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Supporting Information Text

Here we present the implementation of neural network inter-atomic potentials (NNAP) capable of simulating
the mechanical/physical behavior of the TiZrHfCo high-entropy metallic glass (MPEMG). The Methods
section outlines the database preparation, local atomic environment interpreter (also called symmetry
functions), and neural network training. To validate the NNAP, the Properties section benchmarks its
predictions against ab-initio calculations and experimental results.

1 Methods

1.1 Database

In order to create TiZrHfCo potentials, an extensive dataset comprising elemental, binary, ternary, and
quaternary configurations with diverse compositions and morphologies is essential. To accomplish this, we
employed a comprehensive dataset consisting of 34,809 labeled data points (Fig. S14), curated to ensure a
precise representation of the potential energy surface. This dataset served as the foundation for training a pre-
existing model specifically defined for ternary potentials, as outlined in our recent publication (1).

1.2 Structure Descriptors

To produce a reliable NNAP, we chose an appropriate representation of atomic neighborhood environments
(2, 3). To introduce the Spherical Chebyshev (SC) basis, the density function p(r) of the local environment
could be:

p(r) = Xixjw(t)o(r — 1) fe(ri)) [1]

where w(t;) is a weight parameter of chemical specie t;,
w(t) =DV =12,..,10 [2]

W(t]-) the actual weight function can be learned automatically due to additional weight parameters in the
neural networks (4). 6§ (r — 1;;) is Dirac’s delta function, radial cutoff function. p(r) is then expanded in the
spherical coordinates:

Cnim = Zi::jw(tj)Rn(rij)Ylm(g' ‘P)fC(rii) [3]

Yim (0, ) is the spherical harmonic function used to describe the angular information of the atomic
environment. fc(ri j) is a cutoff function which smoothly decays to zero at neighbor cutoff 7, which can be
expressed as:

— (FUy2y4 .
) =) A= Gy <

0, Ti]' = e

(4]

Here, the cutoff radius set 7 to 7 A in this work. R, (ri j) the first kind T;, (x) of r;; Chebyshev functions after
linear transformation, where a linear transform is applied to map x to [0, 7.] and used to describe the radial
information of the atomic environment, and it is expressed as:

Ru(riy) = Tu(1 = 2 [5]

However, since ¢y, does not have rotational invariance, a local environment real-valued descriptor
satisfying rotational invariance concerning c,;,,, was used, expressed as

41

nl = 5 Z|m|sl C;lmcnlm (6]

In this work, the values of n of the Chebyshev polynomials are taken from 0 to 4, while the values of [ of the
spherical harmonic function are taken from 0 to 8. We chose a neural network architecture with 90 input
nodes, four hidden layers of 16 nodes each, and one output node, resulting in a 90-16-16-16-16-1 network
structure. The activation function is the sigmoid linear unit (SiLU) function for each neuron in the neural
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network's hidden layer. The weight optimization of the neural network adopts the LBFGS-B algorithm (5),
and the loss function L is expressed as:

_ 1 gsamples 1 oweights . 2
L= Lygomptes g2 4 Lyweights,, [7]

Where the variable e,, represents the energy difference between the neural networks’ predicted energy and
the reference energy for each reference sample n, while w; iterates through all the weights of the neural
network. The coefficient of the penalty term in this study is set as A = 0.005. Along with a bias, the 9156
degrees of freedom vector will serve as the neural network's input layer. The bias term helps to shift the
activation function of each neuron, effectively changing the decision boundary and allowing the network to
make better predictions, which serves as the input of the NNAP models.

1.3 Overall NNAP Accuracy

To evaluate how well our NNAP performs, we divided our dataset into a training set and a testing set with a
ratio of 9:1, randomly and with the same distribution of formation energy. We used the divergence of root-
mean-square error (RMSE) between the training and testing sets to indicate overfitting, which helped us
implement early stopping strategies. In the final iteration, the RMSE of the testing set in the final iteration
reached 9.07 meV/atom, which was generally acceptable in MD simulations of quaternary compounds
(Fig. S15).

1.4 Equation of States Validation

We utilized ab-initio calculations in constructing NNAP and fit the curve of energy versus volume for various
ordered binary compounds (Fig. S16) with the Murnaghan equation of states (6) (EOS).

2 Properties

2.1 Thermodynamic property

The t,, representing the relaxation dynamics, which is usually defined as the time until the Fi(q,2) (7)
decays to 1/e, are plotted in Fig. S18(a)

Fi(q,t) = ~ (L, exp{=ig - [7,(6) = 7, (0)]}) [8]

where N is the number of the systems, q is the wave vector, and 7;(t) — 7;(0) represents the displacement

vector of atom / over a given time interval 7, <> denotes the ensemble average over different configurations.
BTgo

The VFT (Volger-Fulcher-Tammann) function (8) T = 7, - eT-To was employed to fit the data (Fig. S18(b)),
where 7, B, and T, are fitting parameters and empirical material-dependent. The glass transition temperature
(9), Ty, is defined as 7 (T=Ty) = 10* ps. We defined the kinetic fragility index (10) in MD simulation, m, as
2108%  (pig. S18(c)) (11). Finally, m of the 8000-atom

the slope of the 7, curves at Tg by m = 207 .
g

TistI‘stfzsCOzs MPEMG was 152.

2.2 Activation Energy of Beta Relaxation

We employed the CG algorithm to prepare the inherent structure of 2000-atom MPEMGs with Co
concentrations of 6%, 10%, 25%, and 40%, quenched from 2000K to 300K at a rate of 10'*K/s. Once the
sample reached 300K, the system was allowed to relax for 1 ns using the Isothermal—isobaric (NPT)
ensemble. We applied 3 activation-relaxation technique (ART) (12) searches for each atom. We randomly
set the initial perturbation displacement of 0.5 A and the direction of perturbation in the searching events.
The perturbation radius is 3.8 A. And the force threshold is below 0.05 eV/A. Thus, we could get the raw
data by 6,000 ART events for a given sample. We should use two removal steps (13) to obtain ~ 3,500
effective searches (in different samples, the number will be different). Finally, we can get the activation
energy spectrum for each sample in Fig. S8a.

The arithmetic mean of Ea (EA,k), and Effective barrier E ,



Eq. [9] (14) calculated the effective barrier of fast beta relaxation to keep low energy barriers dominating the

diffusivity.

E_'A(EIS' T) = _KBT . ln [9]

_Ea
P(E4|E;5)e *BT dE,

We used the arithmetic mean of each atom’s Ea, E5 ., (15) to describe the activation energy of the secondary

relaxation process. It was calculated by Eq. [10]

1

- Neven .
Egp = YV EL (i k) [10]

Nevent,k

where E, (i, k) is the k atom’s activation energy in the i™ event. Neyenk is the number of the effective events

of the k atom.

2.3 MD simulation of shear

1
G = (G Zner5 Zhse am (02)° [11]

where:
1 k) Akj
Qim0 = 55 S0 i (1) [12]

Here, the sum from k=0 to N'(i) runs over all neighbors of particle i plus the particle i itself. Thus, to calculate
G, (i) of particle i one uses the local orientational order vectors g, (i)averaged over particle i and its
surroundings (16, 17). While g, (i) holds the information of the structure of the first shell around particle i,
its averaged q; (i) version also considers the second shell. Here, N (k) is the number of nearest neighbors of
particle i, | is a free integer parameter, and m is an integer that runs from m=—/to m=+/. The functions Y,,,
are the spherical harmonics and 7y is the vector from particle k to particle j. Ay is the surface area of the
Voronoi cell facet. A is the sum of the areas of the Voronoi faces of the atom k.

2.4 Energy of Crystal with Different Compositions

The structure of HCP crystals of different components is optimized by using DFT to obtain their
configuration, energy, and composition relationship. The content of Hf remained almost the same, Zr
increased, Ti, and Co decreased. Fig. S20 shows the potential energies of the HCP crystals with the varying
compositions of Ti and Co.

2.5 Enthalpy of Mixing with Different Compositions

NNP-MD simulations to calculate the enthalpy of mixing between Co and TiZrHf in the Cox(TiZrHf)i«
system using the ML potential. We prepared 1000-atom glass samples with different Co concentration,
ranging from 5% to 40% and prepared 1000-atom crystal samples of Co and TiZrHf. The sample was cooled
down from 2400K to 300K at a rate of 10'* K/s. Once the sample reached 300K, the system was allowed to
relax for 2 ns using the Isothermal-isobaric (NPT) ensemble. We followed a well-established approach in
the literature (18) to ensure the validity of our results.

AH‘m ~ AEp = ECoxTinZr(l_x) — Xk E([:]o - (1 - X) * ETOinZr [13]
Where E2, and EYQinZT were the crystal potential energy. ECoxTinZr(l_x) was the relaxed amorphous

potential energy of Cox(TiZrHf)i, and x was the Co’s content. Fig. S21 shows the enthalpy of mixing
between Co and TiZrHf in the Cox(TiZrHf);.« system. We found that at 300K, the enthalpy of mixing



increases with the decreasing concentration of Co, and suggests a tendency for Co segregation in the Co-lean
regions.
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Fig. S$1. Structural and chemical characterization of TizsZr2sHf25Co2s ribbon. a, The XRD pattern
shows the amorphous nature of TizsZr2sHf25Co2s ribbon. The SEM (b) and the corresponding
SEM-EDS (c) images show the chemical distribution in the ribbon at the micro-scale. d, The
statistical binomial frequency distribution of components. The inset shows the Pearson

coefficients (p).



Fig. S2. a and d, the FFT-filtered image of the area selected from Figure 1a (The insets show
FFT image of area selected from Figure 1a (left) and the applied filter (right). The yellow curves
indicate filters boundary). b, c, e and f, The autocorrelation analysis of local regions.



Fig. S3. Structural and chemical characterization of ZrssCusoNisAl1o metallic glass. a, HRTEM
image. b, HAADF image.
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Fig. S4. Thermal analysis of Ti2sZr2sHf25Co2s ribbon. a, The conventional DSC heat flow curves of
the as-spun samples obtained at the heating rate varying between 10K/min and 60K/min. The
dashed line shows the values of Ty extrapolated from the VFT fitting. b, The VFT fitting of T4 of
Tiz2sZr2sHf25C025 obtained from flash DSC. ¢, The plot of fragility of TizsZr2sHf25C025 in comparison
with other metallic glasses(19, 20).
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Fig. $5. Dynamic mechanical analysis of TizsZrzsHf2sCo2s ribbon. a, The temperature dependence
of storage modulus, E’ and loss modulus, E” at the driven frequency of 0.5Hz, 1Hz, 2Hz and 3Hz.
b, Comparison of the fast secondary (f’) relaxation in metallic glasses in terms of the measured
height of the fast secondary relaxation peak (21). The inset shows the enlarged view of the B’
relaxation process at 0.5Hz. c, A close view of the E”-T curve near the slow secondary (3)
relaxation. Three horizontal dash lines are drawn (line a, b and c) to probe the B relaxation peak.
d, The Arrhenius plots for the intersection points defined in c. The slope of the fitted line is -15.7
(line a), -16.8 (line b), -17.9 (line c).
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Fig. $8. Mechanical analysis of TizsZr2sHf25Co25 ribbon. a and b, The top view of the fracture end
of TizsZrasHf25C025 and ZrssCuz20Ali2Nis ribbons, respectively. ¢ and d, SEM images of indentations
of TizsZrasHf25C025 and ZrssCuzeAl12Nis, respectively.
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Fig. S9. SEM images of the fracture surfaces of TizsZr2sHf25C025 (a) and ZrssCuz20Al12Nis (b) after
the tensile test.
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Fig. $10. Images captured during in situ tensile test. The tensile strain is 0 (a), 1% (b), 2% (c),
3.8% (d) and the final fracture (e).
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Fig. S11. Structural and chemical characterization of annealed TizsZr2sHf25Co2s ribbon. a, the
HAADF of annealed TizsZrz2sHf25C025 ribbon. The inset shows FFT pattern of marked region. b,
The elemental mapping obtained by STEM-EDS. ¢, The elemental intensity profiles along the
dash line in b.
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Fig. S12. Structural characterization of shear bands and annealed Ti25Zr25Hf25C025. a, The
comparison of SAED patterns of shear band and annealed Ti25Zr25Hf25C025, respectively. b,
The HAADF image of shear band. ¢, The IFFT image of local region marked in b. d and f, The
HAADF and HRTEM images of annealed Ti25Zr25Hf25C025, respectively. e and g, The IFFT
images of area marked in d and f, respectively.
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Fig. S14. Compositions of DFT training dataset for the TiZrHfCo MPEMG. Pie chart of the

dataset showing (a) the generating methods and (b) the chemical concentrations. AIMD: Ab-initio
Molecular Dynamics, and nnMD: neutral network molecular dynamics.
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Fig. S16. EOS Validation. Energy per atom as a function of the primitive cell volume for
comparison of the DFT benchmark (solid lines) with the NNAP predictions (symbols). (a-e) were

crystal, (f) was MPEMG of Ti2sZr2sHf25Co2s
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T. The solid lines were the VFT function fitting. ¢, The Angell plot of relaxation time t, versus
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Table S1. The fracture strength versus tensile ductility of metallic glasses obtained under uniaxial

tensile loading.

Processing Fracture Tensile Ref
strength (GPa) ductility (%)

ZrsoCuzoNi10Al10 As cast 1.82 0.03 (23)
Zre4.13Cu15.75Ni10.12Al10 As cast 1.68 0.02 (24)
Cua7 5Zra75Als As cast 1.6 0 (25)
(ZI\;ISEI\S;?CO,NLCU) As cast 1.2 0.23 (26)
Zre4.13Cu15.75Ni10.12Al10 Rejuvenating 1.61 0.68 (27)
Zre4.13Cu15.75Ni10.12Al10 Rejuvenating 1.67 0.9 (24)
Zre4.13Cu15.75Ni10.12Al10 Cold rolling 1.75 0.27 (28)
ZrsoCusoNi10Al10 Cold rolling 1.7 0.5 (29)
Zrs25TisCu1sNit45Al10 Cold rolling 1.8 0.8 (30)
Cuar.5Zra75Als Cold rolling 1.6 0.7 (25)
ZresFesAlioCuz ;‘igﬁﬁ% 1.55 0.72 (31)
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Table S2. The calculated mechanical property of TizsZr2sHf25Co2sfrom experiments (Exp.) and

MD simulation (Sim.) with NNAP.

Exp. Sim.
Shear Modulus (GPa) 27.7 26.6 (-1.1)
Young’s modulus (Gpa) 80 74.5 (-5.5)
Poisson Ratio 0.44 0.39 (-0.5)
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Table S3. The calculated mechanical property parameters with Co concentration MPEMG

ranging from 10% to 40% from NN potential (ANN)

10%Co 25%Co 40%Co
Shear Modulus (GPa) 23.1 26.6 30.4
Young’s modulus (Gpa) 64.2 74.5 83.9
Poisson Ratio 0.39 0.4 0.38
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Movie S1 (separate file). The regular tensile test of TizsZr2sHf25C025 ribbon.

Movie S2 (separate file). The regular tensile test of Zrs3Cuz9Al12Nis ribbon.

Movie S3 (separate file). Diffusion of Co during shearing.
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