HARVEY Modeling Solidification Shrinkage of Metals with
MUDD Machine Learned Force Fields

COLLEGE Audrey Thiessen’
Advisors: Lori Bassman?, Aurora Pribram-Jones? (HMC ‘09), Jonas Kaufman® (HMC ‘17), Kevin Laws®

1: Harvey Mudd College, 2: UC Merced, 3: Lawrence Livermore National Laboratory, 4: UNSW Sydney

4 N
Background

Our research seeks to understand alloy casting shrinkage by simulating atomic scale structures
undergoing temperature changes.

e \olumetric shrinkage during the liquid-to-solid phase transition causes imperfections in cast
metal products.

e High temperatures of liquid phase metal make experimental study difficult.

e Our group developed single-phase, high-entropy brasses (based on [1]) with a reduction in
casting shrinkage.

® This work focuses on the liquid-to-FCC phase transition where the greatest shrinkage occurs. Tatur test for experimental

shrinkage

Ab-Initio Molecular Dynamics

Lbl—ligh shrinkage (large cavity) Low shrinkage (small cavity)

4 N
Copper and Binary Cu-Zn Alloys
LOpp y ys 8.2 Solid (Literature [4]) 8.4 Solid (Literature [5])
e Using ab-initio (first principles) molecular dynamics (AIMD) in VASP [2], Liquid (Literature [4]) Q Liqluciloz (Literaturd<2) [5])
- : : : — ® Solid (C ted 8.2 @® Solid (Compute
struc:cures are equilibrated near the experimental melting point (Tm). = 8 ou‘;:ﬂ; (g;“n:’guie()j) 5 O Liguid [ComipLte) O
e Plotting computed volume vs temperature creates two thermal & & _
. _ lid-ph g liquid-oh -~ 4.4 % g | Total shrinkage to room temp. ©
expanSI.on CUrves = one so I, "PRAsSE, ar? (?ne ‘quicd-phase. , €73 © solidification 12.5% Computed S 3.9 % Solidification
® Separation between the solid and the liquid curves at T_ predicts the < shrinkage shrinkage
. . ) 7.8
volume changes for the liquid-solid phase change. g Tatal shiifikageto rapmtemp. ©
e Comparison to experimentally-based curve fitting data [4,5] verifies S 7.6 10.7% experimental 3 e
AIMD predicts shrinkage for pure copper and a binary Cu-Zn brass. > 13.1% computed ' ®
A\ /| B8
g . . . o e » 7.4 Y
e AIMD alone is too computationally expensive to predict shrinkage of r
compositionally complex multicomponent alloys. - T. Copper - Tm CugsZn,
® A combination of AIMD, Density Functional Theory (DFT) and Machine 800 900 1000 1100 1200 1300 1400 1500 160C 800 900 1000 1100 1200 1300 1400 1500 1600
Learned Force Fields (MLFF) can create the thermal expansion curves. Temperature (K) Temperature (K)
\ y

Machine-Learned Force Field Method

Training Refitting Production ML Validation (Errors)

N RN

.

‘ ‘ ‘ Test Set Error
VASP On-the-Fly Machine Learned Force 7| The force field is created 7| structures are equilibrated 4 Training Set: 6 Force
Field (AIMD + MLFF) is computationally during hyperparameter at temperatures near the | [—
cheaper, with the accuracy of AIMD [2]. optimization. The ML melting point (All MLFF). RMSE of ML vs DFT g,
liauid Solid fitting parameters can be energy, forces and T
.Iql.JI : olida: tuned for the system. stress for training .
Liquid phase Low energy structures. 4] A
configurations are configurations D T
sampled by heating | are sample for Test Set: g e
the system > 2500 K | the training set Molar Volume of Copper Extract Data Structures are
above the target with solid phase ® Computed Volume g e TR
( 5 P e ¢ Literature Volume Sampled from the @ -3.70
temperatu rES). structures. = | Melting Temperature liquid thermal ~ § prOdUCtiOn run d o /O
expansion ) >
: ’ Volume and Static MLand DFT | |Z=e| .
g = = temperature data calculations are siunl P
Tj) ’ ;:' creates thermal Fun. Energy, fOrce | ~3.90 —3fgsFT—3t80 —317(5 \—//3i7to —3),f65 ~3.60
> 7.8 . energy (eV/atom
E ; eXpanS|On curves. and StreSS RMSE w0 Stress .
S TN The gap between are calculated.
S 76 - solidification 20{  RMSE=18kB »
& shrinkage curves at the —~ 8
s 2 melting The training set 2 )
7 4 0 \ solid thermal . 5 5
' expansion temperature is error must be less 2
P 2
| | | | | the solidification than test set error 07 .
1000 1200 1400 1600 1800 - - r I | -
TerpAraturs (I shrinkage. to avoid overfitting. S PN
e N N
1] K. Laws, et al., J. Alloys Compd. 650, 949-961 (2015). . We will apply this method to novel high entropy brass
2] G. Kresse, J. Furthmdller, Comput. Mater. Sci. 6, 15-50 (1996). & AC E s E N G M A alloys. The method may be a new tool to optimize alloy
3] A.van de Walle, M. Asta, G. Ceder, CALPHAD 26, 539-553 (2002). A o _ _ composition to minimize solidification shrinkage
4] G. Kaptay, J. Mater. Sci. 50, 678—687 (2015). o Fellowship in Applied Mechanics P 5
5] K. Harkki, J. Miettinen, J Metall. Mater. Trans. B 30,75-98 (1999). Contact: athiessen@hmc.edu Cu-N i_M n-Zn_AI

We would like to thank Jose Ortiz (UC Merced) and Carleton Imbens (HMC) for their help developing the computational method and Cu_Zn
troubleshooting VASP. We would like to thank Henchel Guo and Jet Chong (UNSW) for their experimental work and photos. We are grateful

for funding from NSF grants 2106617 and 2106756 and the Engman Fellowship in Applied Mechanics (HMC). This work used Stampede3 at Cu
the Texas Advanced Computing Center through an allocation from the NSF-supported Advanced Cyberinfrastructure Coordination
Ecosystem: Services & Support (ACCESS) program.



https://access-ci.org/
https://access-ci.org/

