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Novel ordered intermetallic compounds have stimulated much interest. Ru—Al alloys are a prominent class of high-
temperature structural materials, but the experimentally reported crystal structure of the intermetallic RuyAls phase re-
mains elusive and debatable. To resolve this controversy, we extensively explored the crystal structures of RujAls using
first-principles calculations combined with crystal structure prediction technique. Among the calculated x-ray diffraction
patterns and lattice parameters of five candidate Ru, Als structures, those of the orthorhombic Pmmn structure best aligned
with recent experimental results. The structural stabilities of the five Ruy Als structures were confirmed through formation
energy, elastic constants, and phonon spectrum calculations. We also comprehensively analyzed the mechanical and elec-
tronic properties of the five candidates. This work can guide the exploration of novel ordered intermetallic compounds in

Ru-Al alloys.
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1. Introduction

Ru-Al alloys have attracted have attracted considerable
interest as advanced high-temperature materials with supe-
rior thermodynamic properties, strong oxidation, and corro-
sion resistance, high melting points, and high mechanical
strength.l'=* Lu and PollockP! studied the ductility and de-
formation behaviors of Ru—Al alloys in five independent slip
systems at room temperature. Since the pioneering studies of
Obrowski, who characterized intermetallic Ru—Al using opti-
cal microscopy, x-ray diffraction (XRD) analysis, and thermal
studies,[®7] the phase diagram of Ru—Al alloys has been ex-

8-101 pring et al.!") con-

perimentally modified and updated.!
ducted a theoretical study of Ru—Al alloys, obtaining results
consistent with the experimental findings. Five intermetallic
compounds have been consensually identified in the Ru—Al
binary system: RuAl, RuyAls, RuAly, RugAl;j3, and RuAlg.
Using multiple measurement methods and techniques, Mi et
al.!"?) re-examined the Al-rich region of the Ru—Al phase dia-
gram, revealing an orthorhombic RujAls intermetallic phase
formed at 1492 °C via a peritectic reaction of RuAl, with
the liquid. However, the atomic positions of this new RujAls
phase could not be precisely determined from the inexact XRD
profiles, so only the lattice parameters were provided. Ac-
cordingly, the RuyAls intermetallic phase was assumed to be
isostructural to FepAls (Cmcm, Z = 2). Using an alterna-
tive mechanical alloying and subsequent heat treatment, Bai
et al.'"3! prepared the mother alloy Aljg:Ruy; of a skeletal
Ru catalyst. They reported that the RuyAls phase appeared

fCorresponding author. E-mail: zhmgbj@ 126.com
fCorresponding author. E-mail: qunwei @xidian.edu.cn

CSTR: 32038.14.CPB.ad92fe

in all samples after heat treatment at 550 °C and disappeared
after 2 h of heat treatment at 700 °C. Despite these efforts,
the atomic sites of RuyAls remain uncharacterized. Motived
by previous experimental works, >3] Wen et al.!'*! analyzed
six Ru—Al intermetallic compounds using first-principles cal-
culations. However, the calculated lattice constants of the
supposed Fe,Als-type RujAls intermetallic phase deviated
from recent experimental results.['”) A subsequent theoret-
ical study proposed a hexagonal P63/mmc-RuyAls.!51 As
clarifying structure of RujAls is essential for properly un-
derstanding Ru—Al alloys, we conducted a systematic crys-
tal structure search of RuyAls using the particle swarm opti-
mization (PSO) algorithm in CALYPSO code.!'*-!8] Among
several candidate RuyAls structures identified by the search
algorithm, the orthorhombic Pmmn structure most favorably
agreed with the available experimental data. The structural
stabilities and mechanical and thermodynamic properties of
the obtained Ru; Als structures were systematically analyzed.

2. Computational methods

The PSO algorithm is the global optimization technique
used in CALYPSO. By updating the positions of particles
based on both individual and collective optimal solutions, the
PSO algorithm effectively explores complex search spaces to
predict stable and metastable crystal structures.!'! The CA-
LYPSO code has successfully predicted the crystal structures

19-23

of various systems.! I In the present study, the energeti-

cally favorable structures of RuyAls, were identified through
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variable-cell crystal structure simulations of RuyAls at 0 GPa.
During the structure search, the population size was set to 50
in each generation, and the first generation was randomly gen-
erated under symmetry constraints. Thirty generations were
set to achieve convergence. Once the structure search had ter-
minated, the energetically stable structures were retained for
further structural relaxations and related property simulations
in the Vienna Ab initio Simulation Package.?*! The gener-
alized gradient approximation was adopted for the projector-
augmented wave ion—electron potentials!>! and the Perdew—
Burke—Ernzerhof exchange—correlation functional.[?®! A 400-
eV cutoff was set for the plane wave expansion and the
grid spacing of the Monkhorst-Pack k meshes?”! was 27 x
0.04 A=! to ensure good convergence of the total energy
(1 x 1073 eV/atom). The single-crystal elastic constants were
deduced from the strain—stress relations.[?®! The polycrys-
talline elastic moduli were calculated by the Voigt—Reuss—Hill
averaging method.?°! The dynamic stabilities were evaluated
from the phonon spectra obtained in PHONOPY code, em-

ploying the finite displacement method. !

3. Results and discussion

The crystal structures were comprehensively searched at
ambient pressure using CALYPSO code. The search obtained
five energetically stable RuyAls structures, one orthorhombic
and four monoclinic phases (Fig. 1). In the C2/m-1 phase,

the Al and Ru atoms are linearly arranged along the [010]
and [110] directions. Along the [001] direction and two ar-
rangements appear along the [001] direction: an alternating
sequence of two Al atoms and one Ru atom and a linear se-
quence of Al atoms. The P2;/m phase presents two types of
zigzag chains along the [100] direction: a chain of alternating
Al and Ru atoms and a chain comprised only Al atoms. Along
the [100] and [010] directions of the Pmmn phase, both the
Al and Ru atoms are arranged in straight lines. In the C2/m-2
phase, the Al and Ru atoms are arranged in straight lines along
the three principal axes.

Fig. 1. Crystal structures of the (a) C2/m-1, (b) Pmmn, (c) P2y /m, (d) C2/m-
2, and (e) C2/c phases of RupAls.

Table 1. Space group (SG), lattice parameters, and atomic Wyckoff positions of the five new Ruy Als phases.

Lattice parameters

Atomic Wyckoff positions

SG
aldy bA A BE Al Ru

C2/m-1  13.119 4126  7.990 106.1 4i (0.999, 0.0, 0.761) 4i (0.805, 0.0, 0.150)
4i (0.589, 0, 0.631, 0.631) 4i (0.891, 0.5, 0.693)
4i (0.899, 0.5, 0.028)
4i (0.689, 0.5, 0.528)
4i (0.696, 0.5, 0.177)

Pmmn 4235 7613 6.637 4¢ (0.5,0.713, 0.376) 24 (0.0, 0.0, 0.919)
4¢ (0.0, 0.322, 0.078) 2b (0.0, 0.5, 0.424)
2a (0.0, 0.0, 0.299)

P2;/m 5086 4.138 9.968  98.9 2e (0.855, 0.750, 0.446) 2e (0.620, 0.750, 0.898)
2¢ (0510, 0.750, 0.621) 2¢ (0.055, 0.750, 0.703)
2¢ (0.673, 0.750, 0.167) 2¢ (0.141, 0.750, 0.964)
2¢ (0.797, 0.250, 0.749)

C2/m-2 6724 7.536 4380 929 87 (0.661, 0.685, 0.756) 4i (0.163, 0.0, 0.259)
2d (0.5, 0.0, 0.5)

C2le 14506  4.699 5910  90.5 8f(0.718, 0.379, 0.819) 81 (0.856, 0.283, 0.529)

81 (0.923,0.885, 1.384)
4e (0.0, 0.607, 0.750)

Table 1 lists the lattice constants and atomic positions of
the RuyAls structures at ambient pressure after full structural
relaxations. The lattice constants of the discovered Pmmn
phase (a =4.235 A, b =7.612 A, and ¢ = 6.637 A) are re-

markably consistent with the experimental data provided by

Mietal. (a=42A,b=78A, and ¢ = 6.6 A).'2! The ther-
modynamic stability of each RuyAls intermetallic phase was
determined from the formation energy3!! (AH) of each phase
as follows:

AH = [E (RuyAls) — 2E (Ru) — SE(Al)] /7. (1)

016301-2
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Herein, E(Ru,Als) denotes the total free energy of each struc-
ture at 0 K, and E(Ru) and E(Al) represent the energies of Ru
and Al atoms in metals, respectively. Here, we also consid-
ered the previously proposed Cmcm FepAls-type and hexag-
onal P63/mmc phases!!?! of RupAls. The AH values of
all structures are negative (Fig. 2), suggesting that they are
thermodynamically stable and potentially synthesizable. The
Pmmn phase has the second lowest energy among the consid-
ered structures and a lower energy than the earlier reported
Fe,Als-type and P63 /mmc phases. Therefore, the discovered
Pmmn structure is probably the actual structure of RuyAls re-
ported in previous experimental works.[!>!3] Figure 3 plots
the phonon spectra of the five RuyAls structures. The eigen-
frequencies of the lattice vibrations in the Brillouin zone of
each structure are positive at ambient pressure, indicating the
dynamic stability.

—0.40+
—0.45+
—0.50+

—0.55+

Formation energy (eV/atom)

—0.60
2
G‘L\m m‘;?\m ?l*\m\“” g™

Fig. 2. Calculated formation energies of different Ruy Als phases. Red
bars represent the five new phases.
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Fig. 3. Phonon spectra of (a) C2/m-1, (b) Pmmn, (c) P2y /m, (d) C2/m-
2, and (e) C2/c phases of RupAls.

Inspired by the perfect consistency between the predicted

and experimental lattice constants of the Pmmn phase and the
energy advantage of Pmmn phase over the previously proposed
Fe,Als-type and P63mmc phases, we further confirmed the
Pmmn phase of RuyAls. To this end, we compared the XRD
patterns of this Pmmn phase and that obtained in recent exper-
iments. The simulated and experimental XRD patterns of the
five RuyAls structures are presented in Fig. 4. Our simulations
adopted Cu-K o radiation for consistency with earlier experi-
ments. Among the five proposed Ru;Als structures, the Pmmn
phase exhibits excellent agreement between its main peaks and
the experimental XRD data. Although the C2/m-2 phase and
the structure proposed in Ref. [12] also align well with the ex-
perimental XRD patterns, only the Pmmn phase demonstrates
a high level of consistency with the experimental structure in
terms of both XRD data and lattice parameters. Therefore,
we conclude that the Pmmn structure is most likely the previ-
ously unidentified RuyAls phase observed in the experiment.
It should be noted that a lower-energy stable structure (C2/m-
1 phase; Fig. 2) was also identified. Therefore, if the RuyAls
structure of the Pmmn phase is the RuyAls structure synthe-

sized by Mi et al.,!'?! then Pmmn phase is likely a metastable

phase.
V RuAl, O Al
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0 o
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Fig. 4. (a) XRD patterns of milled and heat treated Aly9:Ruy; pow-
ders and simulated XRD pattern of (b) Pmmn, (c) C2/m-1, (d) P2,/m,
(e) C2/m-2, and (f) C2/c phases of Ru;Als. The experiment and calcu-
lation adopted the same wavelength of the light source (1.54 A).

The elastic parameters are fundamental for understanding
the mechanical performances of Ru—Al intermetallic phases.
The elastic constants C;; of the five RupAls structures are

listed in Table 2. A necessary condition of crystal stability
is mechanical stability. We use the Born criterion to assess

016301-3
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the mechanical stability of the structure, with different crys-
tal systems corresponding to different Born criterion formulas.
For the monoclinic structures (C2/m-1, P21 /m, C2/m-2, and

C2/c), the Born criteria are[32:331

C11 >0, (2)
Cy >0, (3)
C3z3 >0, 4)
Cy4 >0, (5)
Css > 0, (6)
Co > 0, @)
[Ci1+Co+C334+2(C12+Ci13+C23)] > 0, ®)
C33Cs5 — Ci5 > 0, ©)
C44Ce6 — Cig > 0, (10)
Cy+C33 —2Cx3 > 0, (11)
Ca (C33Css — C35) +2C23Cas5Cs

— (33055 — C35C33 > 0, (12)

2[C15Cy5 (C33C12 — C13Ca3) + Ci5C35 (C2aCi3 — C12Cn3)
+C25C35 (C11Cp3 — C12C13) |
— [Clzs (C22C33 — C%;;) —|—C%5 <C11C33 — C%3)

+C3s (C11C22—C%2)} +Css8 >0, (13)
g =C11CnC33 — C11C35 — CnCly
— C33C} +2C12C13C03. (14)

For the Pmmn phase, which belongs to the orthorhombic crys-
tal system, the Born criteria are 341

Ci1 >0, (15)
C11Cx > Ch, (16)
C11C22C33 4 2C12C13Co; — C11Ca;

—CnCly — Cx3Ch, > 0, (17)
Cyq >0, (18)
Css >0, (19)
Ces > 0. (20)

Based on our calculations, all five structures met the cri-
teria, confirming their mechanical stability. The elastic con-
stants of C2/m-1 and Pmmn trend as: Cj; < Cy ~ Cs33 and
C11 > Gy = Cs3, respectively, indicating lower anisotropy of
axial incompressibility in these structures than in the other
candidate strucutres. C44 and Cgg refer to the shear-resistance
deformations under a shear stress along the [001] direction of
the (100) plane and under a shear load along the [110] direc-
tion of the (100) plane, respectively. As C44 > Cgg in both the
Pmmn and C2/c phases, the shear modulus of deformation is
larger along the [001] direction than along the [110] direction
of (100) plane. In the remaining three structures, Cy4 < Cgg,
implying opposite shear behaviors on the (100) plane.

Table 2. Calculated elastic constants C;; (in units of GPa) of the five RuzAls phases.

Phases Ci C» Cs3 Cyy Css Ces Ci2 Ci3 Cis Cx3 Cs Css Ca6
C2/m-1 251 275 274 76 49 107 127 60 —6 6 32 =31 -2
Pmmn 266 234 234 90 80 87 104 56 90
P2y /m 248 288 225 66 92 105 104 61 0-19 77 5 -2 8
C2/m-2 247 230 240 68 66 91 75 62 28 112 8 26 19
C2/c 208 298 225 74 76 23 87 125 -23 65 7 —1 -25
. . . . 1
The mechanical properties of a polycrystalline material + E(C 44+ Css + Ces), (22)
under different deformation conditions largely depend on the
i i ) Br = [(s11+ 522+ 533)
elastic moduli of the material, represented by the bulk modu- 1
lus (B), Young’s modulus (E), and shear modulus (G). Eluci- +2(s12+s13+823)] 7, (23)
dating the elastic moduli is critical for designing and selecting Gr = 15[4(s11 + 520 +533) —4(s12+ 513 +523)
materials to meet specific engineering needs. The bulk and +3(s44 + 555 +566)]_17 (24)
shear moduli of the monoclinic and orthorhombic structures 1
. . . [29] B = 7(BV +BR)7 (25)
were calculated using the Voigt—Reuss—Hill approach.'=”! The 2
Young’s modulus (£) and Poisson’s ratio (v) are determined as G = l(GV +GR) (26)
2 )
follows:
9BG
E=—— 27
1 3B+G
By = - (Cii +Cxpp+C 3B—-2G
v 9( 11+Ca +C33) b ’ (28)
2 6B+2G
+§(C12+C13 +C23), @n

1
Gy = 5 (C114+Cp+C33—Cia—Ci13 — Ca3)

where the s;; are the elastic compliance constants. By and Gy
represent the bulk and shear moduli under the Voigt approxi-
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mation, respectively, and are commonly used to describe the
properties of materials under uniform strain conditions. Bgr
and Gg, on the other hand, represent the bulk and shear mod-
uli under the Reuss approximation, and are typically used to
describe the properties of materials under uniform stress con-
ditions. Table 3 lists the calculated elastic moduli and Pois-
son’s ratios of the five RupAls structures. The B/G value
evaluates the brittleness or ductility of a material and can also
indicate bonding type.[>> Studies have shown that a change
in bonding type induces a ductility-to-brittleness transition in

(361 A material with a B/G below 1.75 is generally

materials.
considered as brittle, whereas a material with B/G above 1.75
is typically ductile and can withstand large plastic deforma-
tion before breaking. The P2; /m and Pmmn phases are brittle,
as evidenced by their B/G ratio below 1.75, indicating high
hardness and breakage at low plastic deformation under an ex-
ternal force. The remaining three monoclinic structures have
large B/G ratios (> 1.75), clarifying their ductile behaviors
and high resistance to stress fracture. Hardness is closely re-
lated to the shear modulus and Poisson’s ratio of a material.

Materials with high hardness have high shear moduli, meaning

~0
200 =100

that their dislocation movement is limited and occurs only un-
der a high shear stress. Meanwhile, materials with a low Pois-
son’s ratio exhibit small lateral contraction when stretched,
this phenomenon is often related to directional bonds in the
material. A low Poisson’s ratio enhances the shear modulus
by limiting the lateral expansion under shear. The large shear
moduli (86 GPa and 83 GPa, respectively) and small Pois-
son’s ratios (0.240 and 0.248, respectively) of the P2;/m and
Pmmn phases (Table 3) suggest high hardness of these struc-
tures. According to Chen’s hardness model, the Vickers hard-
0585 3,
where k = G/B. The P2;/m and Pmmn phases possess large
hardness values (12.6 GPa and 11.6 GPa, respectively).

ness values'3”! of materials is given by Hy = (2k*G)

Table 3. Calculated bulk moduli B (in unit GPa), shear moduli G (in unit
GPa), Young’s moduli E (in unit GPa), B/G ratios, Poisson’s ratios v, and
hardness values (in unit GPa) of Ru,Als.

Phases B G E B/G v Hy
C2/m-1 145 74 190 1.95 0.281 8.3
Pmmn 137 83 207 1.65 0.248 11.6
P2 /m 136 86 212 1.59 0.240 12.6
C2/m-2 131 73 186 1.79 0.264 9.4
C2/c 142 51 136 2.81 0.341 3.6
GPa
300

250

200

150

100

Fig. 5. Directional dependence of Young’s moduli of (a) C2/m-1, (b) Pmmn, (c) P2y /m, (d) C2/m-2, and (e) C2/c phases of RuyAls.

Elastic anisotropy is an important property of crystals in
practical applications. For example, the elastic anisotropy
of piezoelectric fiber composites (piezocomposites) is ex-
ploited in various aerospace applications, including active vi-
bration control systems, adaptive blades, and flexible morph-
ing wings. 38! The direction-dependent Young’s moduli of the

candidate RuyAls structures are plotted in Fig. 5. An ide-

ally isotropic material yields a spherical Young’s modulus di-
agram. If the Young’s modulus pattern deviates from a sphere,
the material is harder or softer in one or more directions. The
Young’s modulus in a certain direction can be determined
by measuring the distance from the origin of the coordinate
system to a corresponding point on the surface. As demon-

strated in Fig. 5, the five RuyAls structures are elastically

016301-5
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anisotropic, The Pmmn structure of RuyAls exhibits lower
elastic anisotropy compared to other candidate structures in
terms of shape. The Young’s modulus anisotropy map of this
structure has a surface shape resembling a rectangular cuboid
but shows significant differences in various directions. The
Young’s modulus reaches maxima at the eight corner regions,
with a maximum value of 228 GPa, while it is at its lowest at
the [010] direction, at only 173 GPa. The ratio of the maxi-
mum to minimum values is 1.32. The C2/m-1 has a maximum
Young’s modulus of 271 GPa and a minimum of 83 GPa, with
a ratio of Epax to Enin of 3.27, indicating strong anisotropy.
It can also be seen from Fig. 5(a) that the three-dimensional
surface of the C2/m-1’s Young’s modulus exhibits significant
anisotropy, with the surface shape deviating markedly from a
sphere and showing noticeable differences in modulus across
different directions. Specifically, higher elastic moduli are ob-
served along the [110], [110], and [001] directions, while the
Young’s modulus decreases significantly along the [111] di-

rection.
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Fig. 6. Calculated band structures and the densities of stats of (a) C2/m-1,
(b) Pmmn, (c) P2y /m, (d) C2/m-2, and (e) C2/c phases of Ru,Als. Dashed
lines represent the Fermi levels.

Figure 6 plots the electronic energy bands and densities of
states (DOSs) of the five RuyAls structures. The valence band
intersects the Fermi level with no band gap, indicating that
electrons at the Fermi level can move freely through the con-
duction band. As the current flow is not restricted by a band
gap, the five RuyAls structures are electrically conductive, in-
dicating that they are metallic compounds. Further examina-
tion of the atomic DOS shows that the Ru-d orbital electrons

play a major role in the metallic properties of RuyAls. In addi-
tion, the total DOSs of all five structures feature a sharp valley
around the Fermi level (known as a pseudogap), indicating the
energy separation between the bonding and antibonding states.

Earlier works94!

I suggested that pseudogaps in DOSs indi-
cate strong hybridization between the orbitals of the different
atoms in a crystal structure, which contribute to structural sta-
bility. Clearly, the bonding states are nearly filled with the
Fermi level around the pseudogap, underlying the structural
stability of the Ruy Als compounds.

To determine the chemical bonding in the five RuyAls
compounds, we plot their charge-density distributions in
Fig. 7. All structures exhibit regions of electron depletion and
accumulation between the Al and Ru atoms, where ionic bonds
are formed. Uneven chemical bond distribution affects the di-
rectionality, strength, bond lengths, and bond angles of the
chemical bonds, thereby influencing the local stress state and
symmetry of the crystal structure, and causing directional vari-
ations in the Young’s modulus. The different elastic responses
of the material in different directions ultimately manifest as
an anisotropic Young’s modulus. For example, the Young’s
modulus of C2/m-1 is strongly anisotropic along three main
directions where the ionic bonds are concentrated. In the dif-
ferential charge-density map of the Pmmn structure, the abso-
lute values of charge density are considerably smaller along
the [101], [101], and [010] directions than along the [110],
[110], [011], and [011] directions. Consequently, the three-
dimensional Young’s modulus is cubic with a 45° angle be-
tween the line connecting the centroid and the origin and the
(001) plane.

Fig. 7. Charge-density differences in the (a) C2/m-1, (b) Pmmn, (c) P2, /m,
(d) C2/m-2, and (e) C2/c phases of RupAls. The blue and brown spheres
represent Al and Ru atoms, respectively. Blue and yellow regions indicate
electron depletion and accumulation, respectively.

4. Conclusion

To solve the long-missing crystal structure of the experi-
mentally synthesized RuyAls intermetallic phase in Ru—Al al-
loys, we extensively searched the space of crystal structures
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using swarm intelligence structure simulations combined with
first-principles calculations. Among the five stable phases of
Ru;Als obtained by the search, the orthorhombic Pmmn struc-
ture yielded a calculated XRD spectra and lattice parameters
that aligned well with the experimental data. Thus, the exper-
imental phase of RuyAls was confirmed as the Pmmn phase.
The brittle/ductile behavior, elastic anisotropy, and ionic bond-
ing of each RuyAls candidate structure were demonstrated
through elastic and electronic structural calculations.
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