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Titanium—boron (Ti—-B) compounds exhibit great promise as superhard materials due to titanium’s low atomic mass
and abundant valence electrons. In this work, we systematically investigated the crystal structures of TiBg under pressures
ranging from 0-100 GPa using the CALYPSO algorithm combined with first-principles calculations. Phonon dispersion
analysis and elastic-constant evaluations confirm the dynamic and mechanical stability of five predicted TiB¢ structures.
Notably, the a-Amm2-TiBg structure was predicted to have a remarkable Vickers hardness of 56 GPa, as estimated by
Chen’s empirical model. All five structures are thermodynamically stable under ambient conditions, suggesting viable
synthetic pathways. Their outstanding bulk moduli and ultrahigh hardness further classify them as potential incompressible
and superhard materials. These theoretical insights lay a robust foundation for future experimental synthesis efforts.
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1. Introduction

Superhard materials are extensively utilized in mechan-
ical processing, aerospace, and various related areas owing
to their exceptional mechanical properties.[!~3! The investiga-
tion of superhard materials exhibiting excellent properties is
of fundamental significance for the advancement of condensed
matter physics. Beyond the conventional superhard materials,
such as diamond, ! BC3,[5'6] ¢-BN,[M and C3N2,[8] transition
metal borides (TMBs) have attracted substantial interest on ac-
count of their high valence electron density and robust cova-
lent bonds, superior wear resistance, and excellent oxidation
resistance. These characteristics render them exceptional can-
didates for the development of new superhard materials.[%!0]

To date, a number of TMBs have been experimentally
synthesized or theoretically predicted.!''>] For example,
ReB; was synthesized at ambient pressure with a Vickers
hardness of 48 GPa.l'!! Pnnm-CrB, has been identified as a
candidate for superhard materials, with its estimated Vickers
hardness reaching 48 GPa.l'?! Nevertheless, the experimen-
tally measured Vickers hardness is only 23.3 GPa.[?’! Both
phases of WB4 exhibit a high bulk modulus, a high shear
modulus, and a low Poisson’s ratio, making WB4 a promis-
ing material with low compressibility.[>”] Moreover, WB, has
demonstrated an outstanding combination of high strength
and improved ductility under shear strain.[”8! Recent theo-
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retical investigations have indicated that ZrBg can be syn-
thesized experimentally at moderate pressures, achieving a
Vickers hardness > 40 GPa.!'3! The recently predicted struc-
ture C2-HfBg is expected to exhibit a superhardness of up to
50 GPa, positioning it as a potential superhard material.[!4]
The Amm?2-TaBg phase demonstrates a high bulk modulus and
strong resistance to compression, with a Vickers hardness of
40.8 GPa.l!3] Notably, most TMBs contain transition metal el-
ements that are heavier than titanium. Due to its relatively
lighter atomic mass and abundant valence electrons, titanium-
A variety of Ti-B
compounds have been synthesized, including TiB, TiB;, and
TizBy4.[2%30 In theoretical work, Ti3By, Ti»B3, TiB,, TisBs,

TiB3, TiB4, and TiB1, have been identified as potential su-
31-36

based systems may facilitate synthesis.

perhard materials, | exhibiting simulated hardness values
ranging from 32.3 GPa to 53.3 GPa. In particular, Amm2-TiB3
exhibits a hardness value of 51.6 GPa,[?3! while Cmem-TiBy

341 The remark-

demonstrates a hardness value of 53.3 GPa.
able hardness of TiB3 and TiB4 motivates systematic investi-
gation of novel boron-rich Ti-B compounds as potential can-
didates for superhard materials.

Within this study, we comprehensively explore the crys-
tal structure and properties of TiBg via the CALYPSO method
combined with first-principles calculations. Utilizing Chen’s

model, we predict five novel phases: «-Amm2, B-Amm2,
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P2/m, a-P2;/m, and 3-P2;/m. Among the proposed struc-
tures, the Vickers hardness of a-Amm2-TiBg¢ reaches 56 GPa,
rendering it the hardest titanium-boron compound identified
to date. Computational analyses indicate that the five struc-
tures exhibit both dynamical and thermodynamic stability at
atmospheric pressure. This research contributes to the ongo-
ing exploration of new superhard materials.

2. Methods

Density functional theory (DFT), implemented in the Vi-
enna ab initio simulation package (VASP), was employed
to conduct structural optimization and electronic structure
calculations. 3781 We explored the properties of TiBg in the
pressure range of 0—100 GPa using the CALYPSO code,*"!
which has been specifically designed to explore the po-
tential energy surfaces of chemical systems and identify
global minima.*"! The electron exchange—correlation interac-
tions were described using the generalized gradient approx-
imation (GGA) formulated by Perdew, Burke, and Ernzer-
hof (PBE).[*!#2] The projector augmented-wave (PAW)*3]
method was used to treat ion—electron interactions, explic-
itly considering the 2s>2p' electrons of B atoms and the
3523p®4s23d? electrons of Ti atoms.[**! To ensure accuracy,
a plane-wave energy cutoff of 800 eV was used. Further-
more, dense Monkhorst—Pack k-meshes!*>] of 10 x 16 x 8 for
o-Amm2, 10 X 16 x 4 for B-Amm2, 11 x 17 x 6 for P2/m,
7 x 18 x 12 for a-P2;/m, and 17 x 18 x 5 for 3-P2|/m were
used. Phonon dispersion curves were calculated using a super-
cell approach implemented in the PHONOPY code to assess

[46] Elastic constants were derived using

dynamical stability.
the strain—stress method. Subsequently, bulk modulus, shear
modulus, Young’s modulus, and Poisson’s ratio were com-
puted via the Voigt—Reuss—Hill approximation. Vickers hard-
ness values were evaluated using Chen’s model*’! and Tian’s

model.[48]

3. Results and discussion
3.1. Structural properties

We employed the CALYPSO method combined with
first-principles calculations to explore stable TiBg compounds.
We propose two orthorhombic phases: o-Amm2 and B-Amm2,
along with three monoclinic phases: P2/m, a-P2;/m, and
B-P2,/m, as illustrated in Fig. 1. For a-Amm2-TiBgs and f3-
Amm?2-TiBg, each Ti atom is surrounded by twelve neighbor-
ing B atoms. The B atoms form parallel hexagonal planes
with misaligned stacking arrangements. The B-B bonds ex-
hibit bond lengths ranging from 1.72 A to 1.83 A. Impor-
tantly, the shortest B-B bonds in the predicted a-Amm2-
TiBg and B-Amm?2-TiBg phases are substantially shorter than
those observed in established hard materials such as OsB;

(1.85 A).[*1 Ti atoms are located at the central positions of
two six-membered boron rings, and these rings differ in the
number of boron layers. The o-Amm2 structure contains
three layers, while the 3-Amm?2 structure consists of five lay-
ers. P2/m, o-P21/m, and 3-P2/m exhibit layered stacking
along the b-axis, and Ti atoms occupy similar central posi-
tions within boron frameworks. The B—B bonds exhibit bond
lengths ranging from 1.53 A to 1.78 A. The lattice constants,
cell volumes, and atomic positions of TiBg¢ after relaxation are

listed in Table S1.

Fig. 1. Crystal structures of TiBg. (a) a-Amm2, (b) B-Amm2, (c) P2/m,
(d) -P2; /m, and (e) B-P2,/m.

3.2. Phase stability

Here, we report the enthalpy differences of B-Amm?2-
TiB6, P2/m—TiB6, (X—P21/m—TiB6, and ﬁ—PZl/m—TiB6 rela-
tive to the a-Amm2-TiBg phase as a function of pressure.
We also present information on metastable titanium borides
at 0 GPa, 50 GPa, and 100 GPa. As shown in Fig. 2(a), the
calculated enthalpy curves reveal the pressure ranges where
different phases are thermodynamically stable. Up to 13 GPa,
the a-P2/m phase becomes more stable. When the pressure
reaches 28 GPa, a-Amm?2-TiBg becomes energetically favor-
able, and then transforms to $-Amm2- and -P2;/m-TiB¢ at
31 GPa and 62 GPa, respectively. Figures 2(b)-2(d) illustrate
the thermodynamic convex hull of the Ti-B system, indicating
that Pnma-TiB, P6/ mmm-TiB,,% and Immm-TizB4 are ther-
modynamically stable titanium borides at ambient pressure.
The predicted TiBg compounds are metastable at ambient con-
ditions. As shown in Figs. 2(b)-2(d), the formation enthalpy
decreases with increasing pressure, reaching its minimum at
100 GPa. This suggests that the metastable TiBg phases may
become stabilized under high pressure.

In order to demonstrate the dynamical stability of TiBg,
we assessed the lattice dynamics of the five structures by
calculating their phonon spectra. Typically, the absence of
imaginary phonon modes confirms dynamical stability.[>1-33]
As depicted in Fig. 3, the phonon dispersion relations of the
TiBg compounds at atmospheric pressure exhibit no imaginary
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Fig. 2. (a) Enthalpy differences of B-Amm2-TiBe, P2/m-TiBg, a-P2,/m-TiBg, and f3-P2; /m-TiBg relative to a-Amm?2-TiBg as a function of
pressure. (b)—(d) Convex hull of the Ti-B system under (b) 0 GPa, (c) 50 GPa, and (d) 100 GPa.
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Fig. 3. Calculated phonon dispersion curves of TiBg. (a) a-Amm?2 at 0 GPa, (b) o--Amm2 at 30 GPa, (c) B-Amm?2 at 0 GPa, (d) P2/m at 0 GPa,
(e) @-P2;/m at 0 GPa, and (f) B-P2; /m at 0 GPa.
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frequencies within the Brillouin zone. Notably, the a-Amm?2
phase maintains a stable phonon spectrum even at 30 GPa,
which coincides with its thermodynamic stability range (28—
31 GPa). These results confirm that all predicted TiBg struc-
tures are dynamically stable under ambient pressure condi-
tions.

To evaluate the thermodynamic stability of the TiBg
phases, we systematically determined the pressure-dependent
formation enthalpies through four distinct synthetic pathways,
as illustrated in Figs. 4 and S1. In the range of 0-100 GPa,
with increasing pressure, the formation enthalpy becomes
more negative, indicating that pressure enhances structural sta-
bility. The formation enthalpies of TiBg, defined by Egs. (1)—
(4), are calculated with respect to distinct reference phases (in-
cluding elemental Ti/B, TiB, Ti3B4, and TiB,) to comprehen-
sively evaluate its thermodynamic stability.

AHy| = Hj, — (Hri +6Hg), (1)
AHy, = Hrig, — (Hri +5Hp), (2
AHy3 = Hrig, — (Hrizs, + 14Hp)/3, 3)
AHyy = Hrig, — (Hri, +4Hg). 4

The P6/mmm-Ti, P6/mmm-TiB,,° a-B, and y-Bl*
are chosen as reference phases. As illustrated in Fig. 4, various
reaction pathways were identified based on different synthesis
conditions. Here, taking the o--Amm?2 and f3-Amm?2 phases of
TiB¢ as examples, the fourth reaction pathway involving TiB;
as a precursor is not accessible within the pressure range of
0-100 GPa. In contrast, the first and second pathways with
negative formation enthalpies are thermodynamically favor-
able. The third pathway becomes accessible under conditions
of 6.8 GPa and 7.8 GPa for the two structures, respectively.
These results indicate that the five predicted TiB¢ phases are
thermodynamically stable at ambient conditions.

(a) 200 (b)200
M M
0+ b 0+ Y
200 -200

-400 4 -400

AH; (meV/atom)

—=— a-Amm2-H, —=— B-Amm2-H,

-600 4

a-Amm2-Hy, -600 - B-Amm2-H,,
a-Amm2-Hy, B-Amm2-Hy,
—v— a-Amm2-Hy, —v— B-Amm2-Hy,
-800 T T T T -800 T T T T
20 40 60 80 100 20 40 60 80 100
Pressure (GPa) Pressure (GPa)

Fig. 4. Calculated formation enthalpies (AHy) as a function of pressure.
(a) -Amm?2-TiBg, (b) B-Amm2-TiBg.

3.3. Mechanical property

Besides evaluating thermodynamic and dynamical stabil-
ity, we additionally assessed the mechanical stability of the
predicted structures. The mechanical stability of the phases

is determined via the analysis of elastic constants (C,-j).lSSJ

For the orthorhombic and monoclinic crystal systems consid-
ered in this study, the mechanical stability criteria require that
the elastic constants satisfy specific constraints. Orthorhombic
lattices must adhere to the following conditions.

For orthorhombic crystals, °°!

Ci1 >0, Cp>0, C33>0, C44>0, C55 >0, Cgs >0,
[C114+Co2 +C33 42 (C12 +C13 +Ca3)] > 0,

(C11 +C2 —2C12) >0, (C11+C33—2C13) >0,
(Cx2+C33 —2C23) > 0.

For monoclinic crystals, >

Ci1 >0, Cn>0, C33>0, Cyy >0, Cs5>0, Co6>0,
[Ci1 +Cn+C33+2(Cr2+C13+Cp3)] >0,

(C33C55 - C325) >0, (C44C66 - Cz%é) >0,

(Cap+C33 —2Cx3) >0,

[sz (C33C55 — C%5) +2C3C5C35 — C§3C55 - C%5C33} >0,
2 {C15C25 (C33C12 — C13C23) 4 C15C35 (CC13 — C12Ca3)
+Cy5C35 (C11Ca3 — C12C13):| - [Cfs (C22Cs3 *C%s)

—I—C%S (C11C33 - C%3) +C§5 (C11C22 - C122) }

+Css (C11C22C33 —C11C3; — CnCh

—C33C%2 + 2C12C13C23) > 0.

As presented in Table 1, the elastic constants of all TiBg
structures under investigation satisfy the mechanical stabil-
ity criteria, thereby confirming their mechanical stability un-
der ambient pressure conditions. To provide a reference for
comparative analysis with the newly predicted structures, the
corresponding data of previously reported C2/m-Ti,Bs, %%
Amm2-TiB3,133! C2/m-TiB3,*3) Amm2-TaBg,!'>! and Amm2-
HfB!'®! at 0 GPa were also listed in Table 1. All structures
exhibit significantly large values of Cy1, Cx, and Cs33, indi-
cating that compression along the a-, b-, and c-axes is diffi-
cult, respectively. Of particular note is o-Amm?2-TiBg, where
C11 = 694 GPa and Cy; = 663 GPa, indicating its extreme in-
compressibility along the a- and b-axes. Collectively, all TiBg
phases demonstrate thermodynamic, dynamical, and mechan-
ical stability at 0 GPa.

The Voigt—Reuss—Hill approximation was employed to
derive the bulk modulus (B) and shear modulus (G) from the
elastic constants. Young’s modulus (E) and Poisson’s ratio
(v) were subsequently calculated using the standard relations
E =9BG/(3B+ G) and v = (3B —2G)/(6B + 2G), respec-
tively. These parameters, including B, G, E, and v, are system-
atically tabulated in Table 2. The estimated hardness of the five
TiBg compounds was evaluated using Chen’s model: Hy =
(2k*G)%-385 — 3 and Tian’s model: Hy = 0.92k!137G%708 3,

056105-4
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Table 1. Calculated elastic constants C;; (GPa) of Ti,Bs, TiB3, TaBg, HfBg, and TiBg at 0 GPa. The elastic properties of previously reported

transition-metal borides are included for comparison.

Structure Ref. Cii Cn Gz Cu GCs GCo Cnn Cz Gz Cs  CGs  CGs  Cy
C2/m—Ti2B5 Present 657 652 483 244 254 292 61 93 86 -7 1 19 2
Ref. [36] 651 650 476 217 252 281 66 95 90
Amm2-TiB3 Present 498 668 653 289 263 245 78 88 62 - - - -
C2/m—TiB3 Present 662 650 517 231 250 288 61 82 74 —15 1 —37 2
Amm?2-TaBg Present 640 674 697 277 231 221 87 73 90 - - — —
Ref. [15] 641 651 688 252 239 188 87 68 97 - - - -
Amm?2-HfBg Present 562 660 615 274 276 273 62 90 56 - - - -
Ref. [18] 546 638 619 260 264 222 85 90 58 - - - -
a-Amm?2-TiBg Present 694 663 577 275 227 284 54 41 70 - - - -
B-Amm2-TiBg Present 691 620 544 272 233 272 54 66 87 — - — —
P2/m—TiBg Present 486 562 666 251 256 222 75 94 66 59 —12 63 13
o-P2; /m—TiBg Present 623 593 545 225 264 224 47 88 59 —59 9 -74 —12
B-P2, /m-TiB6 Present 520 604 711 284 242 256 100 67 74 13 1 —14 2

Table 2. Calculated shear modulus G (GPa), Young’s modulus E (GPa),
G/B ratio, Poisson’s ratio v, and Vickers hardness Hy (GPa) of TiBg,
TiB3, and HfB¢g at 0 GPa. The elastic properties of previously reported
transition-metal borides are included for comparison.

Structure Ref. G E G/B v HChen plian
C2/m-TipBs  Present 259 578 1.03 0.115 - 488
Ref. [36] 249 561 0.99 0.127 -  46.9

Amm2-TiB3  Present 264 587 1.04 0.111 522 50.3
Ref. [33] 268 599 1.03 0.133 51.6 49.9

C2/m-TiB3  Present 259 578 1.03 0.114 50.9 49.1
Ref. [33] 254 570 1.01 0.128 484 472

Amm?2-TaBg  Present 261 597 0.93 0.143 - 439
Ref. [15] 246 568 0.89 0.156 -  40.8

Amm2-HfBg  Present 264 587 1.05 0.109 52.7 50.8
Ref. [18] 253 568 1.00 0.124 48.1 46.5

o-Amm2-TiBg Present 274 602 1.09 0.100 55.9 53.9
B-Amm2-TiBs Present 264 587 1.05 0.112 52.1 50.3
P2/m-TiBg  Present 488 542 1.24 0.122 47.0 452
o-P2; /m-TiBg Present 480 545 1.23 0.115 49.0 47.0
B-P2,/m-TiBs Present 261 585 1.02 0.120 50.5 484

where Pugh’s ratio is denoted by k and G is the shear modulus.
The computed hardness values are also listed in Table 2.

Significantly, the orthorhombic o-Amm2-TiBg phase
demonstrates exceptional mechanical performance, achieving
a theoretical hardness of 55.9 GPa. This value not only ex-
ceeds previous records within the Ti-B system, but also sur-
passes the hardness of previously reported transition-metal
boride compounds. These findings provide important the-
oretical insights for the rational design of novel transition-
metal boride superhard materials. Furthermore, the calculated
shear modulus (G) and Vickers hardness of C2/m-Ti;Bs,3°!
Amm2-TiB3,331 C2/m-TiB3,33! Amm2-TaBg,">! and Amm2-
HfBg '8 at ambient pressure were also listed in Table 2, to-
gether with comparative data from previous studies. These
results are consistent with previous theoretical predictions for
transition-metal borides, thus validating the reliability of the
computational approach.

Elastic anisotropy in crystals exhibits orientation depen-
dence. To visually demonstrate elastic anisotropy, the vari-

ations of the bulk modulus and Young’s modulus with crys-
tal orientation were investigated.>’8 For isotropic crystals,
three-dimensional (3D) plots of elastic parameters should ex-
hibit spherical symmetry, and any deviation from sphericity
indicates elastic anisotropy. Taking the a--Amm2 and B-Amm?2
phases of TiBg as examples, Figs. 5(a) and 5(c) display the
3D plots of the bulk modulus and Young’s modulus of «-
Amm?2-TiBg. The 3D plots of ot-Amm?2-TiBg are not spherical.
More pronounced anisotropy is observed in Young’s modulus
compared with the bulk modulus. The calculated ratios of
Bimax/Bmin and Epax /Emin are 1.195 and 1.295, respectively,
indicating anisotropic elastic behavior. Figures 5(b) and 5(d)
display two-dimensional (2D) projections of bulk modulus
and Young’s modulus for o-Amm?2-TiBg on the xy, xz, and
yz planes. These projections demonstrate the directional de-
pendence of elastic properties, revealing the anisotropy of
a-Amm?2-TiBg. In particular, the 2D projection of the bulk
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Fig. 5. Calculated 3D surfaces and two-dimensional (2D) projections of
the bulk modulus and Young’s modulus for a-Amm?2-TiBg.
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Fig. 6. Calculated 3D surfaces and 2D projections of the bulk modulus
and Young’s modulus for 3-Amm2-TiBg.

modulus on the xy plane is nearly circular. In contrast, elas-
tic anisotropy is significant on the xz and yz planes, where
the projection curves are noncircular. Likewise, the elastic
anisotropy of B-Amm2-TiBg is investigated through 3D ren-
derings of bulk modulus and Young’s modulus, illustrated in
Figs. 6(a) and 6(c). Specifically, Young’s modulus exhibits
pronounced anisotropy. This feature originates from the de-

viation of its 3D surface from spherical symmetry, indicating
direction-dependent deformation resistance. The 3D plots of 3
-Amm?2-TiBg are not spherical. Again, compared with the bulk
modulus, Young’s modulus shows more obvious anisotropy.
The calculated ratios of Bmax/Bmin and Emax/Emin are 1.233
and 1.299, respectively, indicating anisotropic elastic behav-
ior. The 2D projections in Figs. 6(b) and 6(d) further sup-
port this conclusion. Since a-Amm2-TiBg and $-Amm2-TiBg
have similar structures, differing only in the number of B lay-
ers, they exhibit nearly identical anisotropy. 3D plots and
2D projections of bulk modulus and Young’s modulus for
the three monoclinic structures are illustrated in Figs. S4-S6.
From the above analysis, the following conclusions can be
drawn. (I) Elastic isotropy is approximately observed for the
bulk modulus in the xy plane. (II) The anisotropy of Young’s
modulus in the xy plane is weaker than that in the xz and yz
planes. (IIT) Both materials exhibit relatively strong anisotropy
in Young’s modulus.

3.4. Electronic structure

In order to further investigate the electronic properties of
TiB¢ phases at ambient pressure, we performed a comprehen-
sive analysis of their band structures, as illustrated in Fig. 7.
The results show that all TiBg phases exhibit multiple elec-
tronic bands crossing the Fermi level, accompanied by a finite
density of states at the Fermi energy. These features confirm
the metallic behavior of these borides and suggest potential
electrical conductivity.

(a) 6 (b) by Wy (06
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Fig. 7. Electronic band structures and densities of states of TiBg. (a) @-Amm2, (b) B-Amm2, (c) P2/m, (d) a-P2,/m, and (e) B-P2,/m at 0 GPa.

The horizontal dashed line represents the Fermi level.

056105-6


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/adfb59

Chin. Phys. B 35, 056105 (2026)

DOS (State/cell)

Energy (eV)

Fig. 8. Calculated PDOS of TiBg. (a) o-Amm?2 and (b) -Amm?2 at 0 GPa.
“9, R L% (b)r‘
L)
I° ) ene 6 e!

-
p e.e qbweie l
-»
.,. . oﬂo . 01
9. ..9)
I “- A Naastl

Fig. 9. ELF contour maps of a-Amm2-TiBg¢ in the (001) plane and f3-
Amm2-TiBg in the (100) plane at 0 GPa.

To gain a better understanding of the electronic properties
of TiB¢, we calculated the projected densities of states (PDOS)
of the o--Amm?2 and B-Amm2 phases, as shown in Fig. 8. The
PDOS analysis reveals that the Ti-3d and B-2p orbitals play
dominant roles in their metallicity. The metallic behavior in all
investigated compounds originates from the non-zero density
of states at the Fermi level. States below —5 eV are predom-
inantly derived from B-2s and B-2p orbitals, while contribu-
tions in the —5 eV to 0 eV range mainly arise from hybridiza-
tion between B-2p and Ti-3d states. Notably, the B-2s states
are partially hybridized with B-2p states, leading to strong lo-
calization within the boron sublattice. This hybridization facil-
itates the formation of robust covalent B-B bonds, which sig-
nificantly enhance deformation resistance and intrinsic hard-
ness of TiB¢. In addition, distinct orbital hybridization occurs
between Ti-3d states and B-2s or B-2p states. This localized
Ti-B orbital hybridization drives the formation of directional
Ti—B bonds. Consequently, the exceptional hardness of TiBg
arises synergistically from two key factors: the covalent bond-
ing network within the B-B framework and the directional co-
valent bonding between Ti and B atoms. This analysis is con-
sistent with fundamental principles of electronic structure in
transition-metal borides, where hybridization between metal
d orbitals and light-element p orbitals governs macroscopic

mechanical properties. The PDOS results for the monoclinic
phases are presented in Supplementary Fig. S3.

To gain deeper insights into the bonding characteristics of
TiBg, we performed electronic localization function (ELF) cal-
culations to analyze electron pairing. In Fig. 9, the ELF con-
tour distributions of a-Amm?2-TiBg on the (001) plane are pre-
sented, while those for 3-Amm2-TiBg are shown on the (100)
plane at 0 GPa, with additional monoclinic data provided in
Fig. S2. The analysis demonstrates that significant electron lo-
calization exists between neighboring B atoms. Such covalent
bonding features directly contribute to the enhanced mechan-
ical hardness and structural integrity of the TiBg system, as
evidenced by the robust electron localization patterns. These
results establish the critical role of B-B covalent bonding in
determining the mechanical properties.

4. Conclusion

In conclusion, to investigate novel transition-metal boride
superhard materials, we employed the CALYPSO algorithm
combined with first-principles calculations to predict the crys-
tal structures of TiBg. Our analysis yielded five stable phases:
o-Amm2, B-Amm2, P2 /m, a-P2; /m, and B-P2;/m. Notably,
the oi-Amm?2-TiBg phase exhibits exceptional hardness. Ac-
cording to Chen’s model, its Vickers hardness is estimated to
reach 55.9 GPa, indicating its potential as a superhard mate-
rial. Compared with previously reported TiB compounds, the
newly proposed a-Amm2-TiBg is among the hardest known
phases in the Ti—B system. The stability of all explored TiBg
compounds, including dynamical, thermodynamic, and me-
chanical stability, was confirmed through phonon spectra, for-
mation enthalpies, and elastic constant calculations.
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