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Abstract: A compositional glass is a state with an unavoidable disorder in chemical compositions
on each site, characterized by frustration and freezing of the compositional degrees of freedom at
low temperature. From this state a full atomic long-range order is unachievable by a reasonable
thermodynamic treatment. There is a similarity between a spin glass (a magnetic state with disorder
in spin orientations) and a compositional glass (with disorder in site occupations by chemical
elements): both have frustrated ground states and a frozen disorder at low temperatures T < T
(here T is called the freezing temperature). While it is possible to perform a ground-state search in a
compositional glass, the resulting set of the fully ordered structures does not adequately represent
the real solid with an inherent atomic disorder. Compositional glasses constitute a class of materials,
which is insufficiently understood, but is of high industrial importance. Some of the phases in the
precipitated alloys (including steels, high-entropy alloys, and superalloys) might be compositional
glasses, and their better understanding would facilitate materials design. Due to their strength at
high operating temperatures, superalloys are used in combustion engines and particularly in jet
turbine engines. Precipitation strengthening of nickel superalloys is an area of active research. Local
phase transformations inside NizAl-based precipitates are of particular interest due to their impact
on creep strength. In the Niz(Al;_,Tiy); ternary system, the competing phases are NizAl-type L1,
(v") and NizTi-type D0y4 (1), while D01g (x) is higher in energy. These three phases differ by the
stacking of atomic layers: locally, the last two look like the internal and external stacking faults in
L1;. We compute enthalpies of disordered and ordered Niz(Al;_,Tiy); ternary structures, examine
phase stability, investigate the ground states and competing structures, and predict that the Ti-rich
Niz(Alj_,Tiy); DOy4 phase is a compositional glass with the atomic disorder on the Al/Ti sublattice.
To resolve apparent contradictions among the previous experiments and to confirm our prediction,
we perform X-ray diffraction and scanning electron microscopy analysis of the cast Ni3z(Tig 917Alg 083)1
sample. Our measurements appear to confirm the ab initio computed results. Our results elucidate
properties of compositional glasses and provide a better understanding of precipitation strengthening
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1. Introduction

The efficiency of heat engines increases with temperature T of a heater if an environ-
ment is used as a cooler. Thus, higher-efficiency engines require appropriate materials
suitable for use at higher operating temperatures. Due to their strength at elevated T,
superalloys are used for critical high-T applications in energy, automotive, and aerospace
Attribution (CC BY) license (https:// industries. In particular, nickel-based superalloys are used in jet engine turbine disks [1].
creativecommons.org licenses /by/ These alloys are strengthened by NizAl Y/ precipitates [2], grain boundary strengtheners
10/). (e.g., carbon or boron) [3], and solid-solution strengtheners [4]: refractory elements (W,
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Re, Ta, Mo, Nb) [5] and rare earth elements (La, Ce, etc.) [6]. Local phase transformations
inside NizAl-based precipitates result in additional strengthening and improved creep of
Ni superalloys [7-11].

Here we focus on the atomic ordering and phase stability in the Niz(Al; _,Tiy); ternary
system. The competing phases in Niz(Al;_,Tiy); are L1, (y')—the ground state (GS) of
NizAl, and D0y4 (n)—the ground state of Ni3Ti. We find that D019 (x) phase is higher in
energy and less thermodynamically relevant. L1,, D09, and D0y4 phases differ by the
stacking of atomic layers, see Figure 1. The last two phases locally look like stacking faults
in le [7]
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Figure 1. Atomic structures of L1, (v'), DO1g (X), and D0y4 (1) phases, shown for the fully relaxed
Ni3Ti. The upper panel shows cubic (111) and hexagonal (0001) projections. The lower panel
compares stacking of the 2D layers. Ti (Al) atoms are dark blue; Ni atoms are small yellow.

In the Ni3(Al;_,Tiy); ternary system the terminal binary L1, NizAl and D0,4 NisTi
structures differ. We investigate the phase stability of Niz(Al;_,Tiy); with a homogeneous
atomic disorder on the (Al;_,Tiy) sublattice, consider energy gain due to the atomic or-
dering, and construct the ground-state hull. We predict the existence of the fully ordered
ground-state structures at intermediate compositions—in addition to the known binary
L1, NizAl and D04 NisTi structures. A subset of the predicted ground-state structures is
shown in Figure 2. The computed energies are plotted in Figure 3.
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Figure 2. The ground-state candidates: L1,-based orthorhombic structures at (a) x = 1/4 and
(b) x = 1/2; (c) D0Oy4-based hexagonal structure at x=7/8. Ti is light blue; Al is red; Ni is small
yellow. There are multiple structures with well-spaced Al solute on the GS hull at x > 0.875, see text.

Interestingly, the energy decrease due to atomic ordering in the Ti-rich D0,4 phase
is very small (see Figure 3); hence, we do not expect development of a long-range order
(LRO) on the Al/Ti sublattice in experimental samples at these compositions, while a weak
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short-range order (SRO) is expected due to the repulsion between the solute Al atoms. This
phase is an example of a compositional glass, generic properties of which we discuss.
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Figure 3. Equilibrium volumes V| [A3/atom] and formation energies E [eV/atom] of Niz(Al;_,Tix);
fully ordered structures (points) and phases with a homogeneous disorder on the Al/Ti sublattice
(lines), based on L1, (red), D0y4 (black), and D0qg (green) lattices. The ground-state (GS) hull is
shown by the blue line, with marked L1,-based (red squares) and terminal D0,4-based (black circles at
x = 0.875 and 1) ground states. There are multiple GS candidates with spaced Al solute at 0.875 < x < 1.

In addition to the structural phase transition between L1, and D0,4 phases, there is a
magnetic transition in the Ni3(Al;_,Tiy); ternary system. Dependence of atomic magnetic
moments on composition is given in Figure 4.
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Figure 4. Ni atomic magnetic moment (Bohr magnetons, ug/atom) versus Ti concentration x in three
phases of Niz(Al;_,Tiy) alloys with a homogeneous atomic disorder on the Al/Ti sublattice. Lines
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are 6th degree x(My;;) polynomials with even powers, fitted to DFT data points. Inset: 0.0005 e~ /A3
iso-surfaces of electronic spin density in cubic L1, NizAl unit cell with Ni (grey) and Al (black) atoms.

The kink in the energy versus composition dependence (see Figure 3), present in all
three phases, is caused by a rapid change of the electronic density of states (DOS) at the
Fermi level Eg, which is in the pseudo-gap in the Ti-rich structures, see Figure 5.

T T T T T | RAAAAAAM LALLM T ™™ T T T T T | RARAAAARS LALLM T ™Y

2 — NiAIL1,GS (@ 1 2L — NiALT ' © 7

. — NijAIDO,, NigAl, i, A \/\ A

1 F E 1 3 f/ \/\\/‘/ ‘\/ } \/ E
—~ I~ ol A
. e 0fmmms = ]
N A
S = Ny \ ]
_‘ g N \ J E
S 5 A |
E,_; 5 2~ b L1,-based 3
o o Eo | | | | I | |
Q e T T T T T T T ™3
= £ 2F d) 1
< 5 % (d)
b4 o y ]
C 5 E i
o o E
*g 2 M Nl
ks m Y

N

T N g e E
Eo 32 NizzAl Tlpp DO, -based |
E— Ni,Ti DO, GS ] 2F — NijAlTiy, 24 E
Bl L v, L [T [T R Lo, 1 Bl 1 1 1 1 1 1 Lo d

6 -5 4 -3 -2 -1 0 1 2 -6 -5 -4 -3 -2 -1 0 1 2
E-E; (eV) E-E.(eV)

Figure 5. Electronic density of states (states/eV-spin-atom) of magnetic NizAl (a) and non-magnetic
Ni3Ti (b) in L1, (red) and D0y4 (black) phases is compared to that of the L1,-based GS at x =1/4 and
1/2 (c) and D0yy-based GS at x =7/8,11/12, and 23/24 (d).

This article is organized as follows. Methods and materials are described in Section 2.
Results in Section 3 clarify phase stability and atomic ordering in the Niz(Al; _4Tix); ternary
system, while our experiment confirms our theoretical predictions. Discussion and sum-
mary are in Sections 4 and 5, respectively.

2. Methods and Materials
2.1. Theory

Physically different systems can be described by similar mathematical equations.
Hamiltonian formalisms are equivalent for a magnetic system composed of interacting
particles with spins (moments with a quantized projection on the chosen axis) and for an
alloy with a variable composition on each site, occupied by one of the available chemical
elements. On an occupied site an atom can be displaced from the ideal crystallographic
position [12]; a vacancy can be treated as another atomic type with zero nuclear charge.
A magnetic quantum system can be described in terms of the spin variables s;. For spins
s = 1/2 (here we omit the reduced Plank constant /), on each site i there are only 2 possible
values of s; = :I:%, corresponding to either up or down spin orientations. The same spin-like
variables s; can describe occupation of each site i in a binary alloy, which is composed
of only 2 chemical elements (for example, Al and Ti). One can extend this formalism to
describe either spin or atomic disorder on a particular sublattice, if all the other sublattices
are fully ordered. One can use the spin-like variables with a larger amplitude and more
projections, for example, {—1, 0, 1} for a spin 1 magnetic system or for a ternary alloy.
Next, there is a one-to-one correspondence between descriptions of an alloy in terms of
the spin-like (s;) and occupational variables x;(X), where X is a particular chemical element
(e.g., Ti). The values of x;(X) are between zero and one: x;(Ti) = 1 if the site i is occupied by
Ti and 0 otherwise. For a binary alloy, composed by Al and Ti only, at each site i there is a
constraint x;(Al) + x;(Ti) = 1, due to which one can exclude one variable x;(Al) = (1 — x;)
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and keep only x;(Ti) = x;. The equation s; = (x; — %) connects the occupational and spin
variables, in which s; = —% for Al and —I—% for Ti.

Historically, the Ising model [13] and its generalizations [14] described spin ordering
in magnetic systems, while the cluster expansion [15,16] described atomic ordering in
multicomponent systems. Hamiltonian formalisms for both are mathematically equivalent.
In both cases, such systems can be frustrated. A spin glass [17] is an inherently disordered
state of a frustrated magnetic system, and in the compositional space we expect the ex-
istence of a similar state, which we call a compositional glass. As a formality, below are
two definitions.

A spin glass is a magnetic state, in which magnetic moments have orientational disor-
der due to frustration, caused by a balance between attractive and repulsive interactions. A
spin glass [17] is characterized by randomness in orientations of spins and freezing of spin
dynamics below the freezing temperature Tf.

A compositional glass is a state with an inherent chemical disorder, characterized by a
randomness in the local chemical compositions on a set of sites (each site is occupied by
one of the constituting chemical elements), and freezing of disorder below temperature T,
at which atomic diffusion stops. A compositional glass is an analogue of a spin glass: both
systems are described by similar equations, have comparable properties of mathematical
solutions, but differ by a physical interpretation of mathematical symbols.

An example of a compositional glass will be considered in Section 3.

2.2. Computations

Density functional theory (DFT) is used to address fully ordered and partially disor-
dered periodic atomic structures [18]. Two DFT codes are used: the all-election Green’s
function-based KKR-CPA [19,20] code MECCA [21] and the full-potential pseudo-potential
VASP [22,23]. We use the same PBEsol exchange correlation functional [24] in both codes.

The Korringa—Kohn-Rostocker (KKR) approach [19,20] was combined with the coher-
ent potential approximation (CPA) [25] to consider a homogeneous substitutional chemical
disorder on the Al/Ti sublattice [21]. The truncated basis set with the maximal orbital
angular momentum quantum number /. = 3 included s, p, d, and f orbitals. We used the
atomic spheres approximation (ASA) [26] with the periodic boundary corrections [27]. The
ideal c/a ratio of the lattice constants was used for the close-packed hexagonal phases in
KKR-CPA.

The Murnaghan equation of state (EoS) [28] was fitted to the E(V) data with at least
5 DFT points (with a step from 1% to 1.5% in the lattice constant, with an energy minimum
near V) to find the equilibrium volume V| at each composition for the phases with a
homogeneous disorder on the Al/Ti sublattice, see Figure 3. New DFT calculations were
performed at the equilibrium volume to find atomic magnetic moments in Figure 4. We
checked that the EoS energy at Vy (shown in Figure 3) and the directly computed DFT
energy E at V agree within the DFT error bar at each composition.

The Thermodynamic Tool Kit (TTK) [29] was used to generate a set of periodic struc-
tures with various decorations of atoms on the Al/Ti sublattice in L1, and D0p4 phases. An
iterative method described in Section 3.4 was used to add more ground state candidates
into DFT consideration.

The VASP code [22,23] with PAW pseudopotentials [30] was used to compute energies
of the fully ordered structures, which were fully relaxed at zero pressure. The plane-wave
energy cutoff was increased to ENCUT = 650 eV. During relaxation we used the Gaussian
smearing (ISMEAR = 0) with SIGMA = 0.043 eV, corresponding to kgT at T = 500 K. For the
fully relaxed structures we also used the tetrahedron method with Bléchl corrections (IS-
MEAR = —5). We used the I'-centered Monkhorst-Pack k-mesh [31] with at least 50 points
per inverse angstrom. The spin-polarized calculations were performed for magnetic sys-
tems. For consistency, full-potential corrections (assumed to be linear versus composition)
were applied to the KKR-CPA results using VASP energies at the terminal compositions.
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2.3. Experimental Sample Preparation and Characterization

A 30 g ingot composed of 79.24 wt.% Ni, 19.75 wt.% Ti, and 1.01 wt.% Al was produced
using vacuum induction melting (VIM) at the NASA Glenn Research Center Materials
Processing Laboratory. The 30 g button was then cut, mounted in polyfast epoxy, and
polished. The microstructural Niz(Ti,Al) sample was polished using SiC grit paper fol-
lowed by 0.5 pm suspension and a final 0.05 um colloidal silica finish. Scanning electron
microscopy of the sample was performed using a Tescan MAIA3 at 15 kV of acceleration
using a secondary electron detector. Chemical maps were performed using an Oxford Ultim
Max Silicon Drift Detector and Aztec Software. Phase identification of the button sample
was performed using both a Panalytical Empyrean X-ray diffractometer with a position
sensitive detector (Galipix) in scanning 1D mode utilizing Mo-K« radiation and Bruker D8
Discover (area detector) X-ray diffractometer utilizing Cu-K« radiation. Ten separate SEM
images were obtained, each containing a surface area of 0.02 mm [2]. The micrographs
were then cropped and transformed into 8-bit images. They were then segmented using
the adaptive threshold plug-in within the image processing software Image]J [32]. The
threshold plug-in segments the image using the gray-scale contrast between the darker y’
precipitates and lighter D0y4 matrix. The software determines a gray-scale cut-off and a
minimum size of a precipitate. Hence, any pixel that is determined “dark” enough to be
considered a y’ precipitate must also have a minimum number of connecting “dark” pixels
for it to be considered a precipitate and included in the segmentation step. Otherwise,
the plug-in will consider that pixel as noise and exclude it. After the segmentation, the
segmented images were transformed into binary images and the segmented phases were
analyzed to determine their area fractions.

3. Results
3.1. Relevant Phases

The L1, (cP4, CuzAu-type, cubic Pm3m space group no. 221), D019 (hP8, NizSn-type),
and DO0y4 (hP16, NisTi-type, hexagonal P63/mmc space group no. 194) atomic structures
are shown in Figure 1. They differ by the stacking of 2-dimensional (2D) atomic layers
along the cubic (111) direction in L1, or the hexagonal (0001) direction in D019 and D0y
structures, as well as by cy/1; ratio, where ¢; is the lattice constant along the stacking
direction, divided by the number of layers, and a7 is the interatomic distance between the
nearest periodic Al/Ti sites within the 2D layers. The periodic stacking of the 2D layers is
[ABC] in L1;, [AB] in DOjg, and [ABAC] in D0y4. The Al/Ti sublattice is simple cubic (sc)
in L1,, hexagonal close-packed (hcp) in D019, and double hexagonal close-packed (dhcp) in
DO0,4, see Figure 1. In all three phases, the 3D Al/Ti sublattice is composed by the stacked
2D triangular lattices.

3.2. Ground-State Candidates

The known ground states at the terminal binary compositions are L1, NizAl and
D04 Ni3Ti. The lowest-energy structures at three selected Niz(Al;_,Tiy) ternary composi-
tions are shown in Figure 2. The exhaustive set of L1,-based ground states includes the
three structures at x = 0, 0.25, and 0.5 (see Figure 3). In contrast, the D0y4-based ground
states include many structures with well-spaced Al solute at 0.875 < x < 1; one of them
at x = 0.875 is shown in Figure 2c. This NizAl; /gTiy g structure is hexagonal, with the
maximally spaced Al solute; the Al sublattice forms a close-packed structure (hcp with AB
stacking in Figure 2c); the competing structures differ by a stacking of the close-packed
Al sublattice (other possibilities include [ABC] for fcc or [ABAC] for dhcp, see Figure 1).
Due to the repulsion between Al atoms at a short distance, all D0y4-based ground states
have a well-spaced Al solute and prefer mixing for the atomic ordering on the Al/Ti
sublattice. However, at small Al concentrations at x(Ti)—1, there are many competing
structures with well-spaced Al solute and similar energies; the energy differences be-
tween those are within the DFT error. In addition, the energy difference AE; between
the states with a homogeneous disorder on the Al/Ti sublattice and the ordered ground
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states with the well-spaced Al solute is small and constitutes only 2.37 meV/atom or
9.48 meV per NizAly /gTiy/g formula unit (f.u.) at x = 0.875; it reduces to 1.42 meV per
Ni3A11/l2Till/12 atx =11 /12, 2.85 meV per Ni3A11/24T123/24 atx = 23/24, and 0 meV/N13T1
at x = 1. At x =7/8, chemical entropy of the Al/Ti homogeneous atomic disorder is
Sq = kg(x In(x) + (1 — x) In(1 — x)) = 3.247-10~° eV /K per NizAl, /gTiy g f.u. (here kg is
the Boltzmann constant) and is zero for the fully ordered structure; the expected ordering
phase transition temperature is below AE;/S; = 292 K, while the experimental atomic
diffusion is negligible below 500 K. Hence, due to the insufficient energy gain from form-
ing the long-range order at 0.875 < x < 1 (see Figure 3), experimental Ti-rich D0,4-based
Nis(Al;_,Tiy) samples are expected to have only short-range order on the Al/Ti sublattice.
This prediction makes it unnecessary to point at the fully ordered ground states, which
differ from the actual state with an inherent atomic disorder at 0.875 < x < 1. We expect
that Nis(Al;_,Tiy) alloys at 0.875 < x < 1 will remain in D04 phase and have a disorder
(no LRO) on the Al/Ti sublattice, while SRO [33] will be caused by a repulsion between
Al solute atoms. An alloy with an inherent occupational disorder behaves as an analogue
of a spin glass in occupational variables, with a corresponding similarity between mag-
netic (spin) [13] and occupational degrees of freedom. Such a state of matter is called a
compositional glass.

3.3. Relative Energies of Disordered Structures

The computed energies E;;s(x) of the relevant phases of Niz(Al; _,Tiy); with a homoge-
neous atomic disorder on the Al/Ti sublattice are compared with the energies of the fully
ordered structures in Figure 3. For the Al/Ti disorder, we find a mixing tendency (indicated
by a positive curvature of the convex E ;(x) curve) in L1, phase at all compositions x, while
a mixing tendency in both D09 and D04 phases is present only at large Ti concentrations.
Negative mixing energies (relative to the terminal Ni3Al L1, and NisTi D0y4) indicate that
Al and Ti atoms prefer to mix (and not to segregate) on the Al/Ti sublattice. If mixing
with a homogeneous disorder is already energetically favorable, then further relaxation of
compositional degrees of freedom with a formation of SRO or LRO on the Al/Ti sublattice
is expected to lower energy. This leads to an expectation of existence of ordered structures
(some of which are the ground states) with lower energies than those of disordered states.
Indeed, Figure 3 shows the computed ground-state hull, which is below the E;5(x) curves
for both L1, and D04 phases. As discussed in Sections 3.2 and 4, small differences AE;
indicate that the actual state is a compositional glass.

3.4. Energies of Fully Ordered Structures and the Ground-State Hull

Using the Thermodynamic Tool Kit (TTK) [34], for both D019 and D0,4 phases we
generated a hierarchical set of ordered structures (smallest first) with atoms at the ideal
lattice positions and used density functional theory (DFT) to compute energies of the fully
relaxed structures. Next, energies and correlation functions for a set of structures [35]
were used in the structural inversion to construct a cluster expansion (CE) [29]. The CE
Hamiltonian was used to predict the CE energies of a very large number of structures and
to find new ground state candidates [36]. Energies of those were computed directly in DFT.
With energies and correlation functions of those additional structures, another CE was
constructed and another search for additional ground states was performed. This iterative
procedure was stopped (with 68 L1,-based and 2650 D0,4-based structures) when no new
lower-energy (within the DFT accuracy) ground state candidate structures were suggested
by the CE and confirmed by DFT.

A CE Hamiltonian provides a polynomial energy versus composition dependence
for the structures with a homogeneous disorder on the Al/Ti sublattice. A low-degree
polynomial does not reproduce the kink near x = 0.915 on the E;;(x) curve for D04 phase in
Figure 3. Hence, any CE with a finite cutoff for the multi-body interactions (we considered
m-body clusters with m < 7) does not accurately reproduce the E;;5(x) curve for this phase,
although a CE is useful during an iterative search for new GS candidate structures.
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The suggested ground-state structures are shown in Figure 2. DFT energies of the
fully ordered structures (including the ground states) are in Figure 3. Importantly, in D04
phase there are many GS candidates at 0.875 < x < 1, and at each composition there are
many competing structures with similar energies (within the DFT accuracy), which differ
by the longer-ranged atomic correlations at larger interatomic distances. In other words,
at x—1 the D0y4-based ground states are the structures with a well-spaced Al solute, and
each ground state is accompanied by multiple competing structures with similar energies,
see Figure 3.

3.5. Magnetism

NizAl and Al-rich Niz(Al;_,Tiy) alloys are magnetic [37], with the ferromagnetic
(FM) spin ordering of Ni magnetic moments My;;, while the induced atomic magnetic
moments of Al and Ti are small (and oriented oppositely to Ni). NizTi is non-magnetic,
with zero atomic magnetic moments. At larger x, atomic magnetic moments and the total
magnetization in each phase of Niz(Al;_,Tiy); become smaller and disappear, see Figure 4.
Although at small x D04 phase has higher moments My;; than L1,, all D0y4-based ground
states at x > 0.875 are non-magnetic. Disappearance of My;; is a magnetic phase transition,
which happens near x = 0.364; 0.447; and 0.67 in L1, D019, and D04 phases, respectively.

3.6. Electronic Structure

Considering the electronic density of states (DOS) n(E), we find that the L1,-based GS
at x=0 (NizAl), 0.25, and 0.5 have a pseudo-gap above the Fermi energy Er. In contrast,
D0y4-based GS at x > 0.875 (including Ni3Ti at x = 1) have the pseudo-gap at or below
Ef, see Figure 5. Considering n(Er) versus composition, we find an electronic transition
from the states with higher n(Er) at x(Ti) < 0.875 to the states with low n(Er) and the Fermi
energy in the pseudo-gap at x > 0.875. In practice, this electronic transition coincides with
the structural transition between L1, (at smaller x) and D04 phases (at x > 0.875).

The valence electron charge density in real space in the selected ground states is shown
in Figure 6. Locally, the neighborhoods of each Al and Ti atom in Nigg Al Tij4 (Figure 6b)
resemble those in L1, NizAl (Figure 6a) and D0y4 Ni3Ti (Figure 6¢), respectively. This is
also true for the other D0y4-based ground states at x > 0.875, which differ from D0,4 Ni3Ti
by a substitution of a fraction of Ti atoms by Al solute, with Al-Al spacing distance not
shorter than 7.1 A in NiggAl,Tiqs (Figure 2c).

Figure 6. 0.05¢~/ A3 iso-surfaces of valence electron density in (a) cubic L1, NizAl at x=0, (b) hexag-
onal NiggAlyTiy4 (see Figure 2c) at x = 7/8, and (c) D0Oy4 NizTi at x=1, with Ni (grey), Al (red), and Ti
(blue) atoms. The upper panel shows cubic 111 (a) and hexagonal 0001 (b,c) projections.
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3.7. Comparison to the Previous Experiments

Fully ordered Niz(Al;_,Tiy); at T = 0 K should segregate between the L1,-based
Niz(Alg5Tig5) and DOyy-based Niz(Alg 125Tig g75) ground states at 0.5 < x < 0.875. How-
ever, from a small energy difference between ordered and disordered states, we expect
that experimental Ni3(Al; _,Tiy); samples will not form LRO on the (Al;_,Tiy) sublattice.
Niz (Al _,Tiy); samples with disorder (only SRO) on the Al/Ti sublattice will be in D0y
phase at x > 0.915 and predominantly in L1, phase at x < 0.8, with a phase-segregated
region between. Currently, there is no consensus among the previous experimental assess-
ments of the phase boundaries of D0p4 and L1, phases in Niz(Al;_,Tiy); alloys, see Table 1.
Due to disagreement among the previous experimental data [38-45], a new measurement
is desirable.

Table 1. Phase boundaries of L1, and D0,4 phases in Niz(Al;_,Tiy); from our theory, our experiment,
and literature. Here x (at.%Ti) is titanium atomic percent on the Al/Ti sublattice.

Temperature Xmax(L12) Xmin(D024) Year Ref.
Order 0K 50 87.5 This Theory
Disorder o0 ~80 91.5 This Theory
RT 300K <91.68 This Expt.
900 °C 1173 K 70 82 2016 [39]
900 °C 1173 K 67 83 2001 [40]
800 °C 1073 K 73 88 1999 [41]
1200 °C 1473 K 65 83 1999 [41]
850 °C 1123 K 64 96 1993 [42]
1250 °C 1523 K 62 90 1993 [42]
800 °C 1073 K 67 100 2005 [43]
800 °C 1073 K 63 100 1991 [44]
800 °C 1073 K 47 95 1965 [45]

3.8. Experiment
3.8.1. X-ray Diffraction

XRD analysis using the Cu-ko data of the cast Niz(Tig917Alp0s3)1 sample is revealed
in Figure 7. The graph shows that all the peaks, except for 36.5° 26, match the expected
peak positions for the D0y4 crystal structure associated with NizTi. The 36.5° 26 is most
likely associated with the NizAl L1, phase. Quantification of the phase weight percent
was not performed due to significant peak intensity discrepancies between the Cu-ka and
Mo-ka scans. It was determined that this discrepancy was due to poor sampling statistics
associated with the large grains found in the sample. Still, from the XRD analysis it is clear
that this sample formed primarily the DOy4 crystal structure, while the scanning electron
microscopy (SEM) analysis was performed to validate the 79.24 wt.% Ni, 19.75 wt.% Ti,
and 1.01 wt.% Al composition, corresponding to 0.7500 at.% Ni, 0.2292 at.% Ti, and 0.0208
at.% Alin Ni3(Ti0.9168A10.0832)1 at x = 0.9168.

3.8.2. Scanning Electron Microscopy

To validate the XRD results, scanning electron microscopy of the cast ingot was
performed. A SEM image of the sample is shown in Figure 8a and the corresponding
chemical maps of the area are revealed in Figure 8b. The chemical maps agree with the XRD
result in that the majority of the cast Niz(Ti, Al) utilizes the D04 crystal structure. There
are small thin areas of material that appear to be composed of NizAl-type L1, phase due to
the increase in Al content and the corresponding L1, peaks found in the XRD analysis. The
Al chemical map also reveals that the Al content is not uniform in the D04 phase in the
as-cast state where areas that surround the L1, phase are richer in Al. Figure 8 also shows
the presence of smaller dark phases which are most likely Al- and Ti- rich oxides. Multiple
SEM micrographs were taken of the Niz(Ti, Al) sample in the as-cast state to quantify the
area fractions for the two present phases—D0,4 and L1;. Since the two phases appear in
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different contrast when imaged with a secondary detector, they can be separated, and their
corresponding area fractions quantified. From this analysis, the L1, phase corresponded to
only 0.86% =+ 0.12% of the total area, while the rest was composed of the D0,4 phase and
oxides. This result appears to confirm the calculations performed on this ternary system.
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Figure 7. X-ray diffraction peaks of the of 79.24 wt.% Ni, 19.75 wt.% Ti, and 1.01 wt.% Al ingot
suggesting the formation of the D0y4 Ni3Ti phase. No evidence of LRO on the Al/Ti sublattice.
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Figure 8. (a) SEM micrograph of the cast 79.24 wt.% Ni, 19.75 wt.% Ti, and 1.01 wt.% Al ingot and
associated (b) chemical maps.

4. Discussion

Compositional glasses constitute a class of materials with inherent chemical disorder.
If ordering enthalpy is small compared to diffusion activation energy, then atomic LRO
on each sublattice is unachievable by a reasonable thermodynamic treatment. At low
temperatures atomic diffusion becomes negligible and atomic order (or disorder) is frozen.
Thus, a compositional glass does not transform to a fully ordered state [46] upon cooling.

Ground-state search algorithms [36] are applicable to both conventional crystals and
compositional glasses. For thermodynamic predictions it is necessary to consider not only
the ground states, but also competing structures [35], which might be ordered or partially
disordered. Ordering enthalpy AE; is defined as the enthalpy difference between the
state with a homogeneous disorder on a particular sublattice and the ground-state hull
at the same composition. Diffusion activation energy E4 can be either computed from
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the first principles [47] or assessed from experimental data. According to the Arrhenius
equation [48], diffusion rate D is proportional to exp(—E4/kpT); it becomes negligible
below the freezing temperature Ty if the activation energy E,4 is much higher than kgT,
where kg is the Boltzmann constant. In Ni superalloys Tr > 500 K and kTy > 43 meV, while
AE; <10 meV in the Ti-rich Niz(Al;_4Tix); D0y4 phase: AE;(x) changes from 9.48 meV per
NizAly /g Tiz/g at x = 0.875 to zero at x = 1. Thus, AE; <kgTy < E atany x > 0.875, and this
phase is a compositional glass.

This example illustrates that in multi-phase materials (such as composites or precipi-
tated alloys, superalloys, and steels) some of the phases can be compositional glasses; a
better understanding of their fundamental properties is beneficial for materials design.

5. Summary

Compositional glass is a solid state with an inherent atomic disorder. An example of a
compositional glass is Ti-rich Niz(Al;_,Tiy); D0y4 phase, which is relevant to precipitation
strengthening in Ni superalloys—multi-phase materials of high industrial importance.

We analyzed the phase stability and atomic order in Niz(Al;_,Tiy); ternary system
and identified the ground states and competing structures. We found multiple D0p4-based
ground state candidates with a spaced Al solute at x > 0.875 and confirmed 3 L1,-based GS
at x =0, 0.25, and 0.5. We considered electronic, magnetic, and structural phase transitions.
From the small enthalpy difference between the states with order and homogeneous
disorder on the Al/Ti sublattice we anticipated that experimental samples at x > 0.875
would not develop LRO on this sublattice. We predicted that Ti-rich Niz(Al;_,Tiy); alloy
at x > 0.915 should be a compositional glass in D04 phase. Considering the previous
experiments, we found no consensus in the literature regarding the boundaries of L1, and
D0y4 phases. To resolve this contradiction, we conducted a new experiment at x = 0.9168,
which appears to confirm our first-principles predictions.

Author Contributions: N.A.Z. provided the TTK code and advising to E.N.B., performed all DFT
calculations, and wrote the manuscript. E.N.B. used the TTK code, performed data processing, and
iteratively generated two sets of structures for L1, and D0y4 phases. T.M.S. performed experiment.
J.W.L. participated in funding acquisition. All the authors participated in discussion and editing. All
authors have read and agreed to the published version of the manuscript.

Funding: We acknowledge funding by NASA’s Aeronautics Research Mission Directorate (ARMD)
via Transformational Tools and Technologies (TTT) Project. The NASA internship of E.N.B. was
funded by the NASA Minority University Research and Education Project (MUREP).

Data Availability Statement: Data is available from the authors upon a reasonable request.

Acknowledgments: We thank Smirnov, A.V. and Johnson, D.D. for the KKR-CPA code, Noebe, R.
for the experimental sample creation, Leary, A. and Rogers, R. for XRD help, Mendelev, M.I. and
Scalettar, R.T. for discussion.

Conflicts of Interest: The authors declare no conflict of interest.

1. Reed, R.C. The Superalloys: Fundamentals and Applications; Cambridge University Press: Cambridge, UK, 2006.

2. Thornton, PH.; Davies, R.G.; Johnston, T.L. The temperature dependence of the flow stress of the y’ phase based upon NizAl
Metall. Trans. 1970, 1, 207-218. [CrossRef]

3.  Garosshen, TJ.; Tillman, T.D.; McCarthy, G.P. Effects of B, C, and Zr on the structure and properties of a P/M nickel base
superalloy. Metall. Trans. A 1987, 18, 69-77. [CrossRef]

4. Argon, A. Strengthening Mechanisms in Crystal Plasticity; Oxford University Press: Oxford, UK, 2007.

5. Gaag, T, Ritter, N.; Peters, A.; Volz, N.; Gruber, D.; Neumeier, S.; Zenk, C.; Korner, C. Improving the Effectiveness of the
Solid-Solution-Strengthening Elements Mo, Re, Ru and W in Single-Crystalline Nickel-Based Superalloys. Metals 2021, 11, 1707.

[CrossRef]

6. Jena, AXK.,; Chaturvedi, M.C. The role of alloying elements in the design of nickel-base superalloys. ]. Mater. Sci. 1984, 19,

3121-3139. [CrossRef]


http://doi.org/10.1007/BF02819263
http://doi.org/10.1007/BF02646223
http://doi.org/10.3390/met11111707
http://doi.org/10.1007/BF00549796

Crystals 2022, 12, 1049 12 of 13

10.

11.

12.

13.
14.

15.
16.

17.
18.

19.
20.

21.

22.
23.

24.

25.

26.

27.

28.
29.

30.

31.
32.

33.

34.

35.

36.

37.

38.
39.

Smith, TM.; Zarkevich, N.A.; Egan, A.].; Stuckner, J.; Gabb, T.P.; Lawson, ].W.; Mills, M.]. Utilizing local phase transformation
strengthening for nickel-base superalloys. Commun. Mater. 2021, 2, 106. [CrossRef]

Smith, T.; Esser, B.; Antolin, N.; Viswanathan, G.; Hanlon, T.; Wessman, A.; Mourer, D.; Windl, W.; McComb, D.; Mills, M.
Segregation and 1 phase formation along stacking faults during creep at intermediate temperatures in a Ni-based superalloy.
Acta Mater. 2015, 100, 19-31. [CrossRef]

Smith, T.M.; Esser, B.D.; Antolin, N.; Carlsson, A.; Williams, R.E.A.; Wessman, A.; Hanlon, T.; Fraser, H.L.; Windl, W.;
McComb, D.W.; et al. Phase transformation strengthening of high-temperature superalloys. Nat. Commun. 2016, 7, 13434.
[CrossRef]

Smith, T.M.; Thompson, A.C.; Gabb, T.P.; Bowman, C.L.; Kantzos, C.A. Efficient production of a high-performance dispersion
strengthened, multi-principal element alloy. Sci. Rep. 2020, 10, 9663. [CrossRef]

Lilensten, L.; Antonov, S.; Gault, B.; Tin, S.; Kontis, P. Enhanced creep performance in a polycrystalline superalloy driven by
atomic-scale phase transformation along planar faults. Acta Mater. 2021, 202, 232-242. [CrossRef]

Zarkevich, N.A.; Johnson, D.D. Between Harmonic Crystal and Glass: Solids with Dimpled Potential-Energy Surfaces Having
Multiple Local Energy Minima. Crystals 2022, 12, 84. [CrossRef]

Ising, E. Beitrag zur Theorie des Ferromagnetismus. Z. Fiir Phys. 1925, 31, 253-258. [CrossRef]

Sanchez, ].M.; de Fontaine, D. The fee Ising model in the cluster variation approximation. Phys. Rev. B 1978, 17, 2926-2936.
[CrossRef]

Kikuchi, R.A. Theory of Cooperative Phenomena. Phys. Rev. 1951, 81, 988-1003. [CrossRef]

Sanchez, ] M.; Ducastelle, F.; Gratias, D. Generalized cluster description of multicomponent systems. Phys. A Stat. Mech. Its Appl.
1984, 128, 334-350. [CrossRef]

Mydosh, J.A. Spin Glasses: An Experimental Introduction, 1st ed.; CRC Press: London, UK, 1993. [CrossRef]

Zarkevich, N.A. Theoretical and computational methods for accelerated materials discovery. Mod. Phys. Lett. B 2021, 35, 2130003.
[CrossRef]

Korringa, J. On the calculation of the energy of a Bloch wave in a metal. Physica 1947, 13, 392—-400. [CrossRef]

Kohn, W.; Rostoker, N. Solution of the Schrédinger Equation in Periodic Lattices with an Application to Metallic Lithium. Phys.
Rev. 1954, 94, 1111-1120. [CrossRef]

Johnson, D.D.; Smirnov, A.V.; Khan, S.N. MECCA: Multiple-Scattering Electronic-Structure Calculations for Complex Alloys. KKR-CPA
Program; Iowa State University and Ames Laboratory: Ames, IA, USA, 2015.

Kresse, G.; Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 1993, 47, 558-561. [CrossRef]

Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation of the liquid-metal-amorphous-semiconductor transition in
germanium. Phys. Rev. B 1994, 49, 14251-14269. [CrossRef] [PubMed]

Perdew, J.P; Ruzsinszky, A.; Csonka, G.I.; Vydrov, O.A.; Scuseria, G.E.; Constantin, L.A.; Zhou, X.; Burke, K. Restoring the
Density-Gradient Expansion for Exchange in Solids and Surfaces. Phys. Rev. Lett. 2008, 100, 136406. [CrossRef]

Johnson, D.D.; Nicholson, D.M.; Pinski, EJ.; Gyorffy, B.L.; Stocks, G.M. Density-Functional Theory for Random Alloys: Total
Energy within the Coherent-Potential Approximation. Phys. Rev. Lett. 1986, 56, 2088—2091. [CrossRef]

Alam, A.; Johnson, D.D. Optimal site-centered electronic structure basis set from a displaced-center expansion: Improved results
via a priori estimates of saddle points in the density. Phys. Rev. B 2009, 80, 125123. [CrossRef]

Christensen, N.E.; Satpathy, S. Pressure-Induced Cubic to Tetragonal Transition in Csl. Phys. Rev. Lett. 1985, 55, 600-603.
[CrossRef]

Murnaghan, ED. The Compressibility of Media under Extreme Pressures. Proc. Natl. Acad. Sci. USA 1944, 30, 244-247. [CrossRef]
Zarkevich, N.A; Johnson, D.D. Reliable First-Principles Alloy Thermodynamics via Truncated Cluster Expansions. Phys. Rev.
Lett. 2004, 92, 255702. [CrossRef] [PubMed]

Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758-1775.
[CrossRef]

Monkhorst, H.J.; Pack, ].D. Special points for Brillouin-zone integrations. Phys. Rev. B 1976, 13, 5188-5192. [CrossRef]

Image]: Java Image Processing and Analysis Program v. 1.53. Available online: https://imagej.nih.gov/ij/ (accessed on
7 July 2022).

Singh, P.; Smirnov, A.V.; Johnson, D.D. Atomic short-range order and incipient long-range order in high-entropy alloys. Phys. Rev.
B 2015, 91, 224204. [CrossRef]

Zarkevich, N.A,; Tan, T.L.; Johnson, D.D. Thermodynamic Tool Kit (TTK), 2021st ed.; University of Illinois at Urbana-Champaign:
Urbana, IL, USA, 2005.

Zarkevich, N.A. Structural database for reducing cost in materials design and complexity of multiscale computations. Complexity
2006, 11, 36—42. [CrossRef]

Zarkevich, N.A.; Tan, T.L.; Wang, L.L.; Johnson, D.D. Low-energy antiphase boundaries, degenerate superstructures, and phase
stability in frustrated fcc Ising model and Ag-Au alloys. Phys. Rev. B 2008, 77, 144208. [CrossRef]

Vonsovsky, S.V. Magnetism; Wiley: New York, NY, USA, 1974.

Schuster, J.C. Critical data evaluation of the aluminium-nickel-titanium system. Intermetallics 2006, 14, 1304-1311. [CrossRef]
Wierzba, B. Phase competition in ternary Ti-Ni-Al system. Phys. A Stat. Mech. Its Appl. 2016, 454, 110-116. [CrossRef]


http://doi.org/10.1038/s43246-021-00210-6
http://doi.org/10.1016/j.actamat.2015.08.053
http://doi.org/10.1038/ncomms13434
http://doi.org/10.1038/s41598-020-66436-5
http://doi.org/10.1016/j.actamat.2020.10.062
http://doi.org/10.3390/cryst12010084
http://doi.org/10.1007/BF02980577
http://doi.org/10.1103/PhysRevB.17.2926
http://doi.org/10.1103/PhysRev.81.988
http://doi.org/10.1016/0378-4371(84)90096-7
http://doi.org/10.1201/9781482295191
http://doi.org/10.1142/S0217984921300039
http://doi.org/10.1016/0031-8914(47)90013-X
http://doi.org/10.1103/PhysRev.94.1111
http://doi.org/10.1103/PhysRevB.47.558
http://doi.org/10.1103/PhysRevB.49.14251
http://www.ncbi.nlm.nih.gov/pubmed/10010505
http://doi.org/10.1103/PhysRevLett.100.136406
http://doi.org/10.1103/PhysRevLett.56.2088
http://doi.org/10.1103/PhysRevB.80.125123
http://doi.org/10.1103/PhysRevLett.55.600
http://doi.org/10.1073/pnas.30.9.244
http://doi.org/10.1103/PhysRevLett.92.255702
http://www.ncbi.nlm.nih.gov/pubmed/15245032
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevB.13.5188
https://imagej.nih.gov/ij/
http://doi.org/10.1103/PhysRevB.91.224204
http://doi.org/10.1002/cplx.20117
http://doi.org/10.1103/PhysRevB.77.144208
http://doi.org/10.1016/j.intermet.2005.11.027
http://doi.org/10.1016/j.physa.2016.02.068

Crystals 2022, 12, 1049 13 of 13

40.

41.

42.

43.

44.

45.

46.

47.

48.

Ding, J.J.; Rogl, P.; Schmidt, H. Phase relations in the Al-rich corner of the Ti-Ni-Al system. J. Alloy. Compd. 2001, 317-318,
379-384. [CrossRef]

Zeng, K.; Schmid-Fetzer, R.; Huneau, B.; Rogl, P; Bauer, J. The ternary system Al-Ni-Ti Part II: Thermodynamic assessment and
experimental investigation of polythermal phase equilibria. Intermetallics 1999, 7, 1347-1359. [CrossRef]

Budberg, P. Ternary Alloys; Petzow, G., Effenberg, G., Eds.; MSI Materials Science International Services GmbH: Stuttgart, Germany,
1993; Volume 8, pp. 7-21.

Povarova, K.B.; Antonova, A.V.; Burmistrov, V.I.; Chukanov, A.P. Ternary Al-Ti(Ni, Ru)-Me phase diagrams as a basis for
designing aluminide-based layered composites with a ductile constituent. Russ. Metall. (Met.) 2005, 3, 75, Translated from: Izv.
Ross. Akad. Nauk, Ser. Met., 2005, 3, 75-82..

Lee, K.J.; Nash, P. The Al-Ni-Ti system (Aluminum-Nickel-Titanium). J. Phase Equilibria 1991, 12, 551-562. [CrossRef]

Raman, A.; Schubert, K. Uber den Aufbau einiger zu TiAl3 verwandter Legierungsreihen: III. Untersuchungen in einigen T-Ni-Al-
und T-Cu-Al-Systemen. Int. |. Mater. Res. 1965, 56, 99-104. [CrossRef]

Ducastelle, F. Order and Phase Stability in Alloys. Interatomic Potential and Structural Stability; Terakura, K., Akai, H., Eds.; Springer:
Berlin/Heidelberg, Germany, 1993; pp. 133-142.

Zarkevich, N.A; Johnson, D.D. Nudged-elastic band method with two climbing images: Finding transition states in complex
energy landscapes. |. Chem. Phys. 2015, 142, 024106. [CrossRef]

Arrhenius, S. Uber die Dissociationswérme und den Einfluss der Temperatur auf den Dissociationsgrad der Elektrolyte. Z. Phys.
Chem. 1889, 4, 96-116. [CrossRef]


http://doi.org/10.1016/S0925-8388(00)01442-0
http://doi.org/10.1016/S0966-9795(99)00055-2
http://doi.org/10.1007/BF02645068
http://doi.org/10.1515/ijmr-1965-560207
http://doi.org/10.1063/1.4905209
http://doi.org/10.1515/zpch-1889-0408

	Introduction 
	Methods and Materials 
	Theory 
	Computations 
	Experimental Sample Preparation and Characterization 

	Results 
	Relevant Phases 
	Ground-State Candidates 
	Relative Energies of Disordered Structures 
	Energies of Fully Ordered Structures and the Ground-State Hull 
	Magnetism 
	Electronic Structure 
	Comparison to the Previous Experiments 
	Experiment 
	X-ray Diffraction 
	Scanning Electron Microscopy 


	Discussion 
	Summary 
	References

