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Project Description and Objectives

Develop new alloys that can perform at

elevated temperatures in supercritical T
steam and CO, environment. T e
Use advanced computational tools, validated ; -—) - e

by targeted experiments, to increase operating : [ L et soo
temperature of Haynes-282 by 50°C “

Enable AUSC to operate above 760°C and -

5000 psi =
Provide ‘plug-in-play alloy’ alloy compatible S T
with current Ni-based alloy production.

Also applicable to other applications
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Timeline of the project milestones

Dzﬂsiilge::\c':ir:)en Milestone Description Revised Due date Completion date
1 Baseline modeling of phase stability 09/30/2019 12/31/2019
2 Baseline characterization of H-282: dry air 09/30/2019 09/30/2019
3 Baseline modeling of Ames alloys 3/31/2020 3/31/2020
4 Fabricate and characterize Ames alloys 8/31/2020 9/31/2020
5 Finalize selection of Ames Alloys 12/31/2020 12/31/2020
6 Mechanical testing H- 282 9/30/2021 9/30/2021
7 Creep characteristics of Ames alloys 9/30/2021 9/30/2021
8 Oxidation resistance of Ames alloys 06/30/2022 In progress (90%)
9 Mechanical Properties of alloys with revised heat treatment  06/30/2022 In progress (90%)
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Current Status of Project

Modeling Approach

« Korringa-Kohn-Rostoker method and coherent
potential approximation (KKR-CPA)

« Highly efficient electronic structure method
that allow for complex chemistries using
smaller model sizes compared to DFT.

 Mean-field approximation of the T

. . 0.002
e Includes short-range ordering and clustering :
0.001¢

Accurately models complex chemistries to 70 75 80

. ol 3
predict phase stability V (Bohr/atom)
The equation of state E(V) calculation for the fcc,

Singh, Prashant, Gupta, Shalabh, Thimmaiah, Srinivasa, Thoeny, Bryce, Ray, Pratik K, Smirnov, Andrei V, b d h h f H 282:
Johnson, Duane D & Kramer, Matthew J. Vacancy-mediated complex phase selection in high entropy alloys. cc, an Cp phasestor Haynes )

Acta Mater 134, 540-546 (2020). Nio 567Cr0.224C00.099M 00 055 Tlg 026Al0.032
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E (mRy/atom)

MOdel Pf@diCtion Significant compositional

range for alloy optimization

Investigate role of major element substitutions.

« Shaded regions show the extend to solid solution for each element (Ni, Co and Cr) in
a fcc matrix compared to bcc and hcp)

N|>45at %,Co<40at %,Cr<35at %; Mo<17 at. %; Ti< 11 at. %; Al<15at. %

9 | T T
8 ‘ R__eglon of
7 statiilityfor Co FCC\ 100
- /
E 6 3 : A = ——— T [
S E / ]
5 T T 257 = : — At 1 80 r
; 2 Wf — 1
T us e | = 0T
= - i; HCP; of ! E =
[ Y 5% BCC T | : 40
5l / - Region of | . . I . ]
- o % 1 025 05 0.7510 | L D= — ;
I / Stablht.v ] x(Co) in Haynes282 0 ] P T~ ] 20
- / for N': ﬁ; . t _— =~ ]
10 — A3 ] 3 s - .
:/ | O o025 o5 ol 0 —
' ; 5 - x(Cr) in Haynes282 . .
° 020 x(Ni) in I9|:yn93282 o7 1 Ni Co Cr Ti Al
Energies are shown relative to that of an elemental solid X in Haynes-282
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Role of refractories

Mo, Ta, W and Re

Suggests
’ small
AR amounts of
—_ 122H42 H‘9 : refractories
& gl . ] can have
E e dramatic
g 4+ - - effect on
w 8, ] stability
Or He14(2 7]
T T R
1550 1600 1650 1700
T (K; melting)

The calculated formation enthalpy (E;,,,,) with
experimentally-determined melting
temperature ( T_,) for common Haynes alloys.

AMES LABORATORY

Formation Enthalpy

(Ni.Co-W)gsCr10Al3Tia

Refractory elements increases E; .,
over a broad compositional range in
Co but a narrower range in Ni.

O
/5

30
-
U's]

Bulk Moduli

(Ni-Co-W)gsCr10AlaTia

Refractory elements increases
bulk moduli over an even
broad compositional range in
Co but narrower in Ni.

“
&

N X

Similar trends were seen with Mo (less dramatic) and Re (more dramatic).

Role of Fe, Hf, Nb, Si, V incorporated into the 2nd generation
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Role of refractories on bulk moduli

Haynes-282 bUIk modu|| Wwas Calculated (') o SS_T55'3CIM'9C(,)9'(’(‘AF"7Ti2,'5M05i04Fe'"?4Mn°'|3'Sio‘3?C0‘28_
and compared to experimental data ([J). O _ 3
2100~ - <. e < _ s

e Calculation overestimated by ~ 8-20 GPa (within . O-.-. o |
10%) A ] T U= _

=
Model alloy NigsCr,,C0zAl;TizX,; X = Mo, Re, W &
a2

 Understand role of refractory elements

] Expt

[ @ Haynes-282(SS) ]
 Moduli and T, increased with increasing valance 180 @NiesCriCosAlsTisRero 1
electrons [ , , :
[ @ NigsCri2CosAlsTisWio
 Are there chemical substitutions that can mimic 17%' [ S | R S R S
this effect? 00 400 500 . 600 700 800

 Necessary to reduce cost and density
Similar trends were seen with Mo (less dramatic).
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Current Status of Project

Modeling Validation

« Compare predicted values for
 Phase stability
e Melting Temperatures (T,,)
e Elastic Moduli

Alloy Design Criteria

« Identify promising regions of phase
space for:

« T.,~>50°C of Haynes 282
« Elastic Moduli > 10% higher
o Sufficient Cr, Al for oxidation stability

« Reduce Co (cost)

AMES LABORATORY

Baseline assessments of Haynes-282
Key Outcome: Establish performance metrics and assess these alloys beyond

the currently explored performance space

Computational assessment of phase
stability, formation enthalpies and elastic

properties as a result of alloying
Key Outcome: Establish the first set of guidelines for
alloy design and establish performance expectations

k from the new alloys )

¥ ¥

Synthesis and Processing of Alloys with modified chemistries, coupled with

basic thermal, microstructural and kinetic assessments.
Key outcome: Establish processing principles and synthesize alloys for high temperature
assessments. Thermal, microstructural and kinetic measurements provides the second set of

5. U.S. DEPARTMENT OF

guidelines for alloy development

High Temperature oxidation and creep testing
Key Outcome: Characterization of creep and oxidation kinetics, elucidation
of operative degradation mechanisms and final optimization of the alloy
through experimental learning and theoretical guidance

Also see: Acta Materialia 189, 248-254 (2020)
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Role of refractories on phase stability

. t .
Experimental and calculated T,, 1% Generation

onsets of 15t generation samples
compared to Haynes 282.

=

41 E

¢ &
i— — Y—
34 H E
(D) @)
4 H §
o

Alloys fabricated and characterized
to validate model predictions.

« Model didn’t correctly predict T, for 1450 |
phase separate samples [

. Identified limits for the high T solid A0
solution i
1350
 Model captured the trends in T, for ‘ | | |
Mo, Re and W. 1300 I

Ti > 3% and refractories > 5% resulted in bcc phases &

1500

Role of Mo, Re & W

Tm (°C)

.. L. B as cast @ annealed ® Calculated
Deviation from prediction

IOWA STATE UNIVERSITY

OF SCIENCE AND TECHNOLOGY

AMES LABORATORY



Refined suite of compaositions

15t Generation alloy 2"d Generation alloy
. NISA24A-1 | . Nig7Cr13CogAlsMosTi;Fe,
2 nd g ener a.t 10N NISA-8A " Nisa?;{icosNawsResTia NISA23A-1 " NigiCrssCogAlsMogTisFe,
resu I tS NISATA AN)K A Nig % Cof,Alg,RewTis‘ NISA22A-1 | A NirCrisCosAlMosTizFe:Siy
= Nisren : NiaCrioCOALW . Tis NISA21A-1 l . Nis:CrisCosAlMosTi;Fe:Si
L4 Tar g et ; l “ j\ AA NISA20A-1 l A NimcrmcozA|3“‘65“2&15%.500.2550.25
com p 0S | tl ons W/ ; NISA-5A \ NigsCr;,CosAl;WTiz NISA18A-1 l ) NizoCrigCo,AlMosTiFe;SigsCos
. @ ’)AJ A A [ NISATEA A ' NiroCieCopAlMosTiyFeSi
c .
fC C m a.t r I X % N|SA.4A l“ ’\ NI65cr12C05A|3Re3TIT NISA17A-1 J NizgCry5C0sAILMo; s TiaW; 5
a— —_— —Anpq-ld“-—-n-‘ A A
° In VeSt | g ate g NISA-3A NigsCr;,C0sALW;Re;Ti, NISA16A-1 \ ’| | NizgCr15C0-AIsMosTi,
I f '-oa ” N .Y ] NISA15A-1 |]L _’L NiTOCf13C05A|3Ti2ResF92
O NigsCr,CosAlL,W¢Re;Ti f A
a'r g er ran g eo & NISA-2A 65120015 WsRes Ly NISA14A-1 J. A Ni;nCruCo5Al3Ti2W5Fez
I Y S
NI ) Co and Cr NISATA Nizg sCr1a1COs oAl s | | NISA13A-1 J \ NirgCrisCogAlsTiMosFe;
A A NISA 12A A NirgCr:sCosAlsTipRes
[ . . — A A
Inclu d_e B d C’ Fe H-282 as received N -—N|550r2fomAI3_3M05T|2_5 NISA 11A A NizgCrysCogAlsTi W
an d SI : - : : : : : NISA 10A }L NizgCr1sCoeAlsTiMos
20 % 4 w6 70 8 %0 A0 09 35 4 50 e0 70 8 90 100 110
6 (deg.) 26 (deg.)

fcc, bec and L1, phases present Nearly single phase fcc, 10-12A are not heat treated and show

texturing along [200]
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Refined suite of compositions

2"d generation results

Identified a broad range of compositions with T, > 50°C of Haynes 282

RT Moduli is effective criteria for further down selection.

* Ideal for implementing advanced search algorithm and machine learning for optimization

220
1420 -
1400 - m onset 210
i B peak
1380 - =end .
] cal
1360 - 190
1340 -
| 180
1320 - H 282
il 17
1300 -
eﬁ'\' PR SR E S SO 160
20-A 21-A 22-A 23-A 24-A 25-D 26-D 27-D 28-D 29-D

O
&

N
(=]
o

Tm (°C)
Bulk Moduli
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Current Status of Project

800°C, wet air (45°C,100ml/min)

__ 08
E @282 20 »29 N
I I i S 0.6 - e o
Baseline Characterization of Haynes-282 s -
o 04 b e
 Alloy sheet from Haynes (also provided additional data on oxidation and & 0y
S 02 PO o e
microstructure) o o e .
« Initial oxidation characteristics; 1000°C200MPa, Aged sample SPC C " -
20 .
* Phase assemblages and T, 0 200 400 600 800
| time (h)

» Elastic Moduli
Alloy Selection and Testing

1000°C, 200MPa, SPC

N
o

Creep strain (%)
=
=

Characterize alloys across
prospective phase space

=
un

1000

S
0 c
DSC, XRD, SEM, Ultrasound 0 20 40 60 80 100 '© 10
Time (h) 1)
Further evaluate ‘best samples’ for & 5
v — H282 A29H1  =————A29H2 = ——A29H3
Oxidation resistance 0
Mechanical properties/creep 0 20 40 60 80 100
properties Time(h)
R Y IOWA STATE UNIVERSITY
AMES MBORATORY ENERGY OF SCIENCE AND TECHNOLOGY 12




Baseline Characterization-Haynes 282

Oxidation (TGA)

Haynes-282in Dry air at 760°C 100h ., Haynes-282 in dry air at 800 °C 100 h
e Synthetic air, 760, 800, 900 & 1000 °C = = 12
iIsothermal holds 20-100 hrs E slope lwo  E 10 _
slope: 2.0e-3mg/h
. . qé’ slope: 2.6e-3 mg/h 4.7e-3 mg/h 5 qg)> 08 slope 6008
« Two-step steady state oxidation S ws & ool ssesman i
. e 0.4 0
« How does changes in alloy 2 8 o2
composition alter the transient and = TS o
steady-state oxidation? , 02
0 10 20 %0 40 50 60 70 80 90 100 110 0 10 20 30 40 50 60 70 80 90 100 110
Time (h) Time (h)

Cross-sectional SEM

« ~10 ym continuous oxide layer e
e Primarily Cr,0,, TiO, and -.
NiO (XRD)

 Oxide penetration (~20 pm),
mostly Al,O;, No MoO,

Paper in preparation 100pm o o =
Electron back-scatter image (top) and elemental EDS maps for Haynes-282 after oxidation at 760 °C/100h

€3 cuEn e [OWA STATE UNIVERSITY
AMES MBORATORY ' ENERGY OF SCIENCE AND TECHNOLOGY
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Oxidation: Haynes 282 vs Ames alloys

103 go00°c 100h 103 900°C 100h
0.9 o 0.9 J
081  moy 0] 22
— ~ ° —20
—A24 07 —2a
—A29 b ]
go.s ] —2
$ 05
§ 2: e Better oxidation resistance for Ames
202 ] #20, 29 samples.

0.1 ; e Even with less Cr, Co, the scale on #20,
0.0 +¥+rrrrr—rr—rrrr—rrrrrrrrrre T .

0 102030 40 50 60 7080 50 100 0 10 20 30 40 50 60 70 80 29 seems to be more protective at
800°C and 900°C.

* Ames 24 shows how small changes in

P Ly Sy iy (0% =203 ¢ Cr, Si can have profound changes in
LY Y gy . 4 0 el “w » . . .
b g TA|203 oxidation resistance.
Base alloy

P 4‘ c%; HV curr mag 2 det WD HFW | E—— T R |
Ame: Am RS

% HY curr mag ® det H
2 15.00 kV_ 0.80 nA 1500 x ABS 27“1‘“ 7I|m 15.00 kV 0.80nA 5000x ABS 12.7mm 254 pum

IOWA STATE UNIVERSITY
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Oxidation: Haynes 282 vs Ames alloys, wet air

Cyclic . o _
800°C, wet air (45°C,100ml/min)
__ 4
N
E 2
E O J——.:‘ —— —R— <2- ::
Q
0.2
©
e
S -4
<
%D 6
= 0 200 400 600 800 1000

time (h)
——282 —-20 24 29

* Improved oxidation resistance for A29 at wet air condition. Its scale is thinner and has Mo(W)-O
embedded in the top scale.

IOWA STATE UNIVERSITY
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RT mechanical properties and fabricability

3x6mm Dog bone 1073 tensile

Coasnoe> 282 Agec ST SR0Aged
1200 H282 AGE
——A20AGE > A24 AGE
< 1000 ——A29 SOL -
D_ .
g 800 —~ A24 SOK %
2 oo H282 SOL E
S A24 SOL E
400 2
A24 Aged 3 l‘“‘“’
200
3I4 3I6 3I8 4ICI 4I2
0 20(deg)

Laser strain (%)

e Balanced strength and ductility for Ames #20, 29 samples.

* Precipitates of Mo,Si present in #20 and #29 samples.

* Precipitates found inside the ductile dimples likely
contributed to crack defections

BN A [OWA STATE UNIVERSITY
ENERGY OF SCIENCE AND TECHNOLOGY 16

H282 Aged A29 Aged
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High temperature creep properties: Haynes 282

N\

d®=8mm ° Creep properties measured on
benchmark Haynes 282 alloys using our

W

7 u/ 282 800°C SPC test newly set up HT small punch creep
/%/// N / 8 testers.
L gy iy / -4.00
/ L e r— / S 3 500 2.4 26 2.8 3 300MPa
/7 E // T | oo y4szea-19165 e Small punch creep testers allow rapid
/ ! // S, 270 determination of creep properties of
| i o % -8.00 .
| © - small sized sample.
8 2 200 Log stress a 600MPa
D 500MPa
Dg 0 300MPa
- 0 20 40 60 80 100
Time (h)
Paper in preparation
é 2, WA [OWA STATE UNIVERSITY
AMES I-ABORATORY ‘ ENERGY OF SCIENCE AND TECHNOLOGY 17



High temperature creep properties

Creep strain (%)

= oucd
LA =

[y
=

LA

24

1000°C, 200MPa, Aged sample SPC

A29

an Wt ' Ref‘r\actpr"‘y (iQW._.i!'! B

j" et
Refractory (lowinC).  #- ~ "\-' P

20 40 60 30 100
Time (h)

Creep properties shows strong relation with composition and microstructure effect presumably the primary
refractory precipitates in the grain boundaries.

Revised heat treatments are need for A20, A29 alloys for HT creep resistance.

Paper in preparation

AMES LABORATORY
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Refined heat treatment on A29

1150 °C AN (H1)

Refractory (low inf CJ»

-

.
‘J,‘J HY curr mag % |det WD HFW
TX 15.00kV 0.80nA 15 A 84.7

Paper in preparation

AMES LABORATORY

1200 °C AN (H2)

1300 °C AN (H4)

SPC strain (%)

.5. DEPARTMENT OF

ENERGY

1000°C, 200MPa, SPC

—H282 A29H1 ——A29H2 ——A29H3

0 20 40 60 80 100
Time(h)

Higher annealing temperature helps refine the
grain boundary precipitates.

With improved heat treatment, the creep
properties of A29 is comparable to H282.

IOWA STATE UNIVERSITY
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Effect of W on A29

3x6mm Dog bone 1073 tensile

800°C 100h 1400
038 —H282 1500 A25W AGE A29 AGE
T 0.7 H282 AGE
< 0.6 1000 A20 AGE A29W SOL
’(? :
£ 0.5 % 800 / = A4 AG K29 SO A24 SOL
o 0.4 2 600 / H282 SOL
203 = 2 A24 SOL
< 0.2 400 P
2 0.1
=
0.0 I T N T T T T N T T T T T T N T T T A | 200
O 10 20 30 40 50 60 70 80 90 100 0
Time (h) 0 10 20 30 40 50 60

Laser strain (%)

e Replacing the Mo by W results in:

* Increased oxidation resistance at 800°C

e increased strength with minimum reduction of ductility.
e Creep tests and heat treated on the new alloy is in progress.
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b, U.S. DEPARTMENT OF IOWA STATE UNIVERSITY
EENERGY

AMES LABORATORY



Preparing Project for Next Steps

Market Benefits/Assessment
* Increase operating T of Haynes-282 by 50°C

» Higher operating efficiencies

* Longer lifetime
» Materials failures represent a significant fraction of power plant operating costs.
« Accurate and efficient modeling can reduce time to market.

Technology-to-Market Path
« Adoption: The optimized alloy’s fabrication will fit into existing plants.
* Remaining technology challenges: Life-time assessment.

 New research: Develop methods to predict phase evolution/formations under operating
conditions

* Haynes is providing materials and data.

B, U.S. DEPARTMENT OF
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Concluding Remarks

o Computationally efficient multi-elemental approach validated for Ni-based alloys

will enable FECM to address these challenges:

 Development of new alloy materials that have the potential to improve the performance
and/or reduce the cost of existing fossil fuel technologies.

« Development of materials for new energy systems and capabilities.

 Development of alloys based on refractory metal elements to withstand the high
temperatures and aggressive environments.
« Better stability in wet combustion environment for H-based fuels.

 Current approach optimizes alloy composition based on phase stability and

elastic moduli.
 Model identified a broad range of promising compositions.
» Developing suite of characterization tools to rapidly assess promising candidate
compositions.

Special thanks to Haynes for supplying the samples and data, Olena Palasyuk, Prashant Singh, Arne Swanson, and
Chaochao Pan for their work on the project and funding by FECM Crosscuts Program.
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