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Abstract: The low fracture toughness of strong covalent solids prevents them from 

wide engineering applications. Microalloying metal elements into covalent solids may 

lead to a significant improvement on mechanical properties and drastically changes on 

the chemical bonding. To illustrate these effects we employed density functional 

theory (DFT) to examine the bonding characteristic and mechanical failure of recent 

synthesized magnesium boride carbide (Mg3B50C8) that is formed by adding Mg into 

boron carbide (B4C). We found that Mg3B50C8 has more metallic bonding charterer 

than B4C, but the atomic structure still satisfies Wade’s rules. The metallic bonding 

significantly affects the failure mechanisms of Mg3B50C8 compared to B4C. In 

Mg3B50C8, the B12 icosahedral clusters are rotated accommodated to the extensive 

shear strain without deconstruction. In addition, the critical failure strength of 

Mg3B50C8 is slightly higher than that of B4C under indentation stress conditions. Our 

results suggested that the ductility of Mg3B50C8 is drastically enhanced compared to 

B4C while the hardness is slightly higher than B4C.  
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1. Introduction  

Boron carbide (B4C) and related superstrong ceramics, such as boron suboxide 

(B6O) and boron subphosphide (B12P2), have been widely used as cutting tools, body 

armors and in many other industrial applications because of such excellent physical 

properties as good corrosion resistance, low density, high strength, and high 

temperature stability.1-11 However, B4C and related superhard covalent solids are too 

brittle under high pressure and hypervelocity impact because of the amorphous shear 

band formation.8,9,11,12. Many approaches have been suggested and examined to 

enhance the ductility of B4C and related materials by suppressing the amorphous 

shear band formation.10,13-16. Particularly, previous density functional theory (DFT) 

studies have suggested that doping Si into B4C can significantly enhance the ductility 

by suppressing the deconstruction of icosahedral clusters.10,16. This was validated by 

very recent experiment indicating that adding ~1.5at% Si into B4C exhibits the 

mitigation of the amorphous shear band formation.14 Another DFT study showed that 

making co-crystal of B4C and B6O can suppress the failure mechanism of B4C, 

improving its ductility.13 In addition, the recent study combining transmission electron 

microscopy experiments and reactive force field (reaxFF) reactive molecular 

dynamics simulations indicated that decreasing the grain size to nanoscale in B4C 

facilitates the grain boundaries (GBs) sliding, enhancing the ductility of 

polycrystalline B4C.15  

Recently, adding metals into B4C has been very attractive because this may 

drastically change its mechanical, electronic and optical properties. Particularly, the 
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mechanical properties of B4C could be enhanced by dopants that can be divided into 

active doping and inactive doping according to their capability to reacting with B4C. 

The active elements mainly include the Si, Ti, Al, etc,17-22 while the inactive elements 

are Cu, Ag, and Au.23-26 Among active elements, the Si can react with carbon atoms in 

B4C at high temperature to form stable silicon carbide (SiC). But the free carbon in 

B4C is limited, leading to some of the silicon atoms directly inserting into the crystal 

lattice of B4C.10,14,20 In addition, Ti can react with B and C atoms to form stable 

hardening material TiB2, TiB and TiC.27,28 Al can also react with some mounts of B4C 

to form Al-BC compounds.29-31 The main strengthening mechanism of these 

approaches is that the densification can be promoted through the liquid-phase 

sintering, the boosted reaction between the additives and B4C, and the reinforced 

metal boride phases.  

Adding metal elements to B4C may significantly affect such mechanical 

properties as elasticity, plasticity, stiffness, hardness, fracture toughness, etc. 

Therefore, it has been attracted for experimental and theoretical studies on the 

mechanical properties of metal doped B4C. Particularly, adding magnesium (Mg) to 

B4C results in the formation of Mg3B50C8 whose microhardness (Vickers (HV) of 32.0 

GPa)32 is higher than that of B4C (Vickers of 30.0 GPa)33. In addition, adding Li to 

B4C forming LiB13C2 (r-LiB13C2) whose crystal structure can be derived directly from 

the boron very rich boron carbide (B13C2) as a simple atomic filling.34 However, it 

remains unknown how the doped metal elements affect the intrinsic deformation and 

failure mechanisms, which could play an important role in determining the strength 
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and ductility of these superhard ceramics. 

Beside mechanical properties, adding metal elements may significantly affect the 

chemical bonding and electronic properties of B4C. Doping metal elements in 

semiconductors would normally cause metal elements to lose their electrons and 

become positive ions. B4C is a high temperature P-type semiconductor material and 

the doped metal elements may affect the bonding character and the carriers, resulting 

in the changes of the electronic properties. Therefore, it is essential to explore how the 

metallic dopants affect the chemical bonding of B4C.  

In this Article, we carried out DFT simulations at the Perdew-Burke-Ernzer-hof 

(PBE) functional level35 to examine the bonding characteristic and shear induced 

failure mechanism of Mg3B50C8. We found that the chemical bonding in Mg3B50C8 

still satisfies the Wade’s rule in which 26 electrons are required to stabilize the B12 

icosahedron.36 More interesting, the failure mechanism of Mg3B50C8 is significantly 

different compared to B4C. The icosahedron in Mg3B50C8 has not been deconstructed 

under ideal shear deformation up to 0.833 shear strain. While in B4C, icosahedra are 

disintegrated at 0.348 shear strain, leading to the amorphous shear band formation.9 

Under biaxial shear deformation mimicking the indentation stress conditions, 

icosahedra in Mg3B50C8 are deconstructed at 0.227 shear strain, which arises from the 

interaction of C-B-C chain and icosahedral clusters under highly compressive stress 

conditions. 

2. Computational Methodology 

The mechanical properties and chemical bonding properties of Mg3B50C8 were 
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investigated using periodic DFT approach implemented in VASP package.37-39 The 

Perdew-Burke-Ernzerhof (PBE) functional was employed to describe electronic 

exchange and correlation interaction. The projector augmented wave (PAW) method 

was used to generate the pseudopotential that accounts for the core-valence 

interactions.40 The 2p63s2, 2s22p1, and 2s22p2 electrons were treated as valence 

electrons for Mg, B, and C, respectively. The tetrahedron method with Blöchl 

correction was applied to account for the electron partial occupancies.41 For the 

convergence of DFT simulation, the plane wave cutoff, the energy convergence for 

self-consistent field (SCF), and force convergence on each atom were set to 500 eV, 

10−5 eV and 10−2 eV/Å, respectively.  

The elastic properties of Mg3B50C8 were investigated by deriving the elastic 

constant, bulk modulus (B) and shear modulus (G).42,43 The elastic constant Cij were 

computed from the stress-strain relationship which was obtained by distorting the 

equilibrium lattice configuration along various directions. Then, the stiffness constant 

Sij was derived through the inverse relation between stiffness constant Sij and elastic 

constant Cij, which is Sij = (Cij)
-1. Finally, the isotropic polycrystalline elastic moduli 

(B and G) were computed from stiffness constant and elastic constant by calculating 

the arithmetic mean of Voigt and Reuss bounds.44 

To examine the mechanical response and failure mechanism of Mg3B50C8, we 

first applied ideal shear deformation by imposing the shear strain on a particular slip 

system while allowing full structural relaxation along other five strain components. 

Then we applied biaxial shear deformation to mimic the complex stress conditions in 
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Vickers indentation experiments. Beneath an indenter, the shear stress (σxz) and the 

normal compressive stress (σzz) satisfy the condition of σzz = σxz × tan Φ where Φ is 

the centerline-to-face angle of the indenter (Φ = 68° for Vickers indenter).45 To 

determine the most plausible slip system for Mg3B50C8, we selected 5 slip systems 

including (100)[001], (100)[010], (010)[001], (001)[1̅1̅0] and (001)[1̅00] for the ideal 

shear deformation. Two slip systems with the lowest ideal shear strength will be 

considered further for the biaxial shear deformation. The residual stresses after 

relaxing were less than 0.5 GPa for both ideal shear and biaxial shear deformation. 

For the shear deformation, we used the supercell containing 61 atoms for (100)[001], 

(100)[010], and (010)[001] slip systems, and a supercell with 122 atoms for (001)[1̅00] 

and (001)[1̅1̅0] slip systems in which the unit cell is replicated twice along [1̅00] and 

[1̅1̅0] directions, respectively. The supercell with 122 atoms was employed for (001) 

slip plane since the (001) plane corresponds to the (011̅1̅) slip plane in B4C,9 and it is 

comparable to our previous simulations on B4C with 120 atoms in the supercell. We 

applied the (4 ×6×4 ) K-point grid mesh in the Brillouin zone for (100)[001], 

(100)[010], (010)[001], and (001)[1̅00] slip systems, and the (4×4×4) K-point grid 

mesh for (001)[1̅1̅0] slip system in both ideal shear and biaxial shear deformation.  

3. Results and Discussion 

3.1 Atomic structure and chemical bonding 
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FIGURE 1. Atomic structure for Mg3B50C8: (a) crystal structure, (b) Mg partial 

occupation sites, (c) the most stable atomic structure from DFT, and (d) the specific 

atomic location for the most stable atomic configuration. The B, C, and Mg atoms are 

represented by green, sienna, and orange balls, respectively. The partial occupation 

sites for Mg are represented by white-orange balls. All the atomic structures are 

visualized using VESTA software.49 

Mg3B50C8 structure belongs to the C2/m space group and the unit cell contains 

four B12 icosahedra, two C-B-C chains, and four C-C chains, as shown in Figure 1(a). 

The crystal structure of B4C is composed of B11C icosahedron and C-B-C chain where 

the B11C icosahedron is connected to six C-B-C chains and six nearby icosahedra, 

forming a rhombohedral lattice unit with the R3̅m space group.9 Substituting the C 

atom in the B11C icosahedron with B atom leads to the boron rich boron carbide 

(B13C2).
2 Adding Mg into B4C will significantly change the atomic structure of B4C.32 

The Mg3B50C8 structure can be considered as two B13C2 supercells connecting 

through Mg atoms and direct icosahedral-icosahedral bonds (Figure 1(a)). Two C-C 

chains and three Mg atoms are located at the boundary of two B13C2 supercell, as 

shown in Figure 1(a). Four Mg sites in the unit cell were partially occupied (Figure. 



8 
 

1(b)) by three Mg atoms because of the electron balance which will be discussed 

below. To determine the ground state structure of Mg3B50C8, we first constructed six 

possible atomic structures (Figure S1 of Supplemental Materials (SM)) according to 

various occupation sites, and then we performed the structure optimization using DFT. 

We selected the structure with the lowest energy (Figure 1(c)) for further simulations 

on chemical bonding and mechanical properties. The optimized lattice constant for 

Mg3B50C8 are a = 8.938 Å, b = 5.651 Å, c = 9.602 Å, and β = 105.86°, which agree 

very well with experimental values of a = 8.939 Å, b = 5.670 Å, c = 9.610 Å, 

and β = 105.81°.32 It is worth noticing that the six different initial structures of 

Mg3B50C8 are nearly converged to the same energy structure after geometry 

optimization, as shown in Table S1 of SM. 

    In order to validate our DFT simulations, we compared the details of our 

computed atomic structure with experiments. The specific atomic location for our 

model is shown in Figure 1(d). The bond lengths of B5-B30 and B4-B30 bonds within 

the B12 icosahedron are 1.744 Å and 1.829 Å, respectively. In contrast, the 

experimental measure values are 1.818 Å and 1.843 Å for these two bonds.32 The 

angels of B5-B30-B4, B30-B4-B5 and B4-B5-B30 are 60.16, 57.58, and 62.27, 

respectively. The four icosahedra are connected via inter-icosahedral bonds (e.g. 

B47-B40 bond) with the bond distance of 1.833 Å, compared to 1.866 Å measured 

from experiment.32 The B12 layers are connected through the C-C chain (e.g. C4-C8) 

with the C-C bond length of 1.395 Å (1.390 Å in experiment) and C-B-C chain with 

the C-B chain bond (e.g. C7-B34) and C-B icosahedral-chain bond (C3-B30) of 1.448 
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Å (1.446 Å in experiment) and 1.619 Å (1.614 Å in experiment), respectively.32 The 

distance between the Mg1 atom and the B47 atom and between the Mg1 and B40 are 

2.238 Å and 2.230 Å, respectively, compared to 2.335 Å and 2.326 Å from 

experiment.32 The C atoms are slightly far from Mg atoms with the distance of the 

Mg-C of 2.295 Å, compared to 2.167 Å from experiments.32  

The combination of B 2p orbitals and C 2p orbitals leads to the strong covalent 

bonds in both B4C and Mg3B50C8. The Mg atoms are not covalently bonded to the B 

and C atoms in the Mg3B50C8 structure. Instead, the Mg atoms provide electrons to the 

B12 icosahedral clusters. This can be derived from electron localization function (ELF) 

analysis46 shown in the Figure 2.  

The ELF analysis suggested that each B12 icosahedron forms ten 

two-center-two-electron (2c-2e) bonds with nearby icosahedra and chains. While 

other two icosahedral-icosahedral (e.g. B40-B47) bonds cannot be considered as 

2c-2e bond because the electron pair is not located in the center of the bond, as shown 

in Figure 2(a). In addition, the bond distance is 1.833 Å, larger than the normal B-B 

2c-2e bond of 1.70 Å. Therefore, we consider this B-B bond as a 

three-center-two-electron (3c-2e) bond among 3 atoms B-B-Mg. Twelve B atoms in 

the icosahedron can provide 36 valence electrons in total and there are 10 + 2/3 × 2 

= 11
1

3
  electrons involved in the extra-icosahedral bonding. This makes 24

2

3
  

electrons within the icosahedron. To satisfy Wade’s rule that 26 electrons are required 

for stabilizing B12 icosahedra,36,47 each icosahedron requires extra 1
1

3
 electrons. 

Therefore, four B12 icosahedra in the Mg3B50C8 unit cell require 1
1

3
 × 4 = 5

1

3
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electrons that can be transferred from Mg atoms and middle B atoms in C-B-C chains. 

Since two Mg atoms are located in the left part and only one Mg atom is located in the 

right part (Figure. 2(b)), the single Mg in the right forms two 3c-2e bonds giving 4/3 

electrons while each Mg in the left only forms one 3c-2e bond giving 2/3 electrons. 

This indicates that Mg in the Mg3B50C8 system involves in the 3c-2e bonds, leading to 

some covalent bonding character. According to the bonding analysis of Mg atoms, 

three Mg atoms can transfer 2 × 
4

3
 + 

2

3
 = 

10

3
  electrons to four icosahedral clusters 

after subtracting the electrons required for 3c-2e bonds. Thus, four icosahedra still 

require 16/3-10/3 = 2 electrons. The C-C bonds are all double bonds that cannot 

transfer extra electrons, while the middle boron in the C-B-C chain can transfer one 

electron to the icosahedron, just like (B11C)CBC structure.9, 10 This makes the whole 

system satisfy the Wade’s rule. Thus, the Mg3B50C8 can be represented by 

(Mg4/3+)2(Mg2/3+)(B12
4/3-)4(CB+C)2(C2)2 based on the above bonding analysis. From 

our bonding analysis, three Mg atoms filled in four partial occupation sites makes the 

atomic structure exactly satisfy the Wade’s rule. This may explain why the partial 

occupation sites exist in Mg3B50C8 system. Compared to B4C, more 3c-2e bonds form 

in Mg3B50C8, suggesting that the metallic character is increased by adding Mg into 

B4C.  
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FIGURE 2. The isosurface (0.85) of electron localization function (ELF) analysis for 

Mg3B50C8: (a) view along [001] direction; (b) local view of Mg nearby region. 

3.2 Elastic Properties of Mg3B50C8  

    For elastic properties, we calculated the elastic moduli of Mg3B50C8 leading to 

the bulk modulus BV = 217.38 GPa and the shear modulus GV = 189.71 GPa for Voigt 

values; and the bulk modulus BR = 213.89 GPa and the shear modulus GR = 181.48 

GPa for Ruess values. The predicted elastic constant of Mg3B50C8 is listed in the 

Table S2 of SM. Therefore, the bulk modulus B = 215.63 GPa and the shear modulus 

G = 185.60 GPa from the Voigt-Ruess-Hill approximation.  

The ductility of metal alloys can be estimated using the Paugh criterion in which 

a ductile material has B/G > 1.75 where B and G are bulk modulus and shear modulus, 

respectively.42 Although this criterion is not well validated for superhard ceramics, we 

apply it to Mg3B50C8 and compared to B4C. The B/G for Mg3B50C8 is 1.36, which is 

larger than that of B4C (1.2).10 Although the B/G value for Mg3B50C8 is still less than 
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ductile metals, it is 13.3% high than that of B4C. This suggests that Mg3B50C8 is more 

ductile than B4C. 

3.3 Ideal shear deformation of Mg3B50C8  

In order to understand the failure mechanisms of Mg3B50C8, which is related to 

its ductility and fracture toughness, we performed pure shear deformation on 

Mg3B50C8 along five plausible slip systems: (100)[001], (100)[010], (010)[001], 

(001)[1̅00] and (001)[1̅1̅0]. Here we considered the low miller index planes (100), 

(010) and (001) as the plausible slip system. It is worth noticing that the (001)[1̅1̅0] 

slip system is analogous to the most plausible slip system (0111̅̅ ̅)[1̅101] in B4C.9 

However, the strong C-C chain bond seems suppress the activation of this slip system 

compared to B4C. The shear-stress-shear-strain relationships for these five slip 

systems are displayed in Figure 3(a), and compared to that of B4C in Figure 3(b).9 The 

critical shear stress are 39.95 GPa, 28.87 GPa, 55.10 GPa, 37.25 GPa and 41.98 GPa 

for (100)[001], (100)[010], (010)[001], (001)[1̅00], and (001)[1̅1̅0] slip systems, 

respectively. The critical shear stress refers to the shear stress barrier that actives the 

slip system. Therefore, the (100)[010] slip system has the minimum critical shear 

stress of 28.87 GPa among all 5 slip systems, indicating that it is the most plausible 

slip system for Mg3B50C8. In contrast, the B4C has the lowest critical shear strength of 

38.97 GPa along the most plausible slip system (0111̅̅ ̅)[1̅101] under finite shear 

deformation.9 Therefore, the intrinsic strength of Mg3B50C8 is lower than that of B4C. 

The shear-stress-shear-strain relationship for (100)[010] slip system displays the 

“plastic deformation” character in which a kink appears before failure. While the 



13 
 

shear stress just significantly drops after passing the elastic deformation region for 

other four slip systems.  

 

FIGURE 3. (a) The shear-stress-shear-strain relationship of Mg3B50C8 for five 

plausible slip system under ideal shear deformation; (b) The shear-stress-shear-strain 

relationship of Mg3B50C8 and B4C under ideal shear deformation for the most 

plausible slip system (100)[010] and (0111̅̅ ̅)[1̅101], respectively. The ideal shear 

strength of Mg3B50C8 is much lower than that of B4C. 

We focus on the failure mechanism along the most plausible slip system 

(100)[010] to understand the intrinsic failure mechanisms of Mg3B50C8. To examine 

the detailed deformation process, we extended the shear-stress-shear-strain 

relationship for slip system (100)[010] to 0.833 shear strain, as shown in Figure 3(b). 

The detailed failure process shown in Figure 4 is discussed below. 

As the intact structure (Figure 4(a)) is deformed elastically to 0.231 shear strain 

corresponding to the maximum shear stress (Figure 4(b)), The inter-icosahedral 

B16-B23 bond is stretched from 1.776 to 2.473 Å because of the shear deformation. 

But this bond is not broken, as shown in the ELF analysis (Figure 5(a)). In addition, 

the Mg atoms are slight displaced. Particularly, the Mg3-B16 and Mg2-B24 distances 
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increase from 2.534 Å and 2.578 Å to 2.732 Å and 2.681 Å, respectively. As the shear 

strain continuously increases to 0.254, the B16-B23 bond is further stretched to 2.835 

Å. However, ELF analysis in Figure 5(b) indicates that this bond is delocalized and 

softened, leading to the shear stress decreasing from 29.07 to 26.94 GPa. No B12 

icosahedra are deconstructed, as shown in Figure 4(c). As the shear strain further 

increases to 0.322, the B16-B23 bond is increased to 3.238 Å and broken. The B12 

icosahedra are still not constructed, as shown in Figure 4(d). This corresponds to the 

critical shear strain before the shear stress significantly drops. After the shear strain 

passes the critical shear strain and reaches to 0.345 (Figure 4(e)), both 

inter-icosahedral B16-B23 and B15-B24 bonds are broken. Meanwhile this process 

forms two new bonds of B15-B16 and B23-B24. In addition, the chain-icosahedral 

C3-B46 and C5-B42 bonds are both broken, while two new bonds of C3-C5 and 

B42-B46 are formed. This process leads to the icosahedral clusters slipped and the 

shear stress significantly decreasing from 28.87 to 1.65 GPa. However, no icosahedra 

are deconstructed in this process, suggesting the structure is not truly failed. Thus, we 

continuously shear it to the extended strain of 0.805 corresponding to the second 

critical shear stress of 34.90 GPa. The second critical stress of 34.90 is 20.1% higher 

than the first one of 29.07 GPa. No icosahedra are deconstructed as the system is 

sheared to 0.805 strain, as shown in Figure 4(f). After passing this critical shear strain, 

the icosahedra are just slipped again and are not deconstructed, as shown in Figure 

4(g). The deformation behavior suggests that adding Mg to B4C increases the metallic 

bonding charterer and the ductility of Mg3B50C8 is drastically enhanced. 
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FIGURE 4. The structural evolution of Mg3B50C8 system along (100)[010] slip system 

under pure shear deformation: (a) Intact structure; (b) Structure at 0.231 shear strain 

corresponding to the maximum shear stress; (c) Structure at 0.254 shear strain with 

inter-icosahedral bond softening; (d) Structure at 0.322 shear strain before shear 

stress significantly release; (e) Structure at 0.345 shear strain after the icosahedra 

slip; (f) Structure at 0.805 shear strain corresponding to the 2nd maximum shear stress; 

(g) Structure at 0.833 shear strain with the second icosahedral slip. The B, C and Mg 

atoms are represented by green, sienna, and orange balls, respectively.  
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FIGURE 5. The isosurface (0.85) of the electron localization function (ELF) for shear 

along (100)[010] slip system: (a) The ELF at 0.231 shear strain showing the bonding 

of the B16-B23. (b) the ELF at 0.254 strain showing that the bond of B16-B23 is not 

localized as (a). The B, C and Mg atoms are represented by green, sienna, and orange 

balls, respectively. 

The (001)[1̅00] slip system has the secondary lowest critical shear stress of 37.25 

GPa which is 29.4% higher than that of (100)[010] slip system. It is plausible to be 

activated under high stress conditions since it is the second plausible slip system. 

Therefore, we examined its failure mechanism, as shown in Figure 6. The intact 

structure is displayed in Figure 6(a). As the shear strain increases to 0.263, 

corresponding to the maximum shear stress, the B81-B89, B57-B89, B61-B93, and 

B69-B93 bonds are stretched from 1.818, 1.822, 1.826, and 1.807 Å to 2.295, 2.110, 

2.084, and 2.202 Å, respectively, as shown in Figure 6(b). But the icosahedra are not 

deconstructed yet. As the shear strain further increases to 0.280, the B81-B89, 

B57-B89, B61-B93, and B69-B93 bonds are broken with the bond lengths increased 

to 3.539, 3.223, 3.135, and 3.491 Å, respectively, leading to the deconstruction of 



17 
 

icosahedra, as shown in Figure. 6(c). This process causes the shear stress decrease 

from 37.25 GPa to 20.30 GPa and the failure of the system.  

 

FIGURE 6. Structural changes of Mg3B50C8 system under pure shear deformation 

along (001)[1̅00] slip system: (a) Intact structure; (b) structure corresponding to the 

maximum shear stress; (c) failed structure showing the deconstruction of icosahedra. 

The B81 is behind B57 and is not shown in (a). The B, C and Mg atoms are represented 

by green, sienna and orange balls, respectively. 

3.4 Deformation mechanisms of Mg3B50C8 under indentation stress condition 

Indentation is an experimental approach to examine the deformation mechanisms of 

materials. However, the stress conditions are quite different compared to pure shear 

deformation. In order to understand the deformation mechanisms of Mg3B50C8 under 

indentation stress conditions, we applied biaxial shear deformation along two slip 

systems: (001)[1̅00] and the (100)[010] that have the lowest shear stress under the 

pure shear deformation. The shear-stress-shear-strain relationship shown in Figure 7 

indicates that the critical shear stress of (100)[010] slip system is 33.43 GPa while it is 

29.22 GPa for (001)[1̅00] slip systems. Therefore, the (001)[1̅00] slip system is more 

favorable to be activated than (100)[010] under indentation stress condition. In 

contrast, our pure shear deformation results suggested that (100)[010] is more 

favorable under pure shear deformation. Therefore, the different applied stress 
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conditions could lead to different activated slip systems in Mg3B50C8. Our pure shear 

deformation results suggest that the Mg3B50C8 is 25.9% lower in strength compared to 

B4C. However, under indentation conditions, the critical shear stress of Mg3B50C8 is 

slight higher than that of B4C (28.50 GPa),48 as shown in Figure 7. This suggests that 

the intrinsic hardness of Mg3B50C8 is slightly higher than that of B4C, which is 

consistent with the measured microhardness of Mg3B50C8.
32 

 It is worth to note that the microhardness may be related to the grain boundaries 

properties. To validate our simulation results, it may be worth to perform the 

nanoindentation experiments in the future study.     

 

FIGURE 7. The shear-stress-shear-strain relationship of Mg3B50C8 and B4C for the 

most plausible slip system under biaxial shear deformation. 

In order to understand the detailed failure mechanism, we examined the 

structural changes of Mg3B50C8 under the biaxial shear deformation along the 

(001)[1̅00] slip system, shown in Figure 8. The intact structure is displayed in Figure 

8(a). As the shear strain increases to 0.209, corresponding to the maximum shear 

stress, the B84-B66 and B84-B74 distances decrease from 2.872 Å and 2.887 Å to 

2.609 Å and 2.640 Å, respectively, because of the compressive stress (Figure 8(b)). As 

the shear strain further increases to 0.227, the C-B-C chain interacts with nearby 

icosahedra, leading to the deconstruction of nearby B12 icosahedra, as shown in Figure. 
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8(c). Particularly, The C-B-C chain forms new bonds with B atoms in the icosahedra 

(e.g. B84-B66, B84-B74, and C3-B66).   

 

FIGURE 8. The structural changes of Mg3B50C8 under the biaxial shear deformation 

along the (001)[1̅00] slip system: (a) Intact structure; (b)structure before failure; 

(c)failed structure showing the deconstruction of icosahedra. The B74 is behind B66 

and not shown in the (a) and (b). The B, C and Mg atoms are represented by green, 

sienna and orange balls, respectively. 

Since the (100)[010] slip system is the most plausible activated system under 

pure shear deformation, we examined its failure mechanisms under indentation stress 

conditions even it has a higher critical shear stress than that of (001)[1̅00] slip system. 

The detailed failure process is shown in Figure 9. The intact structure is displayed in 

Figure 9(a). As the shear strain increases to 0.187, corresponding to the maximum 

shear stress, the B14-B50 bond is stretched from 1.784 Å from 1.843 Å (Figure 9(b)). 

As the shear strain increases to 0.209, the B14-B50 bond is further stretched with the 

bond length increasing to 2.033 Å, as shown in Figure 9(c). As the shear strain further 

increases to 0.231, both B25-B36 and B39-B29 bonds within the B12 icosahedron are 

broken with both bond lengths stretched from 1.841 Å to 2.787 Å, as shown in Figure 
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9(d). This leads to the deconstruction of icosahedra and failure of the system. 

 

FIGURE 9. The structural changes of Mg3B50C8 under the biaxial shear deformation 

along the (100)[010] slip system: (a) Intact structure; (b) Structure at 0.187 shear 

strain corresponding to the maximum shear stress; (c) Structure at 0.209 shear strain; 

(d) failed structure at 0.231 shear strain. The B, C and Mg atoms are represented by 

green, sienna and orange balls, respectively. 

4. Conclusion 
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In summary, we have examined the structure, the chemical bonding and 

mechanical properties of recent synthesized Mg3B50C8 using DFT simulations. Our 

results suggest that doping metal elements into B4C is an excellent approach to 

enhance the mechanical properties. The major findings are listed below.  

▪ The new synthesized Mg3B50C8 still satisfies the electron counting (Wade’s) 

rules and it can represented as (Mg4/3+)2(Mg2/3+)(B12
4/3-)4(CB+C)2(C2)2 based 

on the ELF analysis.  

▪ We found that the (100)[010] slip system is the most plausible slip system for 

Mg3B50C8 under pure shear deformation. However, the B12 icosahedra are just 

slipped without deconstruction until extended shear strain of 0.833, suggesting 

that the ductility is significantly enhanced compared to B4C. 

▪ Under indentation stress conditions, the most plausible slip system is changed 

to (001)[1̅00] for Mg3B50C8, suggesting that the applied stress conditions can 

significantly affect the activated slip systems. The icosahedral clusters could 

be deconstructed under indentation stress conditions because of the interaction 

of C-B-C chain and icosahedra under highly compressive conditions.      
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Figure Captions: 

 

FIGURE 1. Atomic structure for Mg3B50C8: (a) crystal structure, (b) Mg partial 

occupation sites, (c) the most stable atomic structure from DFT, and (d) the specific 

atomic location for the most stable atomic configuration. The B, C, and Mg atoms are 

represented by green, sienna, and orange balls, respectively. The partial occupation 

sites for Mg are represented by white-orange balls. All the atomic structures are 

visualized using VESTA software.49 

 

FIGURE 2. The isosurface (0.85) of electron localization function (ELF) analysis for 

Mg3B50C8: (a) view along [001] direction; (b) local view of Mg nearby region. 

 

FIGURE 3. (a) The shear-stress-shear-strain relationship of Mg3B50C8 for five 

plausible slip system under ideal shear deformation; (b) The shear-stress-shear-strain 

relationship of Mg3B50C8 and B4C under ideal shear deformation for the most 

plausible slip system (100)[010] and (0111̅̅ ̅)[1̅101], respectively. The ideal shear 

strength of Mg3B50C8 is much lower than that of B4C. 

 

FIGURE 4. The structural evolution of Mg3B50C8 system along (100)[010] slip 

system under pure shear deformation: (a) Intact structure; (b) Structure at 0.231 shear 

strain corresponding to the maximum shear stress; (c) Structure at 0.254 shear strain 

with inter-icosahedral bond softening; (d) Structure at 0.322 shear strain before shear 

stress significantly release; (e) Structure at 0.345 shear strain after the icosahedra slip; 

(f) Structure at 0.805 shear strain corresponding to the 2nd maximum shear stress; (g) 

Structure at 0.833 shear strain with the second icosahedral slip. The B, C and Mg 

atoms are represented by green, sienna, and orange balls, respectively.  

 

FIGURE 5. The isosurface (0.85) of the electron localization function (ELF) for shear 

along (100)[010] slip system: (a) The ELF at 0.231 shear strain showing the bonding 

of the B16-B23. (b) the ELF at 0.254 strain showing that the bond of B16-B23 is not 

localized as (a). The B, C and Mg atoms are represented by green, sienna, and orange 

balls, respectively. 
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FIGURE 6. Structural changes of Mg3B50C8 system under pure shear deformation 

along (001)[1̅00] slip system: (a) Intact structure; (b) structure corresponding to the 

maximum shear stress; (c) failed structure showing the deconstruction of icosahedra. 

The B81 is behind B57 and is not shown in (a). The B, C and Mg atoms are represented 

by green, sienna and orange balls, respectively. 

 

FIGURE 7. The shear-stress-shear-strain relationship of Mg3B50C8 and B4C for the 

most plausible slip system under biaxial shear deformation. 

 

FIGURE 8. The structural changes of Mg3B50C8 under the biaxial shear deformation 

along the (001)[1̅00] slip system: (a) Intact structure; (b)structure before failure; 

(c)failed structure showing the deconstruction of icosahedra. The B74 is behind B66 

and not shown in the (a) and (b). The B, C and Mg atoms are represented by green, 

sienna and orange balls, respectively. 

 

FIGURE 9. The structural changes of Mg3B50C8 under the biaxial shear deformation 

along the (100)[010] slip system: (a) Intact structure; (b) Structure at 0.187 shear 

strain corresponding to the maximum shear stress; (c) Structure at 0.209 shear strain; 

(d) failed structure at 0.231 shear strain. The B, C and Mg atoms are represented by 

green, sienna and orange balls, respectively. 

 

 

 

 

 

 


