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Abstract: Boron carbide (B4C) has attracted great attention as a semiconducting material with 

excellent properties and has found various technological applications. High hardness value makes it 

a potentially superhard material as well as a low density, high degree of chemical inertness, high 

melting temperature, thermal stability, abrasion resistance, and excellent neutron absorption, 

contributed to the use of boron carbide as an abrasive material for extreme conditions, wear 

resistance components, body armors and as a nuclear absorber or solid-state neutron detector. 

However, B4C is known for its unusual structure, bonding, and substitutional disordering whose 

nature is not yet fully understood, and exhibits brittle impact behavior. In this study we investigated 

the chain-model structure with an arrangement of 12-boron atom icosahedra and linear 3-carbon 

atom chains, using available experimental data. We employed the DFT method with LDA and GGA-

PBE functional, as implemented in the CRYSTAL17 software package. Electronic properties of boron 

carbide have been investigated by calculating the density of states (DOS) and band structure. 

Calculated mechanical properties have been investigated: bulk modulus, shear modulus, Young 

modulus, Poisson’s ratio, hardness, and elastic tensor constants, and compared with available 

experimental data. 

 

Keywords: boron carbide; B4C, superhard, ab initio; DFT; electronic structure; mechanical 
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1. Introduction 

 

Boron carbide (B4C) has attracted great attention as a material with excellent properties and 

has found various technological applications. This material possesses an extreme hardness of about 30  

GPa and has been found as the third hardest material known and less expensive and easier to prepare 

than diamond and cubic BN, which hardness may be higher than in a diamond at temperatures above 

1200 °C [1]. In comparison with Al2O3 and SiC, B4C has a higher hardness and lower density [2]. In 

addition to low density, this semiconductor can sustain a high temperature, has a high degree of 

chemical inertness, high melting temperature, high thermal stability, high abrasion resistance, and 

excellent neutron absorption [1, 3]. These properties are used in abrasive materials at extreme 

conditions, wear resistance components, body armors, and as a nuclear absorber or solid-state neutron 

detector. The boron carbide also shows high efficiency direct thermoelectric conversion, the 

possibility of making superconducting materials and doped semiconductors, and can be used as a non-

oxide matrix for composite materials with application in environmental monitoring, etc. [1–4]. 

However, there are some failures, such as substitution disordering whose nature is not yet fully 

understood, and exhibits brittle impact behavior.  

Many authors have investigated various properties of boron carbide, both experimentally and 

theoretically, particularly structure, electronic, and mechanical properties [5–23]. The first-principles 

calculations of the crystalline polar (B11C-C-B-C) and chain (B12C-C-C) B4C structures showed that 

only the chain structures have hexagonal symmetry, while the rest of the theoretical samples in that 
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study was found to be composed of disordered icosahedra that are connected by an amorphous B-C 

matrix, and do not contain linear chains [11]. Furthermore, Ivashchenko et al. [11] reported that no 

chain atoms are found in amorphous samples, due to their lower bulk moduli than those in crystalline 

samples, while the substitution of boron atoms by carbon atoms in the linear chains could cause p-

type semiconducting properties of chain B4C. The results of Nelmes et al. research [23] showed that 

the boron-rich structures have bulk moduli smaller than those of comparably hard materials. Lazzari 

et al. [16] investigated the atomic structure of B4C and α-boron and suggested considering them as 

members of a new class of covalently bonded materials. Some authors investigated boron carbide 

stability under stress in line with the available experimental and theoretical work and it has been 

estimated the amorphization pressure for the (B12)CCC polymorph and found compelling evidence 

that the (B12)CCC configuration does not exist in nature [13, 14] while some authors found that the 

configurational disorder of B and C atoms is of large importance for the elastic properties of boron 

carbide [18]. Therefore, there are still many open questions regarding B4C structure and structure-

property relationship, which leaves yet an unexplored field to investigate, although a great amount of 

theoretical and experimental work has been performed.  

 

2. Computational details 

 

The calculations from first principles have been performed using the CRYSTAL17 software 

package [24], which is based on a linear combination of atomic orbitals (LCAO) as the basis set. For 

boron atom a [3s2p1d] all-electron basis set has been used [25, 26], and for carbon atom a [3s2p1d] 

C_6-21G*_catti_1993 AEBS basis set [27] has been used adopted from Crystal basis sets library [28]. 

Ab initio calculations were performed using density functional theory (DFT) method and two 

exchange-correlation functionals, Local-density approximation (LDA) with Perdew–Zunger (PZ) 

correlation functional [29], and generalized gradient approximation (GGA) with Perdew-Burke-

Ernzerhof (PBE) functional [30]. Experimental data of initial structure for rhombohedral boron 

carbide (B4C), have been adopted from the Inorganic crystal structure database (ICSD) [31, 32]. Full 

structure optimization of B4C structure has been obtained using correction keyword TOLINTEG, 

tolerance for Coulomb and HF exchange sums: ITOL1=-log10 x 7 for overlap threshold for Coulomb 

integrals,  ITOL2=-log10 x 7  for penetration threshold for Coulomb integrals, ITOL3=-log10 x 7  for 

overlap threshold for HF exchange integrals, and ITOL4=-log10 x 7, and ITOL5=-log10 x 14  for 

pseudo-overlap (HF exchange series), for calculation with LDA functional, while calculation with 

GGA-PBE functional has not required any correction. Calculations of second-order elastic constants 

(SOEC) as implemented in the CRYSTAL17 code are fully automated [33, 34]. Structure analysis and 

visualization were performed using the KPLOT [35] and VESTA [36] programs, while electronic 

properties were visualized using XMGrace. 

 

3. Results and discussion  

 

3.1. Structural properties of boron carbide  

 

Boron carbide as a B4C compound has been found in rhombohedral space group R-3m (no. 

166). However, structural features were greatly discussed in the literature. The x-ray and neutron 

diffraction techniques have so far failed to locate the C atoms in the B4C structure [37, 38]. By 

comparing experimental vibrational spectra with those obtained by ab initio calculations, the most 

likely C locations have been identified but did not solve the intrinsic defects nor the type of disorder. 

The structure of solid boron carbide has an arrangement of 12-atom icosahedra and linear 3-atom 

chains, with six atoms that sit at the polar sites and are covalently linked to the atoms in neighboring 

icosahedra, and six atoms with equatorial sites (Fig. 1) [5, 6, 36, 37]. The most theoretically obtained 

structures of the 15-atom periodic unit cell are the chain-, polar-, and equatorial-model and the one 

similar to the polar model. In the literature, the boron carbide was mostly described as B13C2 and used 

B12C3 structure type within the same rhombohedral space group [5, 6, 10, 13, 39]. At higher pressures, 

boron carbide is described as B4C structure type but with the use of partial occupancy within the same 

space group R-3m (no. 166) [40] or with lowering the space group to P3221 (no. 154), but keeping the 

rhombohedral symmetry [41].  
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Figure 1. Boron carbide showing: a) the B12C3 (or B4C) modification, space group R-3m (no. 166), 

chain-model (experimental data [10] and calculated using GGA and LDA); b) the B13C2 structure 

type, space group R-3m (no. 166), [5, 6], adopted from ICSD database [31, 32] and visualized by 

VESTA program [38]. 

 

In this study, we have used the B4C structure type by Clark et al. [10] as the initial structure 

from the ICSD, in order to have correct stoichiometry. Optimized unit cell parameters, atomic 

positions in the crystallographic unit cell, and calculated total energy values are given in Table 1, 

compared with experimental data of initial structure parameters (adopted from ICSD database) [10]. 

Our results are in good agreement with experimental data and both calculated structures were 

successfully compared to the experimental data using the CMPZ algorithm in the KPLOT [42].  In 

particular, we note that in the common B13C2 structure type boron is situated at 3b Wyckoff position 

(Fig. 1b) [5, 6, 13, 38], while in the B12C3 (or B4C) structure, a carbon atom is located at Wyckoff 3b 

position (Fig. 1a) [10]. This might help in the future investigation of boron carbide related compounds 

as well as structure-property relationship studies. 

 

Table 1. Optimized unit cell parameters, atomic positions in the crystallographic unit cell, and calculated 

total energy of boron carbide (B4C) obtained by DFT method with LDA and GGA functional as 

implemented in CRYSTAL17 software package [24]. 

Structural parameters of B4C 

Method LDA-PZ GGA-PBE 
EXP - ICSD 

[10] 

Unit cell  

parameters 

a = 5.59 Å 

c = 12.03 Å 

V = 325.25 Å
3 

R-3m (s. g. 166) 

a = 5.67 Å 

c = 12.20 Å 

V = 339.20 Å
3 

R-3m (s. g. 166) 

a = 5.61 Å 

c = 12.14 Å 

ϒ = 120° 

V = 330.88 Å
3 

R-3m (s. g. 166)
 

Wyckoff and 

atomic 

positions 

(18h) B1 -0.1661   0.3322  0.3590 

(18h) B2  -0.1078  -0.2156  0.1137 

(6c) C1  0 0 0.3887 

(3b) C2  0   0   ½ 

B1 -0.1661   -0.3321   0.3591 

B2  -0.1081  -0.2161  0.1139 

C1  0 0 0.3893 

C2  0   0   ½ 

B1 -0.1667  0.1667  0.36 

B2  -0.106  0.106  0.113 

C1  0 0 0.385 

C2  0   0   ½ 

Total energy 
-408.4474 Ha 

-11.114 keV 

-412.0337 Ha 

-11.212 keV 
- 
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Furthermore, a detailed crystallographic analysis of the calculated structures using LDA and GGA 

and comparison to the experimental data from the ICSD database has been performed.  The results of 

the calculated and experimental interatomic distances are given in Table 2, suggesting very good 

agreement with experimental data.  

 

Table 2. Interatomic distances of boron carbide optimized by DFT method 

with LDA-PZ and GGA-PBE functional using CRYSTAL17 code, compared 

with initial experimental data [10]. 

B4C structure - interatomic distances (Å) 

LDA-PZ GGA-PBE EXP – ICSD [10] 

B1 – B1 = 1.7326 

B1 – B2 = 1.7725 

B1 – C1 = 1.6467 

B1 – C2 = 2.3366 

B2 – B2 = 1.7090 

B2 – B2 = 1.8074 

B2 – C1 = 2.9363 

B2 – C2 = 2.9216 

C1 – C2 = 1.3383 

B1 – B1 = 1.7578 

B1 – B2 = 1.7989 

B1 – C1 = 1.6710 

B1 – C2 = 2.3688 

B2 – B2 = 1.7260 

B2 – B2 = 1.8371 

B2 – C1 = 2.9766 

B2 – C2 = 2.9620 

C1 – C2 = 1.3506 

B1 – B1 = 1.7441 

B1 – B2 = 1.7647 

B1 – C1 = 1.6477 

B1 – C2 = 2.3476 

B2 – B2 = 1.7572 

B2 – B2 = 1.7840 

B2 – C1 = 2.9614 

B2 – C2 = 2.9394 

C1 – C2 = 1.3961 

 

3.2. Electronic properties of boron carbide  
 

Band structure and density of states (DOS) calculations were performed after structural 

optimizations. Previous band structure and DOS investigations in boron carbide related compounds 

have produced a large span of the results [1, 11, 13, 18, 43, 44]. It is well known that semiconductor 

materials investigated using DFT methods underestimate the size of the band gap [45] which was also 

observed within this investigation. The value of the indirect band gap obtained by band structure 

optimization calculation was 1.417 eV (0.05206 hartrees Eh) determined by LDA-PZ functional, and 

1.492 eV (0.05484 hartrees Eh) obtained with GGA-PBE functional. The calculated results of the size 

of the band gap were in reasonably good agreement with experimental data (2.09 eV [13]) and 

previous theoretical data (~1.5–3.5 eV) [11, 13, 43]. We observed the direct band gap at A or M point 

of the Brillouin zone (Fig. 2), although it can easily convert to indirect band gap, as observed in many 

other studies. We would like to highlight that this is the first band structure of B4C modification in 

space group R-3m (no. 166) using a hexagonal setting (Fig. 2a).  The density of states for calculated 

boron carbide structures using GGA-PBE functional is presented in Fig. 2b (confirmed by similar 

results obtained using LDA functional).  

 

 

 

 

 

 

 

 

 

 

 

 

                                                    

 

 

Figure 2. Band structure a) and DOS b) of boron carbide optimized by DFT method with GGA-

PBE functional, using CRYSTAL17 code. 

 

a) 
b) 
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3.3. Mechanical properties of boron carbide 

 

Mechanical properties of boron carbide have been investigated using the ELASTCON 

keyword for CRYSTAL calculations. We have analyzed elastic constants according to hexagonal 

structure symmetry, while bulk modulus K, shear modulus G, Young modulus E, and Poisson’s ratio ν 

were all obtained according to Voight-Reuss-Hill. Mechanical stability that are given in Ref. [46] 

have been determined for elastic tensor constants C11–13, C33, and C44. Hardness Hν has been calculated 

according to Eq. (1) given in Ref. [47, 48]: 

 

H ν = 0.92 (G/B)
1.137

 G
0.708                                                                                                     

(1) 

 

Obtained results compared with available experimental and theoretical data are given in Tables 3 and 

4. Calculated mechanical properties show very good agreement with previously calculated or 

experimentally observed data of B4C (Table 3). The hardness value of 36.54 GPa calculated using 

LDA functional showed an excellent agreement with available experimental data proving this material 

as superhard, while GGA-PBE calculations of bulk modulus and Poisson’s ratio showed values 

closest to the experimentally measured. Calculated elastic tensor constants showed good agreement 

with previously calculated constants of B4C (Table 4). 

 

Table 3. Calculated values of mechanical properties: bulk modulus K, shear modulus G, Young 

modulus E, Poisson’s ratio ν, according to Voight-Reuss-Hill, calculated by DFT method with LDA-

PZ and GGA-PBE functional; hardness calculated according to Ref. [47, 48]; available experimental 

and theoretical data. 

Mechanical properties of B4C 

Method K (GPa) G (GPa) E (GPa) ν Hν (GPa) 

LDA-PZ 169.43 173.89 388.70 0.118 36.54 

GGA-PBE 220.66 172.32 410.18 0.190 26.55 

Available 

experimental data 

 

XRD 245 [16] 200 [13, 49] 472 [13, 49] 0.18 [13, 49] 36.82 [17] 

Neutron 

scattering 

220 [16, 22] 

197 [13, 50] 462 [13, 50] 0.17 [13, 50] - 

Ultrasound 

247[16, 22] 
188 [13, 51] 448 [13, 52] 0.21 [13, 52] - 

247 [13, 49] - 441 [13, 51] - - 

235 [13, 50] - - - - 

199 [13] - - - - 

Available 

theoretical data 

248 [16] 156 [18, B13C2] 379 [18, B13C2] 0.22 [18, B13C2] - 

246 [13, 50] 200 [18, B4C] 469 [18, B4C] 0.17 [18, B4C] - 

234 [13, 20, 53] - - - - 

248 [13, 16] - - - - 

239 [13, 54] - - - - 

220 [13] - - - - 

222 [18, B13C2] - - - - 

239 [18, B4C] - - - - 

 

 

 

 

 

 

 

 



Journal of Innovative Materials in Extreme 
Conditions  

2020 
Volume 1 
Issue 1  

 

24 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

Table 4. Elastic tensor constants of B4C obtained by DFT method with LDA-PZ and GGA-PBE 

functional compared with available theoretically obtained data. 

Elastic 

tensor 

constants 

(GPa) 

LDA-PZ 
GGA-

PBE 

Available theoretical data 

Theory 

[13] 

GGA 

[19] 

GGA 

[20] 

LDA 

B13C2 

[21] 

Theory 

B13C2 

[18] 

C11 448.15 484.83 561.8 517 531 500 516 

C12 65.36 108.76 123.6 118 105 125 118 

C13 34.29 71.13 69.6 73 54 74 74 

C33 468.03 514.31 517.7 453 528 430 451 

C44 138.03 139.86 - 114 167 - 106 

 

4. Conclusion  
 

In this study, we have performed ab initio calculations using DFT approximation with two 

independent exchange-correlation functionals (LDA-PZ and GGA-PBE) within the CRYSTAL17 

software package.  Detailed structural, electronic, and mechanical properties of boron carbide (B4C) 

have been investigated. We investigated the chain-model structure using available experimental data, 

and our results are in very good agreement with literature data. Furthermore, we manage to clarify 

structural features related to the B13C2 and B12C3 structure types. Electronic properties of boron 

carbide have been investigated by calculating the density of states (DOS) and band structure. Our 

calculations are in good agreement with previous studies and we show the first band structure of B4C 

using the hexagonal setting. Calculated mechanical properties have been investigated: bulk modulus, 

shear modulus, Young modulus, Poisson’s ratio, hardness, and elastic tensor constants, and compared 

with available experimental data. Again our results are in good agreement with previous theoretical 

and experimental work, while the hardness value of 36.54 GPa calculated by LDA functional showed 

an excellent agreement. Thus, the results show new structural features of B4C, promising 

semiconducting properties, and great potential of B4C as a superhard material. 

 

Acknowledgment 

 

This work was supported by the Ministry of Education, Science and Technological Development of 

the Republic of Serbia. The authors thank Prof. R. Dovesi and Crystal Solutions for software support. 

The authors thank the Max Planck Institute for Solid State Research, Stuttgart, Germany, for 

collaboration and providing computational support. 

 

References  
 

[1]            Balakrishnarajan, M. M., Pancharatna, P. D., Hoffmann, R., Structure and bonding in 

boron carbide: The invincibility of imperfections, New Journal of Chemistry, 31(2007), 4, pp. 

473-485 doi.org/10.1039/B618493F 

[2]            Baradeswaran, A. E. P. A., Perumal, A. E., Influence of B4C on the tribological and 

mechanical properties of Al 7075–B4C composites, Composites Part B: Engineering, 54(2013), 

pp. 146-152 doi.org/10.1016/j.compositesb.2013.05.012 

[3]            Yang, X., Coleman, S. P., Lasalvia, J. C., Goddard III, W. A., An, Q., Shear-induced brittle 

failure along grain boundaries in boron carbide, ACS applied materials & interfaces, 10(2018), 5, 

pp. 5072-5080 doi.org/10.1021/acsami.7b16782 

[4]            Marković, D. Z., Zarubica, A. R., Nikolić, G. S., New eco-composites for biosorbents 

immobilization: Technological processes and tests, Savremene tehnologije, 3(2014), 2, pp. 116-

134 doi:10.5937/savteh1402116M 

[5]            Kirfel, A., A. Gupta, G. Will, The nature of the chemical bonding in boron carbide, 

B13C2. I. Structure refinement,  Acta Crystallographica Section B: Structural Crystallography 

and Crystal Chemistry 35(1979), 5, pp. 1052-1059 doi.org/10.1107/S0567740879005562 

https://doi.org/10.1039/B618493F
https://doi.org/10.1016/j.compositesb.2013.05.012
https://doi.org/10.1021/acsami.7b16782
https://doi.org/10.5937/savteh1402116M
https://doi.org/10.1107/S0567740879005562


Journal of Innovative Materials in Extreme 
Conditions  

2020 
Volume 1 
Issue 1  

 

25 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

[6]              Morosin, B., Mullendore, A. W., Emin, D., Slack, G. A., Rhombohedral crystal structure 

of compounds containing boron‐rich icosahedra, In AIP Conference Proceedings, 140(1986), 1, 

pp. 70-86 doi.org/10.1063/1.35589 

[7]              Jay, A., Hardouin Duparc, O., Sjakste, J., Vast, N., Theoretical phase diagram of boron 

carbide from ambient to high pressure and temperature, Journal of Applied Physics, 125(2019), 

18, p. 185902 doi/abs/10.1063/1.5091000 

[8]             Jemmis, E. D., Prasad, D. L., Icosahedral B12, macropolyhedral boranes, β-rhombohedral 

boron and boron-rich solids, Journal of Solid State Chemistry, 179(2006), 9, pp. 2768-2774 

10.1016/j.jssc.2005.11.041 

[9]             Khan, A. U., Etzold, A. M., Yang, X., Domnich, V., Xie, K. Y., Hwang, C., Behler, K.D., 

Chen, M., An, Q., LaSalvia, J.C., Hemker, K. J., Locating Si atoms in Si-doped boron carbide: A 

route to understand amorphization mitigation mechanism, Acta Materialia, 157(2018), pp. 106-

113 doi.org/10.1016/j.actamat.2018.07.021 

[10]            Clark, H. K.,  Hoard, J. L., The crystal structure of boron carbide. Journal of the 

American Chemical Society, 65(1943), 11, pp. 2115-2119 doi/pdf/10.1021/ja01251a026 

[11]            Ivashchenko, V. I., Shevchenko, V. I., Turchi, P. E. A., First-principles study of the 

atomic and electronic structures of crystalline and amorphous B 4 C, Physical Review 

B, 80(2009), 23, pp. 235208 doi.org/10.1103/PhysRevB.80.235208 

[12]            Durandurdu, M., Liquid and amorphous states of boron subarsenide, Journal of the 

American Ceramic Society, 103(2020), 1, pp. 176-182 doi.org/10.1111/jace.16720 

[13]           Domnich, V., Reynaud, S., Haber, R. A., Chhowalla, M., Boron carbide: structure, 

properties, and stability under stress. Journal of the American Ceramic Society, 94(2011), 11, pp. 

3605-3628 doi/abs/10.1111/j.1551-2916.2011.04865.x 

[14]           Dekura, Haruhiko, Koun Shirai, and Akira Yanase. "Metallicity of boron carbides at 

high pressure." Journal of Physics: Conference Series. Vol. 215. No. 1. IOP Publishing, 2010. 

10.1088/1742-6596/215/1/012117/meta 

[15]          Kleinman, Leonard. "Ab initio calculations of boron and its carbides." AIP Conference 

Proceedings. Vol. 231. No. 1. American Institute of Physics, 1991 doi/abs/10.1063/1.40861 

[16]          Lazzari, R., Vast, N., Besson, J. M., Baroni, S., Dal Corso, A., Atomic structure and 

vibrational properties of icosahedral B 4 C boron carbide, Physical review letters, 83(1999), 16, 

pp. 3230 10.1103/PhysRevLett.83.3230 

[17]         Sairam, K., Sonber, J. K., Murthy, T. C., Subramanian, C., Hubli, R. C., Suri, A. K.,  

Development of B4C–HfB2 composites by reaction hot pressing, International Journal of 

Refractory Metals and Hard Materials, 35(2012), pp. 32-40 

doi.org/10.1016/j.ijrmhm.2012.03.004 

[18]        Ektarawong, A., Simak, S. I., Hultman, L., Birch, J., Tasnádi, F., Wang, F., Alling, B., 

Effects of configurational disorder on the elastic properties of icosahedral boron-rich alloys based 

on B6O, B13C2, and B4C, and their mixing thermodynamics, The Journal of chemical 

physics, 144(2016), 13, pp. 134503 doi/abs/10.1063/1.4944982 

[19]        Zhang, R. F., Lin, Z. J., Zhao, Y. S., Veprek, S., Superhard materials with low elastic 

moduli: Three-dimensional covalent bonding as the origin of superhardness in B 6 O, Physical 

Review B, 83(2011), 9, pp. 092101 10.1103/PhysRevB.83.092101 

[20]        Lee, S., Bylander, D. M., Kleinman, L., Elastic moduli of B 12 and its 

compounds, Physical Review B, 45(1992), 7, pp. 3245 doi.org/10.1103/PhysRevB.45.3245 

[21]       Taylor, D. E., McCauley, J. W., Wright, T. W., The effects of stoichiometry on the 

mechanical properties of icosahedral boron carbide under loading, Journal of Physics: Condensed 

Matter, 24(2012), 50, pp. 505402 10.1088/0953-8984/24/50/505402 

[22]        Nelmes, R. J., Loveday, J. S., Wilson, R. M., Marshall, W. G., Besson, J. M., Klotz, S., 

Hamel, G., Aselage, T.L. Hull, S., Observation of inverted-molecular compression in boron 

carbide, Physical review letters, 74(1995), 12, pp. 2268 10.1103/PhysRevLett.74.2268 

[23]        Gieske, J. H., Aselage, T. L.,Emin, D. (1991). Boron Rich Solids. In edited by D. Emin, 

T. Aselage, CL Beckel, AC Switendick and B. Morosin, AIP Conf. Proc No. 231, pp. 377 

https://doi.org/10.1063/1.35589
https://www.researchgate.net/deref/http%3A%2F%2Fdx.doi.org%2F10.1016%2Fj.jssc.2005.11.041
https://doi.org/10.1016/j.actamat.2018.07.021
https://doi.org/10.1111/jace.16720
https://doi.org/10.1016/j.ijrmhm.2012.03.004


Journal of Innovative Materials in Extreme 
Conditions  

2020 
Volume 1 
Issue 1  

 

26 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

[24]        Dovesi, R, Erba, A, Orlando, R, et al. Quantum‐mechanical condensed matter 

simulations with CRYSTAL. WIREs Comput Mol Sci. (2018), 8, e1360. 

https://doi.org/10.1002/wcms.1360  

[25]        Doll, K., Schön, J. C., Jansen, M., Structure prediction based on ab initio simulated 

annealing for boron nitride, Physical Review B, 78(2008), 14, pp. 144110 

doi.org/10.1103/PhysRevB.78.144110 

[26]        Zagorac, J., Jovanović, D., Volkov-Husović, T., Matović, B., Zagorac, D., (2020). 

Structure prediction, high pressure effect and properties investigation of superhard 

B6O, Modelling and Simulation in Materials Science and Engineering, 28(2020), 3, pp. 035004 

10.1088/1361-651X/ab6ec8/meta 

[27]         Catti, M., Pavese, A., Dovesi, R., Saunders, V. R., Static lattice and electron properties 

of MgCO 3 (magnesite) calculated by ab initio periodic Hartree-Fock methods, Physical Review 

B, 47(1993), 15, pp. 9189 10.1088/1361-651X/ab6ec8/meta 

[28]        Crystal-unito basis sets library http://www.crystal.unito.it/basis-sets.php (visited on 22nd 

March 2020) 

[29]       Perdew, J. P., Zunger, A., Self-interaction correction to density-functional approximations 

for many-electron systems, Physical Review B, 23(1981), 10, pp. 5048-5079 

10.1103/PhysRevB.23.5048 

[30]       Perdew, J. P., Burke, K., Ernzerhof, M., Generalized gradient approximation made 

simple. Physical review letters, 77(1996), 18, pp. 3865-3868 10.1103/PhysRevLett.77.3865 

[31]       International Union of Crystallography, Data Commission, Crystallographic databases: 

information content, software systems, scientific applications, (1987) Data Commission of the 

International Union of Crystallography 

[32]       Zagorac, D., Müller, H., Ruehl, S., Zagorac, J., Rehme, S., Recent developments in the 

Inorganic Crystal Structure Database: theoretical crystal structure data and related 

features, Journal of applied crystallography, 52(2019), 5, pp. 918-925 

doi.org/10.1107/S160057671900997X 

[33]       Perger, W.F., Criswell, J., Civalleri, B., Dovesi, R., Ab-initio calculation of elastic 

constants of crystalline systems with the CRYSTAL code, Computer Physics 

Communications, 180(2009), 10, pp.1753-1759 doi.org/10.1016/j.cpc.2009.04.022 

[34]       Catti, M., Noel, Y., & Dovesi, R., Theoretical study of sodium nitrite piezoelectricity and 

elasticity, Journal of Physics: Condensed Matter, 17(2005), 30, pp. 4833–42 10.1088/0953-

8984/17/30/009/pdf 

[35]       Hundt R, KPLOT, A Program for Plotting and Analysing Crystal Structures (Stuttgart: 

Technicum Scientific Publishing) 2016 

[36]       Momma, K., Izumi, F., VESTA: a three-dimensional visualization system for electronic 

and structural analysis, Journal of Applied Crystallography, 41(2008), 3, pp. 653-658 

doi.org/10.1107/S0021889808012016 

[37]       Mauri, F., Vast, N., Pickard, C. J., Atomic structure of icosahedral B 4 C boron carbide 

from a first principles analysis of NMR spectra, Physical review letters, 87(2001), 8, pp. 085506 

10.1103/PhysRevLett.87.085506 

[38]       Kwei, G. H., Morosin, B., Structures of the boron-rich boron carbides from neutron 

powder diffraction: Implications for the nature of the inter-icosahedral chains, The Journal of 

Physical Chemistry, 100(1996), 19, pp. 8031-8039 doi.org/10.1021/jp953235j 

[39]      Zibrov, I. P., Filonenko, V. P., Heavily boron doped diamond powder: Synthesis and 

Rietveld refinement, Crystals, 8(2018), 7, pp. 297 doi.org/10.3390/cryst8070297 

[40]      Dera, P., Manghnani, M. H., Hushur, A., Hu, Y., Tkachev, S., New insights into the 

enigma of boron carbide inverse molecular behaviour, Journal of Solid State 

Chemistry, 215(2014), 85-93 doi.org/10.1016/j.jssc.2014.03.018 

[41]     Zhang, X., Zhao, Y., Zhang, M., Liu, H., Yao, Y., Cheng, T., Chen, H., Novel boron 

channel-based structure of boron carbide at high pressures, Journal of Physics: Condensed 

Matter, 29(2017), 45, pp. 455401 10.1088/1361-648X/aa8a08/meta 

https://doi.org/10.1002/wcms.1360
http://www.crystal.unito.it/basis-sets.php
https://doi.org/10.1107/S160057671900997X
https://doi.org/10.1016/j.cpc.2009.04.022
https://doi.org/10.1107/S0021889808012016
https://doi.org/10.1021/jp953235j
https://doi.org/10.3390/cryst8070297
https://doi.org/10.1016/j.jssc.2014.03.018


Journal of Innovative Materials in Extreme 
Conditions  

2020 
Volume 1 
Issue 1  

 

27 Serbian Society for Innovative Materials in Extreme Conditions (SIM-EXTREME), Belgrade, Serbia. 

 

[42]      Hundt, R., Schön, J. C., Jansen, M., CMPZ–an algorithm for the efficient comparison of 

periodic structures, Journal of applied crystallography, 39(2006), 1, pp. 6-16 

doi.org/10.1107/S0021889805032450 

[43]      Ektarawong, A., Simak, S. I., Alling, B., Effect of temperature and configurational 

disorder on the electronic band gap of boron carbide from first principles, Physical Review 

Materials, 2(2018), 10, pp. 104603 doi.org/10.1103/PhysRevMaterials.2.104603 

[44]      Prasad, D. L., Balakrishnarajan, M. M., Jemmis, E. D., Electronic structure and bonding of 

β-rhombohedral boron using cluster fragment approach, Physical Review B, 72(2005), 19, pp. 

195102 doi.org/10.1103/PhysRevB.72.195102 

[45]      Zagorac, D., Schön, J. C., Zagorac, J., Jansen, M., Prediction of structure candidates for 

zinc oxide as a function of pressure and investigation of their electronic properties, Physical 

Review B, 89(2014), 7, pp. 075201 doi.org/10.1103/PhysRevB.89.075201 

[46]      Wright, A. F., Elastic properties of zinc-blende and wurtzite AlN, GaN, and InN, Journal 

of Applied physics, 82(1997), 6, pp. 2833-2839 doi.org/10.1063/1.366114 

[47]      Zagorac, J., Zagorac, D., Jovanović, D., Luković, J., Matović, B., Ab initio investigations 

of structural, electronic and mechanical properties of aluminum nitride at standard and elevated 

pressures, Journal of Physics and Chemistry of Solids, 122(2018), pp. 94-103 

doi.org/10.1016/j.jpcs.2018.06.020 

[48]      Tian, Y., Xu, B., Zhao, Z., Microscopic theory of hardness and design of novel superhard 

crystals, International Journal of Refractory Metals and Hard Materials, 33(2012), pp. 93-106 

doi.org/10.1016/j.ijrmhm.2012.02.021 

[49]      Prokhorov, V., Perfilov, S., Useinov, A., Veprincev, K., Gnidash, C., Kuftyrev, R., 

Determination with integral ultrasonic method and local force microscopy method of elastic 

properties of B4C ceramics prepared by hot pressing, Machines, Technologies, 

Materials, 12(2013), pp. 21-23 

[50]      Sekine, C., Uchiumi, T., Shirotani, I., Yagi, T., Science and Technology of High Pressure, 

University Press, Hyderabard, India, 2000 

[51]      Schwetz, K. A., Grellner, W., The influence of carbon on the microstructure and 

mechanical properties of sintered boron carbide, Journal of the Less Common Metals, 82(1981), 

pp. 37-47 doi.org/10.1016/0022-5088(81)90195-8 

[52]      Ramana Murthy, S., Elastic properties of boron carbide, Journal of materials science 

letters, 4(1985), 5, pp. 603-605 10.1007/BF00720044 

[53]      Jay, A., Hardouin Duparc, O., Sjakste, J., Vast, N., Theoretical phase diagram of boron 

carbide from ambient to high pressure and temperature, Journal of Applied Physics, 125(2019), 

18, pp. 185902 doi.org/10.1063/1.5091000 

[54]      Aydin, S., Simsek, M., Hypothetically superhard boron carbide structures with a B11C 

icosahedron and three‐atom chain,  physica status solidi (b), 246(2009), 1, pp. 62-70 

doi.org/10.1002/pssb.200844328 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

https://doi.org/10.1107/S0021889805032450
https://doi.org/10.1063/1.366114
https://doi.org/10.1016/j.jpcs.2018.06.020
https://doi.org/10.1016/j.ijrmhm.2012.02.021
https://doi.org/10.1016/0022-5088(81)90195-8
https://doi.org/10.1063/1.5091000
https://doi.org/10.1002/pssb.200844328

