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Objective

2

Microchannel heat-exchangers with optimal durability

Targeting additive manufacturing design for

supercritical CO, power

Optimized material combinations:

— Surface skin: alumina former, such as Haynes alloy 224 (high

— Internal layer: chromia former having high creep resistance

Avoid internal oxidation and dissolution of y’ in near-

700-1000 C, 50+ years

temperature oxidation resistance)

surface

Develop and Validate an Integrated Computational
Materials Engineering approach to materials design
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in oxide former(s)
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Continuous chemical/microstructure/strength model

d(t) oxide film growth rate from Wagner kinetics
- C(x,t) from oxidation/diffusion model/DICTRA
=2 u(xt) from thermodynamics analysis
- S(x,t) from coupled phase field/crystal-plasticity

Semi-infinite
boundary
condition

Coarse-grain
microstructure model

* W, surface
* W, near-surface
* p, bulk
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DICTRA Simulation Setup

flux boundary condition with k,,

1 ke
ALy AlOs [t + ¢t

At 900°C, k.=5.49% 1018 m?/s

Al, O,
layer

Homogenized
model

out (Pint et al. Mat High Temp

Al 35:39-49 2018)
4—._—

Haynes 282

Crystal plasticity model

Predict the creep
behavior with
microstructure
obtained through
PFM

DICTRA
calculation

=

ICME
approach

Simulation
of creep

Crystal
plasticity
method

Concentration profile Volume fraction of phases

Precipitates-free zone forms due to the loss of Al
Precipitates dissolves up to 3.4% of total volume in the
two-phase region

Simulation of particle ¢
heterogeneous micros

olution and prediction of
ture: phase field method

Phase field model (PFM) & results

Particle
dissolution




Microstructure Alloy 282- Exposed at 857°C, 4380 hrs

—_—————-

Al,O4 oxide network

Y’ depletion zone 18.23um

(Credit to Gopal Babu Viswanathan)

Matrix
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Oxidation Rate Constants
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Pruned Decision Tree on Composition

Tree graph for m
Num. of non-terminal nodes: 9, Num. of terminal nodes: 10

Model: C&RT
ID=1 N=215|
u=-15.441969
Var=8.195242
Al
<=24.38 >24.8
D=2 N=162 D=3 N=53
u=-14.079212 u=-19.607380
Var=2.930767 Var=1.259564
Fe Pt
<= 78.5952433380327 > 78.5952433380327 <=25 >25
D=4  N=152 D=5 N=10 D=18 N=37] [D=19 N=1§
u=-14.38913 Mu=-9.368430 u=-19.226949] Mu=-20.487127|
Var=1.523507 Var=0.669696 Var=1.056555 Var=0.620387
Co Al

<=0.0145557005589753 >0.0145557005589753

<=0.03804273415 > 0.038042734153478

u=-13.808791f
Var=0.587151

D=7 N=87] ID=16 N=Y§ D=17 N=5

Mu=-9.692179 Mu=-9.044680
Var=1.087373 Var=0.042393

Ni
<=55 >55 <=21.4807124807603 >21.4807124807603
ID=8 N=45 D=9 N=20 D=12 N=12 D=13 N=7§
u=-14.686045| u=-16.245557| u=-12.564362} u=-14.007900|

Var=1.523351 Var=0.487277 Var=0.425971 Var=0.325519

Ni Al
<=70.405 >70.405 <=0.02039791518 > 0.0203979151884691

ID=10 N=24 D=11 N=21 ID=14 N=5§ D=15 N=7

Var=0.716262 Var=1.462092

u=-14.052281} u=-15.410345) u=-12.266627| u=-12.777030

Var=0.496788 Var=0.266840
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» Decision tree mimics ‘family tree’ of alloys and

superalloys

 Top split:
* Aluminides vs other alloys
» Then Pt vs other aluminides

« Second split:

* Ferritic, austenitic low alloy steels with low

activation energy
» Stainless steels and nickel alloys

e Third split:
e Low Ni vs High Ni
* Alumina formers vs chromia formers

« Multiple trees possible (=> random forest)
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Diffusion along grain boundary

Table 1. Experimental results for oxide thickness and grain size, and values of
diffusion coefficients.

29 161 124
109 272 1-39

Bulk kc T ¢ z gt (D'8)* D* A. Atkinson , R. I. Taylor & A. E. Hughes (1982) A quantitative
+ > (°C)  (hour) (pm) (um) (em?s7!) (em®s7h) demonstration of the grain boundary diffusion mechanism for the
1 49 054 oxidation of metals, Philosophical Magazine A, 45:5, 823-833, DOI:
5 749 0-84 B - 10.1080/01418618208239905
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6=1nm
Time (h) Estimated grain k. of deepening Oxide intrusion
size G; (um) along GB (m?/s) depth (um)
1140 (T=925°C) 50 4.28x 10716 41.9
4380 (T=899°C) 80 3.17x 10716 70.6
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Analysis

Al,O5 network

» (Oxide propagation path

Viswanathan, G. B., David E. Mills, and Michael J. Mills. "Oxidation-Related
Microstructural Changes at a Crack Tip in Waspaloy After Elevated-
Temperature Dwell-Fatigue Testing." Metallurgical and Materials Transactions
A 50.12 (2019): 5574-5580.

Time (h) Oxide intrusion depth Actual depth (X sin60°) | Equivalent bulk k. (m?/s)
(um) (um)

1140 (T=925°C) 41.9 36.3 6.94 x 10718

4380 (T=899°C) 70.6 61.2 5.49 x 10718
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Compare with the experiment

(Credit to Gopal Babu Viswanathan)
26.21um

Oxide intrusion depth

Time (h) Oxide Exp results
intrusion (um)
depth (um)

1140 36.3 33.0+6.6
(T=925°C)

Depletion zone thickness

Depletion Exp results
zone (um)
thickness
(DICTRA)
(um)

1140

(T=925°C)
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Phase Field Simulation in Depleted Zone

Particle growth Particle dissolution

%‘

Shen, Chen, et al. No. DOE-GE-
FE24027. GE Global Research,
Niskayuna, NY (United States), 2017.
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Oxide-matix  5Q0h 250h 500h 1000h Simulation results

interface

30um [
50um
B Antiphase Domain 1
Antiphase Domain 2
Antiphase Domain 3
I Antiphase Domain 4
S0UM |
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Simulation results

Oxidation time vs volume fraction of precipitates (phase field simulation)
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Mesoscale modeling of Creep and
Recrystallization

Stephen Niezgoda




Mechanics

[\

Thermodynamics and kinetics

Plasticity| Texture

/N

Nucleation| | Grain growth

NN /7

Recrystallization

=
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Dislocation density based model

08 JUNE 2021

Phenomenological models are well suited
for overall mechanical field predictions
and texture evolution, however, it does
not perform well in case of localized fields
(e.g. dislocation density).

In the phenomenological model, it is
difficult to include different physical
mechanisms of strain hardening (e.g.
forest dislocation hardening) and
recovery (e.g. climb and cross-slip).

Finally, temperature dependance of the
flow curve can not be predicted naturally
from phenomenological model.

=
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224 is Solution heat
treated by Haynes
and original data from
Haynes suggested
that under in-service
condition we would
expect the material to
be in the solid
solution state

Not a problem use
Dislocation Creep
Model
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Vinay Deodeshmukh from Haynes was able to share all of the creep data on 224
with the team

o« 25tests

* Wide range of tempertatures

* Wide range of stress
RT stress strain tests from lit

17



Top Haynes, Bottom Babu (OSU) 224 @ 4K 850C
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Creep Modeling 282

Capture primary and secondary creep
» No explicit tertiary creep effects - damage etc
« Model still able to accurately capture LMP for
lifing purposes

I.G. Wright, P.J. Maziasz, F.V. Ellis, T.B. Gibbons, D.A. Woodford, Materials issues for turbines for
operation in ultra-supercritical steam (2004).
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What needs to be done?

 As ateam we need to decide what is the best way to handle precipitate growth in
224 and its effect on creep

* Precipitate growth happens at the same time scale as creep meaning that we can'’t
assume a static microstructure or properties

* Next step simulation of effect of oxide/depletion zone in 282 using heterogenous
microstructure creep model

DNV © 08 JUNE 2021
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High Temperature Testing

» Wrought flat and tubular specimens exposed to sCO2 for
oxidation

e ~ 1khr, 5khr, 10 khr
e Oxidation CO,, 725°C, 850°C, and 925°C

» Creep testing tubular pressurized tubular sample
» Test duration 100 to 2.5 khrs

D;mr powder fill / vacuum
2O

2

Sl
—
Steel cap

— —4— Weld

Solid
Steel

Nickel alloy tubg|
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HIP of Graded Alloy Microchannel (actual)

Note collapsed fill tube
= HIP success
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HIP of Graded Alloy Microchannel

« Create creep test sample

23

Remove center steel rod

Measure wall thickness and diameter at
multiple locations

Weld Ni-alloy tubing to 282/224 HIP sample
Pressurize with CO,

Heat to 850°C, 10-40 hours should show
appreciable/measurable creep

Expose, measure diameter at end of test
» Estimate creep strain

Steel

Characterize
Verify / update models

DNV © 08 JUNE 2021

282

224
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Characterization Efforts:
Targeted for Obtaining and Providing the Necessary Parameters for Modeling

Efforts
« Optimizing experimental parameters for imaging in the Scanning Electron Microscope (SEM)

(i) oxide scale thickness (ii) grain boundary oxide intrusion and (iii) imaging y’' precipitate
* Imaging the extent of y’ precipitate dissolution zones for various exposure temperatures and times

* Energy Dispersive Spectroscopy (EDS) to discern the oxidation products and elemental segregation.

Target Alloys:
Haynes Alloy® HR-282 : Characterization is Complete.
Haynes Alloy® HR-224: Characterization is underway. Expected to be completed in June 2021

Typical Examples of Characterization Efforts are shown in the following Slides
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Typical Example of High-Resolution Imaging in the SEM to

characterize the extent of y’ precipitate dissolution

Alloy 282- Exposed at
925°C,1140 hrs

The depth of ¥y depleted
region varies between 55 —
67 um.

: v depleted regions

Imaged with Thermo Scientific Apreo FEG-SEM

Microstructure: Typically 15-20 um thick oxide scale is observed on the surface with additional oxygen
intrusion of 1-1.5 grain diameter depth along the grain boundary.



Typical Example: Extent of y' precipitate dissolution: Comparison Short and Long Exposure
Times

Alloy 282- Exposed at 845°C , 1140 hrs

Alloy 282- Exposed at 857°C , 10000
hrs
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Typical Example: Comparison Between Al and Ti Segregation Behavior Exposed at 855°C

Ti
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Alloy 224 Exposed at 857°C, 1140 hrs- Typical Example of Precipitates Dissolution
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Typical Example: Elemental mapping in Alloy 224 Exposed at 857°C, 1140 hrs
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Milestones

2-1-2019 MS 1. ICME Integration Plan Complete

2-1-2019 MS 2. Sample Fabrication: High Temperature Complete
Oxidation Coupons

9-1-2019 MS 3. Fabrication of microchannel-like prototype Complete
component

11-1-2019 MS 4. High temperature oxidation testing Complete

6-1-2020 MS 5. High temperature creep testing of Delayed 8-1-2021
prototype component

9-30-2020 MS 6. Demonstration, verification and validation Delayed 9-30-2021
of model
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