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Fig. 1. The basic architecture of the neural network potential function. S; and C; represent the local atomic descriptors before

and after considering chemical weights, respectively. The atomic local environment descriptors of structures in the training set serve

as input parameters to a multi-layer perceptron model with multiple hidden layers. The output provides the atomic potential en-

ergy, forces, and atomic stress.
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Fig. 2. The proportion and distribution of data from differ-
ent sources in the whole training set. The inner circle rep-
resents the number of structures, while the outer circle rep-
resents the number of local environments (atoms). Initial
refers to the initial dataset, RSS to the random structure
search dataset, HAL to the active learning dataset, MD to
the molecular dynamics simulation dataset, and SHMC to

the atomic swap Monte Carlo dataset.
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Fig. 3. Test set accuracy of trained U-Nb potential: (a) MAE
of potential energies; (b) MAE of force components. The
color of each point in (b) represents the local density.
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Fig. 4. Equation of states of U-Nb alloy. Solid and empty

circles represent the DFT and NNP results, respectively.

The U3Nb structure is obtained from the Materials project
website with an id of mp-972551.
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Fig. 5. Composition phase diagram of U-Nb phase diagram
at 0 K. The blue filled circles and red filled triangles show
the DFT and NNP results, respectively. The red points cor-

respond to training structure energies in the training set.
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Fig. 10. Spinodal decomposition of U-Nb alloy with an atomic percentage content of 13% aged at T'= 600K (a) Potential energy
and structure evolutions of «-U phase; (b) potential energy and structure evolutions in < -U phase. The uranium and niobium

atoms are shown as white and green balls, respectively.
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niobium alloys; (¢) atomic mechanisms of plastic deformation in « uranium-niobium alloy before and after phase decomposition;
(d) atomic response mechanisms of plastic deformation in ¥ uranium-niobium alloy before and after phase decomposition. Niobium

atoms are represented by green balls, and the color of uranium atoms indicates local shear strain(*!,
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Abstract

Uranium-niobium alloys exhibit complex crystal phases and unique mechanical behaviors under various
thermodynamic states and external loads. However, due to the lack of accurate interatomic potentials, the
atomic-scale phase behaviors and dynamical processes in this important alloy are still unclear. In recent years,
the development of machine-learning-based force fields has provided a systematic way to generate accurate
interatomic potentials on large and complex first-principle-based datasets. However, this crucial nuclear
material has received limited attention from researchers in the field of machine-learning potentials.

In this work, based on our previous researches on the neural-network potential training and evaluation
framework, which we called NNAP (neural-network atomic potential), a new neural network potential is
constructed for the uranium-niobium alloy system. A combination of random structure search and active
learning algorithms is utilized to enhance coverage of the chemical and structural space of the alloy system.
Testing of the generated potential demonstrates high generalization performance and accuracy. On the testing
set, the mean absolute error of the energy and the force are 5.6 meV/atom and 0.095 eV/A, respectively.
Further calculation results of crystal structure parameters, equation of state, and phonon dispersions coincide
well with the results from the first-principle or experimental references.

The atomic-scale evolution of the spinodal decomposition process in the U-Nb alloys is investigated based
on the newly trained potential. It is shown that the atom-swapping hybrid Monte Carlo can be a powerful tool

to understand the thermodynamic evolution of the

systems. By using the atom-swapping hybrid Monte

Carlo method, the decrease of potential energy due to 0-30

phase segregation is observed within 5000 steps, while 025

no significant energy reduction is found after 3-ns MD 75 0.20

simulation. Finally, the stress-strain curves under shear ; o

load for different initial states are obtained. It is found < ’

that the Nb precipitation generates strengthened ; 0.10

phases in the alloy and the deformation behavior of U- 2 0.05 i :

Nb alloys is significantly changed, where a disorder 0 3 ] i a
shear band emerges in the deformation path of the ~- : L»/T/oDF’T
phase alloys. Our work lays a foundation for “005[  UsNbi  UaNb 'UNB ek
understanding the mechanical processes in this 0 20 40 60 80 100

. Atom percent of Nb/%
important alloy system.
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