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S1. MEAM Formalism
The second-nearest neighbor MEAM potential formalism employed in the present work allows
both positive and negative background density values. We employ a G-function with form G¢(I") =
{+ [1+T|, T'=>-1
—/11+r, r<-1
and an ialloy LAMMPS parameter = 0. A detailed description of MEAM/LAMMPS parameters and
relevant references for the MEAM formalism can be found in Ref. [1].

*3
, an equation of state E*(R) = —E, (1 +a + dﬂ;a) e™® with a*=a (TL - 1)

T/Te

The global potential cutoff distance is set to 7. = 5.10 A to take into account atomic interactions
up to (at least) the second neighboring shell for every investigated phase, with a smoothing cutoff
distance of Ar = 0.36 A. For all MEAM-reference elemental and binary structures (N2 dimer, bec-Ti,
fcc-Al, L12-AlsTi, B1-TiN, and B1-AIN), the ranges of the MEAM parameters E, 7., @, d+, and d- in the
ASA optimization procedure (see Section 2.1 of the paper and Section S2 in the present document)
are constrained close to values that best fit energy vs. volume curves obtained density functional
theory (DFT) calculations with different electronic exchange-correlation functionals (PBE, LDA,
BLYP, BILYP, B3LYP, and BHandHLYP), see Figures S1 and S2. The determination of Ec by DFT
entails calculating the energies of isolated N, Al, and Ti atoms to be subtracted from reference-
structures self-consistent energies. DFT is carried out with the VASP code [2] implemented with the
projector augmented wave (PAW) [3] method. For all structures, cohesive energies are converged to
an accuracy of 10-° eV/atom with respect to k-point grid thicknesses and planewave energy cutoffs.
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Figure S1. MEAM vs. ab initio energy vs. volume curves calculated for chosen elemental reference
structures. Top panels: Interatomic forces in N2 dimer with magnification near N-N equilibrium
distance. Bottom panels: bee Ti and fcc Al. Ab initio N2 interatomic forces are taken from Ref. [4].
MEAM curves are fitted to the DFT curves by adjusting the values of the MEAM parameters E, r., a,
d+, and d-.
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Figure S2. MEAM vs. ab initio energy vs. volume curves calculated for chosen binary reference

structures: B1 TiN, B1 AIN, and L12 AlsTi. MEAM curves are fitted to the DFT curves by adjusting the

values of the MEAM parameters E, ., @, d+, and d-.

S2. Adaptive Simulated Annealing (ASA) Parametrization Procedure

The flow chart of the Metropolis algorithm combined with adaptive simulated annealing (ASA)
is illustrated in Figure S3. This algorithm enables us to efficiently sample the multidimensional
MEAM parameter space and identify candidate sets of parameters that fit experimentally- and DFT-
determined physical properties of reference phases and structures as explain in Section 2.1 of the
paper. The set of MEAM parameters that best optimizes the potential predictions, and is successfully
validated via CMD simulations of material thermodynamic properties (see Section 2.2 of the paper),
is listed in Table S1 at the end of this document. We strongly encourage interested users not to
transcribe the parameters to from Table S1 but rather directly download source files in LAMMPS
format from online repositories [5,6].

Table S1. The complete set of the MEAM parameters for the ternary Al-Ti-N system. A global
potential cutoff of 7=5.10 A and a smoothing cutoff distance of Ar=0.36 A are applied. In the table
header row, elements are given in order of type-number for LAMMPS input files.

N Al Ti N-Al N-Ti Al-Ti N-AI-Ti

Ref. Structure dimer fec bce Bl Bl L1z -
Ec(eV) 4.880 3.357 4.798 5.721 6.614 3.956 -

re (A) 1.100 2.86166 2.832 2.042 2.126 2.788 -

! 4.680 4.692 4.799 4757  4.930 5.021 -

ds 0.00 0.10 0.09 0.17 0.03 0.03 -

d- -0.02 0.03 0.10 0.09 0.03 0.08 -

po 23.80 1.00 1.02 - - - -

A 1.51 1.07 0.71 - - - -

b® 2.55 3.47 2.36 - - - -

b 2.28 3.92 0.75 - - - -

b2 3.68 2.74 0.78 - - - -

b 3.92 0.30 0.33 - - - -

o 1.00 1.00 1.00 - - - -

D 0.39 543 3.94 - - - -

@ -0.23 9.32 8.09 - - - -

3 -0.40 -4.57 -19.47 - - - -

Coin [(1,1),1] 1.72 0.92 0.85 - - - -
Conax [(1,1),1] 3.49 1.66 2.06 - - - -
Comin [(1,1),2] - - . 0.46 0.86 0.60 -
Conax [(1,1),2] - - . 4.00 3.14 1.47 -
Cmin [(1,2),2] - - - 0.31 0.85 0.40 -
Cunar [(1,2),2] - - - 0.68 2.08 1.88 -
Coin [(1,2),1] - - - 0.01 0.25 0.70 -
Conax [(1,2),1] - - - 2.62 2.57 1.59 -

Cmin [(2,2),1] - - - 018 002 184 -
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Cunax [(2,2),1] - - - 3.13 1.63 3.63 -

Cmin [(1,2),3] - - - - - - 2.16
Cnax [(1,2),3] - - - - - - 2.84
Cmin [(1,3),2] - - - - - - 0.39
Comax [(1,3),2] - - - - - - 0.95
Cmin [(2,3),1] - - - - - - 0.04
Cmax [(2,3),1] - - - - — — 1.69

The N-dimensional parameter space is sampled according to Boltzmann statistics based on an
arbitrary cost-function ). The cost function is chosen a priori and is equal to the summation of squared
differences between predicted and reference properties. y is the quantity that is to be minimized in
order to determine candidate sets of reliable parameters. ASA optimization is initialized with

relatively high dummy-temperature T values. Then, T is progressively reduced with time ¢ as: T(t) =
T(0)-exp[-a-(t¥N)], where t is the Metropolis Monte-Carlo timestep, a and b are freely adjustable
variables, and N is the number of parameters to be optimized via ASA. The strategy of modifying T
allows for (i) at high T: escaping from local ), minima, (i7) at lower T: selectively exploring regions of

the parameter space characterized by low .

&
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Figure S3. Flowchart of Metropolis algorithm implemented within an adaptive simulated annealing

scheme (dummy temperature T).

S3. Parameterization and validation results for N, Ti, Al, and Al-Ti phases

Given that basic MEAM parameters for pure N are predetermined by fitting first principles
results for N2 molecules (Figure S1), the MEAM parameters of elemental N are further optimized via
the ASA scheme with respect to ab initio properties calculated for Ns trimers (Table S2).
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Table S2. Cohesive energies, and interatomic distances dij, djk calculated using the present potential
for three stable (or metastable) nitrogen configurations. Reference values used for the
parameterization (in parenthesis) were determined via DFT calculations.

Nz Dimer NsLinear Trimer Ns Triangular Trimer

Ec 4.880 4.063 3.887
(eV/at)  (4.88) (4.146) (3.676)
<dip> 1.10 1.15 1.48
(A) (1.10) (1.20) (1.40)
da/dix - 1.980 1.800

(2.000) (1.154)

Table S3 lists the predictions of our MEAM potential for the cohesive energies (E.), lattice
constants (4, c), and elastic constants (B, Cy) for fcc-Al, hep-Ti, bee-Ti, 0-Ti, L12-AlsTi, y-AlssTiz, DOz-
AlsTi, L10-AlTi, hexagonal TisAl, and a-TissAl.. The MEAM predictions are in good agreement with
experimental and theoretical data, also listed in parentheses.
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Table S3. Cohesive, lattice and elastic constants calculated using the present MEAM potential for the three phases (a, f, and w) of Ti, the y-phase of Al, the
four most common phases of the intermetallic Al-Ti as well as for Ti and Al substitutions at the dilute limit in y-Al and a-Ti based alloys. The experimental and

theoretical reference values used for the parameterization [7-12] are shown in the parenthesis.

a-Ti B-Ti w-Ti y-Al y-AlosTi L1:ALTi D02 ALTi  LloAlTi TisAl a-TissAl
Ee 4.840 4.798 4.665 3.357 3.406 3.957 3.944 4338 4.602 4.803
(eV/at) (4.850-4.877) (4.787-4.792)  (~a-Ti) (3.353-3.36)  (~y-Al) (3.950)  (3.920-4.100) (4.390-4.510) (4.670-4.780)  (~ a-Ti)
a 2.947 3.274 4.686 4.047 4.034 3.943 3.905 3.921 2.840 2.932
(A)  (2.92-2.95) (3.27) 4.577) (4.05) (~ y-Al) (3.92) (3.78-396)  (3.95-4.03)  (2.86-2.89) (~ a-Ti)
cla 1.580 - 0.601 - - - 2.059 1.011 1.606 1.589
(1.584-1.617) (0.618) (2.121-2.251) (1.014-1.048) (1.604-1.631)  (~ a-Ti)
B 111 112 106 79 83 116 115 134 131 113
(GPa)  (105-111)  (105-114) (113) (79) (~ y-Al) (118) (106-118) (112) (114) (~ a-Ti)
Cu 191 142 184 119 131 228 225 290 320 199
(GPa)  (147-195) (95-130) (194-96) (114) (~ y-Al) (177) (202-218) (177-205) (175-221) (~ a-Ti)
Ci 67 98 104 59 59 60 90 121 44 69
(GPa) (74-87) (106-110) (81-83) (62) (~ y-Al) 77) (58-88) (70-107) (71-89) (~ a-Ti)
Cu 67 102 15 27 29 57 55 95 66 67
(GPa) (31-51) (42-78) (52-54) (32) (~ y-Al) (85) (92-99) (99-138) (47-72) (~ a-Ti)
Cis 69 - 36 - - - 37 24 38 67
(GPa) (60-77) (52-54) (46-60) (72-124) (61-85) (~ a-Ti)
Cx 208 - 234 - - - 263 288 294 212
(GPa)  (176-218) (245) (218-243) (171-190) (219-238) (~ a-Ti)
Css - - 40 - - - 146 524 - -
(GPa) (56) (144-145) (77)
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We have also tested the reliability of our model with respect to thermal expansion, phonon
vibrational spectra, melting points, and phase stability of elemental Al and Ti phases, using the
methodology described in Section 2.2 of the manuscript. We find that temperature-dependent
equilibrium volumes and lattice thermal expansion of fcc-Al (presented in Figure S4) are in very good
agreement with experiments (Ref. [13] and refs therein). The melting point which we estimate, ~850
K, is in reasonable agreement with the experimental value Tm = 935 K. In addition, the phonon spectra
calculated via CMD for fcc-Al at 300 K (see Figure S5) match quite well ab initio and experimental
results [14,15].
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Figure S4. Comparison between CMD and experimental results for the lattice parameter variation
with temperature of fcc Al.
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Figure S5. Room-temperature phonon spectra calculated via CMD for fcc-Al.
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The equilibrium volume variation with temperature of the hcp- and bec-Ti phases (Figure S6)
are in agreement with experiments (see Ref. [13] and refs. therein), with a maximum discrepancy of
2-3%. Our estimated melting point for pure titanium, ~2500 K, is ~25% larger than the experimental
value ~1950 K. The CMD phonon dispersions curves of hcp- and bcc-Ti calculated at room
temperature and 1300 K (Figure S7), compare reasonably well with experimental results (see figure 1
in Ref. [16] and figure 2 in Ref. [17]).
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Figure S6. Lattice expansion of Ti (left: hcp, right: bee structure) in comparison with experiments.
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Figure S7. CMD phonon dispersions in Ti; hep-Ti at 300 K (left), bee-Ti at 1300 K (right).

Titanium is a particularly difficult system to be modeled using MEAM [18]. This is due to its rich
phase diagram and 0 K mechanical instability of the bcc phase, which is stabilized at elevated
temperatures by lattice vibrations. It has been shown that modifications to the MEAM formalism are
necessary to correctly reproduce its physical properties and phase transitions [7,19]. As a matter of
fact, our MEAM parameterization cannot reproduce the hcp- to bee-Ti phase transition at ~1100 K
[20]. The free energy difference AFnepec calculated at 1200 K, ~48 meV/atom, slowly decreases for T >
1200 K. However, at T=1800 K, the hcp structure is still thermodynamically more stable than the bcc
one by ~35 meV/atom. Moreover, our MEAM parameters incorrectly yield a mechanically stable [21]
bece Ti phase at 0 K. In contrast, DFT results yield a Ciz elastic constant greater than the Cu (see table
3in ref. [7]).
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