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Abstract

The equilibrium and non-equilibrium low-temperature phases of NbsyRus, alloy have been investigated using ab initio cal-
culations (thermodynamic, elastic, and electronic properties) in conjunction with experimental microstructural and phase
analyses. Low-temperature phases in NbsyRus, alloy originate from the transformation of tetragonal L1 phase at 750 °C,
which potentially makes it useful for designing high-temperature shape memory alloys. Current results showed that the
monoclinic phase P2m is the most energetically stable under equilibrium conditions, and this is complemented by the absence
of negative frequencies in the phonon dispersion curves. However, negative frequencies were observed on the orthorhombic
phase Cmmm, indicating that it is a metastable martensite phase. Therefore, two low-temperature phases of Nbs,Rus, have
been determined, namely P2m and Cmmm. This forms the basis for further designing of the alloy with superior shape memory

properties since P2m is softer and exhibits lower symmetry compared to the brittle L1, phase.

Introduction

The equiatomic niobium-ruthenium (NbsyRus) alloy is con-
sidered a potential HTSMA because of the transformation
that occurs from the high-temperature ordered cubic struc-
ture (B2) to the tetragonal structure (L1,) during cooling
at 1100 °C. This transformation has shown shape memory
properties; however, the shape recovery was considered
poor with only 4% recovery strain compared to the ultimate
recovery strain of about 10% observed in Ti-Ni SMA [1, 2].
This is attributed to the formation of the brittle L1, phase.
Therefore, this triggered the current study, which focuses
on the second transformation of L1, to a low-temperature
phase around 750 °C. The identification of low-temperature
phase will assist in determining whether or not the second
transformation results in formation of phases that promotes
shape memory properties, thus adding into the versatility of
Nbs,Rus, alloy for applications such as turbomachinery and
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engine aircraft applications where high damping capacity,
actuation, and high strength are a requirement [3-6].

The structure of a low-temperature phase remains a topic
of interest because of the debate about its symmetry [7, 8].
Orthorhombic (Ortho) structure with Cmmm symmetry has
been identified as a low-temperature phase [8, 9]. Other struc-
tures with Pmma and Pmna symmetries have been predicted
[10]. On the other hand, the monoclinic (MCL) phase has
been identified experimentally as the low-temperature phase
[7, 11, 12]. Previously, researchers have reported different
variants of the MCL phase using theoretical studies, where
electronic properties of P21m [10, 13, 14] and P2m [14] were
investigated. From these studies, the P21m appeared to be the
most stable. However, the MCL phase with P2m symmetry
was experimentally observed at room temperature [12].

Therefore, in an attempt to contribute toward resolving
the above discrepancy, this paper aims to study the low-
temperature phases of NbsjRus, alloy with the aid of first-
principles calculations. Additionally, new possible structures
of NbsyRus, are theoretically designed and evaluated for
stability. The phonon dispersions and elastic and electronic
properties of possible orthorhombic and monoclinic struc-
tures were predicted to elucidate the symmetry of the low-
temperature phase. Phonon dispersions have been previously
used to study the vibrational properties of alloys to predict
the stability of phases, i.e., the presence of soft modes or
negative frequencies implies that that particular structure
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is not stable at 0 K and is likely to undergo further phase
transformation [8, 14]. The elasticity data and the density
of state calculations are normally used to obtain information
about the mechanical stability and electronic properties of
each structure [13-15].

Furthermore, experimental microstructural evolution and
phase analysis were performed using a light microscope and
X-ray diffraction techniques, respectively. Measurements
were conducted at room temperature on furnace-cooled
(FC) and water-quenched (WQ) samples to determine which
low-temperature structures occur under equilibrium and
non-equilibrium conditions. The distinction of the two is
important in designing SMAs.

Computational method

The density functional theory (DFT)-based Cambridge
Serial Total Energy Package (CASTEP) code was used to
perform all calculations within the Materials Studio soft-
ware package, version 2020 [16]. Robust Vanderbilt ultrasoft
pseudopotentials [17] were used to describe the ion—electron
interaction within the generalized gradient approximation
(GGA) [18] of Perdew-Burke-Ernzerhof (PBE) [19]. All
ground-state structures were optimized using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) minimization scheme.
The convergence criterion was set to less than 0.00001 eV/
atom, with maximum residual forces of 0.03 eV/A, the maxi-
mum residual bulk stress of 0.05 GPa, and the maximum
atomic displacement of 0.001 A. The crystal structures of
the phases considered were built as shown in Fig. 1. The
B2 (Pm3m) and L1, (P4mmm) structures were calculated

using k-points of 16 X 16x 16 and 19x 19 x 13, respectively.
Monoclinic structures were P2m, P21m, and C2m, for which
the 8x18x 13, 11 x12x 18 ,and 11X 11 X6 k-points were
used. Orthorhombic structures were Amm2, Cmmm, and
Pmm?2, and the k-points of 18 x 18x 16, 11 x11x 17 ,and
18X 16 X 18 were used to perform calculations. The energy
cutoff point of 700 eV was enough to converge all the sys-
tems studied. A small strain of 0.004 was used to calculate
elastic constants. Lattice dynamic properties were set to
a cutoff radius of 3.5 A, utilizing the finite displacement
supercell method within the code [20].

Experimental method

High-purity Nb and Ru compacted metal powders were melted
using an arc-melting ultrasonic atomiser under a stringent vac-
uum and argon gas atmosphere. The ingots were rotated and
re-heated six times to ensure homogeneous heating of the sam-
ple and to promote the proper mixing of the elements. Samples
were solution-treated at 1200 °C for 4 h to eliminate any com-
positional gradient from dendritic solidification. One sample
was slow-cooled in the furnace, while another was quenched
in ice water. The microstructure was characterized using the
DSX 500 OLYMPIC optical microscope on samples polished
down to OP-U colloidal silica suspension with a grain size of
0.25 pm and etched with the Ru-based alloy etchant solution.
Phase constituents were measured using the X-ray diffractom-
eter (XRD) with radiation source of Cu kol tube operated at
45 kV and 40 mA. The 20 angle scan range was measured
from 5 to 100° at a step size of 0.01".

Fig. 1 Structures of NbsyRus,: a B2 Pm3m, b L1, P4mmm; MCL: ¢ P2m, d C2m, e P21m; and Ortho: f Pmm2, g Amm2, and h Cmmm
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Results and discussions
Structural, thermodynamic, and elastic properties

Table 1 shows the calculated lattice parameters, heats of for-
mation, and the elastic constants for the considered NbsjRus,
structures. The lattice parameters of the B2 and L1, struc-
tures are consistent with theoretical and experimental litera-
ture values. The P2m and Cmmm lattice parameters agree
well with the previously reported experimental values [8].

Equation (1) was used to calculate heats of formation
(H)) for all structures.

Hf = Epo — Z x;E; (D)
L

where Ep, is the total energy of the compound, and E; is

the calculated total energies of the element i and x; is the

concentration of element i in the compound in their respec-

tive ground-state structures.

The monoclinic P2m structure is the most stable as indi-
cated by the most negative value. The most thermodynami-
cally favored orthorhombic structure is Cmmm, agreeing
with the previous experimental data [8].

Furthermore, Table 1 shows the calculated elastic con-
stants for the structures considered. The cubic B2 lattice
consists of three independent constants: C;;, C;,, and

Table 1 Theoretical and literature lattice parameters, Hy, and elastic constants of NbsjRus, crystals

Lattice parameters A)

Thermodynamic stability

Symmetry a b c H;(eV/atom)
Pm3m 3.170 —-0.1676

3.179 [14]20—initio —0.182 [9]Ex

3.176 [8]B*P —0.163 [21]2b~inito
P4mmm 3.059 3.419 —0.1959

3.065 3.422 [14]2b-initio

3.062 3.431 [22]2b-initio

3.106 3.307 [8]B*P
P2m 4.942 3.076 4.545 —0.2366

4.850 3.014 4.357 [8]Fx°

4.745 3.026 4.482 [13]2b-initio
P2Im 4.700 4.485 3.029 —0.1961

4.745 4.482 3.026 [13]20-initie
C2m 4582 3.084 4.527 —0.2331
Pmm?2 3.053 3.418 3.054 —0.1928
Amm?2 3.417 4319 4319 —0.1929
Cmmm 3.041 3.396 3.084 —0.2168

3.014 3.430 3.081 [8]%%P
Calculated elastic constants (GPa)
& Pm3m P4dmmm P2m P2Im C2m Pmm2 Amm?2 Cmmm
o 125 351 333 296 324 304 339 311
C, 287 146 149 196 175 171 182 196
Cyy 69 58 58 65 75 42 58 45
Cy; 305 334 357 336 314 344 362
Ces 56 59 - 373 65 42 42 19
Cp3 173 201 157 197 193 209 172
C,, 370 325 354 316 301 354
Css 78 21 59 52 42 18
Cys 179 176 158 177 216 168
Cis -5 10 10
Cys 12 4 -9
Cys -1 7 11
Cue -22 -2 22
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C,4, and the stability criteria are defined by C;; — Cy,>0,
C44>0, and C;; +2C,>0. There are six independent
constants for the L1, crystal denoted as: C,;, C,,, C3,
C;3, C4y and Cgq from which the mechanical stability cri-
teria are as follows: C;; >IC,l, C53>0, C4, >0, Cc(c >0,
(C;;+C33-2C3)>0 and (2C;; +C53;—-2C,+4,3)>0
[23]. For the orthorhombic crystal, the mechani-
cal stability is determined by (C,; +C,, —2C;,) >0,
(Ci1+C33—-2C3) >0, (Cyy +C33—-2Cy3) >0 and
[Ci1+Cpy+C334+2(Cy,+ Ci54+Cy3)] >0, while for the
monoclinic crystal, the mechanical stability criteria are
such that C;; >0, C, >0, C33>0, Cyy >0, C55>0, C >0,
CyCys—2C4>0,C  +Cry+Ci3+2(C 1+ Ci3+Cy3) >0,
C,,+C33—2C,3>0 [24]. The cubic B2 phase is not
mechanically stable, while all other structures show sta-
bility. The P2m is the most mechanically stable of MCL
structures, and Cmmm is the most stable of the orthorhom-
bic structures.

Electronic and lattice dynamic properties

The calculated total electronic density of states (tDOS) for
the considered structures of NbsjRus, alloy are shown if
Fig. 2a. The tDOS has been used to predict the electronic
properties of NbsgRus, structures by studying the behav-
ior of energy states near the Fermi level. When the pseu-
dogap is situated within the deep valley near the Fermi level
(E — E;=0), the structure is considered most stable, whereas
the structure will be least stable when the Fermi level cuts
the shoulder or the peak. Therefore, the P2m structure is the
most stable of the NbsjRus, alloy.

Also shown in Fig. 2b-i are the lattice vibrational prop-
erties for all structures. The lattice vibrations for the B2
structure showed negative frequencies along the X-R,
R-M, G-M, and G-R symmetry directions of the Brillouin
zone (BZ). This indicates that the B2 phase is indeed an
unstable structure at O K and thus readily undergoes mar-
tensitic transformation at high temperatures.
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Fig.2 a Total density of states (tDOS) of B2, L1, MCL (P2m), Ortho (Cmmm), and phonon dispersion curves of: b B2, ¢ L1,, d-f MCL: d
P2m, e C2m, f P21m, and g-i Ortho: g Pmm2, h Amm2 and i Cmmm
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The phonon dispersions of the L1, phase also display nega-
tive frequencies along the symmetry axis Z-A, G-Z, Z-R, and
R-X. These indicate vibration of atoms along the [110], [001],
and [010] directions of the L1 lattice. The vibrations depict
slight distortion along [001], predicting the formation of
P4mm tetragonal structure. The orthorhombic structures with
Pmm2 and Amm?2 symmetry are likely to form from atomic
vibrations on the L1 lattice along the [010] and [110] direc-
tions as shown by negative frequencies along the Z-R and R-X
axis. In the case of L1, the presence of negative frequencies
indicates that it is unstable; hence, it has been found to par-
ticipate in the shape memory aspect of the Nbs,Rus, alloy [1].

(©) Simulated XRD patterns for Llo and‘MCL
(P2m) structures.
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(e) Experimental XRD pattern of FC sample.
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Moreover, the absence of negative frequencies on the
monoclinic structures P2m and C2m is indicative of sta-
bility. Based on the calculated heats of formation, this
indicates that P2m is the ground-4state structure, while
the negative frequencies on orthorhombic structures
are indicative of metastability. Further investigation of
whether or not the P2m or Cmmm low-temperature phases
of NbsyRus, alloy exhibit shape memory properties is
beyond the scope of this paper, but this will form part of
future work.
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(d) Slmulated XRD patterns for Llo MCL
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(f) Experimental XRD pattern of WQ sample.
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Fig.3 Microstructure: a FC and b WQ samples, simulated XRD patterns: ¢ FC and d WQ samples, experimental XRD: e FC and f WQ samples
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Microstructure and phase analyses

Figure 3 shows the microstructure and the simulated and
experimental XRD patterns of furnace-cooled (FC) and
water-quenched (WQ) samples. Fine martensitic plates are
observed on the FC sample, while the large martensitic
plates are introduced on the quenched sample. The much
larger, thick plates on the quenched sample are of the mag-
nitude 5-10 pm. These plates seem to form independently
from the original L1, phase during quenching, while the
finer martensitic plates belong to the MCL phase, which
forms within the fine plates of the L1, phase [11]. How-
ever, this needs to be further confirmed using an analytical
instrument capable of much higher magnification, such as
high-resolution TEM. To perform a first qualitative assign-
ment of the experimentally obtained peaks, the XRD pat-
terns were plotted alongside simulated patterns obtained
from the Reflex code embedded within the Materials Stu-
dio package. The corresponding patterns suggest that the
slow-cooled sample could consist mostly of L1, and MCL
(P2m) phases, while the quenched sample shows a possible
presence of an orthorhombic (Cmmm) phase in addition to
equilibrium phases. A more quantitative X-ray analysis is
necessary to confirm this hypothesis.

Conclusion

This study explored possible low-temperature structures
of Nbs,Rus, alloy using ab initio calculations. The cal-
culated heats of formation and elastic constants showed
that the P2m monoclinic structure is the most thermo-
dynamically and mechanically stable. Furthermore, the
tDOS indicated that P2m is the most stable compared
to B2, L1,, monoclinic, and orthorhombic structures.
The phonon dispersions indicated that P2m is indeed the
ground-state structure of NbsyRus,, while the orthorhom-
bic structure Cmmm is the likely structure to be obtained
under non-equilibrium conditions due to the presence of
negative frequencies. Microstructural and XRD analysis
showed the presence of fine martensitic plates, which
were supported by XRD to be associated with the pres-
ence of both the L1, and the MCL phases on the slow-
cooled sample. The water-quenched sample showed the
introduction of thicker martensitic plates, which were
presumably formed independently of the original L1,
plates and assigned to the Cmmm structure. This study
has successfully determined the ground-state and non-
equilibrium low-temperature phases of NbsyRus, alloy.
The viability of these structures in the design of NbsyRus,
alloy with improved shape memory properties will be
considered in future investigations.
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