
Supplementary Note 1: Validation of Reaxff potential 

An Qi compared the elastic constants of boron carbide with the DFT results and 

experimental values when fitting the Reaxff potential function. The elastic constants 

calculated by the Reaxff potential show good agreement with experimental and QM values.1 

To further verify the reliability of the Reaxff potential, the follow parameters are calculated 

by molecular dynamics simulation using the Rexaff potential and compared with DFT results 

and published experimental results. 

(1) Lattice parameters of the hexagonal boron carbide crystal.

(2) Cohesive energy of the hexagonal boron carbide crystal.

Lattice parameters

    Our simulations focus on the most stable (B11Cp)-CBC variant in boron carbide 

crystals. We replicated the hexagonal boron carbide unit cell as an 8×14×8 supercell along 

the x, y, and z axes and use the ReaxFF potential function1 to relax the supercell. We carried 

out isothermal-isobaric (NPT) ensemble to relax the model at 300 K using the Nos -Hoover é

thermostat and barostat (50-fs damping constant for temperature and 2000-fs damping 

constant for pressure). The integration time step was set to 0.25 fs run for 50,000 steps. The 

calculated lattice parameters of the hexagonal boron carbide crystal are shown in Table S1.

    The simulation results show that the lattice parameters of boron carbide calculated by 

the Reaxff potential are very close to the DFT results. The results obtained by Reaxff 

potential and DFT are slightly deviated from the experimental values, especially in the angle 

parameters. This is because the C atoms in polar boron carbide occupy the polar sites in the 

icosahedron, resulting in a small monoclinic distortion. 
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Table S1 Lattice parameters of boron carbide from the current work compared to literature data.

Lattice parameters a (Å) b (Å) c (Å) α (º) β (º) γ (º)
Ivashchenko et al.2 (DFT) 5.548 5.548 11.865 91.74 88.26 119.89
Xianming Li et al.3 (DFT) 5.532 5.532 11.907 92.034 87.966 119.887

Morosin et al.4 (Experiment) 5.589 5.589 12.054 90 90 120
Reaxff relaxed 5.521 5.521 11.932 93.175 86.623 119.533

Cohesive energy

    Using the Reaxff potential, we calculated the cohesive energy of the polar boron carbide, 

and the calculation results are shown in the Table S2. The result calculated by the Reaxff 

potential function is closer to the DFT-LDA result and both are slightly higher than the DFT-

GGA result. Overall, the Reaxff potential still maintains good consistency with DFT in terms 

of calculating cohesive energy.

Table S2 Cohesive energy of boron carbide from the current work compared to literature data.

Cohesive energy (eV/atom) Reaxff DFT-GGA5 DFT-LDA6

Boron carbide -7.021 -6.500 -7.259

In summary, through the calculation of the crystal constants and cohesive energy of 

boron carbide crystals, we found that the calculated results of the Reaxff potential function 

are very close to the DFT results and experimental results. It indicates that it is reliable to use 

the Reaxff potential function fitted by An Qi in LAMMPS to calculate the polar boron 

carbide. In particular, the Reaxff potential function has been successfully applied to the 

calculation of high-pressure and impact resistance of boron carbide ceramics.3, 7-12

Supplementary Note 2: Effect of loading strain rate

We applied different shear rates of 0.05 ps-1, 0.1 ps-1, 0.15 ps-1, and 0.2 ps-1 to the boron 

carbide model to calculate the effect of shear strain rate on the stress-strain relationship. The 

calculated stress-strain relationship of boron carbide with different shear strain rates is shown 



in Fig. S1.

Fig. S1. Stress-strain relationship of boron carbide at different shear strain rates

    It can be seen from Figure S1 that the shear stress-strain curves of boron carbide at 

different strain rates are almost consistent. Therefore, the loading strain rate has little 

influence on the research in this paper. It indicates that it is reliable to use loading strain rate 

of 0.1 ps-1 to calculate the shear stress-strain relationship in the MD calculations of this study.

Supplementary Note 3: The details of the twin model and classical MD simulations

The models chosen for the MD simulation of the shear tests are rectangular shape 

obtained from the original boron carbide rhombohedral unit cell by orthogonal transformation. 

Then, we performed shear simulations along the (01 )/< 101> slip system. For calculation 1̅1̅ 1̅

convenience we rotated the shear model so that the x-z plane is the slip plane and the x 

direction is the slip direction in the Cartesian coordinate system. Finally, we obtained the 

dimensions of the boron carbide supercell in the x, y, and z directions are 28.48nm, 4.157nm, 

and 21.81nm, respectively. The total number of atoms is 345 600.

For the single-crystal and twinned structures, we first optimized the atomic positions 

and cell parameters to minimize the potential energy and geometries using the conjugate 



gradient algorithm. The minimization process was stopped after the change in the total 

potential energy between two consecutive time steps reaches 1.0×10−10 eV. Then, we carried 

out isothermal-isobaric (NPT) ensemble to relax the model at 1 K using the Nos -Hoover é

thermostat and barostat (50-fs damping constant for temperature and 2000-fs damping 

constant for pressure). The model was relaxed for 50 ps under the NPT ensemble, and the 

residual stresses after relaxing were less than 0.5 GPa. The temperature control under the 

NVT ensemble was implemented using the "fix nvt/sllod" module of LAMMPS, and the 

shearing process was implemented using the "fix deform" module of LAMMPS. The 

integration time step was set to 0.25 fs.

Supplementary Note 4: Thermal stability of nanotwinned boron carbide

For twinned boron carbide, its low density, extreme hardness, and high wear resistance 

make it an excellent candidate for lightweight bulletproof armor. However, the thermal 

stability of twinned boron carbide also directly affects its feasibility in armor applications. 

Here we employ molecular dynamics simulations to study the thermal stability of twinned 

boron carbide (taking the eight-layer twinned structure as an example). We performed 

extensive relaxation calculations for twinned boron carbide below 1200 K with precision of 

10 K. Each temperature point was run for 50,000 steps with a time step of 0.25 fs under the 

NPT ensemble. As the relaxation temperature increases, we find that the thermal fluctuations 

inside the twinned boron carbide become more and more intense. The simulation results 

show that twinned boron carbide is stable below or equal to 1020 K. When the temperature 

reaches 1030 K or above, the crystal structure of twinned boron carbide is gradually 

deconstructed under the action of thermal fluctuations, as shown in Fig. S2(a)~Fig. S2(d). At 



this time, the icosahedral structure collapses at high temperature and cannot maintain the 

original cage structure. Subsequently, the three-atom chain structure begins to bend, 

eventually leading to local amorphization of twinned boron carbide. This result obtained by 

classical MD shows that twinned boron carbide still maintains thermal stability up to 1020 K, 

which undoubtedly broadens the prospects for the manufacture and application of twinned 

boron carbide in the field of lightweight bulletproof armor.

Fig. S2. Structural snapshots of twinned boron carbide producing amorphization at 1030 K. (a) step 0. (b) 

step 5000. (c) step 12000. (d) step 15000.
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