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Tungsten borides are a unique class of compounds with excellent mechanical properties comparable to
those of traditional superhard materials. However, the in-depth understanding of these compounds is
hindered by the uncertainty of their phase relations and complex crystal structures. Here, we explored
the W-B system systematically by ab initio variable-composition evolutionary simulations at pressures
from O to 40 GPa. Our calculations successfully found all known stable compounds and discovered two
novel stable phases, P42;m-WB and P2,;/m-W.Bs, and three nearly stable phases, R3m-W.Bs, Ama2-WeBs,
and Pmmn-WBs, at ambient pressure and zero Kelvin. Interestingly, P42;m-WB is much harder than the
known o and B phases, while Pmmn-WBs exhibits the highest hardness. Furthermore, it is revealed that the
much debated WB, becomes stable as the P6s/mmc (2 f.u. per unit cell) phase at pressures above ~1 GPa,
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DOI: 10.1039/c8cp04222e not at ambient pressure as reported previously. Our findings provide important insights for understanding the

rich and complex crystal structures of tungsten borides, and indicate WB,, WB,4, and WBs as compounds with
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1 Introduction

Superhard materials are of great industrial importance and
have a wide range of applications, for example, in cutting and
polishing tools, and as coatings and abrasives." However,
typical superhard materials,>* such as diamond and cubic-BN,*
are synthesized at high pressure, which makes them expensive.
However, in recent years, transition-metal light-element com-
pounds (OsB,, CrB,, CtN, WBy, etc.> *?) have attracted interest
because of their excellent mechanical properties and synthesis
without the need of high pressure.

Among these compounds, the W-B system is one of the most
widely investigated,'®'*'* because it has been demonstrated to
exhibit superior mechanical properties, high chemical inertness
and high electronic conductivity.”"® Experimentally, six different
stoichiometric compositions, W,B,'® WB,'*'” WB,,"® W,Bs,"®
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the most interesting mechanical properties.

WB;,'"'* and WB,,"*"® have been synthesized. However, common
issues in the ambiguity of crystal structures still remain in
tungsten borides. Because of the weak scattering of X-rays by
boron atoms, only the positions of tungsten atoms can be directly
determined by X-ray diffraction, creating an uncertainty in the
tungsten boride architecture. WB,, the material with the highest B
content, is one of the most promising candidates as a superhard
material among the transition-metal/light-element compounds,
and the measured hardness is very high (43.3 + 2.9 GPa)'®
compared to that of c-BN. However, recent studies suggested that
the widely accepted P6;/mmc-4u-WB, (nu denotes that the structure
contains n formula units per unit cell) is unstable, and the
synthesized material should be P6;/mmc-WB;'>*° or WB;,,
(x < 0.5),"" which has subsequently been verified by their
X-ray diffraction, phonon stability and ideal strength results.
Furthermore, recent experiments showed no signs of the for-
mation of WB,.'"'> Moreover, it was argued that the earlier
established W,Bs should be W,B,.>' Therefore, we want to
establish whether there are stable structures for WB, or
W,Bs. On the other hand, the rich phase diagrams lead to
another issue: Are there new stable structures of the W-B
system, in particular, for the chemical composition that has
never been checked? Therefore, it is highly desirable to explore
in detail the crystal structures of the W-B compounds and to
provide essential guidance in synthesizing new superhard
tungsten boride materials.

In this work, we have systematically investigated the crystal
structures in the W-B system by combining density functional
theory (DFT) and ab initio evolutionary algorithm USPEX,**"**

Phys. Chem. Chem. Phys., 2018, 20, 24665-24670 | 24665


http://orcid.org/0000-0002-0496-5964
http://orcid.org/0000-0002-4694-8783
http://orcid.org/0000-0001-7082-9728
http://crossmark.crossref.org/dialog/?doi=10.1039/c8cp04222e&domain=pdf&date_stamp=2018-09-22
http://rsc.li/pccp
http://dx.doi.org/10.1039/c8cp04222e
https://pubs.rsc.org/en/journals/journal/CP
https://pubs.rsc.org/en/journals/journal/CP?issueid=CP020038

Published on 07 September 2018. Downloaded by State University of New Y ork at Stony Brook on 10/27/2018 10:42:06 PM.

Paper

which has successfully predicted the structures of various
systems.>” " First, we carried out variable-composition calcula-
tions at pressures of 1 atm, 10, 20, 30 and 40 GPa to find novel
compounds and structures. Then, for each of these compositions,
we performed fixed-composition calculations with different numbers
of formula units at different pressures. Two stable phases,
P42,m-WB and P2,/m-W,B3;, and three low-enthalpy metastable
phases, Ama2-WeBs, R3m-W,Bs, and Pmmn-WBs;, were first
discovered at ambient pressure. Moreover, we have obtained
a complete pressure-composition phase diagram at 0-40 GPa
and analyzed the hardness for all the phases.

2 Computational methods

DFT calculations were performed with the Perdew-Burke-
Ernzerhof generalized gradient approximation®® functional and
the VASP code.”**° The electron-ion interaction was described by
means of a projector augmented wave®' with 5d*6s> and 2s*2p"
treated as valence states for W and B, respectively. We used the
plane wave cutoff energy of 550 eV, and we sampled the Brillouin
zone with uniform I'-centered meshes with a resolution of
21 x 0.025 A~* for subsequent highly precise relaxations and
property calculations. The phonon dispersions were calculated
using the PHONOPY package®® and the hardness was com-
puted using the Chen model.*?

3 Results and discussion

Our structure search produced a large number of tungsten boride
structures, whose enthalpies of formation, AH, were calculated per
atom using AH(W,_,B,) = HW;_,B,) — [(1 — x)HW) + xH(B)],
where x is the concentration of B. For W, the known bcc structure
is stable in the considered pressure range. For B, a phase transition
from the o to y phase takes place at ~19 GPa (Fig. S1, ESIf), in
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excellent agreement with the previous theoretical and experi-
mental work.”® The enthalpies of formation of the predicted
structures at 1 atm, 20 GPa and 40 GPa are summarized in the
convex hull diagrams shown in Fig. 1 and Fig. S2 (ESIt). A stable
phase, by definition, has a lower enthalpy (or, more generally,
Gibbs free energy) than any other phase or phase assemblage of
the same composition, therefore, the convex hull is formed by
stable phases, and only by them. Fig. 1(a) shows that there are five
stable tungsten borides, I4/m-W,B, Pi2;m-WB, P2,/m-W,B3,
P6s/mmc-2u-WB,, and R3m-WB;, at ambient pressure, where
14/m-W,B, P6;/mmc-2u-WB, and R3m-WB; are consistent with the
reported results,"”""® and P42,m-WB and P2,/m-W,B; are novel
structures that we found. When pressure reaches 20 GPa, the
stable phases become I4/m-W,B, I4,/amd-WB, R3m-WB,, and
P63/mmc-2u-WB, (Fig. 1(b)), which remain stable at least until
40 GPa (Fig. S2, ESIt). This indicates that pressure can change the
stability of such low-compressibility compounds and thus generate
new stable structures. The phonon dispersion curves (Fig. 2) and
elastic constants (Table S2, ESI) computed at ambient pressure
indicate that all phases satisfy the dynamical and mechanical
stability criteria.

Monoboride WB has been reported to exist in two phases:
the low-temperature tetragonal o-WB phase (Fig. 2(b)) and the
high-temperature orthorhombic B-WB phase (Fig. 2(c))'®"” with
space groups I4;/amd and Cmcm, respectively. Surprisingly, we
find that our predicted P42,m-WB (Fig. 2(a)) is more energeti-
cally stable than the above two structures at ambient pressure,
and thus it is the ground state. The newly predicted tetragonal
P12,m phase, which has two types of boron atoms at the
Wyckoff 4e and 2c¢ positions (Table 1), is structurally very
different from the o and B phases, as shown in Fig. 2(a—c).
The boron atom at 2c is eight-coordinate, bonded to six
tungsten atoms at distances of 2.311 (four) and 2.326 (two) A,
and two boron atoms at 1.838 A, while a boron atom at 4e is
also eight-coordinate, with seven tungsten atoms at distances
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Fig. 1 Thermodynamic convex hulls of the W-B system predicted by our structure search at 1 atm and 20 GPa. Solid circles and squares denote stable
phases and red ones (squares) denote the phases we first discovered. More structural details are listed in Table 1 and Table S1 (ESI¥).
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Fig. 2 Crystal structures and phonon dispersion curves for W;_,B, at ambient pressure: (a) P42;m-WB, (b) /4/amd(e)-WB, (c) Cmcm(B)-WB, (d) P2:/m-W,Bs,

(e) P6s/mmc-2u-WB,, () R3m-WB3, (g) 14/m-W,B and (h) P6s/mmc-2u-

WB,. The large (blue) and small (pink) spheres represent W and B atoms,

respectively. More structural details are listed in Table 1 and Table S1 (ESI).

Table 1 Crystal structures of the predicted tungsten borides at ambient
pressure

Structure Parameters (10&, °) Atom x y z
WB  Pi2;m  a=b=4.3362  W(4e) 0.7541 0.2541 0.1313
¢ = 6.8604 W(2b) 0.0 0.0 0.5
B(4e) 0.7529 0.7470 0.2393
B(2¢c) 0.5 0.0 0.3830
W,B; P2,/m a =4.5943 W(Ze) 0.1954 0.75 0.2773
b =3.0128 W(2e) 0.6545 0.25  0.1404
c=7.2794 B(Ze) 0.8882 0.75 0.9745
p =99.2735 B(Ze) 0.9262 0.25 0.4337
B(2e) 05401 025  0.4341
W,Bs R3m a=hb=2.9225 W(3a) 0.6667 0.3333 0.9812
¢ =25.9018 W(3a) 0.6667 0.3333 0.1659
B(3a] 0.6667 0.3333 0.0742
B(3a) 0.6667 0.3333 0.2525
B(3a) 0.3333 0.6667 0.0422
B(3a] 0.3333 0.6667 0.1049
B(3a) 0.3333 0.6667 0.2273
WeBs Ama2 a=6.1282 W(SC) 0.9973 0.3298 0.4698
b = 9.4050 W(4a) 0.0 0.0 0.4705
¢ = 8.5015 W(4b) 0.75 0.1658 0.6779
W(4b) 0.75  0.0024 0.1784
B(8c) 0.9963 0.1658 0.2650
B(4b) 0.75 0.4986 0.3884
B(4a) 0.5 0.0 0.7661
B(4b) 0.25 0.1629 0.3843
WB; Pmmn a=6.3687 W(2b) 0.5 0.0 0.9180
b =5.1996 W(Za) 0.5 0.5 0.7518
¢ = 8.9930 W(Za) 0.0 0.0 0.5883
B(8g) 0.7563 0.6690 0.9156
B(8g) 0.7515 0.1671 0.7515
B(8g) 0.7563 0.3351 0.5820
B(4e) 0.0 0.3189 0.8078
B(2b) 0.0 0.5 0.6284

of 2.261 (two), 2.319 (two), 2.356 (two) and 2.548 (one) A, and
one boron at 1.838 A. Meanwhile, the o and B phases are
structurally similar, and both have only one boron site with
ninefold coordination composed by seven tungsten atoms and
two boron atoms, and the bond distances of W-B (2.325 (four),
2.349 (two) and 2.491 (one) A) and B-B (1.892 A) in the « phase
are very close to those of W-B (2.331 (four), 2.364 (two) and
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2.491 (one) A) and B-B (1.866 A) in the B phase. The average
W-B bond length of the P42;m phase is smaller than that of the
o and B phases at ambient pressure, and thus bonding between
the W and B atoms in the P42,m phase is stronger. This can be
linked to P42;m-WB having higher shear moduli, Young’s
moduli and hardness than the o and B phases (Table 2). The
convex hull diagram at 20 GPa shows that the o phase has the
lowest enthalpy, as shown in Fig. 1(b), while the enthalpy
calculation reveals that a phase transition from P42,m to o
occurs at ~11 GPa (Fig. S3(b), ESIt). On the other hand, the
lower energy of P42,m-WB results in the previously reported
ground-state Pm-WgB,"" being actually metastable, see Fig. 1(a).

The phase with stoichiometry W,B; has never been reported,
however, our search discovered a novel monoclinic structure
with the space group P2,/m that lies on the convex hull
(Fig. 1(a)), which indicates that it is thermodynamically stable.
By closely examining the structural details of this new phase, as
illustrated in Fig. 2(d), we find that the boron atoms are divided
into two types: one type forms zigzag chains along the [010]
direction, while the other forms a puckered graphene-like layer.
The tungsten atoms form hexagonal networks surrounding the
zigzag boron chains, which is similar to the structure of 3-WB.

Table 2 Bulk modulus B (GPa), shear modulus G (GPa), Young's modulus

E (GPa), Poisson’'s ratio v and Vickers hardness H, (GPa) of W;_,B, at
ambient pressure
Structure B G E v H, H, (ref.)
W,B I4/m 341 171 439 0.286 15.0 14.2¢
WeBs5 Ama2 344 210 523 0.247 22.6
W;B-, Pm 347 206 515 0.252 21.5 19.6”
WB PA2,m 344 247 598 0210 31.2
I4,/amd 355 211 528 0.252 21.9 21.5¢
Cmcm 353 195 495 0.267 18.9 18.0°
W,B; P2y/m 333 244 589 0.205 31.7
WB, P63/mmc-2u 320 276 643 0.165 42.1 41.3¢
R3m 330 245 589 0.203 32.2 32.4%
W,Bs5 R3m 312 252 595 0.182 36.5
WB;  R3m 296 251 587 0170 38.8 35.9°
P63/mmc 293 245 574 0.173 37.4 39.2¢
WB, P63/mmc-2u 302 259 604 0.167 40.0
WB; Pmmn 288 267 611 0.164 44.9

@ Ref. 35. ” Ref. 11. © Ref. 34.
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Fig. 3 Band structure and density of states (DOS) of (a) P42,m-WB, and
(b) P2:/m-W5,Bs. Ef, Fermi energy. Computed X-ray diffraction (XRD) spectra
of (c) P42;m-WB and (d) P2,/m-W,Bs (X-ray wavelength 4 = 1.54056 A).

The adjacent tungsten layers are isolated by one boron layer,
forming a sandwich structure. By calculating the relative
enthalpies, we find that P2,/m-W,B; remains stable at pressure
up to ~18 GPa (Fig. S3(d), ESIt), and then becomes metastable
with respect to «-WB and R3m-WB,.

Fig. 3 presents the calculated electronic band structures and
density of states (DOS) of the P42;m-WB and P2,/m-W,B;
phases. The bands cross the Fermi level (Eg), indicating the
metallic character of these two phases. The total DOS at the Er
comes mainly from the W 5d states, which is the principal
cause for the metallicity. From the site-projected DOS of the two
compounds, it is clear that the W 5d orbitals undergo strong
hybridization with the B 2p orbitals, indicating the covalent
bonding nature of W-B. We also computed the X-ray diffraction
(XRD) patterns for P42,m-WB and P2,/m-W,B;, as shown in
Fig. 3(c and d), which can be used to compare with the possible
experimental results in the future.

WB, has attracted much attention due to its superior mechanical
properties."**> Our search shows that the P6;/mmc-2u phase has the
lowest enthalpy, in accordance with previous results,'®" but it is
metastable at ambient pressure, i.e., it lies above the convex hull, see
Fig. 1(a). Surprisingly, Fig. 1(b) shows that P6s/mmc-2u-WB, is stable,
and WB; is metastable at 20 GPa. Our detailed calculations show
the transition pressures are ~1 GPa and ~ 6 GPa for WB, and WB;,
respectively (Fig. S3(f and e), ESIt), which indicates that pressure
can be used as a powerful tool to synthesize WB,. Further calcula-
tions of phonon dispersions and elastic constants at ambient
pressure (Fig. 2(h) and Table S2, ESIt) show that P6;/mmc-2u-WB,
is dynamically and mechanically stable. Therefore, this WB,,
synthesized under pressure, can exist under ambient condi-
tions. The predicted lowest-enthalpy W,B phase is 14/m, which
coincides with the experimentally observed structure,'® and it
can remain stable up to 40 GPa (Fig. S3(a), ESIt). The predicted
and experimentally observed ground-state P63/mmc-2u of WB,
transforms into the R3m phase at ~10 GPa (Fig. S3(c), ESIt), in
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Fig. 4 Pressure—composition phase diagram of the W-B system.

good agreement with the reported 9.2 GPa.'® These detailed
enthalpy calculations allow us to construct the pressure-
composition phase diagram of the W-B system, which is
depicted in Fig. 4.

Metastable structures are of great significance and can often
be synthesized by choosing appropriate precursors and con-
trolling conditions such as the quench rate. e-W,Bs;, which was
initially thought to have a hexagonal (P6s/mmc) or rhombohedral
(R3m) structure,'® was recently identified as WB, (denoted as
W,B,4).”" Our search predicts that the lowest-enthalpy phase is
rhombohedral R3m (Fig. 5(a)), which is a metastable structure
whose enthalpy of formation is slightly above the convex hull. The
enthalpy of R3m-W,Bs is ~0.033 eV per atom lower than that of
the recently predicted P6;/mmc'-W,Bs">** at ambient pressure.
Meanwhile, we also found two other low-enthalpy metastable
phases, Ama2-W¢Bs and Pmmn-WBs (Fig. 5(b and c)).

Pmmn-WB; has a remarkable structure, in which the boron
atoms form a three-dimensional framework. In order to illus-
trate the bonding and mechanical properties of Pmmn-WBs,
the charge density distribution (Fig. 5(d)) and DOS (Fig. 5(e))
were calculated at ambient pressure. We can see that the
3D-framework is made of short and strong B-B bonds, with a
large number of bonds per unit of volume and a high valence
electron density, which are the key factors of superhardness. At
the same time, this 3D boron framework resists shear deforma-
tion and hinders creation and motion of dislocations. The DOS
near the Er stems from the W 5d and B 2p states. It is
noteworthy that the W 5d orbitals undergo significant hybridi-
zation with the B 2p orbitals, indicating strong covalent bond-
ing between the W and B atoms. These factors explain the
superhardness of Pmmn-WBs.

Table 2 lists the bulk modulus, shear modulus, Young’s
modulus, Poisson’s ratio and Vickers hardness of the above-
mentioned structures. Calculated phonon dispersions and
elastic constants (Fig. 2 and 4 and Table S2, ESIt) indicate that
they are dynamically and mechanically stable at ambient
pressure. Hardness is the biggest factor that stimulates interest
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Fig. 5 Crystal structures and phonon dispersion curves for the predicted
metastable W;_,B, at ambient pressure: (a) R3m-W,Bs, (b) Ama2-WgBs
and (c) Pmmn-WBs. (d) Charge density distribution of Pmmn-WBs. (e)
Total and partial density of states of Pmmn-WBs. Eg, Fermi energy. The
large (blue) and small (pink) spheres represent the W and B atoms,
respectively. More structural details are listed in Table 1.

in the W-B system. Our calculated hardness values of 21.9 GPa
for o-WB and 18.9 GPa for B-WB agree well with the reported
21.5 and 19.2 GPa,*® respectively. Interestingly, our predicted
ground-state P42,m-WB has a hardness of 31.2 GPa, which is
the highest hardness among the phases of the same composi-
tion. The stable P2,/m-W,B; phase, which we predicted, also
has a high hardness of 31.7 GPa. The reported hardest stable
structure is P6s/mmc-2u-WB, with a hardness of 42.1 GPa.
Strikingly, our predicted Pmmn-WB; is even harder; its hard-
ness reaches 44.9 GPa. In a companion paper [Kvashnin et al.,
2018] we explore the W-B system at ambient pressure and non-
zero temperatures.®® There, we find that zero-point energy and
vibrational entropy make this extraordinary new material thermo-
dynamically stable and suitable for practical applications.

4 Conclusions

In summary, we have systematically investigated the stable and
metastable crystal structures in the W-B system. Two novel
stable phases, P42;m-WB and P2,/m-W,B;, and three nearly
stable phases, Ama2-WeBs, R3m-W,Bs, and Pmmn-WBs, were
first discovered at ambient pressure. Furthermore, our predictions
show that the debated WB, becomes stable in the P6;/mmc-2u
structure at the pressure of ~1 GPa. We present a complete phase
diagram in the pressure range of 0-40 GPa and the newly
discovered crystal structures. Important conclusions have been
reached concerning the hardness of tungsten borides: (1) the
newly-predicted P42,m-WB displays a higher hardness than the

This journal is © the Owner Societies 2018
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previously-reported o and B phases. (2) Pmmn-WBs is the hardest
tungsten boride. Our investigation provides a solid basis for the
future synthesis of ultrahard tungsten boride materials.
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