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Irradiation damage — how do we prevent it?

Typical approach to improving radiation tolerance: increase sink density

Oxide-dispersion

strengthened (ODS) alloys Nanocrystalline alloys Cold-worked alloys

:9.{1_;.!}‘ j £ 100 nm “ L, : 100_nm

(Allen | 2008) (Barr | 2018) (Alshater | 2018)
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Background: high-entropy alloys

Modeling studies, limited experimental work suggest radiation resistance of compositionally complex matrix
« HEA are of interest as a replacement base matrix for nuclear alloy design

Phonon broadening in displacement cascade may slow quench, promote recombination
« Point defects and extended defects may have reduced mobility
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, (c) Swelling of increasingly complex alloys under ion irradiation?
Irradiation of single-phase HEA (CCA) needed to investigate benefits of compositional complexity.
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(a) Conventional Alloy, (b) High Entropy Alloy’

; 1. D. Miracle, O. Senkov, A critical review of high entropy alloys and related concepts, Acta Materialia 122 (2017) 448 - 511.

2. K. Jin, C. Lu, L.M. Wang, J. Qu, W.J. Weber, Y. Zhang, H. Bei, Effects of compositional complexity on the ion-irradiation induced swelling and hardening in
Ni-containing equiatomic alloys, Scripta Materialia 119 (2016) 65-70.




High-Throughput Testing: lon irradiation at UW-IBL
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High Throughput Irradiation — independent alloys

« 1.7 MV tandem Pelletron accelerator at UW-
lon Beam Lab

« 200 W near-IR laser for individual sample
heating

« Dual wavelength pyrometer for closed loop
temperature control

Total of 232 dpa at 3 temperatures in
16 hours!

Example: Completed W Irradiations
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ML output: Void Swelling (case study in SS304)
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ML output: Void Swelling (case study in SS304)
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ML output: Thermal Conductivity Measurements (W
case study)
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In-situ Alloying Using DED: High Throughput Processing

Powder Hoppers

ﬁ
Nozzle
Laser \
Part

\ I Build Plate
)

Schematic of the LENS MR-7
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Elemental powders are controlled independently
Powders are delivered to print head by argon flow gas

Laser down optic axis melts powders

M. Moorehead, K. Bertsch, M. Niezgoda, C. Parkin, M. Elbakhshwan, K. Sridharan, C. Zhang, D. Thoma and A. Couet “High-
throughput synthesis of Mo-Nb-Ta-W high-entropy alloys via additive manufacturing” Materials & Design, Vol. 187, 108358,
Feb. 2020.
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CrFeMnNi Quaternary Sample Results
Cr103Fe769Mn44N|84 - 600 OC, 250 dpa

FREETRR .
) ny s mn v

Cr, . .Fe__ Mn_  Ni  :10pm Sampling

10.3° °76.9 4.4 '8.4 . SS3IM 110 pm Samplling .

« Samples which contained void swelling would o2 "
often also have regions of no void swelling 02| 003
within the same grain. 2015 z

g go02|

» This inconsistency needs further investigation, = °" ¢
since especially since it presents issues with 005| °‘°1'
heavy sampling bias when taking TEM lamellae 0

0 5 10 15 20 25 40 50 60 70 80
Voids per Sample Voids per Sample




Automated Characterization for ML Featurization

XRF compositions (at%)
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PHYSICAL PARAMETRIZATION FOR INTERPRETABLE MACHINE LEARNING PREDICTIONS

MOLTEN SALT & MATERIALS TESTING
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Learning Methods to Accelerate Discovery of Molten Salt Corrosion-Resistant Alloys.” Advanced Science. 7 May 2022.
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mechanisms of high-entropy alloys via high-throughput experiments and machine learning.” Matter. June 2024.
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[ FEATURES TO PREDICT CORROSION
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Random Forest predicted value[ppm]
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MACHINE LEARNING TO PREDICT CORROSION RESULTS

— parity plot
& training set (88), xval MAPE=T4.3%

500 1000 1500 2000 2500
Experimental value[ppm]

3000

3500

Mo, of Samples

B train set fitting %eerrs, mean=74_3%

o 100 200 300 400
abs % err between Model Prediction - Experimental

Random Forest Regressor trained on 88 samples.

Mean Absolute Percent Error (MAPE) was estimated by
5-fold cross-validation (~74%).

Majority of samples well-fitted (<50% absolute error).
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MACHINE LEARNING TO PREDICT CORROSION RESULTS
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 Test set was within the training set estimation for
out-of-bag samples, in fact it is improved: 74.3%
down to 57.5%

-~ With larger training dataset, we can likely
approach experimental standard deviation of 14%
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ML MODEL PREDICTIONS BEYOND COMPOSITIONS THAT WERE TESTED

Total Predicted
Corrosion

. Concentration
Ni of (Cr+Fe+Mn+Ni) in 2000

[ppm]

1. Grid of compositions in (Cr,Fe,Mn,Ni) set up
with mesh size 5at%

2. Feature matrix generated using reduced
feature space.

3. This data is inserted into the previously
trained RFR to predict corrosion behavior
using the same target variable

4. Results are plotted in 4D composition
space.

5. 55316 — near Fe corner
6. Hastelloy N composition — near Ni corner
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800

SS 316 is outside of RFR fitted model scope, Hastelloy N projection is in low-corrosion region.
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INTERPRETATION OF MACHINE LEARNING MODEL: SHAP THEORY

Use SHAP theory to highlight feature importance = feature reduction (X features
account for 75% of each sample's ML prediction value).

_ Spearman < 94% SHAP > 75%
Reduction from 75 > > 57 > 18 features

MAPE evolution 56% =2 56% = 64%

250 4
200 +

150 A

100 -
50 A I
(

& 9 @° G boi x\\ \N:\ o ﬁw““ o™

Mean |SHAP|

Feature



INTERPRETATION OF MACHINE LEARNING MODEL
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INTERPRETATION OF MACHINE LEARNING MODEL

Analysis of each feature’s importance on the corrosion rate:

Some interpretations of the ML model were
Df expected:

* /' ag, 2 /7 corrosion rate
e 2 Surface energy > /7 to corrosion rate
@ o — /7 to corrosion rate

o - \ to corrosion rate
7 Work function = . to corrosion rate

AH form

Fe:Mn

Pbong(Cr-Ni)

MG | P .. ) * Butthe most important feature was not
expected:

Fe:Cr DE

" [ * 2 Ni diffusion coefficient > ~ /7 corrosion rate ]

Feature value

Low High
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« Temperature monitoring with
wavelength pyrom te( ,
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Current work, continuing work

 Additively manufactured 100 CrFeMnNi and 50
CrFeMoNi MPEAs

* Developed a high-throughput beamline setup for
rapid irradiation

- Employed rapid characterization techniques to
increase data acquisition and processing rates

 Corrosion testing will begin following irradiation
testing and characterization

- Quantifiable data from this work will serve as the
basis for training a machine learning model for
future alloy design
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High-Throughput Troubleshooting

650
Active Sample
First Neighbor

600 Second Neighbor | |
Third Neighbor

340 °C

380 °C

Temperature °C

410 °C




Heat Test
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CCA irradiation resistance hypothesis

Variable atomic mass, size, and force
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1. F. Granberg, K. Nordlund, M. Ullah, K. Jin, C. Lu, H. Bei, L.M. Wang, F. Djurabekova, W.J. Weber, Y. Zhang, Mechanism of Radiation Damage Reduction in Equiatomic
Multicomponent Single Phase Alloys, Physical Review Letters (2015). 29
2. L.K. Béland, G.D. Samolyuk, R.E. Stoller, A. Caro, Lattice thermal conductivity of multi-component alloys, Journal of Alloys and Compounds 648 (2015) 408 413

3. Animation by Michael Moorehead




CCA irradiation resistance hypothesis

Complex energy landscape and distorted
lattice reduce point defect / cluster
mobility
 Increased average migration
energy for atoms’

* Immobile interstitial loops slow
vacancy saturation?

© Chiara Cammarota (KCL)

2. C. Ly, L. Niu, N. Chen, K. Jin, T. Yang, P. Xiu, Y. Zhang, F. Gao, H. Bei, S. Shi, M.-R. He, |.M. Robertson, W.J. Weber, L. Wang, Enhancing radiation

1. J.-W. Yeh, Physical Metallurgy of High-Entropy Alloys, JOM 67(10) (2015) 2254-2261.
; tolerance by controlling defect mobility and migration pathways in multicomponent single-phase alloys, Nature Communications 7 (2016) 13564.
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Sample

« SS304 plate machined to have trenches to
promote thermal isolation between samples

e
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Heat Test

* TCs placed in samples 1, 2, 3, 6 [TCO, TC1, TC2, TC3]

- ~<1 mm below the surface

* 5 tests:
- 4 tests to keep each TC at 600°C until steady state for >30 min.
- 1 test setting pyrometer at 600°C on sample 7 until steady state for >30

min TCO
« TC2 (sample 3) had bad connection — readings not accurate TC1
TC2

TC3




Heat Test

Temperature Profile
800

700

Results

TC3
Q 500 TC2
- Heating sample 6 (TCO) (3/11) g a0 e
« Error < 5°C above 440°C £ 300
- Each bump is LP = [40, 50, 60, 70, 80]% ", TCO

* [New adj. Pyro]=0.7434*[Pyro]+116
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Time (min)
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In-situ single-beam irradiation - 1.0 MeV Kr#* at 50 K

Cluster Density of FCC Materials— 50 K

B I

‘1’21E23— — - CrygFey;Mny,Niyg
= ®  Fe,,Crys6Niys 7(E90)
B CrysFe;sMny5Nizs
% —v— Pure Ni
(@]
o)
£ 1E22
=)
(@]

1E21

O!O | 015 | 1{0 | 1!5 | 2f0
dpa :
* CrsFessMn,sNiss near <110> zone axis shown as example. Clusters measured

as black/white dots in bright-field and WBDF.
« Compositional complexity reduced defect cluster density at 50 K -

reduced primary defect production compared to E90 and pure Ni.

1. C. Parkin, M. Moorehead, M. Elbakhshwan, J. Hu, W.-Y. Chen, M. Li, L. He, K. Sridharan, A. Couet, In situ microstructural evolution in face-centered and body-centered
; cubic complex concentrated solid-solution alloys under heavy ion irradiation, Acta Materialia 198 (2020) 85-99. 34




CCAs compared to Ni and FezgNi,, at maximum dpa

CrysFe;sMn 5Niss Cr,gFe,;Mn,;Niyg Pure Ni

500 °C ( B (b) 500 °C (Underfocus) (d) 500 °C (Underfocus) | %
P& - AR 10dpa . T

—— Cr,;Fe,;Mn,;Niy (500 °C)

—@—Cr,sFe,;Mn;Niz; (600 °C)
CrysFe;sMn,<Niss (500 °C)

—— Cr,sFe;sMn,Niss (600 °C)

b SN : 2 i - - il 1 —4—Ni (500 °C)

(e) L ) —4—Ni (600 °C)

—P—FegNi (500 °C)
—@—FeNi,,(600 °C)

Overfocus Overfocus

« Trapping effect of vacancies on He leads to higher bubble density at 500 °C.
* Cr,gFe,sMny,Niyg swells more at 500 °C, Cr,;Fe;sMn,:Ni;; about the same.
; * More swelling in Fe;,Ni,, and Ni than CCA at both temperatures.
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lon Irradiation 500°C / 150 dpa — Cr,:Fe;-Mn.:Ni;-

SS316H

;n.
)

Cr,sFes;sMn sNiss

Damage Profile [dpa]

- 8.0x10™

- 6.0x10™

- 4.0x10™

I 2.0x10™

0.0

500 °C, 150 dpa plateau
5 MeV Ni++ lons

lon Implantation [ions/nm*cm?]

; [1] Parkin, C. A. (2022). Microstructural Evolution of Compositionally Complex Alloys Under Heavy Ion Irradiation (29326352) [Doctoral Dissertation, University of Wisconsin - Madison]. Madison ProQuest Dissertations Publishing.
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Neutron Irradiation 6 dpa and 500°C — Cr,,Fe;,Mn;,Nis,

316 Stainless Steel

S | | t I | ] I I
Cold-worked 316 SS irradiated g |
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about a factor of 3 difference. i G
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Dose (dpa)

[171Y. Chen, Y. Yang, Y. Huang, T. Allen, B. Alexandreanu, and K. Natesan, "Void Swelling and Microstructure of Austenitic Stainless Steels Irradiated in the BOR-60 Reactor,” US Nuclear Regulatory Commission CR-7128, Nov. 2012
[2] Allen, T. R., H. Tsai, R. S. Daum, D. L. Porter, J. I. Cole, T. Yoshitake, N. Akasaka, T. Donomae, S. Mizuta, J. Ohta, K. Dohi, and H. Kusanagi, “Effects of Irradiation on the Swelling and Mechanical Properties of 316 Stainless Steel,” 11th Int. Conf. on Environmental 37
Degradation of Materials in Nuclear Power Systems, Stevenson, WA, August 10-14, 2003.




Neutron Irradiation 6 dpa and 300°C — Cr,,Fe;,Mn4,Nis,

Mild RIS at GB |
— T Stainless
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[1] L. Tan, R. Stoller, K. Field, Y. Yang, H. Nam, D. Morgan, B. Wirth, M. Gussev, and J. Busby, "Microstructural evolution of Type 304 and 316 stainless steels under neutron irradiation at LWR relevant conditions," JOM, vol. 68, pp. 517-529, Dec. 2015.
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