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Highlights

e A new ternary phase, VsSiBs, was found in the Vs—VsS5i-VsSiB: phase region at
1600 °C after heat treatment at 1400 °C for 100 h and 200 h.

e By combining EDS, XRD and DFT calculations, we determined the crystal structure
of VsSiBs, which may represent a new crystallographic prototype.

o The stability of VsSiBs at 0 K was examined using DFT.

Abstract

The present study reports on the existence of a new ternary phase, VsSiBs, in the
V-Si-B system. The new phase was found in alloys heat-treated at 1400 °C for 100 h
and 200 h within the Vs—Vs5i-VsSiB2 phase field at 1600 °C. The crystal structure of
VsSiBs was determined by combining energy-dispersive X-ray spectroscopy (EDS), X-
ray diffraction (XRD) and density functional theory (DFT) calculations. To further
examine the stability of VsSiBs, electronic density-of-states (EDOS), phononic density-
of-states (PDOS), the chemical bonding and the elastic properties of VsSiBs were
calculated using DFT and compared with the properties of VsSiB2 (T2).
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1 Introduction

Refractory metals (RM), such as Cr, Nb, Ta, Mo or V, and their compounds, are
currently in the spotlight as promising candidates in the design of new high
temperature alloys. For example, the RM-Si-B systems exhibit great potential due to
the high melting point of the refractory metal and the additional creep- and oxidation
resistance provided by intermetallic compounds, especially RM-silicides and
RM-Si-borides [1-6]. In certain equilibria within the Nb/Ta/Mo/V-Si-B systems,
among the RM-Si-borides the RMsSis-«Bx (T2) phases might be highly beneficial,
because the T2 phases can coexist with the RM solid solution (RMs) phases [7-12]
which leads to a compromise between the ductility provided by the RMss phases and
the brittleness caused by the T2 phases.

The crystallographic prototype of the T2 phase is the crystal structure of CrsBs,
where Cr atoms are located on the Wyckoff sites 4c and 161 of the space group 14/mcm
(No.140) and B atoms on Wyckoff sites 4a and 8h [13]. In the CrsBs, however, Si atoms
can replace the B atoms only at the 4a sites of the crystal structure of CrsBs [14].
Therefore, the phase region of CrsSixBs—« (x =0-1) is expanded along CrsBs—CrsSiBz,
which was observed experimentally after heat treatment at 1300 °C [10]. By contrast,
in the isothermal section of the Cr-5i—B system at 1300 °C [10], the CrsSis phase is not
a T2 phase but a so-called T1 phase due to its WsSis-type (D8m) structure, also
belonging to the space group I4/mcm (No.140) [15].

Parthé et al. [16] investigated T2 phases (NbsSis and TasSis), in which the B atoms
were fully substituted by Si in the D8 structure. By adding B to NbsSis to replace the
Si atoms located on the 8h sites [17], the ternary intermetallic phase NbsSiz-«xBx (x = 0-2)
is formed and its composition changes approximately along NbsSis—NbsSiB:2 in the
isothermal section of the Nb—Si-B system at 1600 °C [7]. The phase region of NbsSis-xBx
becomes an almost linear region by connecting the stoichiometric composition of
NbsSis and NbsSiB2 at 1700 °C [8]. Similarly, the phase region of TasSis-«Bx can be
expanded along TasSis—TasSiB: as it was observed in the isothermal section of the
Ta—-Si-B system at 2000 °C [9].

Unlike the Cr/Nb/Ta-Si-B systems, (Mo/V)sBs phases have not been discovered,
while the corresponding (Mo/V)sSis (T1) phases with D8m structure and
(Mo/V)sSiB2 (T2) phases with D81 structure were reported in the Mo/V-Si-B
systems [11,12,18]. In the isothermal section of the Mo-Si-B system at 1600 °C [11] or
1800 °C [12], the phase region of the MosSis-«Bx is restricted to a small region close to
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the stoichiometric composition of MosSiB2. By contrast, the B-content of VsSis-«Bx could
be varied from 25 at% to 32 at% assuming a VsBs—Vs5iB: (T2) concentration line in the
isothermal section of V-5i-B system at 1600 °C [18]. A possible reason for the
expansion of the VsSis-Bx phase region along the assumed VsBs-VsSiB: (T2) but not
along Vs5is—VsSiB2 (T2) is that the assumed VsBs with a D8 structure could be slightly
more stable than that with a D8s or D8m structure according to density functional
theory calculations [19]. Compared with the VsB: phase with D5. structure on the V-B

side, however, the existence of a VsBs phase is rather unlikely [19].

The aim of this work is to investigate the crystal structure and chemical composition
of a new ternary phase in the V-5i-B system and elucidate its similarity with the phase
VsSiBz (T2), which is in equilibrium with Vs and VsSi at 1600 °C [18]. Different
experimental techniques including electron backscatter diffraction, energy-dispersive
X-ray spectroscopy and X-ray diffraction were applied. Electronic density-of-states
and phononic density-of-states of the new ternary phase, its chemical bonding and the
elastic properties were studied by density functional theory calculations and are

compared with VsSiBa.

2 Experiments and Methods
2.1  Synthesis and phase identification

In this work, three different variants of V-55i-9B alloy were fabricated, namely as-
cast and heat-treated at 1400 °C for 100 h and 200 h. Arc-melting was performed under
flowing argon atmosphere after obtaining a vacuum of 102 mbar in the arc-melter. The
flux of flowing argon gas was adjusted to maintain the argon gas pressure constant at
600 mbar at room temperature. The raw materials were carefully weighted using high-
purity elemental turnings of V (99.7 wt.%) and granules of Si (99.99 wt.%) and B
(99.0 wt.%) to produce a 15 g sample. The alloy was re-melted and flipped five times
to ensure a homogeneous compositional distribution of all elements. A weight loss of
<1 wt.% indicated that the composition after arc-melting was very close to the nominal
composition. After cutting the as-cast alloy into two pieces, one half was used to
investigate the as-cast microstructure, while the other one was heat-treated at 1400 °C
under high vacuum (1.5-10 mbar) for 100 h and 200 h; followed by furnace-cooling
within 3 h below 200 °C to investigate the microstructure after the heat treatment. For
metallographic preparation, the samples were embedded in a cold mounting resin

(Expoy 2000, Cloeren Technology, Wegberg, Germany), subsequently ground down
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to 2000 grit using SiC paper. The polishing was conducted with 15 um, 6 um, 3 pm

and 1 um diamond suspension, and finished using colloidal silica.

A Zeiss Merlin scanning electron microscope (SEM, Zeiss Microscopy, Oberkochen,
Germany) was used to observe the microstructures using the secondary electron (SE)
and the backscattered electron (BSE) mode. Electron backscatter diffraction (EBSD,
Oxford Instruments, UK) was performed using the crystal structures of Vss, VsS5i, VsSis,
VsB2, VB and VsSiB: to determine the phases and obtain the phase mapping. Energy-
dispersive X-ray spectroscopy (EDS, X-Max 150, Oxford Instruments, UK) was
performed to quantitatively determine the chemical compositions of phases. The
quantitative detection of B using EDS is challenging because of the low electron
density of the B atom (5 electrons per atom [20]). It can be achieved, though, since no
peak overlap of the B EDS spectra with the V or Si EDS spectra exists, in contrast to the
Mo Mc-line (0.193 keV) which is close to the B Ka-line (0.183 keV) [21]. Furthermore,
the B-content in VsSis»Bx (T2) phases is high [18]. X-ray diffraction (XRD)
measurements were performed on the polished bulk samples at room temperature
using a D8 ADVANCE (Bruker, USA) and an EMPYREAN (Malvern Panalytical, UK)
diffractometer to identify the crystal structures of phases. The lattice parameters of the
phases were determined using the software GSAS-II [22] and the Pawley refinement
[23], in which the intensities of the calculated diffraction peaks do not depend on the
atomic positions in the crystal structure. Here, the main lattice planes of each crystal
structure, which have easily distinguishable diffraction reflections according to the
XRD-simulated patterns of each crystal structure, were used for the Pawley refinement.
The XRD-simulations using the software GSAS-II [22] take into account both the unit
cell and atomic positions of the crystal structure. The corresponding crystal structure
data for the XRD-simulation were taken from the Inorganic Crystal Structure Database
(ICSD) [24] with the collection codes 241937 [25], 87328 [26], 88317 [27] and 44490 [28]
for Vs, VsSi, VsBz and VsSiB: phases, respectively.

2.2 . First principles calculations

First-principles calculations were carried out with Quantum ESPRESSO (QE) [29,30]
for the structural relaxation using the projector augmented waves (PAW)
pseudopotentials [31] from the PSLibrary version 1.0.0 [32]. The kinetic energy cut-off
of the plane waves was set to 100 Ry, while the cut-off for the charge density and
potential was set to 400 Ry. The structural relaxation stopped until a total energy
convergence of 10 Ry and a force convergence of 10° Ry/Bohr were reached. The

Marzari-Vanderbilt cold smearing [33] and a Gaussian spreading of 0.01 Ry were
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chosen to account for the Brillouin-zone integration. The k-mesh was divided by
10x10x4 for VsSiBs using the Monkhorst-Pack algorithm [34]. Exchange and correlation
in this density functional theory (DFT) -based method were treated with the
generalized gradient approximation (GGA) functional as parameterized by Perdew,
Burke and Ernzerhof (PBE-GGA) [35].

The elastic properties were determined with thermo_pw [36], a Fortran program
using Quantum ESPRESSO routines as the underlying engine. To obtain the Voigt-
Reuss-Hill [37-39] approximated bulk, shear and Young’s moduli, the standard
algorithm and frozen ions were used. To calculate the Vickers hardness, the formula

by Tian et al. [40] was used.

To check the dynamical and mechanical stability, Quickstep [41] was used as
implemented in the CP2K version 5.1 program package [42] as the calculator for
PHONOPY [43]. The first-principles calculations for the structural relaxation using the
Gaussian plane wave method (GPW) [44] were executed until a total energy self-
consistency of 10 Ha and until the self-consistency for the forces and maximum
geometry change of 10~ Ha/Bohr and 10 Bohr, respectively were achieved. The
energy cut-off for the plane waves on the grid was 1200 Ry and the k-mesh sampled
via the aforementioned Monkhorst-Pack algorithm were 10x10x4 and 12x12x6 for the
new phase and the Vs5iB: phase, respectively. For V, Si and B the DZVP-MOLOPT-SR-
GTH basis set [45] was chosen for the atomic centered Gaussian functions, while for
the interatomic part the GTH-pseudopotentials were used [46—48]. Exchange and
correlation in this DFT-based method were treated with the PBE-GGA. For the
PHONOPY calculations, we used structural relaxed 2x2x1 supercells and changed the

k-mesh to 4x4x4 in the energy and force determination.

The calculations of the density-of-states and the chemical bonding analysis were
then carried out using the tight-binding, linear muffin-tin orbitals with the atomic
spheres approximation (TB-LMTO-ASA) [49,50] as implemented in the TB-LMTO 4.7
program [51]. Exchange and correlation were treated with the PW91-GGA functional
by Perdew et al. [52]. The k-mesh was chosen to be 16x16x16 for the new phase and
VsSiBz. The bonding analysis was done by calculation of the crystal orbital Hamilton
population (COHP) and their integrals (ICOHP) [53]. Because -COHP values are
plotted, negative -COHPs are antibonding states, positive ones are bonding states and

non-bonding states have -COHPs of zero. The Fermi level (Er) was set to 0 eV.
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3 Results and discussion

3.1 Microstructural evolution, X-ray diffraction and phase composition analysis

The microstructures of the as-cast and heat-treated (1400 °C, 100/200 h) alloys
V-55i-9B are shown in Fig. 1 (a) - (c), respectively, whereby the phases were identified
by EBSD and subsequently confirmed by EDS analyses. In the as-cast state, the binary
Vss—VsB2 and Vss—VsSiB: eutectic microstructures can be observed (Fig. 1 (a)), which
were not found after the heat treatment at 1400 °C due to the decomposition of the
VsB:2 phase and the coarsening of the intermetallic phases (Fig. 1 (b) and (c)). After the
heat treatment for 100 h, the VsB: phase nearly disappeared, while the VsSi phase was
newly formed (Fig. 1 (b)). Comparing the microstructures after annealing for 100 h and
200 h, no evident microstructural changes were observed (Fig. 1 (c)). After the heat
treatment, Vs5iB2 was suggested by EBSD (Fig. 1 (b) and (c)) but could not be detected
by XRD (Fig. 2). The phase area fractions obtained from the EBSD phase mappings are
indicative of the phase volume fractions and will be used as such in this work
(Fig. 1 (d)). The phase area fractions after the heat treatment at 1400 °C for 100 h are
almost the same as after 200 h (Fig. 1 (d)), which indicates that a duration of 100 h is
sufficient for the heat-treated V-55i-9B alloy to reach the phase equilibrium at this

temperature.
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Fig. 1. EBSD phase mappings and EDS elemental mappings of the V-55i-9B alloy variants: (a) as-
cast, (b) heat-treated at 1400 °C for 100 h, and (c) heat-treated at 1400 °C for 200 h. (d) The phase area

fractions obtained from the EBSD phase mappings. Phase area fractions are similar after 100 h and
200 h of heat treatment.
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Fig. 2. XRD patterns of the as-cast and heat-treated V-55i-9B alloys. The fluctuations of the intensity

background of the as-cast and heat-treated (1400 °C/ 200 h) alloys at 26 = 20° come from the resin.
After the heat treatment at 1400 °C, the Vs5iB2 phase wasnot confirmed by XRD.

<«

The lattice parameters of the phases in the as-cast and heat-treated alloys are listed
in Table 1. The calculated results are reasonable as they resemble the lattice parameters
of Vs, ViB2 and VsSiB: in  the alloys V-6Si-26.5B (1600 °C/24h) and
V-155i-7.5B (1600 °C/24 h) reported by Nunes et al. [18]. The identified diffraction
reflections by the Pawley refinement are marked with different symbols
corresponding to different phases in Fig. 2. In the as-cast V-55i-9B alloy, all diffraction
reflections can be explained by the existence of Vs, ViB2 and VsSiB: phases (Fig. 2) in
agreement with the observed microstructure (Fig.1 (a)). By contrast, in the XRD
patterns of the heat-treated V-55i-9B alloys (Fig. 2) many unidentified diffraction
reflections but none of VsSiB: can be observed, which are marked by grey triangles in
Fig. 2. These remaining diffraction reflections most likely represent a new phase
having a crystal structure similar to VsSiB: according to the EBSD phase mappings
(Fig. 1 (b) and (c)). The VsSi phases observed with EBSD in the heat-treated V-55i-9B
alloys were not detected by XRD (Fig. 2) due to the low volume fractions of VsSi
indicated by the low area fractions (0.1 % after 100 h and 0.86 % after 200 h) in
Fig. 1 (d).
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Based on the EDS point measurements shown in Fig. 3, the potentially new phases
in alloy V-55i-9B annealed at 1400 °C for either 100 h or 200 h have B-contents of
31.2+1.0 at% and 29.6 £ 0.9 at%, and 6.5 + 0.2 at% and 6.6 + 0.1 at% for Si. Considering
the accuracy of the EDS measurement, the measured compositions of those phases in
both heat-treated conditions are almost identical. Moreover, despite a different crystal
structure compared with that of VsSiBz, the measured composition of the new phase
in this work is very close to the composition of the VsSiB2 phase (V-6.495i-31.49B) in
the phase fields of V«—V3Si—VsSiBz, Vss—VsB2-VsSiBz, and VB-VsB2—VsSiB2 at 1600 °C
reported by Nunes et al. [18].

Table 1. The lattice parameters of Vs, VaB2 and VsSiBz in the as-cast and heat-treated (1400 °C, 100/200 h)
alloys V-55i-9B calculated by Pawley refinement. The lattice parameters of the phases in the
V-65i-26.5B (1600 °C/ 24 h) and V-155i-7.5B (1600 °C/ 24 h) alloys [18] are shown for comparison.

Vss VsSi VsB2 V5SiB2
alloy Ref. (Im-3m)  (Pm-3n) (P4/mbm) (I4/mcm)

a (A) a (A) a(A)  c(A) a(d)  c(A)
V-5Si-9B (as-cast) This work 3.019 - 5.732 3.032 5.762 10.740

V-55i-9B (1400 °C/100 h) This work 3.024 - - - - -
V-55i-9B (1400 °C/200 h) This work 3.022 - - - - -
V-65i-26.5B (1600 °C/ 24 h) [18] 3.039 - 5.749 3.031 5.785 10.765

V-15Si-7.5B (1600 °C/ 24 h) [18] 3.037 4746 - - 5785 10.779

" unde't"efgte b xR”D

Flg 3 EDS point measurements of the potentlally new phase are marked by X in alloys V-55i-9B
after the heat treatments of (a) 1400 °C/100 h and (b) 1400 °C/200 h.
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3.2 Determination and description of the crystal structure of the new phase

According to the XRD results and the observed microstructural change after the heat
treatments at 1400 °C for 100 h and 200 h, the remaining unidentified diffraction
reflections of the heat-treated alloys V-55i-9B (Fig. 2) indicate the presence of a new
phase. To index the remaining diffraction reflections, a primitive tetragonal Bravais
lattice (P4/mmm), which is the base of the space group I4/mcm (crystal structure of
VsSiB2), was used by GSAS-II [22]. The indexing can provide a plausible solution with
the following lattice parameters a=5.768 A and c=16.800 A for the alloy
V-55i-9B (1400 °C/100h) and a=5767 A and ¢=16.791A for the alloy
V-55i-9B (1400 °C/200 h). Compared with the lattice parameters of VsSiB: at
1600 °C [18] shown in Table 1, one has to point out two observations: first, the lattice
parameter a of the new phase is almost the same as that of the VsSiB: phase, so that
anew = ar2, second, the lattice parameter c of the new phase is approximately 1.56 times

larger than that of the VsSiB: phase, leading to cnew = 1.56 c12.

0. 0 ® @ @ 9o
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° ¢ o0 -
« B Y : @ @ P
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V(4c)® @ ee @0 b
& L+ o—>F . b
= 3 @ 6 G-

Fig. 4. Atomic arrangements in the crystal structure of VsSiB2: (a) atomic layers and (b) stacking
sequence along the c-axis.

The first finding anew = ar2 indicates that the atomic layers and stacking sequence
along the c-axis in the new phase should be similar to that of VsSiB: to maintain a
similar lattice parameter a. Examining the crystal structure of VsSiB;, atoms are
arranged in five different stacking layers along the c-axis, as shown in Fig. 4 (a). In the
a- and o’-layers, there are two atom types V1 (4c) and B (8h), while in 3- and p’-layers
just one atom type V2 (16l) occurs. The y-layer is solely formed by Si atoms (4a). The
stacking sequence of these atomic layers in a conventional unit cell of VsSiB: is
apyp’a’ByPo as shown in Fig. 4 (b), with four atomic layer distances do-g, do-¢, dp-
and dp-. Thus, to have a stacking sequence similar to VsSiB, the lattice parameter cnew

of the new phase is defined using the atomic layer distances along the c-axis in Vs5iB2:
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Chew = a-B " da—B+N¢x’—ﬁ' ' da’—ﬁ' + Nﬁ—l’ ’ dﬁ—y + Nﬁ’—l’ ' dﬁ’—y’ (1)

where Nog, Na-g, Npg-v and Np— are the numbers of the corresponding atomic layer
distances; da-p, do-p, dp-y and dp— were calculated using the calculated atomic Wyckoff

sites by Colinet et al. [19] shown in Table 3, resulting in:
dap = da- =1.4735 A and dp- = dpy=1.2173 A

Furthermore, the pure V layer 3 or 3” appears in every other atomic layer as shown
in Fig. 4 (b). Thus, the stacking sequences of Baf3 and 'a’B” cause the appearance of
two da-p in pairs and two do-p in pairs, while the stacking sequence of Byp’ or B'yf3

causes the appearance of dg-y and dg— in pairs, which leads to further conditions:

No-p = 2y, (2)
Ny_gr = 21y, 3)
Ng-y = Np—y, (4)
Ng—y + Ngr_yy =2ns, (5)

where n;, n,, n; are integers. By substituting (2)-(5) in Eq. (1) and using the

corresponding interlayer distances, Eq (1) can be simplified to:
Crow = 2(nq + 1n,) - 1.4735A + 2n, - 1.2173A. (6)

Based on cnew = 1.56 cr2, the optimal solution of (n; + n,) and n; for Eq. (6) can be
determined to yield a crew as close as possible to crew = 1.56 c12, with cr2=10.763 A
according to DFT calculations [19]. The optimal solution of 2(n1 + n2) = Na-g + Na-p =8
and 213=Np—y + Np—y = 4, leads to crew = 16.657 A close to the experimentally found value
for cnew = 1.56 cr2 = 16.790 A. As a consequence, there should be eight distances for da-g
or du-g and four distances for dp-y or dp-y within the conventional unit cell of the new
phase, thus increasing the total numbers of layers a&a’ and P&’ from two and four
in the conventional unit cell of VsSiB: to four and six, respectively, in the new phase,
while the number of layer y (two) does not change. All of the considerations
mentioned above lead to three possible stacking sequences of the new phase as
proposed in Fig. 5. The three models shown in Fig. 5 have the same chemical formula
VsSiBs, which is close to the measured composition of the new phase (see Section 3.1).

After performing the structural relaxation using DFT, their differences in the formation

11
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enthalpies and their lattice parameters are shown in Table 2. Models I and II have
similar lattice parameters, which are in good agreement with the measured ones
obtained via XRD and differ clearly from the lattice parameters of Model III. Similarly,
the formation enthalpy of Model I is the lowest but very close to that of Model II, while
Model III exhibits the largest formation enthalpy. Therefore, the optimized crystal
structure of Model I after the structural relaxation was further used to simulate the
XRD pattern to compare with the remaining diffraction reflections in the V-55i-9B
alloy heat-treated at 1400 °C for 100 h and 200 h. As shown in Fig. 6, all unidentified
diffraction reflections of the heat-treated alloys can now be explained by the simulated
XRD pattern using the DFT relaxed Model I. Thus, Model I presumably represents the
crystal structure of VsSiBs. Furthermore, after the Rietveld refinement using GSAS-II
[22], the calculated and experimental values of 20 and intensities for (k) reflections
of VsSiBs of the heat-treated (1400 °C/ 100 h) V-55i-9B are given in Table Al (see
appendix).
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Fig. 5. Possible crystal structures of the new phase with the different atomic layer stacking sequences.

Table 2. DFT-calculated (QE) values of the differences of the enthalpies of formation and lattice
parameters for the three different stacking models.

Lattice parameters (A)
A(AH) (KJ/mol per atom)

a c
Model I 0 5.771 16.803
Model I +0.2 5.770 16.799
Model III +2.1 5.757 16.835
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Fig. 6. The simulated XRD pattern (grey curve) of the relaxed Model I agrees very well with the
previously unidentified reflections in the heat-treated V-5Si-9B alloys. The fluctuation of the
intensity background of the heat-treated (1400 °C/ 200 h) V-5Si-9B at 20 = 20° comes from the resin.

The crystallographic information of the new phase VsSiBus is listed in Table 3. After
searching through the AFLOW library of crystallographic prototypes [54,55], the novel
VsSiBs phase may represent a new crystallographic prototype. According to the atomic
positions after the structural relaxation, the space group I4/mcm (No. 140) describes the
symmetry of VsSiBa. Although the space groups of VsSiB2 and VsSiBs are the same
(Table 3), there are clear differences in the atomic surroundings. The crystal structure
of VsSiBs consists of a building block of two halves of VsSiB: from layer o to a” and o’
to a (Fig. 4) separated by layers [3 and B’ (Fig. 7). These extra separating layers (3 and
[’ are formed by V atoms on the Wyckoff position 8h (V3) (Table 3), which then after
relaxation slightly change their x-coordinates. In addition to the insertion of V layers,
the B and V atoms in the layers a and a” in VsSiBz change their Wyckoff positions in
VsSiB4 from 8h and 4c to 161 and 8f, respectively, while their coordination spheres also
change (Table 3). In the new phase VsSiBs, V1 is coordinated linearly along the c-axis
by Si and V1, quadratically by B and in a quadratic prismatic fashion by V2 and V3.
This coordination of Si and V2 atoms resembles a bit the coordination of Al atoms and
M atoms in the MAB phases (CrB2)sCrAl (n =1, 2) [56] and Cr:AlBs [57] but else no
similarities to MAB phases were found. V2 is coordinated linearly by V3 and
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irregularly by the other atoms. For V3 the situation is similar. It is coordinated linearly
by V2 and irregularly by the other atoms. Si atoms are located at the center of a twisted
quadratic prism made of V2 atoms and are coordinated linearly by V1. B atoms form
B-B dumbbells and are the center of a trigonal prism made of V2 and V3. B-B
dumbbells can also be found in numerous intermetallic borides like Mo2FeB: [58] or
Nb20sB: [59], while in MAB phases boron usually zigzag chains or more complex
boron fragments can be found. In VsSiBz2 and VsSiBs the V atoms on 161 (V2) and the Si
atoms on 4a show similar atomic environments as these atoms are within the building
block mentioned above, so it is expected that the lengths of most bonds are similar,

too.

Table 3. The crystal structure data of VsSiBs phase compared with VsSiB2: The lattice parameters of
VsSiBs are the average of the measured values of both heat-treated alloys. The Wyckoff sites of atoms in
VsSiB4 are based on our DFT calculation. For VsSiB2, both the lattice parameters and the Wyckoff sites
are from a DFT calculation presented in Ref. [19].

Formula VsSiB4 VsSiB2
Reference This work [19]
Space group I4/mcm (No. 140) I4/mcm (No. 140)
Lattice parameters (A) a=>5.768 c=16.796 a=5778 ¢=10.763
Wyckoff sites V1  8f(z=0.0897) Vi 4c
V2  16l(x=0.1713, z=0.1769) V2 161 (x =0.1699, z = 0.1369)
V3  8h (x=0.1773) V3 -
Si 4a Si 4a
B 161 (x =0.3872,2=0.0902) B 8h (x = 0.3851)

With respect to the bond lengths (Table 4), the V1-B and three of four V2-V2 bond
types in VsSiBs are a little longer than those bonds in VsSiBz. The B-B, V2-B, V1-V2
and one type of V2-V2 bond in VsSiBs are a bit shorter, though, than the analogous
bonds in VsSiB.. The V1-Si and V2-Si bond lengths are about the same in both VsSiBs
and VsSiBz. Despite all the similarities, the V3-B, V1-V1, V1-V3, V2-V3 and V3-V3
bonds are only present in VsSiBs, while there is one type of V2-V2 bond, which can
only be found in VsSiB2. This V2-V2 bond, however, is very similar to the V2-V3 bond
in VsSiBs as both bond types are along the c-axis and express this similarity also in

terms of bond length and bond strength (see also Subsection 3.4, Table 5).
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Fig. 7. The stacking sequence of atomic layers along the c-axis and Wyckoff positions of the atomic
species in a VsSiBs4 conventional unit cell. The blocks af3yf’a’ or o’f"yPa (dashed lines), which are
present in VsSiB2, are separated by layers {3 or 3’ in VsSiBa.

Table 4. Bond types and their distances in Vs5iB2 and VsSiBa.

Bond type  Bond length (A) VsSiB2 ~ Bond length (A) VsSiBs
B-B 1.878 1.841
V1-B 2.322 2.327
V2-B 2232 2.219
V2-B 2.294 2.286
V3-B - 2.286
V3-B - 2.289
V1-5i 2.691 2.693
V2-5i 2.467 2.466
Vi-V1 - 3.014
V1-v2 2.602 2.592
V1-V3 - 2.604
V2-V2 2.764 2.772
V2-v2 2.777 2.795
V2-V2 2.947 -
V2-V2 3.034 3.024
V2-V2 3.128 3.153
V2-V3 - 2.973
V3-V3 - 2.894
V3-V3 - 3.004
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3.3  First principles calculation of the lattice parameters and formation enthalpy of VsSiBa
and V5SiB>

To ensure the quality of the results of the calculation of the phononic structure, the

crystal structure of VsS5iB2 and VsSiBs were also relaxed with CP2k.

The deviation of the DFT calculated lattice parameters a and ¢ for both VsSiBs and
VsSiB2 are within 1 % and therefore in very good agreement with the experimental
lattice parameters. The formation enthalpy of VsSiBs4 calculated with QE and CP2k is
—-1.4 and 1.8 kJ/mol per atom lower than AH of VsSiBs, respectively. Therefore, the
results gained by QE and CP2k are qualitatively comparable. Furthermore, this means
that the formation of VsSiBs seems to be more favorable than the formation of VsSiBo.
Surprisingly, the VsSiB4 has not been reported before, which indicates that it may be
unstable under certain conditions compared with the VsSiBa. To further confirm the
stability of VsSiBs at 0 K, its EDOS, PDOS and chemical bonding and elastic properties

were examined and compared with those of VsSiBz in the following section.

3.4  Electronic structure, phononic density-of-states, chemical bonding and elastic properties
of VsSiBs and VsSiB:

In Fig. 8 EDOS of VsSiBz and VsSiBs are presented.

Because of the similar crystal structure of VsSiB2 and VsSiBs, both EDOSs are very
similar, as expected. For both EDOSs, the states range from —11 to —7.5 eV and from -7
to at least +5 eV. The similar shape of the partial EDOSs, especially the V and B EDOS,
indicates significant covalent bonding within the crystal structure. Because of the non-
vanishing EDOS at the Fermi level, VsSiB2 and VsSiBs should be metals. Differences
can be found in the shape of the EDOSs, especially in the areas of —11 to —7.5 eV and
-7 to =5 eV. The origin of these differences can be assigned to the difference in the
crystal structure, such as the additional V plane and the slight shift of the B atoms in
the V1-B plane in VsSiBs as the EDOS in these two areas is dominated by the partial
EDOS of B and V. At the Fermi level of VsSiBs, a small maximum of the EDOS occurs,

which might indicate a structural instability.
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Fig. 8. The EDOSs of VsSiB: (left) and VsSiBs (right) are very similar. The total EDOS is black, while
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Fig. 9. Both the PDOS of VsSiB: (left) and the PDOS of VsSiBs (right) do not show imaginary
frequencies. The total PDOS is black, the partial PDOS of V, Si, and B are olive, blue and purple,

respectively.
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An indicator for a dynamically and mechanically unstable structure is the presence
of imaginary frequencies in the PDOS. The PDOSs of VsSiB2 and VsSiBs are shown in
Fig. 9.

Again, as the crystal structures are similar, the PDOSs of VsSiBz and VsSiBs do not
differ much from each other. From 1 to 11 THz the total PDOSs of both compounds
are dominated by V as it is the heaviest atom in the ternary V-Si borides. Between 12
and 14 THz the partial PDOS of Si contributes most to the total PDOS. From 15 to
19 THz the partial PDOS of B is the main contributor, while V contributes less to the
total PDOS. The differences in the total PDOSs of VsSiB2 and VsSiBs can be found in the
areas 8 to 11 THz as well as at 17 THz and 19 to 22 THz, where the total PDOSs are
dominated by the partial PDOSs of V and B, respectively. The origin of these
differences lies in the differences in the crystal structure as already discussed for the
EDOS (Fig. 8). Most importantly, no imaginary frequencies are observed, neither for
VsSiB2 nor VsSiBs, which means that both phases are mechanically and dynamically
stable.
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Fig. 10. -COHP-plots of the different V-B bonds in VsS5iB2 (orange) and VsSiB4 (magenta) show the
stability of V-B bonds in V55iB2 and VsSiBa.
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Next, the chemical bonding of selected similar bonds in VsSiB2 and VsSiBs will be
discussed. First, -COHP-plots of the V-B bonds in these borides are given in Fig. 10.

The atom types V1 and V2 in VsSiB2 and VsSiB4 are very similar in terms of atomic

positions and surroundings and that is why similar -COHP-plots can be expected.

The situation for the V1-B bond is shown on the left side of Fig. 10, while the
interactions within the shorter of two types of V2-B bonds is shown on the right side.
In general, the V-B bonds in VsSiB: and VsSiBs are very similar. There are bonding
interactions present from —11 to —8 eV and from -7 eV to above the Fermi level. At the
Fermi level the -COHP is almost zero, which is an indicator for a very stable bond. As
the shape of the ~COHP is mainly influenced by the EDOS (Fig.8), the same
characteristic differences between VsSiBz and VsSiBs can be seen within the V1-B and
V2-B bonds in the regions —11 to -8 eV and -7 to -5.5 eV. The differences in the shape
also are the cause for the different ICOHPs. While the V1-B bond in VsSiB: is stronger
by —0.31 eV per bond than the same bond in VsSiBs, the V2-B bond in VsSiBs is stronger
by —0.12 eV per bond than the same bond in VsSiBz. The rule of thumb “shorter bonds
are stronger bonds” seems to apply in the case of V=B bonds in the borides Vs5iBz and
VsSiBa.

The B-B bonds in VsSiB: and VsSiBs will be discussed next, followed by the
discussion of the V3-V3 bonds in VsSiBa.

The —-COHP plots of the B-B bond (Fig. 11 left) of V55iB2 and VsSiBs are very similar.
From -11 to —8eV there are bonding states. From -7 to —6eV the states are
antibonding. From -6 to -2 eV the bonding interaction is again bonding, while from
—2 to —1 eV there are very small antibonding contributions. From -1 eV to the Fermi
level non-bonding states are indicating a very stable bonding situation. The B-B bond
in VsSiBs is shorter and stronger than the B-B bond in VsSiB: by about 0.038 A and
-0.19 eV, respectively.

In VsSiBs the additional V3 atom takes part in two different types of V3-V3 bonds,
one short (2.869 A) and one long bond (3.005 A). The -COHP plot is shown in
Fig. 11 right. From —11 to -2 eV both bond types are very similar in shape, showing
bonding state from —11 to -8 eV and from -7 to -2 eV. From -2 to —1 eV the -COHP of
the shorter bond is occupied exclusively with bonding states, while in the longer bond

there are small amounts of antibonding and bonding states present. At the Fermi level
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only little bonding interactions are found. The shorter V3-V3 bond is also stronger by
-0.21 eV.

B-B bond in VsSiB, and VgSiB, V3-V3 bond in VgSiB,
) = 3
o g i
-4 % -
] VgSiB, 1x COHP
2 ; - d(V3-V3): 2.896 A
< ; ] ICOHP: -0.90 eV
> Y
O ' -
w L 4 4
w h
0 ss. Er
> 7 ' 1
T . -
C T 4
5 2] 3 1
-3 o .
| =
-
-4 & i
] >
s |0 ]
-6 </ -
o I VgSiB, 1x COHP 1
1 d(B-B): 1.841 A
-8 —_ 4 |
] - ICOHP: -3.35 eV ] o
-9 . )
J ’/P 4
104 / 2
-1 — 1 T T ' T T 1 U Gl T T T ¥ T
-1 0 1 2 3 4 5 -1 0 1
—COHP —-COHP

Fig. 11. -COHP-plots of the B-B bonds (left) in V5SiB2 (orange) and VsSiB4 (magenta) look similar and
are stable. -COHP-plots of the short (magenta) and long (pink) V3-V3 bonds (right) in VsSiBs show
no sign of instability.

In the as-cast samples no VsSiBs was found. Also, previous synthetic routes [5,18,60]
seem not to have led to VsSiBs. This means that regardless of the lower formation
enthalpy A/ (Table 6) and the absence of imaginary frequencies in the PDOS (Fig. 9)
there must be a reason why VsSiBs seems to be less stable than VsSiB: as it was not
found previously. One small hint can already be seen in the EDOS in Fig. 11. The Fermi
level lies close to a small maximum of the EDOS, which is a sign of electronic
instability. Nonetheless, the maximum does not seem to be dominant and therefore
another origin of instability is possible. Fig. 12 shows the -COHP-plot of the V2-V3
bond.

20



W.G. Yang et al., Intermetallics, 151 (2022) 107691
https://doi.org/10.1016/j.intermet.2022.107691

Energy E-Ef (eV)

Fig. 12. -COHP-plot of the V2-V3 bond. Near and at the Fermi level antibonding states are occupied,
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a sign of an unstable chemical bond

The V2-V3 bond is not present in Vs5iB2 but exists in VsSiBs. Near and at the Fermi
level, antibonding states are occupied, a clear sign of instability. This unstable chemical

bond might explain the instability of VsSiBs at different reaction conditions as in VsS5iB:

unstable chemical bonding is absent.

To conclude, the chemical bonding strength in terms of ICOHPs of all bonds will be

discussed and are shown in Table 5.

Except for the bond types V1-V2, V1-B and V1-5j, all remaining similar bonds in
VsSiBs are stronger than the bonds in VsSiB.. Overall, the covalent bonding is a bit
stronger in VsSiBs (-1.72 eV per bond) than in VsSiB: (-1.69 eV per bond), which
indicates that the elastic moduli of VsSiBs are a bit higher than those of VsSiB2 similar
as reported for the elastic moduli of Mo.TMB: (TM = Zr, Hf) [61] and A>MB: borides

(A =Nb, Ta; M = Fe, Ru, Os) [62].
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Table 5. Bond types and their ICOHP per bond in VsSiB2 and VsSiB4

Bond type (Number in unit cell) ICOHP in Vs5iB: (eV) ICOHP in VsSiB4 (eV)

V1-V2 (32x) -1.81 -1.79
V1-Si (8x) -1.39 -1.24
V2-Si (32x) -1.90 —2.00
V2-V2 (8x) -1.44 -1.55
V2-V2 (8x) -1.11 -1.51
V2-V2 (4x) -0.53

V2-V2 (16x) —0.66 -0.75
V2-V2 (8x) -0.54 -0.87
V1-B (16x/32x) -2.29 -1.98
V2-B, short (16x) -2.18 -2.30
V2-B, long (16x) —2.08 —2.22
B-B (4x/8x) -3.16 -3.35
V1-V1 (4x) -0.85
V1-V3 (32x) -1.73
V2-V3 (16x) -0.59
V3-B, short (16x) -2.21
V3-B, long (16x) -2.04
V3-V3, short (4x) -0.90
V3-V3, long (8x) -0.69
Total ICOHP per bond -1.69 -1.72

As expected according to our DFT calculations, the bulk, shear and Young’s moduli
as well as the Vickers hardness of VsSiBs are slightly higher than the corresponding
values of Vs5iB: (Table 6) because of the stronger chemical bonding situation in VsSiBs
(Table 5). Especially, but not limited to, the V-B, V-5i and V-V bonds seem to
contribute to higher elastic moduli of VsSiBs compared with VsSiB.. The elastic
constants Cij of VsSiBs can be found in Table A2 (see appendix).

Table 6. Bulk modulus B, shear modulus G, Young’s modulus Y and Vickers hardness Hv of
VsSiB2 [63]and VsSiBa.

Compound B (GPa) G (GPa) Y (GPa) Hv (GPa)

VsSiB4 239 193 456 30

Vs5iB2 230 186 439 29
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4 Summary

A new ternary phase VsSiBswas found in the V-5i-B system after annealing, while
the VsSiB: (T2) phase was not observed in heat-treated (1400 °C, 100/200 h) V-55i-9B
alloys. Using the crystal similarity of the new ternary phase with Vs5iB: (T2) indicated
by the X-ray diffraction (XRD) results, we determined the crystal structure of VsSiB4
by performing density functional theory (DFT) calculations. To further examine the
stability of VsSiBs at 0 K, the electronic density-of-states (EDOS) and phononic density-
of-states (PDOS) were calculated and the chemical bonding and elastic properties for
both Vs5iB2 and VsSiBs were investigated. The results of the DFT calculation can be

summarized as:

1. The EDOSs of VsSiBz and VsSiBs are very similar. A small peak of the EDOS

close to the Fermi level of the VsSiBs might indicate a structural instability.

2. The PDOSs of VsSiB: and VsSiBs do not show imaginary frequencies

indicating their dynamical and mechanical stability.

3. The ~COHP-plot of the V2-V3 bond in VsSiBs shows antibonding states near

and at the Fermi level indicating instability.
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Appendix

Table A1. Calculated and experimental values of 260 and intensities for (ki) reflections of VsSiB4 in the
heat-treated (1400 °C/ 100 h) V-55i-9B from the Rietveld refinement. The subscripts Cal, Obs and bg
represent calculated, observed and background values, respectively. The reflections marked with “*”
overlap with other phases being present in the alloy investigated.

Reflection 26ca 260bs Ica [Ibg  Iobs [Ibg Reflection 26ca 2060bs Ica /Ibg  Iobs [Ibg

(ki) ©) ©) ) ¢ (ki) ©) ©) ¢ ¢
002 10.511 - 1.025 - 219* 61.234 - - -
004 21.124 - 1.007 - 2010 64.087 - 1.002 -
110 21.760 21.771 1.125 1.083 402 65.627 65.600 1.003 1.010
112 24226 24226 1.016 1.024 0012 66.755 66.755  1.146 1.163
114 30.515 30.529 1.044 1.048 411 67.069 67.070 1.202 1.232
200 30.970 30975 1.035 1.041 318 68.014 68.002  1.007 1.016
006 31.925 31934 1.179 1.252 404 68.764 - 1.002 -
202 32.794 32.800 1.021 1.027 330 69.013 69.014 1.051 1.036
211 35.157 35.164 1.938 1.909 413 69.146 69.132 1.044 1.033
204 37.798 37.803 1.137 1.132 332 70.041 - 1.004 -
213 38.376  38.381 1.266 1.190 1112 71.135 - 1.008 -
116 38.975 38985 1.712 1.680 2111 71.757  71.745 1.198 1.201
008 43.027 43.016 1.050 1.054 2210 72.882 72900 1.027 1.030
215 44219 44.224 2351 2.304 334* 73.089 - - -
220* 44373 - - - 415 73219 73228 1.218 1.146
206 45.081 45.090  2.337 2.746 420* 73.332 - - -
222 45.734 - 1.009 - 406 73.852 73.845 1.096 1.065
118 48.723 - 48.740  1.013 1.018 3110* 77114 - - -
224 49.644 49.659 1.010 1.019 424* 77318 - - -
310 49948 49948 1.875 1.826 336 78.066 78.073 1.331 1.226
217 51.991 51997 1.175 1.139 417 79.176  79.203  1.037 1.021
208 53.958 53.953 1.015 1.019 0014 79.862 - 1.010 -
0010 54.572 54570 1.081 1.116 408 80.771 - 1.007 -
314* 54.816 - - - 426 82.216  82.209 1.016 1.020
226 55.705  55.739  1.009 1.015 2212 83.724 83.733 1.063 1.050
321 57.840 57.853  1.028 1.024
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Table A2. Elastic constants Cij of VsSiBs in GPa.

ij=1 2 3 4 5 6
1 [511.03 91.00 12623 0 0 0
2 9100 511.03 12623 0 0 0
3 | 12624 12624 44728 0 0 0
4 |0 0 0 207.46 0 0
5 10 0 0 0 207.46 0
6 |0 0 0 0 0 178.71

*For the Cij of VsSiB2 we refer to the Supporting Information of Touzani et al. [63].
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