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Introduction

Transition metal boride (TMB) compounds are
potential superhard materials because of the high
electron concentration in transition metal and the
formation of short covalent bond by the light element

Handling Editor: Catalin Croitoru.

ABSTRACT

Transition metal boride, especially the hafnium boride Hf-B, is important and
attractive to various applications. Understanding the correlations of material
structure to mechanical properties is crucial for designing and synthesizing Hf-B
compounds. In this paper, potential structures of the Hf-B system are system-
atically explored, and their hardness-enhancing and strength failure mecha-
nisms are revealed through first-principle calculations. The results show that
hardness of the compounds is estimated to be hard or superhard and is found to
be sensitive to the B concentrations and types of sandwich-like structures. For
Hf-B with sandwiches II structure, the bulk modulus, shear modulus, Young's
modulus, hardness and ideal strength have linear relationship with B concen-
trations. Strong boron covalent bonding leads to the superhardness of Hf-B
compounds with sandwiches I structure and B/(Hf + B) > 0.66. The newly
predicted structure C2-HfB¢ is estimated to have a superhardness of up to
50 GPa. When applying large deformation, the weakest ideal strengths of the
calculated compounds are lower than 20 GPa, due to the breaking of specific Hf-
B bonds and the shifting of specific angles of B atoms.

B [1]. TM-B compounds are good candidate for novel
superhard materials to replace diamond [2] and c-BN
[3], which are synthesized at high pressure. In addi-
tion to high hardness, TM-B has unique features like
high melting temperature, high chemical stability,
and high thermal conductivity. Therefore, TM-B
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compounds have attracted growing attention
recently. More and more previously unknown TM-B
compounds have been discovered. For example,
based on ab initio evolutionary methods, some TM-B
systems, namely V-B [4], Fe-B [5], Ti-B [6], W-B [7],
Mn-B [8], Mo-B [9], et al., are theoretically investi-
gated. AlB,- and ReB,-type TMB, [10-12] are two
most well-known structures. Besides, CrB-type,
TasBe-type, TazBs-type and V,Bs-type TM-B com-
pounds are also common and intensively studied for
many TM-B systems [13-15] and proved to be
dynamical and mechanically stable.

Hafnium and its compounds have become critical
materials used in nuclear reactors and the aerospace
industry [16]. HfB,, known as ultra-high-temperature
ceramic (UHTC), is now frequently used in hyper-
sonic applications due to its special features such as
high thermal conductivity (105 Wm™' K™'), high
melting temperature (3300 °C), large bulk hardness,
low electrical resistivity and high chemical stability
[17, 18]. In addition, HfB, compounds were found to
possess the highest chemical stability among several
3d, 4d and 5d TMB, compounds [11] and superior
oxidation resistance [19]. However, most of the
research studies on HfB, compounds focus on the
structure, preparation and performance of HfB,-S5iC
composite materials used as a UHTC in the aerospace
industry. There is many research study on Hf-N (.e.,
HIN [20] and Hfs;N, [21]), Hf-C (.e., HfC [22] and
HfTaC, [23]) and other TM-B systems (i.e., TiB, [24]
and WB, [25]). These compounds have been widely
used in cutting tools, batteries, aerospace, and
nuclear reactions. However, for Hf-B compounds,
only P6/mmm-HfB, HfB [26] and Fm3m-HfB;,
[27, 28] were reported to be experimentally synthe-
sized, and the existing structures of HfB are
disputable [29].

In recent years, there are more and more reports on
the theoretical calculation of the structure of Hf-B
compounds, such as I4/mcm-Hf,B [30], Fm-3m-HfB
[30], CrB-HfB [13, 31], C2/m-HfB; [32], Cmcm-HfB,
[33], C2/m-HfBs, Pmmn-HfBs [34], Amm2-HfBs [34],
et al. In the theoretical calculation of Congwei Xie
et al., it was found that P6/mmm-HfB, is the only
thermodynamically stable phase at zero temperature
and zero pressure [34]. However, it is necessary to
conduct a more comprehensive study on the struc-
ture of Hf-B compounds and classify the structure
types, in order to provide theoretical support for their
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properties and further
applications.

There are also related reports on the calculation of
mechanical properties of Hf-B compounds. In the
theoretical calculation of TazB4-type M3;Bs M =Ti, V,
Cr, Zr, Nb, Mo, Hf, Ta), the Poisson’s ratio has the
order of Hf;B, < TagBs < W;3B,, suggesting that the
more valence electrons, the better of ductility. Many
factors, including boron concentration, phase struc-
ture, chemical bonding states, greatly influence the
hardness of TM-B compounds. TM-B with high boron
concentration may be expected to have outperform-
ing mechanical properties, due to strong covalence
bonding and covalent bonds to metals [35-39]. Some
boron-rich Hf-B compounds including C2/m-HfB;
[32], Cmcm-HfB, [33], and C2/m-HfBs [34] have been
theoretically reported recently and found to have
superhardness, suggesting that there may existing
more Hf-B compounds with attractive properties. It is
reported that both of the boron concentration and the
boron sublattice are important for the mechanical
properties of hafnium borides [34]. However, study
of the change of elastic properties and strength failure
mechanisms under different Hf-B compounds struc-
ture is lack.

This work systematically studies Hf-B compounds
with variable compositions using the ab initio evo-
lutionary algorithm at both ambient and high
(50 GPa) pressure. The present calculated Hf-B com-
pounds were demonstrated to be thermodynamically
and mechanically stable. Further, the calculated Hf-B
compounds were divided into two different sand-
wiches structures. The mechanical properties of Hf-B
with different structure types were comprehensively
studied, including the bulk modulus, shear modulus,
Young’s modulus, hardness and ideal strength.
Moreover, the hardness-enhancing and strength fail-
ure mechanisms of Hf-B compounds were obtained.

practical ~ engineering

Computation method

To search for the potential crystal structure of the Hf-
B system, we performed the variable-composition
calculation to find the stable phase and nearly
stable compositions using the evolutionary algorithm
implemented in the USPEX code [40-43]. A maxi-
mum of 30 atoms (Hf plus B) in a primitive cell were
set during the search. The initial population
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including 120 structures was produced randomly,
with all the subsequent generations consisting of 100
structures produced by heredity (40%), random
structure generator (20%), softmutation (20%), and
transmutation (20%).

For the candidate new structures, structure relax-
ation and energy calculations were performed using
density-functional theory (DFT) with the projector-
augmented wave (PAW) method [44] as imple-
mented in the VASP code [45], which is a plane-wave
code for ab initio density-functional calculations. The
electronic configurations of 50p°5d°6s®> and 2s*2p'
were adopted for Hf and B, respectively. Generalized
gradient approximation (GGA) [46] of Perdew-
Burke-Ernzerhof (PBE) exchange—correlation func-
tion [47] was performed. The plane-wave Kkinetic
energy cutoff was set to be 600 eV and the k-point
mesh resolution in reciprocal space is less than
21 x 0.04 A~". The change of forces per atom is less
than 0.001 eV/A in geometry relaxation. All the
parameters were carefully evaluated to ensure that
the self-consistent total energies converged to within
1 x 107° eV/atom. The formation enthalpies of
compounds Hf,B, were calculated by AH (per
atom) = {H(Hf,B,) — [xHHS) + yHB)]}/(x + y). In
this formula, H (foBy), H(Hf) and H(B) are enthalpies
of Hf,B, (per formula), stable phases of hex-Hf and a-
B (per atom), respectively, at a given pressure.

The elastic constants C;; were calculated by the
strain—stress method [48, 49], based on a well-known
tensorial form of Hooke’s law describing the linear
dependency of stress components and the applied
strain under a slight deformation. The bulk modulus
B, shear modulus G, Young’s modulus Y and Pois-
son’s ratio v were extracted from the elastic constants.
B and G can be estimated by the Voigt-Reuss-Hill
method for polycrystalline materials [50],

B = (B, + Br)/2 (1)
G = (G + Gr)/2 2)
E =9BG/(3B + G) (3)
v = (3B —2G)/2(3B + G) (4)
By =(C11 +Cx2+C33)/94+2(C12+Ci3+Cx3)/9  (5)
Br = 1/[(S11 + S22 + S33) + 2(S12 + S13 + S23)] (6)
Gv = (Ci1 +Cpp+ Cs3 — Cip — C13 — C3)/15

+ (Caq + Cs5 + Ces) /5 (7)
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Gr =15/[4(511 + Sa2 + S33) — 4(S12 + S13 + S23) (8)
+3(S44 + S5 + Ses)]

where Gy and Gg are Voigt shear modulus and Reuss
shear modulus, respectively. By and Br are Voigt
bulk modulus and Reuss bulk modulus, respectively.
S;; is the elastic compliances. The hardness H, was
computed by the Chen model as follows [51],

0.585

H, =2(K*G) 3, 9)

where the parameter k is the ratio of G/B, and H,, and
G are expressed in GPa. Chen model is based on
macroscopic parameters and successfully used to
estimate the Vickers hardness of TM-B systems
[15, 52]. The previously reported methods [53] were
adopted for the ideal tensile and shear strength cal-
culations of Hf-B compounds. For the stress—stain
relations, a series of incremental tensile/shear stains
were applied on a given direction/slip system, until
the corresponding conjugate stress components were
less than 0 GPa. The minimum tensile or shear ideal
strength among all the given directions or slip sys-
tems is called the weakest tensile or shear ideal
strength.

Results and discussion
Structures and hardness of Hf-B compounds

Hf-B compounds are predicted from the systematic
evolutionary searches under ambient and high pres-
sure conditions (Fig. 1). The predicted compounds
include R 3m-HfB, Cmmm-HfsBs, R 3m-Hf;B,, Cm-
Hf3B,, Imma-Hf,Bs, Cmcm-Hf,B;, Cm-HfB;, Cmcm-
HfB,, C2-HfB¢ and C2/m-HfBg. Only those in a rea-
sonable range of enthalpies (within 0-0.2 eV/atom
from the convex hulls [54]) are plotted among the
predicted compounds. Notably, most of the plotted
compounds were nearly stable, and their enthalpies
were very low. The well-known P6/mmm-HfB, (i.e., h-
HfB,) was stable, while the other predicted com-
pounds were metastable (or near stable). The lattice
parameters, density, and formation enthalpies of the
predicted compounds are listed in Table 1.

The energetic, dynamical and mechanical stabilities
confirmed the stability and the synthesis possibility
of the predicted Hf-B compounds. From the forma-
tion enthalpies shown in Fig. 1 and listed in Table 1,
all the considered Hf-B compounds are energetically

@ Springer
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Figure 1 Convex hull of Hf-B system under a ambient and b high pressure.

stable. The calculated phonon dispersions (see Fig. 2)
have no imaginary phonon frequencies throughout
the Brillouin zone, suggesting the dynamic stability
of Hf-B compounds [55, 56]. The elastic constants Cj;
(see Table 2), which satisfy criteria of the elastic sta-
bility for rhombohedral phase [57], orthorhombic
phase [57] and monoclinic phase [58], indicate the
mechanical stability of the Hf-B compounds. For the
rhombohedral phase, the elastic stability criterion is,

Ciy > |Cr12];Cyq > 05
C%S <C33(C11 + C12)/2
C%4 + C%S <C44(C11 — Cu) = C44C66

(10)

For the orthorhombic phase, the elastic stability
criterion is,

(11)
Cll + sz + Cs3 + 2(C12 + Ci3 + C13) >0

For the monoclinic phase, the elastic stability cri-
terion is,
Ci1 >0;Cy > 0;Cs3 > 0;Cyy > 0;Cs5 > 0;Cy > 0;Cyy
+Cyy+Cay+2C1+2C1542C5; > 0:C33Css — C25 > 0;
Cy4Cs — Clo > 0:CpCa3 — 2C5 > 0:Cy(Ca5Cs5 — C35)
+2C3Cp5Ca5 — C33Cs5 — C35Cy3 > 0; { 2[C;5C5(C35Cyy
= C13C)+C15Ca5(CppCh3 — C1pCa3)+Co5Ca5(C11 Con
= C15C13)] = [Ci5(CyCas — C33)+C35(Cyy Gy — Ch3)+C35
(C11Cy = Chy)]+C55C11 CopCag — Cyy Ca — CChy — Ca
Ch+2C1,Ci3Cp}t >0

Table 1 Lattice parameters

(A), density (g/cm®), formation Structure type Species Lattice parameters Density  Formation enthalpy
enthalpy (eV/atom) of hafhium a b c
borides at ambient pressure
Sandwiches 1 R 3m-HfB 3.156  12.459 3.156  11.812 —0.738
R 3m-Hf;B, 3.151 5458 9.8 11.601 —0.861
Imma-Hf,B; 3.145  7.58 5.493  10.879 —0.793
P6/mmm-HfB,  3.143 / 3.485 11.140 —1.022
Cm-HfB; 5407 5434 9.104 9.542 —0.680
Cmcm-HfB, 5361  3.135 10.356 8.458 —0.480
C2-HfB¢ 5321  3.155 7.406 7.153 —0.267
C2/m-HfBg 8286 5451 3.095 6.314 —0.138
Sandwiches I CrB-HfB 3514 9.164 3.228  12.096 —0.722
Cmmm-HfsBg 3.199  3.505 12.031 11.929 —0.805
Cm-Hf;B, 6.368  7.694 3502 11.77 —0.855
Cmcm-Hf,B; 9.693  3.013 3.287  11.626 —0.904
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Figure 2 Phonon spectra of the predicted Hf-B phases at ambient pressure.

Table 2 Elastic constants of newly predicted Hf-B phases at ambient pressure

Frequency (THz)

(i) C2/m-HfBg

Structure type Species CIt C22 C33 (C44 C55 Ce6 Cl2 C13 (C23 Cl5 C25 C35 C46
Sandwiches I R 3m-HfB 419.7 322 4296 71 658 1767 77.6 592 72.1
R 3m-Hf;B, 490 4923 360.7 209.6 1099 1135 553 985 94
Imma-Hf,B;  522.6 3248 369.5 1673 90.7 1884 714 623 130.2
Cm-HfB; 585.7 593.1 509  265.6 184.8 2169 622 1085 1095 -84 97 31.5 0.9
C2-HfB¢ 631.3 6265 5439 262.6 2659 227 56.6 822 &80 —-0.7 —-0.02 4.1 2.9
C2/m-HfBg 563.5 579.8 605.8 241 265.8 211.7 82 793 857 0.6 126 28 20.4
Sandwiches I Cmmm-HfsBs 480.7 437 4309 192.7 1589 1943 855 835 86.6
Cm-Hf;3B,4 512 4289 4089 211.2 205 207.6 769 922 1294 1.3 123 —-138 —0.2
Cmcm-Hf,B; 4945 5319 4689 2204 2135 1884 77 93.5 94.1

Note that metastable structures can often be syn-
thesized by choosing appropriate conditions [59]. For
example, the newly predicted R 3m-HfB and hand-
made FeB-HfB compounds have more than 0.2 eV/
atom lower enthalpy than the previously reported
experimentally synthesized Fm 3m-HfB. It suggests

higher energetic stability and synthesis possibility of
R 3m-HfB and FeB-HfB compounds than Fm 3m-HfB.

Notably, the predicted Hf-B compounds with high
B concentration (B/(Hf + B) > 0.66) are all estimated
to be superhard (> 40 GPa). The relevant values
related to hardness are 45.4 GPa for P6/mmm-HIB,,

@ Springer
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40.2 GPa for Cm-HfB;, 45.6 GPa for Cmcm-HfB,,
50 GPa for C2-HfBg, and 45.1 GPa for C2/m-HfBg (see
Fig. 3). The predicted C2-HfBs has the highest hard-
ness than all the other previously reported Hf-B
compounds [28, 33].

For the predicted Hf-B compounds with B/(Hf +
B) < 0.66, the hardness is less than 40 GPa. These
compounds include R 3m-HfB (16.3 GPa), R 3m-Hf;B,
(239 GPa), Imma-Hf,B;  (23.3 GPa), CrB-HfB
(29.1 GPa), Cmmm-HfsBs (33 GPa), Cm-Hf;B,
(35 GPa) and Cmcm-Hf,B; (37.7 GPa). Some of these
Hf-B compounds have the same B/(Hf 4 B) ratio,
ie., Imma-Hf,B; and Cmcm-Hf,B;, but different
structures and hardness.

The structures of predicted Hf-B compounds can
be divided into two types, as shown in Fig. 4. The
first type is referred to as sandwich I structure, which
is an AlB,-type sandwich-like structure with interval
2-D or 3-D Hf layer or B layer. The second type is
referred to as sandwich II structure, which is a
sandwich-like structure with mixing Hf and B atoms
in the same planar layer.

The P6/mmm-HfB, (Fig. 4g) has the typical sand-
wiches I structure. The coplanar graphite-like B lay-
ers are present alternatively with the close-packed Hf
sheets, which can be regarded as B-Hf sandwiches
stacking along the axis. Similarly, R 3m-HfB and R
3m-Hf;B4 can be described as hafnium-rich (com-
pared to HfB;) Hf-B-Hf and Hf-B-Hf-B-Hf sand-
wiches, respectively. The Cm-HfB;, C2-HfB¢ and C2/
m-HfBg can be described as boron-rich (compared to
HfB,) B-Hf-B-B-Hf-B, B-B-B-Hf and B-B-B-B-Hf

55 T —————— ~
l C2-HfB, r
50 ~ | H
| P6/mmm-HfB, Cmcm-HfB, C2/m-HfB, |
45 + : - " = H
' J
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Figure 3 The calculated hardness of Hf-B compounds with
sandwiches I and II structures.
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sandwiches, respectively. B remains in the form of B-
B bonding membered rings for sandwiches II struc-
ture, while the Hf atom from the neighboring layer is
located in the center of the B-B rings. The predicted
Cmmm-HfsBs;, Cm-Hf3B, and Cmcm-Hf,;Bs; and hand-
made CrB-HfB all have the sandwiches II structure
and B/(Hf + B) ratio lower than 0.67.

According to the structures and B concentrations,
Hf-B compounds of sandwiches I structure with B/
(Hf 4+ B) > 0.66 and B/(Hf 4 B) < 0.66 can be clas-
sified as Group A and Group B, respectively. Hf-B
compounds with sandwiches II structure is regarded
as Group C. As shown in Fig. 3, Hf-B compounds of
Group A possess superhardness (> 40 GPa). The Hf-
B compounds (B/(Hf + B) < 0.66) of Group B have a
sandwiches I structure but has lower hardness as
compared to Group A. The hardness of Hf-B com-
pounds of Group C is lower than 40 GPa, but
increases from 29.1 GPa (CrB-HfB) to 37.7 GPa
(Cmcm-Hf£,B3) with the increase of B/(Hf + B) ratio.

Both boron concentration and compounds struc-
ture greatly influence the hardness of the studied Hf-
B compounds. The reason behind the difference in
hardness of the Hf-B compounds will be explained
from their elastic properties and chemical bonding in
the following section.

Elastic properties and chemical bonding

The bulk modulus B, shear modulus G, Young's
modulus Y and Poisson’s ratio v were extracted from
the elastic constants to explain of the variety of the
hardness of Hf-B compounds. It is proposed that
shear modulus G is more accurate than bulk modulus
B in evaluating the potential hardness of polycrys-
talline materials [60]. Young’s modulus Y is also a
vital parameter to value the stiffness of a material.
The calculated results are presented in Table 3 and
Fig. 5. For comparison, values of the reported com-
pounds Fm 3m-HfB, P6/mmm-HfB,, Cmcm-HfB, and
Fm 3m-HfB,, are listed in Table 3. Our calculated data
have good agreement with the previously reported
data, confirming the reliability of the calculations in
this study.

For the Hf-B compounds of Group A (sandwiches I
structure, B/(Hf + B) > 0.66), both of the bulk mod-
ulus B and shear modulus G are higher than 220 GPa,
indicating good ability of Group A compounds
against the volume deformation and the shear strain.
The Young’s modulus Y of Group A compounds is in
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Figure 4 Structures of predicted Hf-B a R 3m-HfB, b Cnmm -
HfsB¢, ¢ R 3m-Hf;B, d Cm-Hf;B,, e Imma-Hf,B;, f Cmcm -
Hf,B;, g the well-known AlIB,-type P6/mmm-HfB, (i.e., h-HfB;),
hCm -HfB;, i C2-HfBg, and j C2/m-HfBg. (The structure type of

Table 3 Bulk modulus

R 3m-HfB, R 3m-Hf;B,4, Imma-Hf,B3, P6/mmm-HfB,, Cm-HfB;,
C2-HfBg, and C2/m-HfByg is referred as sandwiches I structure.
The structure type of Crmmm-HfsBg, Cm-Hf;B, and Cmcm-Hf,B;
is referred as sandwiches II structure.).

B (GPa), shear modulus Structure type

Group  Species

B G Y BIG v ] H,

G (GPa), Young’s modulus
Y (GPa), B/G ratio, Poisson’s
ratio (v) and Debye
temperature @ (K) and
hardness H, (GPa) of hafnium A
borides at ambient pressure

SandwichesI B

R 3m-HiB 176 114 282 153
R 3m-Hf;B, 203 152 365 1.34
Imma-Hf,B; 193 145 347 133
P6/mmm-HfB, 253 246 558  1.03
P6/mmm-HfB,* 263 249

Cm-HfB; 241 223 511 1.08
C2/m-HfB;® 248 229 525 1.09
Cmem-HfB, 245 241 544 1.02

0.233 433 164
0.200 522 239
0.199 526 233
0.133 714 454

0.146 755 403
0.147 40.8
0.130 847 45.6

Cmcm-HfB, © 243 240 542 0987 0.128 845 45.7
C2-HfB¢ 249 256 571 097 0.117 972 50
C2/m-HfBg 249 243 549 1.03  0.133 1023 45.1
Sandwiches I C CrB-HfB 194 163 382 1.19  0.172 512 29.1
CrB-HfB® 207.7 1719 4082 1.19 0.172 26.3
Cmmm-HfsBg 206 181 421 1.14  0.160 556 33
Cm-Hf;B4 216 193 446 1.12  0.156 584 35

Cmcm-Hf,B; 224 206 473 1.09

0.149 616 37.7

“Reference [61]
*Reference[32]
“Reference[33]
dReff:rence[ 13]

the range of 511-571 GPa (as listed in the Table 3).
Hf-B compounds of Group B and C have much lower
value of bulk modulus B, shear modulus G and
Young’s modulus Y than that of Group A. For the
Group C compounds with sandwiches II structure,
the value of B, G and Y give the increasing trend from
194 to 224 GPa, 163 to 206 GPa, and 382 to 473 GPa,

respectively, with the increase of B/(Hf + B) ratio.
Although Group B and C Hf-B compounds have the
same B/(Hf + B) ratio (such as CrB-HfB and R 3m-
HfB, Cm-Hf;B, and R 3m-Hf;B,, Cmcm-Hf,B; and
Imma-Hf,B3), Group B compounds have higher value
of bulk modulus B, shear modulus G and Young's
modulus Y than that of the Group C compounds.
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Figure 5 The calculated a bulk modulus B, b shear modulus G, ¢ Young’s modulus Y and d B/G of Hf-B compounds with sandwiches I

and II structures.

This is because of their different sandwiches struc-
tures and chemical bonding, which will be described
later in this section.

Due to the high bulk modulus B, shear modulus
G and Young’'s modulus Y, it is reasonable to con-
clude that the Hf-B compounds of Group A possess
high hardness. It is consistent with the calculated
hardness presented in Fig. 3. The changing trends of
the calculated hardness of Group B and C com-
pounds, as listed in Table 3 and shown in Fig. 3 and
5a—c, are also consistent with corresponding B, G and
Y values. Among all the considered Hf-B com-
pounds, C2-HfBs, which possesses an estimated
hardness of up to 50 GPa, has the highest shear
modulus G and the highest Young’s modulus Y.

The Pugh ratio [62] B/G is frequently used to
describe the ductility of a material. For ductile
materials, the B/G is > 1.75, and for brittle materials,
the B/G is < 1.75. As the value listed in Table 3, all
the considered Hf-B compounds (Group A, B and C)
have a B/G ratio smaller than 1.75, implying their

@ Springer

brittle nature [62] (for Al, B/G = 2.74, for diamond,
B/G = 0.8, for c-BNB/G = 0.96). As shown in Fig. 5d,
the B/G of Group A Hf-B compounds (B/(Hf +
B) > 0.66) is higher than that of the Group B com-
pounds (B/(Hf + B) < 0.66). For Group C Hf-B
compounds, the B/G have a linear relationship with
boron concentration. Higher Debye temperature ©
reflects to a higher melting temperature and stronger
atomic bonding. The value of Debye temperature ©
of the Hf-B compounds from the same group
increases with the B/(Hf + B) ratio. For example, the
Debye temperature © of Hf-B compounds in Group
A increases from 714 K for h-HfB, to 1023 K for C2/m-
HfBg. Moreover, the Debye temperature @ of Group
A is higher than Group B and C. The Hf-B com-
pounds from Group B have higher @ value than
those from Group C with the same B/(Hf + B) ratio.
Poisson’s ratio v is a key parameter to indicate the
directionality for chemical bonding. Covalent mate-
rials and metallic materials have a typical v value of
0.1 and 0.33, respectively. The values of v for all the
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Hf-B compounds of Group A, B and C are lower than
0.2, except for R 3m-HfB of Group B. It indicates their
strong covalent bond characteristics. Among them,
the v of 0.117 for C2-HfBg is closest to 0.1.

In order to further explain the variation in the
elastic properties of different Hf-B compounds, the
total density of states (TDOS) and partial density of
states (PDOS), which reflect the chemical bonding,
were calculated, as given in Fig. 6.

All the hafnium borides are weak metal due to the
finite but small DOS values at Fermi level E;. For the
Group B and C Hf-B compounds with B/(Hf +
B) < 0.66, the TDOS near the Fermi level E; is con-
tributed mainly by the Hf-5p and Hf-5d states with a
small contribution from B-2p. Therefore, metallic
properties of Group B and C compounds are mainly
due to the Hf-5p and Hf-5d electrons. For the Group
A Hf-B compounds with B/(Hf + B) > 0.66 the
Fermi level E; is mainly derived from Hf-54 and
B-2p electrons, indicating the highly mixed metallic
covalent. Moreover, B-2p electrons have significant
contribution under the energy higher than — 8 V, and
the strong covalent lead to superhardness of the
group A Hf-B compounds.

In the PDOS of Group B and C Hf-B compounds,
Hf-54, Hf-5p and B-2p orbitals have similar profiles
from — 6 to 0V, indicating their hybridization and
significant covalent interaction between Hf and B.
Especially for Cmmm-HfsBs, Cm-Hf;By and Cmcm-
Hf,B; from Group C (Fig. 6c, g, k), the profiles of Hf-
5d, Hf-5p and B-2p orbitals, from — 4 to 0V, are
nearly the identical. It is because of the mixing of Hf
and B atoms in the intra and interlayer of sandwiches
II structure. Compared to Group B Hf-B compounds
with the sandwiches I structure, Group C Hf-B
compounds with the same B/(Hf + B) ratio but with
a sandwiches II structure have stronger hybridiza-
tion, contributing to higher hardness. Examples of
such compounds are Imma-Hf;B; from Group B and
Cmcem-Hf,B35 from Group C.

Ideal strength
Weakest ideal strength

To further confirm the intrinsic hardness of the pre-
dicted compounds, the ideal strength of the Hf-B
compounds were calculated by continuously apply-
ing tensile and shear strains until the bonds were
broken. Note that the above elastic properties and
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hardness were calculated based on the limited value
of the strain-stress relation.

Under tensile loads (see Fig. 7), the weakest ideal
tensile strengths of Cm-HfB;, Cmcm-HfB,, C2-HfBg
and C2/m-HfBg, with the sandwiches I structure, are
calculated as 8.1 GPa in [011] direction, 18.7 GPa in
[011] direction, 27.6 GPa in [010] direction, and
23.8 GPa in [011] direction, respectively. For sand-
wiches II structure, Cmmm-HfsBs,, Cm-Hf;B, and
Cmcm-Hf,B3 have the weakest ideal tensile strengths
with values 13.9, 17.3 and 18.8 GPa, respectively, in
[010] direction.

In the case of shear loads, various slip systems
were systematically studied under shear deforma-
tions (see Fig. 8). The weakest shear strengths of
Cmmm-HfsBs, Cm-Hf;B, and Cmcm-Hf,B; are found
to be 28.3 GPa in (010)< 010 > system, 31.6 GPa in
(100)< 010 > system, and 28.9 GPa in (100)< 010 >
system, respectively. However, the weakest shear
strengths of the Cm-HfB;, Cmcm-HfB,4, C2-HfBg and
C2/m-HfBg are as low as 3.4 GPa in (010)< 001 >
system, 8.3 GPa in (001)< 110 > system, 14.9 GPa in
(001)< 110 > system, and 10.3 GPa in (010)< 101 >
system, respectively. However, the maximum peak
tensile and shear strengths of the calculated Hf-B
compounds are all above 40 GPa. It indicates their
strong anisotropy.

Accordingly, the weakest ideal strengths Hf-B
compounds with sandwiches I structure (i.e., Cm-
HfBs, Cmem-HfB4, C2-HfBg and C2/m-HfBg) and with
sandwiches II structure (i.e., Cmmm-HfsBg, Cm-Hf;B,
and Cmcm-Hf,B3) are plotted in Fig. 9. Note that the
weakest ideal strength values of all these Hf-B com-
pounds are lower than that of h-HfB,, which is
33.3 GPa along (10-10)<— 12-10> system [63].

Bond-breaking mechanism

The bond-breaking mechanism in the weakest pure
deformation direction is further explored to explain
the low ideal strengths of the predicted Hf-B phases.

For the Hf-B compounds (B/(Hf + B) > 0.66) with
the sandwiches I structure, after applying shear load,
the increasing bond-lengths of the “key” Hf-B bonds
lead to the big jump in the angle of the three-di-
mensional (3-D) boron network (i.e., changing the
shape of the network). This change in the shape of the
boron network leads to the rearrangement of the sp”
hybridization of B-B bonds, and the structural col-
lapse (see Figs. 10, 11, 12, 13). Taking C2-HfB, for

@ Springer
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Figure 8 The calculated stress—strain relations of Hf-B with sandwiches I and II structures under various shear loads.
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example (Fig. 12), the bond-lengths dramatically
change from 2450 (at &=0.0606) to 2.541 A (at
e =0.0812) for Hf>,-B, bond, and from 2.630 (at
& = 0.0606) to 2.518 A (at & = 0.0812) for Hf,-Bs bond.
Nevertheless, B-B bond-lengths of C,-HfB¢ have no
apparent changes and the angles of B atoms show a
big jump, indicating the significant changes of the
shape of the boron network. Instead of the broken of
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Figure 9 The weakest ideal strengths of Hf-B compounds with
two different types of sandwiches structures (‘Reference [64],
Reference [34]).
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B-B bonds (such as FeBy [65]), the “deformity” of 3-D
boron network and the corresponding charge transfer
cause the structural collapse of the calculated Hf-B
compounds with the sandwiches I structure under
specific loading deformation.

For the tensile deformation, the increasing of bond-
length of Hf;-By is the most critical factor in deter-
mining the tensile strength of Cmcm-Hf;B; in [010]
direction (see Fig. 14e, f), even though the bonding
between B1-B5 atoms becomes more robust due to
shorter bond-length. A similar phenomenon can also
be observed in the case of Cmmm-HfsBgs and Cm-
Hf;B, with sandwiches II structures when applying
tensile deformation (Fig. 14a—d).

According to the calculation results in this paper,
the mechanical properties of the Hf-B compounds
with sandwiches II structure (Group C) have a linear
relationship with the B content. Bulk modulus B,
shear modulus G, Young’s modulus Y, hardness H,
and the weakest ideal strength of Group C com-
pounds all increase with B concentration. Because of
the highest amount of boron content among all the
considered Group C compounds, Cmcm-Hf;B; has
the highest values in B, G, Y, H, and weakest ideal
strength due to stronger B covalent bond and
hybridization interaction between Hf and B atoms.
Moreover, the structural failure of Group C com-
pounds under tensile deformation is caused by the

T T
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Figure 11 The variations of
bond lengths, bond angles and
ELF of Cmcm-HfB,4 under
shear load in (010)< 001 >
slip system (see variations of
bond length B-B in Fig. S2 of
supplementary material).

Figure 12 The variations of
bond lengths, bond angles and
ELF of C2-HfB¢ under shear
load in (001)< 110 > slip
system (see ELF and related
atom number in Fig. S3 of
supplementary material).
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Figure 13 The variations of
bond lengths, bond angles and
ELF of C2/m-HfBg under
shear load in (100)< 011 >
slip system (see ELF and
related atom number in

Fig. S4 of supplementary
material).
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broken of Hf-B bond. Therefore, stronger hybridiza-
tion interaction of Hf and B atoms can increase the
ideal strength of Group C Hf-B compounds with

sandwiches II structure.

For Hf-B phases with sandwiches I structure
(Group A and B), there is no apparent linear rela-
tionship between B concentration and the change
trend of mechanical properties. According to the
analysis of chemical bonding in Elastic properties
and chemical bonding Section, higher B concentra-
tion leads to stronger B covalent bonds in Hf-B
compounds. It leads to higher elastic properties such
as B, G, Y and H,, especially for Group A Hf-B
compounds with B/(Hf + B) > 0.66. However, due
to the relatively weak hybridization interaction
between Hf and B bonds of Group A Hf-B com-
pounds, the 3-D boron network is deformed during
the shearing deformation under applying relative
small shear load, leading to the structure deformation
failure but with small change of B-B bond lengths.
Therefore, Hf-B compounds with high B/(Hf + B)

ratio and strong covalent bond are not “doomed” to
be material with high value of “weakest ideal
strength”. A similar phenomenon was also found in
the case of B-C-O system [64].

Among all the calculated Hf-B structures, consid-
ering the structural stability and mechanical proper-
ties, we consider that the P6/mmm-HfB, and Cmcm-
Hf,B; structures have high potential for engineering
applications. The results in this study may also pro-
vide an idea for the design of TM-B structures with
high mechanical properties, i.e., through improving
the hybridization of TM-B atoms while maintaining a
high B concentration.

Conclusions

This study explored the previously unknown struc-
tures of the Hf-B compounds. Moreover, the corre-
lation of the Hf-B compound structures with
mechanical properties was investigated through the-
oretical calculation.
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Figure 14 The variations of 4.0 .
bond lengths and ELF of Hf-B b e et
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Potential crystal structures of Hf-B compounds,
which have energetic stability, dynamic stability and
mechanical stability, are predicted from the system-
atic evolutionary searches. According to the B con-
centration and sandwiches structure types, the
studied Hf-B compounds were classified as Group A
(sandwiches I structure and high B concentration B/
(Hf + B) > 0.66), Group B (sandwiches I structure
and low B concentration B/(Hf + B) < 0.66) and
Group C (sandwiches II structure and low B con-
centration B/(Hf + B) < 0.66).

Originated from the strong covalent bonding
between B-B atoms, Cm-HfB;, Cmcm-HfB,, C2-HfBy,
and C2/m-HfBg from Group A Hf-B compounds have
superhardness. Significantly, the newly predicted C2-
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0.15

(f) ELF of Cmcm-Hf,Bsunder the tensile strain of (1) & = 0 and
(2)e=0.116

HfB¢ had hardness up to 50 GPa, which is the highest
among all the previously reported Hf-B compounds.
Group A Hf-B compounds have obviously lower
value of bulk modulus B, shear modulus G, Young's
modulus Y, and hardness H, than that of Group B
and C compounds. The estimated B, G, Y, H, and the
weakest ideal strengths of Group C compounds had
positive linear relationship with B concentrations.
This is because of stronger hybridization interaction
between Hf and B atoms for Group C compounds
when their B concentrations are higher. Low values
(<20 GPa) of the weakest ideal tensile/shear
strengths were obtained for Hf-B compounds with
different sandwiches structures. The structural fail-
ure of Group A Hf-B compounds under shear
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deformation was caused by the relatively weak
hybridization interaction between Hf-B atoms, which
led to the deformation of the 3-D boron network. It
may be possible to obtain TM-B compounds with
high mechanical properties through improving the
hybridization interaction of TM-B atoms while
maintaining a high B content when the designing a
TM-B structure.
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