependent testing
— Creep fatigue testing
— Estimation of remaining life

= Task 6: Database and Material Repository

Collaboration with ORNL and CRIEPI® for additional creep data

*The Central Research Institute of Eleciric Power Industry (Japan)
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Task 2: Component Procurement — A Major Underiaking

Email solicitations for EEM components Eddystoi@ Unit 1 —
~  >50 domestic and international utilities |
Requests for EEM components at multiple major EPRI events

—~ Meetings attended by stakeholders (utilities, OEMs, component
manufacturers, etc.)

Surveys for pedigree/documentation
— Alloys, hours, temperatures, pressures, cycles, repair history, and fuels

Initial components reviewed, ranked, and down-selected

— Decisions made based on operating history, removal schedule,
resources, and cost

— Seven power plants prioritized (including two major European utilities)
Extensive meetings and planning conducted

— At least one site visit to each power plant

— More than 5 trips to Eddystone (two sister units)

— Planning for demolition, subcontracting, and delivery
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List of Major Power Plant EEM Components

Type Material Source Component Al Quantity Received
Hours
% Cr-Y2Mo-V Utility #3 CrMoV Turbine lead piping (straights, ends and girth weld) ~270,000 hrs | One lead
Grade 22 Utility #3 Grade 22 seam-welded HRH piping 435,000
:‘E Grade 22 Eddystone #1 | Main steam piping - large radius Grade 22 bends to SP valve 1960 2 bends (15’ long)
E Grade 91 Utility #2 | Grade 91 secondary superheater outlet header 141,000 hrs | 2 headers 15t Set Hdr
Grade 91 Utility #4 Seam-welded Grade 91 hot reheat outlet header >100,000 hrs | 1 section, 30” long
Grade 91 Utility #2 Grade 91 secondary superheater outlet header ~125,000 hrs | 4 sections of header NEW
316H OC Editysiona# Main steam piping from boiler to SP valve, including bends 1983 P sctions, J05HE
and large and small bore welds
@ 316H OC Eddystone #1 | Main steam piping in penthouse (large/small bore welds) 1983 2 sections, 8 long
316H Eddystone #1 Gut.let piping f.rom junction header turbine. Straights, large 1963 2 leads, each about 25’
radius bend, girth weld(s) and small bore penetration welds long
316H Eddystone #2 | Main steam collection header with link piping 1960 2 headers
316H, 316H to Grade 22 | Eddystone #1 | SP valve assembly, with 316H/P22 DMWs 1968 1 assembly, 2 DMWs
g 316H, 316H to Grade 22 | Eddystone #1 | Turbine J-loop piping, with 316H/F22 DMWs 2007 2 loops, 2 DMW's
= 316H, 316H to Grade 22 | Eddystone #2 | Main steam piping, with 316/P22 DMW early 1990s 2 DMWs
E 321H, 321H to Grade 22 Utility #3 Austenitic stainless steel superheater tubing 290,000 hrs Many
A 347H:; 347H to Grade 22 Utility #4 347H FSH tubing; DWMs between 347H and T22 ~100,00hr ~100 ft
321H, 321H to Grade 22 Utility #5 Austenitic stainless steel superheater and reheater tubing >250,000 hrs | Numerous
Turbine Variable Eddystone #1 | Super pressure rotors 1960 2 rotors

A 2nd Grade 91 SSOH was acquired from a UK utility after ~125,000 hours of service
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Task 3 - Component Characterization

“Characterization describes those features of the composition and
structure (including defects) of a material that are significant for a
particular preparation, study of properties, or use, and suffice for

reproduction of the material” — National Materials Advisory Board
(1967)

Compositional Features Microstructural Features

= Bulk Composition : I(\S/Iramslzle
= Macro Segregation Orphology

" |nclusion Characterization " Phase/Precipitate
:  Phase ID, amount, and
* Type, quantity, and R
S distribution
distribution
" Hardness Mag
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Task 3 —Approaches in Characterization

= Perform detailed metallurgical analysis Characterization challenges:

on long-term serviced EEM components

Most characterization deals with small

= Generate relevant data using state-of- samples by assuming homogeneity

the-art analytical tools to reduce

Engineering materials are

uncertainty and inform future research inhomogeneous

Goals:

a Develop robust and informed
characterization procedures

Q Generate statistically relevant and

large datasets

Local characterization can lead to
incorrect or misleading information

Large area analysis with statistical
significance is important

Materials Include:

Q Leverage high-power computing and O Grade 91 Steel

advanced analytical tools to achieve

automated analysis
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0 Grade 22 Steel

0 316H Stainless Steel
0 347H Stainless Steel
0 321H Stainless Steel
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Task 3: Characterization Techniques by Scale

Macro Scale Micro Scale Nano Scale

@;" 5 Oxide scale on 617 after 5000 hrs. in sCO,
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Task 3 Example: 316H Main Steam Piping from Eddystone Unit 2

. Cc | Si_ | Mn | P | S | Ni | Cr | Fe |
0.061 0.245 1.57 0.014 0.0086 13.58 16.518  65.71

 Co | Nb | Mo | N | B | Ti |V | W _

0.027 <0.002 2.03 0.0738 <0.0005 0.002 0.018 <0.002

_As | Sb | Sn | O | Cu | Al | Ca | Zr _

0.005 0.0006 0.004 0.0156 0.092 0.005 0.0062 <0.002

800 —
_ ] # of Grains= 13,280
|+ 600 Median = 73 microns
S ] Mean = 88 microns
S 400 - ASTM = 125 microns
200 ‘ |
0 B~ I IIIIIIIIII Ciar
0 50 100 150 200 250

Equivalent Diameter (microns)
Hardness map5

10
£
Eis
Xt (/]
. Ca,Si-Ric e TR # of inclusions S99
. = 4,471 a
(5mm x 2.5 mm 25
area
) 30 §
e 400 pm
Ca,Si-Rich Oxide’

024638
Distance (mm) EPISI | wesinrcn msmirure
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Task 5 - Types of Mechanical Testing

Centers
missi

= Time-dependent testing of Grade 91

and 316H \
- >31,600 hours on feature cross-welds O

-~ >58,750 hours on base metals

= Time-independent testing of Grade
91 and 316H

15.
Nlo’re 1]

Base Metal Creep

1.00—= .35

r

mﬂ

Weld: Approximate and
centered within the gauge

— Room and high temperature tensile

r/

— Charpy impact
— Fracture toughness

and are expected to vary weld to weld

Feature Cross-Weld Creep

Mote 1: Provided dimensions are cpproxmated

4k

— .39
[Mote 1]

= 1.86 —=

[Mote 1]

To date, >90,000 hours of time-dependent and time-independent

data are produced to inform future material research and modeling
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P22  F91

= 6t stage outlet superheater header
— P91 outlet header supplied main steam to HP turbine

= Removed from service after 141,000h of service
— Design (or operation) = 575°C (1,067°F) and 178 bar (2,590 psi)
- 3,300 starts
— Retired due to increased stub weld repairs
= Mechanical testing
— Plain bar creep tests in base metal (F91 & P91)
— Feature cross-weld creep tests in girth DMW
— Time-independent tests (tensile, Charpy, hardness)
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Chemical Analysis of F?1 and P91 Heats

FI1 0.103 |0.0105 0.0020 0.0378 0.033 <0.0005 <0.0005

0.099 0.0003 0.0011 0.0398 0.007 <0.0005 <0.0005
0.012 8.148 0.124 89.53 <0.002 0.40 0.89
0.007 9.125 0.032 88.53 <0.002 0.43 0.98
0.108 0.11 0.009 0.242 <0.002 0.002 0.200
0.077 0.17 0.021 0.262 <0.002 0.003 0.200

<0.002 <0.002 | 0.010 <0.0001 | 0.005817 | 0.0013 0.008
PO1 <0.002 <0.002 0.004 <0.0001 0.00003 0.0002 0.001

EPRI
Recommendation
Element

N:Al >4.0
Al <0.02
Cu <0.10

S <0.005
As <0.010
Sb <0.003
Sn <0.010
Pb <0.001

N:Al=1.15 N:Al=5.69
FO1Forging ¢+ As+Sb+Pb= 0.0251 POLPIPINE g\t As+Sb+Pb= 0.0052
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Comparison of Base-Metal Creep for F?1 and P91 Heats

20

1625°C (1157°F)

1100 MPa (14.5 ksi) © 3D Height Maps

G1848-F91-1

Material: P91/F91 Material
Ex S Materlal of 141 OOO hours

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 F91
Time (hours
(hours) SEE— ROA: 36.7%

F91 heat exhibits a
significant reduction in
both creep strength and
creep ductility
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Comparison of F?1 and P91 Heats in SSOH with EPRI Databases

Base Metal Creep Cross Weld Creep
) . 1 oUS 2 O /@ 9
160 3. I0OTI0KBMN0 20 /4 1 PO A ) no s
o] LTI o0, % 03 (e X O
7 /J)_ 9% .,', Ao ’ / s A /‘
120 2 TG " 7 wt"%m 2 120 ~‘/~>/Z ./> />/>/>@ " "‘{%’ ” % ”
SIGING o TS0 Dy s IR 0% N
100 B% 27 @ 100 2 TROLTTWBTPRBEN 5 307
e A S ‘ />
OV A AP AP %@ E /> 55? /> /> :5‘ o\ />
/,:/, /., ) /> - ~0 /> 5 ’ /> />
020 3 , :5".’ 4 /
80 X 0}*’«{:’:”¢ %8@ g 80 % ’0 »ey /?o. %¢ /b/é ,// 00‘ / »
% Grade 91 BM Database 0 A‘%’f ' g IREN ¥ % %
—— Grade 91 BM Mean D0 IOBRY B 1 Grade 91 OW Database 73 "
60 . ~~~/>’>/> D IR ——Grade 91 CW M 2% » ">~2/> WP
-;-Grade 91 BM 95% CI (Lower Bound) ~s~ Grade o1 oW 95i?nCI i ~~~~ ’
DOE EEM F91 BM = ==Crade o in ANA SN
4 DOE EEM P91 BM ¢ DOE EEMF91-P1CW S~
= Grade 91 BM Mean -25% (True Min) 40 ——Grade 91 CW Mean -35%
40|'"']""|""]""]""|""] | L L L L DL L L DL L DL L DL B L L |
24,500 25,000 25,500 26,000 26,500 27,000 27,500 23,000 23250 23500 23,750 24,000 24250 24500 24,750 25,000
LMP = (273 + T, °C) x (25.52 + log(tg, hours)) LMP = (273 + T, °C) x (23.82 + log(t;, hours))
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Comparison of Creep Test Resulis for Grade 91 SSOH

10,000 20,000 -

15.00°
Centers
ers 5.50 [Mote 1]
fﬁ;@%ﬂ?fm::. | 35 [ | 225 - 0 Weld: Approximate and
x3/16 Deep. - W . [‘ o h M ea n CW centered within the gauge
SR 16 . A A TVYYYeY
{ Behavior

MNote 1: Provided dimensions are approximated
and are expected to vary weld to weld

D

7,500 - Mean BM & _— Low,

(Tt
e

Yio00X 39

R SOSﬂ TYP. -
505 555 (TYP-) [Note 1]

Behavior

1.86
[Note 1]

i P91
2,500 ] Lowest

] Bound F91

9.0.0.0.0.9,

Grade 91 Cross-Weld (625°C & 60 MPa)

Lowest
Bound P91/F91

Time to Rupture (hours)
o
o
S

Time to Rupture (hours)
S
o
3

Grade 91 Base Metal (625°C & 100 MPa)

= F91 base metal shows lowest bound behavior

=  Cross-weld shows lower bound behavior with failure on F91 side

ELECTRIC POWER
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Collaboration with External Laboratories

= Additional creep data being
generated by CRIEPI and ORNL

= Collaboration opportunity exists
— Project is open to expanded
engagement with research

community

CRIEPI (Japan) - Grade 91 Header (Base Metal Only)

Temp. Stress Min Mean
°C MPa hours hours
600 140 1,200 3,700
600 120 3,350 10,000
600 100 9,600 28,000
625 100 2,000 6,000
625 80 6,350 18,500
625 60 24,100 70,000

20
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ORNL - Grade 91 Header (Cross-Weld and Base Metal)

Temp. Stress Min Mean
°C MPa hours hours
600 120 1,000 2,500
600 100 2,000 5,500
600 80 5,500 15,000

625 100 325 100
625 90 500 1,500
625 80 1,000 3,000
625 70 1,800 5,000
625 60 3,500 12,000
650 80 150 500
Temp. Stress Min Mean
°C MPa hours hours
650 150 400 1,500
650 120 1,500 5,500
650 100 4,400 15,000
675 120 450 1,600
675 100 1,250 4,500
700 100 400 1,335
700 90 700 2,400
700 80 1,335 4,250
700 70 2,500 8,500
700 60 6,000 18,000

© 2021 Electric Power Research Institute, Inc.
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Project Status

= Task 2 — Component Procurement and Retrieval
— Complete
— Archived at EPRI; available for future DOE projects

= Task 3 - Characterization
— NDE: complete (including 2" Grade 91 SSOH)
= Information used to select specific locations for component evaluation
— Metallurgical evaluation: ongoing
= Task 5: Mechanical Testing
— Components received before 2021: mostly complete
— 2nd Grade 91 SSOH received in 2021: in progress (section machining complete)

Project has developed state-of-the-art characterization procedures, mechanical dataq,

and case studies useful for future model development and validation
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Disclaimer: "This report was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United States Government nor any agency thereof, nor any of their
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."
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{ Together...Shaping the Future of Eleciricity J
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