substance: boron compounds with group IV elements: boron carbide
property: further properties

(Review articles, see [65L, 79B2, 79T]. See also deru general papers on further properties of boron
carbide)

melting point
Tm 2490°C For dependence on composition, 71K
see Fig. 1.

specific heat capacity

(inJglk1)

Cp 1.85(10) T=650...900 K  composition B4 sC — B,C 85W1
1.93.10° T=272K composition~ B4 3C (denoted as 87F
1.90-10° T=279K B4C in the original paper)
1.97-10° T=287K
2.01-10° T=296K
2.00-10° T=3.06K
2.07-10° T=3.18K
2.13-10° T=3.35K
2.20-10° T=355K
2.27-10° T=382K
2.34-10° T=4.09K
2.57-10° T=448K
2.80-10° T=4.98K
3.18-10° T=559K
3.74-10° T=6.43K
4.97-10° T=777K
8.13-10° T=9.83K
1.04-10% T=10.95K
1.52-104 T=1294K
2.38-10% T=15.39K
3.97-104 T=1845K
6.67-104 T=2195K
1.30-103 T=27.32K
2.05-103 T=31.62K
3.25-103 T=236.68K
4.81-103 T=41.60K
7.41-108 T=47.27K
1.24-102 T=5498 K
2.33-102 T=64.56 K
3.28-102 T=70.80K
5.49-102 T=82.62K

Specific heat capacity of various boron carbidegC)B[86T3, 91D] (B—Cy, X =0.1...0.2) [94M]; BC of
different producers [87F, 41K] in Fig. 2.

Heat capacity of samples of different origin dividedT8yin Fig. 3 [87F, 41K].

High temperature heat capacity of@B(x =3,4, 5) by direct heating pulse calorimetry [91M].
Heat capacity: see Fig. 4

thermal conductivity

K 146 WnrlK-1  T=100K depends on density 79B1
26 W nTiK-1 T=100 K 82S



11.7WnrlK-1  T=500K depends on density 79B1

19 W nTik-1 T=500 K 82S
9.3wWnrlk-1  T=1000K depends on density 79B1
17 W nrik-1 T=1000 K 82S

For thermal conductivity of theoretically dense boron carbide, see [77M2].

Temperature dependence of the thermal conductivity of initial and neutron irradiated boron carbide with
different chemical composition in Fig. 5 [85G, 94G].

Thermal conductivity of the boron-carbon system (C-doped boron and boron carbide) in Fig. 6 [94K3, 99W,
95w, 91G].

Temperature dependence of the thermal conductivity of boron carbides in Fig. 7 [79K, 87F, 85B, 85W2, 86W1,
86W2].

Thermal diffusivity of boron carbide with 11.6, 12.8, 16.3, 16.6, 20.0 at. % C [85B, 79G] and with 10.0, 13.3,
15.4,16.0, 16.7, 18.2, 19.2, 20.0 at.% C [85W1, 90E, 91E, 94M, 95A] in Fig. 8.

Temperature dependence of the thermal conductivity in [89A].

Thermal conductivity depending on the density in [91G].

Effect of isotope concentration of boron on the speed of sound in [94K1].

Isotopic effect of boron carbide thermal conductivity [94K4].

Thermal conductivity (isotope effect, correction for porosity), temperature dependence in [87M].

Tunneling model prediction for the low temperature thermal conductivity of crystalj@e@norphous boron
and YBg3) compared with the thermal conductivity a§@calculated from internal friction in [98M].

Theoretical discussion on the composition-dependent change of the thermal conductivity in boron carbides
[B7E]. It is assumed that CBB chains are significantly softer than CBC chains in contrast to the results of phonon
spectroscopy.

Theoretical approach to the thermal conductivity of boron carbides based on the assumption of carrier phonons,
whose frequency is modulated by lower-frequency phonons which "dress" the carrier phonons through strong
interaction. Fig. 9 shows the comparison between theory and experiment for the case that the fit parameters are
specifically adapted to each composition. The fit is not satisfactory, if the parametergGbatB used for §

(see ref.) [87K].

plastic wave velocities

(in 1 cm/s)
% 9.4 T=300K 0 % porosity 91B
7.9 2.5 % porosity
7.7 4.8 % porosity
7.1 10 % porosity
6.17 16.3 % porosity

Hugoniot elastic limit of porous boron carbide in Fig. 10 [91B].



magnetic susceptibility

Magnetic susceptibility of BC, Bs 5C, By sC and BC vs. magnetic field and vs.Tlih Fig. 11 [85A, 86A].

Magnetic susceptibility compared with ESR results in Figs. 12 and 13 [96C].

Grineisen parameter
(calculated on the basis of averaged macroscopic properties taken from literature)

VG 0.81

densities
(in g cnT3)
d 2.52 T=300K B,C
2.49 BC
2.51 T=300K B,C hot-pressed
2.44 B,C (1 wt.% C) sintered
2.46 B,C (3 wt.% C) sintered
251 T=300K
2.52 calculated
2.456 T=300K experimental
2.47..2.51 T=300K exp., dependent on composition
(B7C-B4C)
2.465...2.52 T=300K exp., dependent on composition

(8.8...20.0 at% C)

linear thermal expansion coefficients

(in 108K
a 5.73
2.6..45 T=25...800 °C
4.6 T=25...800 °C average
5.0
5.65(5) T=0...1000°C carbon-rich boron carbide
5.87(4) T=0...1000°C boron-rich boron carbide

3.016-166+ 4.30-169T — 9.18-1613T 2(T in °C)
2.6..4.5-166K-1 T =25...800C polycrystals

For temperature dependence, see literature.
strength

310 MPa T=300K three-point bending
230 MPa four-point bending

Strength and creep in boron carbidg@Band aluminum dodecaboride (A [99A].
critical stress intensity factor

3.27 MPa /2 T=300K

94K2

91G
86G
81S

91L
71G
75Y
53A

81B

86T2
86T1
85S
91L
73Y
73Y
7TM2

77TM1,
79B1

86G

86G



microhardnesses

Hk 36.6(60) GPa T=300K 86G
~3000 kg mm2  T=300K load 0.98 N 85S
H 45.0 GPa T=300K type not specified 88B
Hy or Hy 30...38 GPa T=300K 91L
Hk 2970(150) kg m? T = 300 K B,C, 1 N load, Knoop hardness 75L,
82S
3200(150) kg mr? T = 300 K B,C, 1 N load, Vickers hardness 75L,
82S

Note on the temperature dependence of the hardness of boron carbide; decrease up to 1300 °C [83D].
For dependence on composition, see [75L] and [79B3]; for dependence on temperature, see [79B1].
For metallography of boron carbide, see [76C].

For properties of irradiated boron carbide, see [77M2].

For mechanical properties of hot-pressed B,€ Biaterials, see [79C].

flexural strength

480 MPa T=300K 4-point bend 85S
transverse rupture strength
300...500 MPa T=300K 91L
activation energy of internal friction
(ineV)
Ea 2.05 T=780K before annealing 91A
2.0 T =780K after annealing (1h, 950K) in hydrogen
1.15 T=470K before annealing
0.90 T=470K after annealing (1h, 950K) in hydrogen
relaxation times of internal friction
T 11014s 780 K no influence of annealing 91A
810712g 470 K decrease after annealing

Low temperature internal friction of48, B;3C, and BC in Fig. 14 [98M].

Temperature dependence of the internal friction of arc melted H-enriched boron carbide for higher temperatures
in Fig. 15; comparison with hot-pressed boron carbide in [91A].

Longitudinal and shear acoustic velocity depending on carbon content of boron carbide compared with the
C-B-B force constant in [94K3].



References:

41K
53A
56S
60K
65L

71G
71K
2V

73Y
75L
75Y
76C
77B

77M1
77TM2
79B1

79B2
79B3
79C
79G
79K
79T
81A

81B
81S
81w
82S
83D
85A
85B
85G
85S

85W1

85W2

86A

86G

86T1

Kelley, K.K.: J. Am. Chem. Soc. 63 (1941) 1137.

Allen, R. D.: J. Am. Chem. Soc. 75 (1953) 3582.

Samsonov, G. V.: Metallphys. Metallkunde SSSR Ural Filial 3 (1956) 309.

Kelley: Bur. Mines. Bull. 12 (1960) 584.

Lipp, A.: Tech. Rdsch. 57, No. 14 (1965) 5; 57, No. 28 (1965) 14; 57, No. 33 (1965) 3; 58, No. 7
(1966) 3.

Gust, W. H., Royce, E. B.: J. Appl. Phys. 42 (1971) 276.

Kieffer, R., Gugel, E., Leimer, G., Ettmayer, P.: Ber. Dtsch. Keram. Ges. 48 (1971) 385.

Sheindlin, A. E., Belevich, I. S., Kozhevnikov, I. G.: Teplofizika Vysokikh Temp. 10 (1972)
421;High Temp. USSR (English Transl.) 10 (1972) 369.

Yahel, H. L.: J. Appl. Crystallogr. 6 (1973) 471.

Lipp, A., Schwetz, K.: Ber. Dtsch. Keram. Ges. 52 (1975) 335.

Yakel, H. L.: Acta Crystallogr. B 31 (1975) 1797.

Champagne, B., Beauvy, M., Angers, R.: Metallography 9 (1976) 357.

Berezin, A. A., Golikova, O. A., Zaitsev, V. R., Kazanin, M. M., Orlov, V. M., Tkalenko, E. N.,
in:Boron and Refractory Borides, (Matkovich V. 1., ed.) Springer: Berlin, Heidelberg, New York
1977, p. 52.

Makarenko, G. N.: see [77B], p. 310.

Murgatroyd, R. A., Kelly, B. T.: At. Energy Rev. 15 (1977) 3.

Bairamashvili, I. A., Kalandadze, G. I., Eristavi, A. M., Jobava, J. Sh., Chotulidi, V. V., Saloev, Yu.
I.: J. Less-Common Met. 67 (1979) 455.

Beauvy, M., Thevenot, F.: L'Industrie Ceramique 732 (1979) 734.

Bouchacourt, M., Thevenot, F.: J. Less-Common Met. 67 (1979) 327.

Champagne, B., Angers, R.: J. Am. Ceram. Soc. 62 (1979) 149.

Gilchrist, K.E., Preston, S.D.: High Temp. High Press. 11 (1979) 643.

Kirfel, A., Gupta, A., Will, G.: Acta Crystallogr. B 35 (1979) 1052.

Thevenot, F., Bouchacourt, M.: L'Industrie Ceramique 732 (1979) 655.

Armstrong, D. R.: Proc. 7th Int. Symp. Boron, Borides and Related Compounds. Uppsala, Sweden,
1981; spec. issue of J. Less-Common Met. 82 (1981) 357.

Bouchacourt, M., Thevenot, F.: see [81A], p. 219.

Schwetz, K.A., Grellner, W.: J. Less-Common Met. 82 (1981) 37.

Werheit, H., de Groot, K., Malkemper, W.: see [81A], p. 153.

Schwetz, K. A.: unpublished results.

De With, G.: J. Less-Common Met. 95 (1983) 133.

Azevedo, L.J., Venturini, E.L., Emin, D., Wood, C.: Phys. Rev. B 32 (1985) 7970.

Bouchacourt, M., Thévenot, F.: J. Mater. Sci. 20 (1985) 1237.

Gilchrist, K.E.: High Temp. High Press. 17 (1985) 671.

Schwetz, K.A., Lipp, A.: in: Ullmann's Encyclopedia of Industrial Chemistry, VCH: Weinheim, 1985,
p. 295.

Wood, C., Emin, D., Gray, P.E.: Phys. Rev. B 31 (1985) 6811.

Wood, C., Zoltan, A., Emin, D.: in: Thermal conductivity, T. Ashworth and D.R. Smith ed., Plenum
Press: New York, 1985, p. 139.

Azevedo, L.J., Venturini, E.L., Emin, D., Wood, C.: in: Boron-Rich Solids (AIP Conf. Proc. 140),
Albuquerque, New Mexico 1985, D. Emin, T.L. Aselage, C.L. Beckel, I.A. Howard ed., American
Institute of Physics: New York, 1986, p. 288.

Gogotsi, G.A., Groushevsky, Ya.L., Dashevkaya, O.B., Gogotsi, Yu.G., Lavrenko, V.A.: J. Less-
Common Met. 117 (1986) 225: (Proc. 8th Int. Symp. Boron, Borides, Carbides, Nitrides and Rel.
Compounds, Thilisi, Oct. 8 - 12, 1984).

Thévenot, F.: Silicates Industrials 1-2 (1986) 17.



86T2

86T3

86W1

86W2

87E

87F

87K

87M

88B

89A

90E

91A

91B
91D

91E

91G

91L
91M
94G

94K1
94K2
94K3
94K4
94M
95A
95W
96C

98M
99A

Tsagareishvili, G.V., Nakashidze, T.G., Jobava, J.Sh., Lomidze, G.P., Khulelidze, D.E.,
Tsagareishvili, D.Sh., Tsagareishvili, O.A.: J. Less-Common Met. 117 (1986) 159 (Proc. 8th Int.
Symp. Boron, Borides, Carbides, Nitrides and Rel. Compounds, Thilisi, Oct. 8 - 12, 1984).

Tirkes, P.R.H., Swartz, E.T., Pohl, R.O.: in: Boron-Rich Solids (AIP Conf. Proc. 140), Albuquerque,
New Mexico 1985, D. Emin, T.L. Aselage, C.L. Beckel, I.A. Howard ed., American Institute of
Physics: New York, 1986, p. 346.

Will, G., Kirfel, A.: in: Boron-Rich Solids (AIP Conf. Proc. 140), Albuquerque, New Mexico 1985,
D. Emin, T.L. Aselage, C.L. Beckel, I.A. Howard ed., American Institute of Physics: New York,
1986, p. 87.

Wood, C.: in: Boron-Rich Solids (AIP Conf. Proc. 140), Albuquerque, New Mexico 1985, D. Emin,
T.L. Aselage, C.L. Beckel, I.A. Howard ed., American Institute of Physics: New York, 1986, p. 362.
Emin, D., Howard, L.A., Green, T.A., Beckel, C.L.: in: Novel Refractory Semiconductors, MRS
Symp. Proc. Vol. 97, D. Emin, T.L. Aselage, C. Wood ed., Materials Research Soc.: Pittsburgh, 1987,
p. 83.

Fischer, H.E., Swartz, E.T., Turkes, P.R.H., Pojl, R.O.: in: Novel Refractory Semiconductors, MRS
Symp. Proc. Vol. 97, D. Emin, T.L. Aselage, C. Wood ed., Materials Research Soc.: Pittsburgh, 1987,
p. 69.

Kenkre, V.M., Fan, X.: in: Novel Refractory Semiconductors, MRS Symp. Proc. Vol. 97, D. Emin,
T.L. Aselage, C. Wood ed., Materials Research Soc.: Pittsburgh, 1987, p. 89.

Moss, M.: in: Novel Refractory Semiconductors, MRS Symp. Proc. Vol. 97, D. Emin, T.L. Aselage,
C. Wood ed., Materials Research Soc.: Pittsburgh, 1987, p. 77.

Berdikov, V.F., Vil'k, Yu., Gurin, V.N.: in: Prog. Cryst. Growth Charact. 16 (1988), Gurin, V.N. ed.,
Pergamon Press: London, 1988, p. 279.

Aselage, T., Emin, D., Wood, C.: in: Trans. 6th Symp. on Space Nuclear Power, Albuquerque, NM,
Jan. 8 - 12, 1989, p. 430.

Emin, D.: in: The Physics and Chemistry of Carbides, Nitrides and Borides; NATO ASI Series E:
Applied Sciences Vol. 185, R. Freer ed., Kluwer Academic Publishers: Dordrecht, 1990, p. 691.
Antadze, M., Darsavelidze, G., Khachapuridze, N., Lezhava, D.: in: Boron-Rich Solids (AIP Conf.
Proc. 231), Albuquerque, New Mexico 1990, D. Emin, T. Aselage, A.C. Switendick, B. Morosin and
C.L. Beckel ed., American Institute of Physics: New York, 1991, p. 594.

Brar, N.S., Rosenberg, Z., Bless, S.J.: J. Appl. Phys. 69 (1991) 7890.

de Rooy, J.C.J.M., Reefman, D., van der Putten, D., Brom, H.B, Aselage, T., Emin, D.: in: Boron-
Rich Solids, Proc. 10th Int. Symp. Boron, Borides and Rel. Compounds, Albuquerque, NM 1990
(AIP Conf. Proc. 231), D. Emin, T.L. Aselage, A.C. Switendick, B. Morosin, C.L. Beckel ed.,
American Institute of Physics: New York, 1991, p. 90.

Emin, D.: in: Boron-Rich Solids, Proc. 10th Int. Symp. Boron, Borides and Rel. Compounds,
Albuquerque, NM 1990 (AIP Conf. Proc. 231), D. Emin, T.L. Aselage, A.C. Switendick, B. Morosin,
C.L. Beckel ed., American Institute of Physics: New York, 1991, p. 65.

Gosset, D., Guery, M., Kryger, B.: in: Boron-Rich Solids, Proc. 10th Int. Symp. Boron, Borides and
Rel. Compounds, Albuguerque, NM 1990 (AIP Conf. Proc. 231), D. Emin, T.L. Aselage, A.C.
Switendick, B. Morosin, C.L. Beckel ed., American Institute of Physics: New York, 1991, p. 380.

Liu, J., Ownby, D.: J. Am. Ceram. Soc. 74 (1991) 674.

Matsui, T., Arita, Y., Naito, K., Imai, H.: J. Nucl. Mater. 186 (1991) 7.

Gosset, D., Kryger, B., Verdeau, C., Froment, K: Proc. 11th Int. Symp. Boron, Borides and Rel.
Compounds, Tsukuba, Japan, August 22 - 26, 1993, Jpn. J. Appl. Phys. Series 10 (1994), p. 188.
Karumidze, G.S., Shavelashvili, Sh.Sh., Chkhikvishvili, V.B.: Semicond. 28 (1994) 1192.

Kuhlmann, U.: Zusammenhénge zwischen den Phononenspektren borreicher Festkdrper mit
Ikosaederstruktur und ihren strukturellen und elektronischen Eigenschaften, Thesis, Gerhard-
Mercator University, Duisburg, Germany, 1994,

Kuhlmann, U., Werheit, H.: Proc. 11th Int. Symp. Boron, Borides and Rel. Compounds, Tsukuba,
Japan, August 22 - 26, 1993, Jpn. J. Appl. Phys. Series 10 (1994), p. 84.

Karumidze, G.S., Shengelia, I.A.: Diamond Rel. Mater. 3 (1994) 14.

Medwick, P.A., Fischer, H.E., Pohl, R.O.: J. Alloys Compounds 203 (1994) 67.

Aselage, T.L., Emin, D.: in: CRC Handbook of Thermoelectrics, Rowe D.M. ed., CRC Press: Boca
Raton, 1995, p. 373.

Werheit, H.: Mater. Sci. Eng. 29 (1995) 228, High Temperature Electronics, EMRS Symp. Proc. 50
(1994); Mater. Sci. Eng. B29, K. Fricke and V. Krozer ed., North Holland: Amsterdam, 1995, p. 228.
Chauvet, O., Emin, D., Forro, L., Aselage, T.L., Zuppiroli, L.: Phys. Rev. B 53 (1996) 14450.
Medwick, P.A., White Jr., B.E., Pohl, R.O.: J. Alloys Compounds 270 (1998) 1.

Abzianidze, T.G., Eristavi, A.M., Shalamberidze, S.O.: J. Solid State Chem. (1999) (Proc. 13th Int.
Symp. Boron, Borides and Rel. Compounds, Dinard, France, Sept. 1999).



99w Werheit, H.: in: Electric Refractory Materials, Y. Kumashiro ed., Marcel Dekker: New York, 1999 (in
press).



Fig. 1.

B—C system. Melting point vs. C content (open, full circles: different experimental arrangements) [71K]. Data
from [61FI] and [56S] for comparison.
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Fig. 2.

Boron carbide. Specific heat capacity vs. temperature. Plug€s:tiBangles down: BsC [91D]; full circles:

BoC [86T3]; triangles up B4Cy, x = 0.1...0.2) [94M]; open circles: 48, General Atomic, squaresi,®,
Elektroschmelzwerk Kempten [87F], crossegCB41K].
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Fig. 3.

Boron carbide. Heat capacity of,8 samples [87F]; open circles;;®, General Atomic, full circles: A,
Elektroschmelzwerk Kempten [87F], open trianglegCB41K].
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Fig. 4.

Boron carbide. Specific heat capacity vs. temperature [72V]. Dashed line [60K].
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Fig. 5.

Boron carbide (BC, BgC). Thermal conductivity of initial and neutron irradiated boron carbidd v8arboth.

B4C, (—m —) initial, (----) irradiated; magnes. £, (— O —) initial, (—— ) irradiated; §&, (— ¢ —)
initial, ( —-—--—) irradiated [94G];sB (—¢ — ) initial, ( ------ ) irradiated [85G].
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Fig. 6.

Boron-carbon system. Thermal conductivity of the boron-carbon system from pure boron to boron carbide with
excess carbon vs. carbon content. Open symbols [91G], full symbols [94K3, 95W, 99W].
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Fig. 7.

Boron carbide. Thermal conductivity of several compositions vs. temperét)réog-log plot (amorphous
boron and YRBg for comparison) [87F, 85B, 85W2, 86WZ4h) thermal conductivity at higher temperatures
[86W2].
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Fig. 8.

Boron carbide. Thermal diffusivity vs. temperature. Solid symbols [85B, 79G]; open symbols and crosses
[85W1, 90E, 91E, 94M, 95A].
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Fig. 9.
Boron carbide (BC, B4C). Theoretical fit to the thermal conductivity based on assumption of carrier phonons

whose frequency is modulated by lower-frequency phonons, which ,dress" the carrier phonons through strong
interaction [87K].
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Fig. 10.

Boron carbide (porous). Hugoniot elastic limit (HEL) vs. porosity; circles: measured, triangles: calculated
applying Steinberg’s model [91B].
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Fig. 11.

Boron carbide. Magnetic susceptibility measured at 5 kOe vs. reciprocal temperatu@,fBg BC, B; sC, BC
[86A]. Xmin CGS-emu.
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Fig. 12.

Boron carbide. ESR result@) Spin density/cell(b) susceptibility (in CGS-emuj¢) g-factor, (d) linewidth of
boron carbide with high carbon concentration (> 19 at.%]J y86C].
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Fig. 13.

Boron carbide. Magnetic susceptibilifg) and ESR linewidtl{b) of boron carbide with 18, 16, 13 and 10 at.%
C vs.T[96C]. "Single crystal" with a composition close to the carbon-rich homogeneity limit, precipitated from
a metallic copper solvent by slowing cooling from 2000 to 1300 K.
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Fig. 14.

Boron carbide. Low temperature internal friction vs. temperature for crystally@®s B13Co and BC
[98M]. B-rhombohedral boron for comparison.
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Fig. 15.

Boron carbide. (arc melted; composition not specified, probably approximatel)BHigh-temperature

internal friction (, 2) and shear modulusl’( 2'). (1) initial arc melted specimen2) specimen after 1h
annealing at 950 K in hydrogen atmosphere [91A].
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