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The first-principles calculations are performed to investigate the structural, mechanical property, hardness, and elec-
tronic structure of WCoB with 0, 8.33, 16.67, 25, and 33.33 at.% Mn doping content and W2CoB2 with 0, 10, and 20 at.%
Mn doping content. The cohesive energy and formation energy indicate that all the structures can retain good structural
stability. According to the calculated elastic constants, Mn is responsible for the increase of ductility and Poisson’s ratio
and the decrease of Young’s modulus, shear modulus, and bulk modulus. By using the population analysis and mechani-
cal properties, the hardness is characterized through using the five hardness models and is found to decrease with the Mn
doping content increasing. The calculated electronic structure indicates that the formation of a B–Mn covalent bond and a
W–Mn metallic bond contribute to the decreasing of the mechanical properties.
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1. Introduction
Transition metal borides have high hardness, high melt-

ing point, relatively high electrical conductivity, and corrosion
resistance, which have been promising candidates for wear re-
sistance applications.[1–3] Reaction bronizing sintering[4,5] has
been developed to solve the poor sintering property of ternary
boride and used to fabricate ternary borides WCoB, Mo2FeB2,
and Mo2NiB2,[6] which have received a great deal of attention
in recent years.

Among them, WCoB exhibits the high hardness and
outstanding mechanical properties, and has been studied for
years.[7–9] Microalloying is an important method to improve
the mechanical properties and microstructure of alloys. For
ternary boride hard alloy, there are some transition elements
used to improve its overall mechanical properties, such as Cr,
V, Mn, Ni, Nb, etc.[10–15] There is no doubt that Mn is an im-
portant alloying element for ternary boride. Yang[16] found
that 10 wt% Mn doping can improve the transverse rupture
strength (TRS) and hardness of Mo2FeB2 hard alloy from
980 MPa, 87.4 HRA to 1290 MPa, 89.4 HRA by solid so-
lution strengthening and grain refinement. Takagi[17] found
that 2.5 wt% Mn doping improves the TRS of Mo2NiB2 hard
alloy to a maximum value of 3500 MPa, and 10 wt% Mn dop-
ing contributes to the highest hardness of 88 HRA. Komai[18]

found 15 wt% Cr doping improves the TRS and hardness of
WCoB hard alloy from 1820 MPa, 78 HRA to the maximum
value of 2850 MPa, 89 HRA, respectively. Ke[19] proved that
0.3 wt% VC and 0.3 wt% Cr3C2 doping WCoB-TiC hard al-
loy show the maximum mechanical properties (hardness, TRS,
and KIC are 92.6 HRA, 1976 MPa, and 14.8 MPa·m1/2, respec-
tively). Although some researchers study the influence of Mn
doping on Mo2FeB2 or Mo2NiB2 ternary boride hard alloys,
there has been no study on Mn doping WCoB ternary boride,
which could be a useful way to improve mechanical properties
of WCoB hard alloy.

The first-principles simulation has been widely used to
explore the band structure, molecular structure, and electronic
properties in recent years.[20–23] It is an advanced way to ex-
plore the effect of the alloying element doping ternary boride.
The doping content of the alloying element plays an important
role in the experimental research. So it is meaningful to find
a suitable doping content value in Mn doping WCoB ternary
boride hard alloy by using a theoretical method. Lin[24] found
alloying elements Mn, Ni, and Cr prefer to occupy the Fe site
of Mo2FeB2 and Ni improves its ductility while Cr increases
the hardness and Young’s modulus. However, only 10 at.%.
Mn, Ni, and Cr doping content is not enough to explore the in-
fluence of alloying element doping. Therefore, Wang[25] chose
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2.5, 5, 10, and 20 at.% doping content to explore the influ-

ence of Cr and Ni on the Mo2FeB2 hard alloy. They found

that the Ni can reduce the hardness and improve the ductil-

ity by increasing the alloying content, and Cr can increase the

Young’s modulus and hardness, and it reduces the ductility by

increasing the alloying content. Nevertheless, there is no study

on Mn doping WCoB ternary boride hard alloy either; such a

study can provide a theoretical basis for experimental studies

on WCoB.

In this paper, the first-principles method is used to inves-
tigate the influence of Mn doping content on the mechanical
properties of WCoB ternary boride. Since W2CoB2 coexists
in WCoB hard alloy, which has been proved by Xu,[26] the ef-
fect of Mn on the mechanical properties and also on the elec-
tronic structure of W2CoB2 are also studied by first principles.
We consider the two cases, i.e. the content values of Mn are 0,
8.33, 16.67, 25, and 33.33 at.% separately in WCoB unit-cell,
and the content values of Mn are 0, 10, and 20 at.% separately
in the W2CoB2 unit-cell. The structure, elastic property, hard-
ness, and electronic structure of WCoB and W2CoB2 at vari-
ous doping content values are studied in detail.

2. Methods and models
All simulations in this paper are performed by using

density functional theory (DFT),[27] with the help of the
Cambridge Serial Total Energy Package (CASTEP) code.[28]

The generalized gradient approximation (GGA) and Perdew–
Burke–Ernzerh (PBE) scheme are used to evaluate the ex-
change and correlation function.[29] The interaction between
valence electrons and the ionic cores is treated with the Van-
derbilt ultrasoft pseudopotential.[30] The electronic config-
urations are chosen as W (5s25p65d46s2), Co (3d74s2), B
(2s22p1), and Mn (3d54s2). The WCoB possesses a space
group of Pnma (No. 62, ICSD collection code: 613390)[31]

with an orthorhombic structure, and W2CoB2 possesses a
space group of Immm (No. 71, ICSD collection code:
16776)[32] with an orthorhombic structure. The lattice param-
eters of WCoB are a= 5.745 Å, b= 3.203 Å, and c= 6.652 Å,
and the Wyckoff positions of W, Co, and B are 4c (0.021, 0.25,
0.18), 4c (0.142, 0.25, 0.561), and 4c (0.765, 0.25, 0.623). The
lattice parameters of W2CoB2 are a = 7.075 Å, b = 4.564 Å,
and c = 3.177 Å and the Wyckoff positions of W, Co, and B
are 4 f (0.205, 0.5, 0), 2a (0, 0, 0), and 4h (0, 0.3, 0.5), respec-
tively.

10 A 10 A

W

Co

B

(a) (b)

Fig. 1. (color online) Orthorhombic structure of Mn doping (a) WCoB (W4Co4−xMnxB4, x = 0, 1, 2, 3, 4) and (b) W2CoB2
(W4Co2−xMnxB4, x = 0, 1, 2).

To investigate the influence of Mn doping content for
WCoB and W2CoB2, we choose different numbers of Mn
atoms to replace Co site positions, because of the similar
atom radius of Mn (r = 161 pm) and Co (r = 152 pm). By
replacing 0, 1, 2, 3, and 4 Co atoms in the WCoB unit-
cell, the chemical formulas can be denoted by a-W4Co4B4,
b-W4Co3MnB4 (position: 5), c-W4Co2Mn2B4-symmetry (po-
sition: 5, 8), d-W4Co2Mn2B4-unsymmetry (position: 5, 7), e-
W4CoMn3B4 (position: 5, 6, 7), and f-4Mn4B4 (position: 5, 6,
7, 8). By replacing 0, 1, and 2 Co atoms in the W2CoB2 unit-
cell, the chemical formulas can be denoted by g-W4Co2B4,
h-W4CoMnB4 (position: 13), and i-W4Mn2B4 (position: 9,
10, 11, 12, 13, 14, 15, 16, 17), which are shown in Fig. 1. A
plane-wave basis set for electron wave function with a cutoff
energy of 550 eV is employed, and the k-point mesh which is
used to integrate in the Brillouin zone is performed as 4×8×4

and 3×5×8 for WCoB and W2CoB2, respectively. During
the geometry optimization, the Broyden–Flecher–Goldfarb–
Shanno (BFGS) geometry optimization task is implemented
to obtain a stable structure with minimum total energy[33] and
fully relaxed atomic position. The self-consistent convergence
of the total energy is 5×10−6 V/atom and the maximum force
on the atom is below 0.01 eV/Å, maximum stress is below
0.02 GPa, and the maximum displacement between cycles is
below 5×10−4 Å.

3. Results and discussion
3.1. Structural stability

The stability can be used to explore the influence of Mn
doping WCoB and W2CoB2, which is evaluated by two energy
parameters, i.e. cohesive energy Ecoh and formation energy Ef.
The equation of cohesive energy Ecoh is expressed as

107101-2
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Ecoh

= (Etotal −aEw −bECo − cEB −dEMn)/(a+b+ c+d), (1)

where Ecoh is the cohesive energy of WCoB or W2CoB2 per
formula, Etotal is the total energy of Mn doping WCoB and
W2CoB2 structure, and EW, ECo, EB, and EMn are the energies
of free W, Co, B, and Mn atoms, respectively. The equation of
formation energy Ef is expressed as

Ef = Ecoh (cell)−aEcoh (W)−bEcoh (Co)

−cEcoh (B)−dEcoh (Mn) . (2)

The cohesive energies of Ecoh(W), Ecoh(Co), Ecoh(B), and
Ecoh(Mn) are selected respectively from elementary sub-
stances W (IM3M), Co (P64MMC), B (P4N2), and Mn
(P4132), which have the lowest energy. The a, b, c, and d

are the numbers of atoms in the WCoB or W2CoB2 lattice,
respectively.

The cohesive energy is used to evaluate the energy change
of a free atom transforming into a compound, so the cohe-
sive energy can indicate the crystal structure stability. The for-
mation enthalpy presents the energy change in the process of
simple substances transforming into compounds. Therefore,
equations (1) and (2) require negative values of Ecoh and Ef,
which indicates the thermodynamically stable structure.

The calculated values of lattice parameters, unit cell vol-
ume, cohesive energy, and formation energy for WCoB and
W2CoB2 are shown in Table 1, together with the available
experimental data for comparison. These calculation results
show that the calculated structure parameters are consistent
with the experimental values, indicating the reliability of the
present calculations.

Table 1. Calculated values of lattice parameters, cohesive energy Ecoh (eV/atom), and formation energy Ef (eV/atom) of
W4Co4−xMnxB4 and W4Co2−xMnxB4.

WCoB/W2CoB2 Lattice constants/Å V/Å3 Ecoh Ef

W4Co4B4-ex a = 5.746, b = 3.203, c = 6.652 122.43 – –
a-W4Co4B4 a = 5.746, b = 3.256, c = 6.624 123.938 –9.363 –0.491

b-W4Co3MnB4 a = 5.752, b = 3.254, c = 6.703 125.462 –9.418 –0.467
c-W4Co2Mn2B4 a = 5.805, b = 3.210, c = 6.796 126.614 –9.484 –0.463
d-W4Co2Mn2B4 a = 3.221, b = 5.820, c = 6.765 126.810 –9.476 –0.455
e-W4CoMn3B4 a = 5.857, b = 3.188, c = 6.864 128.165 –9.541 –0.451

f-W4Mn4B4 a = 5.878, b = 3.170, c = 6.956 129.638 –9.627 –0.454
W4Co2B4-ex a = 7.075, b = 4.564, c = 3.177 102.59 – –
g-W4Co2B4 a = 7.109, b = 4.566, c = 3.190 103.559 –9.503 –0.527

h-W4CoMnB4 a = 7.177, b = 4.619, c = 3.153 104.540 –9.568 –0.506
i-W4Mn2B4 a = 7.226, b = 4.679, c = 3.126 105.705 –9.653 –0.495

It is obvious that higher Mn doping content leads to the
increasing of unit cell volumes, which is caused by the larger
atom radius of Mn (r = 161 pm) than Co (r = 152 pm).
The volume change of b-W4Co3MnB4, c-W4Co2Mn2B4, d-
W4Co2Mn2B4, e-W4CoMn3B4, and f-W4Mn4B4 are 1.230%,
2.159%, 2.317%, 3.411%, and 4.599%, respectively. Simi-
larly, the volume change of h-W4CoMnB4 and i-W4Mn2B4

are 0.947% and 2.072%, respectively. A similar trend can be
found in the lattice parameters.

The calculated values of cohesive energy of Mn doping
WCoB and W2CoB2 are negative, indicating all of these com-
pounds are stable. With the increasing of Mn content, the de-
creasing of cohesive energy means that the Mn doping con-
tributes to the more stable structure of WCoB and W2CoB2.
It is clear that all the values of the formation energy are nega-
tive, implying that all Mn doping compounds are also stable.
Moreover, the formation energy increases with the increasing
of Mn content, implying the decreasing of the possibility in
the formation process from simple substances. This result can
be attributed to the Mn doping damage to the integrity of the
crystal structure. When all Mn atoms replace Co atoms in the
unit cell, the Ef increases slightly instead of further increasing.
This phenomenon should be derived from the formation of the

new stable structures, WMnB and W2MnB2. Overall, it can
be concluded that all compounds are stable and retain good
structural stability at the highest doping content.

3.2. Mechanical properties

In order to study the influence of Mn doping content on
WCoB and W2CoB2, the elastic constant, Young’s modulus,
bulk modulus, shear modulus, Poisson’s ratio, anisotropic in-
dex, and B/G ration are discussed and analyzed, as shown in
Tables 2 and 3. The mechanical stability of Mn doping WCoB
and W2CoB2 should be examined by traditional mechanical
stability conditions.[34] WCoB and W2CoB2 are orthorhom-
bic crystals, which have nine independent elastic stiffness con-
stants, so the sequence is shown as follows:

Cii > 0,

[C11 +C22 +C33 +2(C12 +C13 +C23)]> 0,

(C11 +C22−2C12)> 0,

(C11 +C33 −2C13)> 0,

(C22 +C33 −2C23)> 0, (3)

where Ci j is the single crystal elastic constant, and Si j is the
elastic compliant coefficient, which could be converted from
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the corresponding Ci j matrix equation.
For orthorhombic phase,[35] BV, BR, GV, and GR can be

expressed by using the following equations:

BR = 1/[(S11 +S22 +S33)+2(S12 +S13 +S23)], (4)

BV = (C11 +C22 +C33)/9+2(C12 +C13 +C23)/9, (5)

GR = 15/[4(S11 +S22 +S33)−4(S12 +S13 +S23)

+3(S44 +S55 +S66)], (6)

BV = (C11 +C22 +C33)/15− (C12 −C13 −C23)/15

+(C44 +C55 +C66)/5. (7)

Table 2. Calculated elastic constants (in GPa) of W4Co4−xCrxB4.

a-W4Co4B4 b-W4Co3MnB4 c-W4Co2Mn2B4 d-W4Co2Mn2B4 e-W4CoMn3B4 f -W4Mn4B4

C11 553.47 539.43 535.02 517.78 512.57 516.25
C22 507.66 480.10 476.62 462.16 447.64 444.87
C33 613.82 576.78 570.12 543.94 549.34 536.25
C44 234.88 230.02 229.91 222.44 225.16 225.86
C55 190.13 188.14 182.68 181.58 172.15 165.98
C66 237.06 231.89 240.66 231.89 232.99 242.59
C12 254.82 253.86 261.67 269.53 259.28 255.60
C13 179.12 171.96 159.89 154.41 155.69 148.63
C23 217.25 209.08 218.16 217.31 200.90 191.86
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Fig. 2. (color online) Calculated values of (a) bulk modulus B (GPa), (b) shear modulus G, (c) Young’s modulus E, (d) Poisson’s ratio γ , (e)
B/G ratio, and (f) universal anisotropic index (AU) of W4Co4−xCrxB4 and W4Co2−xCrxB4.
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The bulk modulus B and shear modulus G are calcu-
lated by Voigt–Reuss–Hill[36] approximation, which can be
expressed by the following equations:

B = (BV +BR)/2, (8)

G = (GV +GR)/2. (9)

Young’s modulus E and Poisson’s ratio υ can be calcu-
lated from the following equations:

E = (9BG)/(3B+G), (10)

υ = (3B−2 G)/ [2(3B+G)] . (11)

A universal elastic anisotropy index (AU) is proposed,
which accounts for both the shear and bulk contributions, and
is given below.

AU = 5GV/GR +BV/BR −6 ≥ 0. (12)

Table 3. Calculated elastic constants (in unit GPa) of W4Co2−xCrxB4.

g-W4Co2B4 h-W4CoMnB4 i-W4Mn2B4

C11 588.06 618.78 563.35
C22 601.75 585.91 587.05
C33 538.17 497.05 452.6
C44 239.93 248.97 254.87
C55 247.14 239.53 236.48
C66 209.22 184.82 136.96
C12 157.69 179.68 167.94
C13 248.73 258.77 250.68
C23 235.1 237.1 217.67

The mechanical properties of Mn doping
W4Co4−xMnxB4 and W4Co2−xMnxB4 are calculated and the
results are shown in Tables 2 and 3, including bulk modulus,
shear modulus, Young’s modulus, and Poisson’s ratio. The
mechanical properties of the compounds are usually charac-
terized by the full set of elastic constants. Three principle axes
have relatively high elastic constants, indicating the high resis-
tance to linear compression in these directions. However, the
magnitude orders in three axes are different. For orthorhom-
bic WCoB, the order is C33 > C11 > C22, which shows the
higher deformation resistance along the c axis than the a axis.
With the increasing of Mn doping content, the elastic constant
decreases slightly, indicating Mn doping reduces the deforma-
tion resistance along a, b, and c axes. The C12 increases clearly
while C13 and C23 decrease distinctly with the increasing of
the Mn doping content. In the case of orthorhombic W2CoB2,
C22 is larger than C11 and C33, suggesting the extremely large
stiffness along the b axis. C11 increases when the Mn doping
content is 10 at.%, indicating that the Mn doping leads to the
higher deformation resistance along the a axis. A similar trend
is also found separately in C12, C13, and C23, implying that the
Mn doping may have a positive effect on W2CoB2.

The calculated values of bulk modulus B, shear mod-
ulus G, Young’s modulus E, Poisson’s ratio γ , B/G, and
universal anisotropic index (AU) of WCoB and W2CoB2 are
shown in Fig. 2. The isolate point refers to the crystal struc-
ture W4Co2Mn2B4-unsymmetry, which is more unstable than
W4Co2Mn2B4-symmetry with higher cohesive energy. With
the increasing of Mn doping content, Young’s modulus, bulk
modulus, and shear modulus of WCoB decrease slowly, which
means that the Mn doping leads to lattice distortion and stress
concentration, and thus reducing the resistance of deforma-
tion. Similarly, the bulk modulus and shear modulus of
W2CoB2 decrease rapidly while Young’s modulus increases
at first, which means that the unstable structure contributes to
the reduction of the mechanical properties.

Poisson’s ratio can be used to analyze the brittleness of
crystals.[37,38] For WCoB orthorhombic structure, it is clear
that Poisson’s ratio fluctuates around 0.25. However, with the
increasing of Mn doping content, the Poisson ratio of W2CoB2

increases rapidly. Paugh[39] proposed that the ratio of B/G can
be used to estimate the ductility and brittleness of material, and
the criterion is about 1.75. Meanwhile, comparing the Pois-
son ratio with 0.25, the ductility of material can also be evalu-
ated. We find that Mn doping increases the ductility of WCoB
and W2CoB2, but all compounds are brittle except W2MnB2.
Because ductile compounds usually have a high Poisson’s ra-
tio and high B/G ratio, Mn doping improves the ductility of
W2CoB2, but shows little effect on the ductility of WCoB. The
universal elastic anisotropy index (AU) is identically zero for
locally isotropic single crystals and the departure of AU from 0
determines the extent of single crystal elastic anisotropy. The
larger the value of AU, the stronger the anisotropy of the com-
pounds will be. Therefore, it is clear that higher Mn doping
content leads to the increasing of anisotropy.

3.3. Population analysis and hardness

The population analysis can be used to evaluate the bond-
ing strength among atoms, which can provide sufficient infor-
mation about the chemistry bonding.[40] The overlap popula-
tion of a covalent bond is bigger than an ionic bond, and both
of them are larger than 0. When the overlap population is less
than 0, it shows the existence of anti-bonding. Zhou[41] pro-
vided a method to analyze the chemical bonds among atoms by
calculating the average overlap population nAB, and the equa-
tion is as follows:

nAB =
∑
i

nAB
i Ni

∑
i

Ni
, (13)

where Ni is the total number of A–B bonds and nAB
i refers to

the bond population of the A–B bond in the i type.

107101-5



Chin. Phys. B Vol. 27, No. 10 (2018) 107101

The calculated overlap population of bonds is listed in Ta-
bles 4 and 5. It is obvious that B–B bonds do not exist in Mn
doping WCoB structure, which is caused by the long distance
between atoms. With the increase of Mn doping content, the
overlap population increases for most of the bonds, implying
that the Mn atoms contribute to the increase of covalent prop-
erties for most of the bonds. The negative population means

that a strong repulsion force exists among these bonds and it
also increases with the increase of Mn doping content. It is
clear that the average overlap population decreases when Mn
atoms replace Co atoms and form bonds, so Mn doping re-
duces the covalency of crystal. Similarly, we find that the same
trend occurs in the Mn doping W2CoB2 compounds, indicat-
ing that WCoB and W2CoB2 have similar properties.

Table 4. Calculated overlap population of bonds for W4Co4−xMnxB4.

a-W4Co4B4 b-W4Co3MnB4 c-W4Co2Mn2B4 d-W4Co2Mn2B4 e-W4CoMn3B4 f-W4Mn4B4

B–B – – – – – –
B–Co 0.307 0.316 0.307 0.337 0.33 –
B–W 0.533 0.561 0.582 0.593 0.612 0.64
B–Mn – 0.117 0.16 0.11 0.146 0.16
Co–Co –0.150 –0.14 –0.14 – – –
Co–W –0.0525 –0.0275 –0.045 0.0175 0.015 –
Co–Mn – –0.3 – –0.27 -0.25 –
W–W –0.160 –0.105 –0.11 -0.03 0.025 0.07
W–Mn – –0.15 –0.095 -0.1575 –0.103 –0.0725

Mn–Mn – –0.185 –0.175 – –0.36 –0.33

Table 5. Calculated overlap population of bonds for W4Co2−xMnxB4.

g-W4Co2B4 h-W4CoMnB4 i-W4Mn2B4

B–B 0.56 0.55 0.53
B–Co 0.42 0.47 –
B–W 0.265 0.28 0.295
B–Mn – 0.23 0.29
Co–Co – – –
Co–W 0.03 0.025 –
Co–Mn – – –
W–W -0.11 -0.045 0.015
W–Mn – -0.105 -0.085

Mn–Mn – – –

Hardness of Mo2FeB2 ternary boride hard alloy is dom-
inated by Mo2FeB2 hard phase, which comes from the Mn
doping Mo2FeB2 structure, and has been proved by Lin’s[24]

research. As is well known, the hardness is a macroscopic
property, so different hardness models including some models
established on population, are used for evaluation and com-
parison. In 1954, Pugh[42] established a hardness model by
using the shear modulus, which can be expressed by Hv =

0.151 G. Chen[43] modeled the hardness by introducing Pugh’s
ratio, k = G/B, which can be used to evaluate the brittle-
ness/ductility of a material, and established a hardness model,
which can be expressed as follows:

Hv = 2(k2G)
0.585 −3, (14)

where k is Pugh’s ratio and G is the shear modulus.
However, Gao[44] established another hardness model,

with the resistance assumed to be proportional to the homo-
polar energy gap. Gao also suggested that the strength of a
bond can be characterized by using average overlap popula-
tions, where the overlap population is evaluated by the first

principles. The following expressions are used to evaluate the
hardness of materials:

Hµ

γ (GPa) = APµ
(
γ

µ

b

)−5/3
, A = 740, (15)

γ
µ

b = (dµ)
3
/∑

µ

(dµ)
3Nµ

b , Nµ

b = Nµ/Ω , (16)

where: Hµ

γ is the hardness of the µ type bond; dµ is the bond
length of the µ type bond; Nµ

b is the bond density per cubic
angstroms of the µ type bond; Ω is the cell volume; and Pµ is
the overlap population of the µ type bond. Moreover, because
the hardness of a metallic bond is ill-determined in the first-
principles calculation, the hardness of metallic bonds is not
considered in some situations. The hardness of material can
be expressed as the geometric average of all bond hardness,
where mn is the bond number of µ type bond.

Hµ

γ (GPa)

= [(Hγ
µ1)

m1(Hγ
µ2)

m2 . . .(Hγ
µn)

mn ]
1/(m1+m2+m3). (17)

So we use three hardness models to evaluate the hardness
of material and explore the effects of Mn doping content
on overlap population and hardness of WCoB and W2CoB2.
The isolate point refers to the crystal structure W4Co2Mn2B4-
unsymmetry, which is more unstable than the W4Co2Mn2B4-
symmetry with higher cohesive energy.

By using three different hardness models, the hardness of
materials is characterized to explore the influence of different
Mn doping content. The hardness models are established for
binary oxide and they might not be suitable for ternary boride.
So the results are compared to find the hardness change of
WCoB and W2CoB2 ternary boride.

For WCoB ternary boride, Paugh’s and Chen’s models
are based on the bulk modulus and shear modulus, which has
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been discussed above. It is obvious that the hardness decreases
with the increasing of Mn doping content, due to the decreas-
ing of bulk modulus and shear modulus. Gao’s model shows
a similar trend of hardness, and the decreasing range is even
larger. For W2CoB2 ternary boride, Paugh’s and Chen’s mod-

els show the hardness decreasing rapidly, which is similar to
the trend of bulk modulus and shear modulus. However, Gao’s
model shows that the change of hardness is minor, so it can be
concluded that Mn doping does not improve the hardness of
W2CoB2.
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Fig. 3. (color online) Plots of theoretical hardness versus Mn doping concentration of WCoB and W2CoB2, obtained by different models: (a) Hv-Pugh, (b)
Hv-Chen, (c) Hv-Gao.

In the analysis of average overlap population, we find that
the higher Mn doping content leads to the higher population.
However, when we study the effect of Mn doping content on
WCoB and W2CoB2, the hardness decreases obviously, which
can be verified by three different models. It is likely to be trig-
gered by the increasing of bond length, which is caused by the
larger atom radius of Mn (r = 161 pm) than Co (r = 152 pm)
and weaker B–Mn covalent bond and W–Mn metallic bond,
which is discussed in the next part.

After all, the hardness may be one of the most important
properties which can be characterized by the first-principles
calculation, and is hardly improved with craft. Compared with
the study of Cr doping WCoB ternary boride[45] by first prin-
ciples, the B/G ratio increases rapidly and reaches a value be-
yond 1.75, and the hardness decreases slightly. So the decreas-
ing of hardness implies that Mn doping is not a suitable way
to improve mechanical properties of WCoB ternary boride,
which is also proved by the electronic structure and popula-
tion analysis. If Mn doping cannot cause the solid solution to
significantly strengthen nor grain refinement to form in WCoB
hard alloy, Mn may not be a suitable choice for transition metal
doping.

3.4. Density of states

The electronic propreties of WCoB and W2CoB2 with
different Mn doping content are presented by calculating the
density of states (DOS) and partial density of states (PDOS),
which can help to reveal the effect of Mn doping content as
shown in Figs. 4 and 5. The location of the dashed line rep-
resents the Ferimi level (EF), and the deep valley at the Fermi
level is known as the pseudogap (Ep). The electrons occupy-
ing the orbits above the pseudogap become delocalized, and
the compounds will be metallized. The larger dispalcement

of pseudogap between the Fermi level contributes to a higher
hardness and covalence, which is usually composed of d–d
electrons. Yu[46] studied the relationship between the value
of density of states at the Fermi level and the stability of ma-
terials, and the result shows that the lower value is realted to
the higher stability of noncrystal and quasi-crystal. However,
WCoB and W2CoB2 compounds are typical crystals, so their
value of the density of states at the Fermi level cannot be used
to judge the stability of WCoB nor W2CoB2 with different Mn
doping content.

The density of states (DOS) and partial density of states
(PDOS) can be made more visual to be analyzed by dividing
the density of states into different peaks. So it is clear that
there are 9 distinct state peaks located near −8.5 eV, −6 eV,
−4 eV, −3 eV, −2.3 eV, −0.8 eV, 1 eV, 2.3 eV, and 5.3 eV
(named P1, P2, P3, P4, P5, P6, P7, P8, and P9, respectively).
The DOS at the Fermi level is not equal to 0, which shows
the metallic character for each of the calculated Mn doping
WCoB structures. Compared with the undoped WCoB struc-
ture in Fig. 4, it is obvious that these peaks can be divided into
two groups.

The density of states at each of P1, P2, P3, P8, and P9 vary
slightly with the increasing of Mn doping content. The com-
position of P1 is mainly composed of B-2s and W-5d orbitals
and the compositions of P2 and P9 are made up of B-2p and
W-5d orbits. There exists a strong hybridization at each of P1,
P2, and P9 between B and W, and these B–W covalent bonds
between metal and non-metal are beneficial to shear modulus
and hardness. The P3 and P8 are mainly composed of B-2p
and W-5d orbits, and are affected by Mn-3d and Co-3d orbits.
The W–Mn and W–Co metallic bonds have negative effects on
shear modulus and hardness.

The P4 is composed of W-5d, Co-3, and Mn-3d orbits
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and a small amount of B-2p, and represents the metallization
at −3 eV. The P4, P5, and P6 are composed of W-5d, Co-3d,
and Mn-3d orbits. The P6 is mainly comprised of Co-3d or-
bits and decreases distinctly with the increase of Mn doping
content and the decrease of Co content. However, the varia-
tions of P4 and P5 are minor, because the increase of Mn-3d
counteracts the decrease of Co-3d. According to Fig. 4, P4,

P5, P6, P7 and P8 possess metal-to-metal bonding between W,
Co, and Mn, which gives a negative contribution to the shear
modulus. However, the effect of Mn doping is counteracted
by the decrease of Co content, so the effect of Mn doping is
extremely small except P6, which is affected by the decrease
of the Co content. These results are consistent with the me-
chanical properties and overlap population analysis.
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Fig. 4. (color online) Plots of total and partial density of states of WCoB with different Mn doping contents (a-W4Co4B4, b-W4Co3MnB4, c-
W4Co2Mn2B4, d-W4Co2Mn2B4, e-W4CoMn3B4, and f-W4Mn4B4).

As shown in Fig. 5, it is found that the trends of DOS
and PDOS for Mn doping W2CoB2 are similar to those in Mn
doping WCoB. There are 7 distinct state peaks located near
−10.4 eV, −3.8 eV, −2.4 eV, −0.56 eV, 2.2 eV, 4.3 eV, and
7.6 eV. It is clear that P1 is a relatively obvious resonance peak

forming between B-2s and B-2p orbitals, forming the B-B co-
valent bond and contributing to the hardness for the Mn doping
WCoB structure, which is consistent with the overlap popula-
tion analysis. The P2, P6, and P7 are composed of the strong
hybridized B-2p, W-5d, Co-3d, and Mn-3d orbits, forming the
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strong covalent bonds, giving a positive contribution to the
shear modulus. Because the effect of Mn doping is counter-
acted by the Co content, the hybridization intensity does not
weaken with the variation of Mn content. The P3, P4, and P5

are made up of the W-5d, Co-3d, and Mn-3d orbits, and form
metallic bonds between W, Co, and Mn, which makes a neg-
ative contribution to the shear modulus. Due to the decrease
of Co content, P4 decreases with the increasing of Mn dop-
ing content, which is consistent with the analysis of B/G and
Poisson’ ratio.
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Fig. 5. (color online) Plots of total and partial density of states ver-
sus energy of W2CoB2 with different Mn doping contents g-W4Co2B4,
h-W4CoMnB4, i-W4Mn2B4 shown in panels (a)–(c).

3.5. Charge density difference

The charge density difference between Mn doping WCoB
and W2CoB2 is calculated and discussed to explore the bond
characteristics, which are shown in Figs. 6 and 7. Figure 6
shows the charge density difference of Mn doping WCoB

along the (1 0 0) plane[47] at different doping contents, and the
crucial atoms and bonds are labeled. Because crystal struc-
tures have a periodic arrangement, the characteristic can be
shown by different cross-sections. The red color represents
the maximum delocalization of electrons, and the blue color
refers to the maximum localization of electrons. The white
color means that the electron density is almost zero.[48]

The B–Co bonds and W–Co bonds are typical bonds in
Fig. 6, and the bond length of B–Co bonds and W–Co bonds
are up to 2.689 Å and 2.201 Å, respectively. With the increase
of Mn doping content, the bond lengths of B-Co and W–Co
increase slightly, which contributes to the decrease of hard-
ness. Moreover, the number of BMn bonds and W–Mn bonds
increase with the increase of Mn content, resulting in the in-
crease of the bond length and crystal volume. However, when
the alloying content reaches a maximum value of 33% at.%,
Mn atoms will replace Co atoms completely, and thus forming
the stronger B–Mn and W–Mn bonds, which indicates the in-
crease of Young’s modulus and shear modulus after their sharp
decrease.
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Fig. 6. (color online) Illustration of charge density difference of Mn dop-
ing WCoB at different structure: (a) W4Co4B4-a, (b) W4Co3MnB4-b, (c)
W4Co2Mn2B4-c, and (d) W4CoMn3B4-e.

The charge density differences among different structures
of Mn doping W2CoB2 are shown in Fig. 7. The atoms in ital-
ics show that they are not on the cross-section, and their posi-
tion is the projection on the cross-section. It is clear that B–
Co bonds and W–Co bonds are typical bonds in W2CoB2, and
their bond lengths are up to 2.090 Å and 2.693 Å, respectively.
With the increase of Mn doping content, Mn will replace Co
atoms gradually. The bond lengths of B–Mn bonds and W–Mn
bonds are slightly larger than B–Co bonds and W-Co bonds,
respectively. When the Mn doping content is up to 20 at.%,
all Co atoms have been replaced by Mn atoms completely, in-
dicating the increase of the number of W–Mn metallic bonds,
which is harmful to mechanical properties. This result is con-
sistent with the previous analysis of density of states and par-
tial density of states.
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The calculated electronic structure implies that the Mn
doping atoms mainly form B–Mn bonds and W–Mn bonds
with the adjacent B atoms and W atoms respectively. Because
the average overlap population analysis indicates that Mn dop-
ing reduces the covalency of crystal, the formation of B–Mn

covalent bonds and W–Mn metallic bonds make negative con-
tributions to mechanical properties. When the Mn doping con-
tent reaches a maximum value, the formation of the stronger
B–Mn bonds and W–Mn bonds may improve the mechanical
properties slightly after their sharp decreasing.
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Fig. 7. (color online) (color online) Illustration of charge density difference of Mn doping W2CoB2 at different structure: (a)
W4Co2B4-g, (b) W4CoMnB4-h, (c) W4Co2B4-g, and (d) W4Mn2B4-i.

4. Conclusions
In this work, the first-principles calculation is employed

to investigate the influence of the Mn doping content on the
mechanical properties and electronic structure of WCoB and
W2CoB2. Some conclusions are drawn as follows.

(i) By calculating cohesive energy and formation energy,
it is found that all the structures can retain structural stabil-
ity at different Mn doping content. With the increase of Mn
doping content, the stability of the crystal structure increases
slightly. However, the increasing trend of formation energy
indicates that the Mn doping structures are harder to generate
in the formation progress.

(ii) According to the analysis of calculated mechanical
properties, almost all mechanical properties decrease with the
increase of Mn doping content, which is mainly ascribed to the
weak B–Mn covalent bonds. The increase of Mn doping con-
tent improves B/G and Poisson’s ratio slightly, which can be
attributed to the weak W–Mn metallic bonds. Three different
hardness models show that the increase of Mn doping content
reduces the hardness of WCoB and W2CoB2.

(iii) The population analysis shows that the Mn doping
leads to the increase of bond population. However, the for-
mation of weaker B–Mn covalent bonds and W–Mn metallic
bonds result in the decrease of mechanical properties, which
is also proved by DOS, PDOS, and charge density difference.
When the Mn doping content reaches a maximum value, all
Co atoms can be replaced by Mn atoms and the structures turn
into WMnB and W2MnB2, respectively, which leads to the

slight increase of mechanical properties.
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