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powder and sibunit have been studied. The formation of high-temperature phases with composition Re2C has been
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1. Introduction

Until the middle of the 20th century it was believed that rhenium did not form car-
bides [1–3], and there were no phases in the system, except for the interstitial solid solution
based on the hexagonal close-packed (hcp) structure of rhenium. First, the partial Re–C di-
agram was drawn in reference [2], and solubility of carbon in rhenium at 2480 ◦C (eutectic
temperature) was shown to be about 11.7 at.%. This solubility drops to 4.2 at.% at 1800 ◦C.
The diagram and extent of the solubility of carbon in rhenium were confirmed in [4], and in
addition, some considerations were expressed about the possibility of the existence of rhenium
di- and monocarbides. In [5], the formation of rhenium-carbon compounds has been shown by
thermal decomposition of rhenium carbonyl on the surface of molybdenum and graphite sub-
strates heated up to 450–1180 ◦C. The authors, however, note that in such circumstances, one
cannot exclude the formation of oxycarbide phases, as observed, for example, in the decompo-
sition of tungsten carbonyl [6]. Indeed, the unit cell constants of the phase obtained in [5] (see
Table 1) considerably exceed those of the hcp-lattice of rhenium [7] and the interstitial solid
carbon-based solutions [2, 8]. In reference [9], a series of coatings were obtained by chemical
vapor deposition of Re2(CO)10 and Re(CO)3(Cp) in conditions similar to [5]. It was shown that
one can distinguish two groups. The first corresponds to the samples obtained at deposition
temperatures ≥ 450 ◦C, the second — below this value. Unit cell constants of the first group
coincide with the reference values of pure crystalline rhenium [7]. The second group is char-
acterized by markedly increased unit cell constants, indicating the formation of interstitial solid
solutions of carbon in rhenium (hereinafter Re(Cx)).

Significant progress in the synthesis of rhenium carbides is associated with the use of
high temperature and pressure. For example, in [10] a phase, which the authors attributed to the
γ′-C type of structure, was prepared at 6 GPa and 800 ◦C. Later, in [11], a phase with cubic NaCl
type structure was obtained at 16–18 GPa and 1000 ◦C. Crystal data for the cubic and hexagonal
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TABLE 1. Crystallographic data for rhenium carbides

Phases
a, Å
c, Å

V/Z, Å3

Sp. gr. (No.)
Cite

Re
2.7609
4.4576

14.71
P63/mmc (194)

[7]

Re(C0,2)
2.792
4.471

15.09
— ·· —

[2]

Re(C0,11)
2.803
4.461

15.18
— ·· —

[8]

Re(C0,28)
2.794
4.460

15.08
— ·· —

[8]

Re2C
3.02
4.76

18.80
— ·· —

[5]

ReC 4.005 Fm− 3m [11]

Re2C
2.840(1)
9.85(1)

17.21
P63/mmc (190)

[10]

Re2C
2.8425(1)
9.8599(2)

17.25
— ·· —

[13]

Re2C
2.8407(1)
9.8580(6)

17.31
— ·· —

[14]

Re2C
2.845(1)
9.877(3)

17.31
— ·· —

[15]

rhenium carbides are shown in the Table 1. A phase with cubic symmetry has been also found in
the products of electro spark processing of rhenium [12], but the question of its composition is
still open. Thus, its formation has not been confirmed [13, 14]. In the study of rhenium-carbon
diagram at pressures up to 70 GPa and temperatures up to 3730 ◦C, the authors argue that the
formation of rhenium carbides below 10 GPa is impossible. However, in [15] hexagonal Re2C
was prepared at pressures of 2–6 GPa and temperatures of 600–1600 ◦C. In [16] we found such
an impurity phase, which is formed in the experiment for obtaining Re7B3, through reaction of
rhenium with the walls of the graphite heater. However, the thermobaric treatment of a mixture
of nanocrystalline powder of rhenium and soot (high-pressure cell, 4 GPa, 2000 ◦C) did not
result in the formation of Re2C [17].

A model of the Re2C crystal structure was first proposed in reference [10]. The authors
showed that the phase belongs to the γ′-C structure type (space group P63/mmc, Z = 4). In
the framework of this model, the most probable positions of carbon atoms were found by full-
profile refinement of x-ray diffraction pattern [13]. The authors of [15] proposed to consider
the Re2C in the frame of ReB2 type of structure, where the rhenium atoms occupy the 4f
site (1/3; 2/3; 0.6085), and carbon atoms occupy the 2 site (1/3; 2/3; 0.25). In addition, they
showed that the Vickers hardness of Re2C reaches 17.5 GPa. Taking into account that hardness
of ReB2 is compatible with those of cubic BN and diamond [18], it seems to be interesting to
study the possibility of formation of the rhenium carboborides. Several rhenium borides (ReB2,
Re7B3, Re3B) have been prepared by us under high pressure and temperature (high-pressure
cell, 10 GPa, 1800 ◦C) from mixtures of nanocrystalline rhenium and amorphous boron [16].
Preparation of phases in a high-pressure cell depends on a number of parameters. Besides the
selection of the optimal program, describing the increase in pressure and temperature, holding
time and decrease in pressure and temperature, the characteristics of the reaction mixture are
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TABLE 2. Condition of the thermobaric treatment and results of X-ray phase analysis

No.
Ratio
Re/C,
weight

P , GPa
T , ◦C
t, min.

Phases
Content,
weight %

a; c, Å
No. space group

V , Å3

1 2 : 1 6; 1800; 10
Re(C)
Re2C

38
62

2.799; 4.466
2.843; 9.858

194; 30.30
190; 69.00

2 1 : 0.8 6; 1800; 10
Re(C)
Re2C

4
96

2.804; 4.466
2.843; 9.850

194; 30.41
190; 68.95

3 1 : 0.85 6; 1800; 20 Re2C 100 2.842; 9.855 190; 68.93
4 1 : 1 10; 1800; 20 Re2C 100 2.842; 9.856 190; 68.94

5 1 : 0.5C : 0.5B 10; 1800; 15
Re7B3*
ReB2

69*
31**

7.516; 4.877
2.900; 7.480

186; 238.6
194; 5448

6 1 : 0.5C : 1.5B 10; 1800; 15
Re7B3

ReB2

60***
33

7.514; 4.879
2.901; 7.481

186; 238.6
194; 54.48

* The sample contained 2 wt.% of CCO3 (material of high-pressure cell).
** For Re7B3: a = 7.509, c = 4.880 Å [19]; for ReB2: a = 2.8985, c = 7.4798 Å.

*** The sample contained 7 wt.% of graphite.

extremely important. These characteristics are associated with a history of preparation of
reagents: homogenization, compacting, pressing, preliminary annealing, etc. These operations
in turn depend on the fineness of the starting materials. Using nanocrystalline reagents can
fundamentally change the course of synthesis. Preparation of rhenium-containing phases forces
us to consider such a factor as the fast oxidation of polycrystalline rhenium. The form of carbon
can play a decisive role for synthesis of rhenium carbides. As already mentioned, processing of
the mixture of nanocrystalline rhenium powder and soot (high-pressure cell, 4 GPa, 2000 ◦C)
did not result in formation of rhenium carbides. It seems interesting to replace the soot for the
alternative reagent — sibunit, characterized by chemical stability, high electrical conductivity,
high specific surface, etc. [19].

2. Experimental

Nanocrystalline powder of rhenium (coherent scattering region ∼ 30 Å) was prepared
analogously to [16] by decomposition of NH4(ReO4) in hydrogen. Mixtures of rhenium and
sibunit powders taken in desired ratios were thoroughly mixed. Thermobaric treatment of me-
chanical mixtures was performed in a ‘toroid’ type high-pressure cell in standard scheme [20].
The sample was compressed between the press anvils to the required pressure, and then temper-
ature was slowly increased (∼ 100 ◦/min). After holding under pressure at a given temperature
the sample was quenched by a sharp decrease in temperature. Then the pressure was released
and container with the sample was removed. Samples with boron (black amorphous boron was
used) were prepared in similar way. Experimental conditions are given in Table 2.

Samples obtained in the experiments were mechanically strong pellets. For x-ray powder
diffraction study, a part of the sample was cut and ground in heptane. Then, the suspension
was applied on the polished side of a standard cell. After drying the samples consisted of
layer of thickness ∼ 100 microns. Polycrystalline silicon, prepared analogously, was used
as an external standard. X-ray powder diffraction data were collected on the diffractometers
STADI-P (STOE) (CuKα1 radiation, transmission geometry, linear PSD) and ARL X’TRA
(CuKα radiation, Bragg-Brentano geometry, semiconductor detector) at room temperature. Unit
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FIG. 1. Result of full-profile refinement of X-ray powder diffraction data for the
sample obtained in experiment No. 4. wRp = 6.42, Rp = 4.66, CHI2 = 5.107,
R(F 2) = 1.41 %

cell constants were determined using Rietveld refinement with Powder Cell 2/4 program [21],
the crystallographic data are given in Table 2.

3. Discussion and conclusion

An analysis of data in Table 1 and 2 leads to the following conclusions. In contrast
to the experiments carried out in reference [17], where treatment (high-pressure cell, 4 GPa,
2000 ◦C, 3 min) of a mixture of rhenium and soot resulted in Re(Cx) only, use of sibunit [19]
under approximately the same conditions allowed us to obtain samples containing Re2C (ex-
periments 1–4). Sibunit is a synthetic porous composite material which is obtained from soot.
Using sibunit and nanocrystalline rhenium in our experiment allowed the reduction of synthesis
time by a factor three compared to reference [17].

The single phase samples of Re2C were shown to be formed only with an excess of
carbon. The same conclusion was reached by the authors of [17], where single phase products
were obtained by treatment of mixtures with Re/C ratios from 1:2 to 2 : 0.5 at 6 GPa and
1600 ◦C. In our experiments, single phase products were obtained by treatment of mixtures
Re/C = 1 : 0.85 (exp. No. 3) and Re/C = 1 : 1 (exp. No. 4). The good agreement of
the unit cell constants for Re2C obtained in our experiments, as well as in [13–15], indicates
good reproducibility of the composition for this phase. The results of full-profile refinement of
x-ray powder diffraction data of sample No. 4 using GSAS [22] in the frame of ReB2 type of
structure (Re — 1/3; 2/3; 0.6085; C — 1/3; 2/3; 0.25) are shown in Fig. 1.
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There were no rhenium carboborides found as a product of treatment of mixtures of
nanocrystalline rhenium, sibunit and amorphous boron (exp. No. 5–6).
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[1] Trzebiatovski W. Über die Beziehungen des Rheniums zum Kohlenstoff. Z. Anorg. Chem., 223, P. 376–377
(1937).

[2] Hughs J.E. A survey of the rhenium-carbon system. J. Less-Common Metals, 1 (5), P. 377–381 (1959).
[3] Savitskii E.M., Tylkina M.A., Povarova K.B. Rhenium alloys. Science, Moscow, 1965, 335 p.
[4] Evstyuhin A.I., Godin Yu. G., Kohtev S.A., Suchkov I.I. Metallurgy and Metal science pure metals. Gosat-

omizdat, Moscow, 5, P. 149–159 (1963).
[5] Babad-Zahryapin A.A., Lysenko L.T., Gert L.M., Valyavko L.R. Inorganic Materials, 5, P. 1133–1135 (1969).
[6] Babad-Zahryapin A.A., Valyavko L.R., Gert L.M. Inorganic Materials, 4, P. 1366–1367 (1968).
[7] Wasilevski R.J. Physical and mechanical properties of rhenium. Transaction of the Metallurical Society of

Aime, 221, P. 1081–1082 (1961).
[8] Har‘kova A.M., Velikanova T.Yu. The structure of alloys of rhenium-carbon in an area rich in rhenium.

Powder metallurgy, 12, P. 52–56 (1987).
[9] Gelfond N.V., Morozova N.B., et al. Structure of rhenium coatings produced by MOCVD. Journal of Struc-

tural Chemistry, 50 (6), P. 1179–1186 (2009).
[10] Popova S.V., Boiko L.G. A new rhenium carbide formed by high-pressure treatment. High Temperature -

High Pressures, 3, P. 237–238 (1971).
[11] Popova S.V., Fomicheva K.N., Khvostantsev L.G. Synthesis and superconducting properties of cubic rhenium

monocarbide. JETP Letters, 16 (11), P. 609–610 (1972).
[12] Asanov U.A. The synthesis of compounds of metals in terms of their electron destruction in liquid dielectrics:

Author. Diss., Alma-Ata, 1972, 50 p.
[13] Juarez-Arellano E.A., Winkler B., et al. Reaction of rhenium and carbon at high pressures and temperature.

Z. Kristallogr., 223, P. 492–501 (2008).
[14] Juarez-Arellano E.A., Winkler B., et al. Stability field of the high-(P, T) Re2C phase and properties of an

analogous osmium carbide phase. J. Alloys and Compounds, 481, P. 577–581 (2009).
[15] Zhao Z., Cui L., et al. Re2C: crystal structure, hardness, and ultra-imcompressibility. Crytal Growth & Design,

10 (12), P. 5024–5026 (2010).
[16] Tyutyunnik A.P., Dyachkova T.V., Zainulin Yu.G., Gromilov S.A. The structure of the monoclinic modification

Re3B. Journal of Structural Chemistry, 55 (1), P. 88–93 (2014).
[17] Gromilov S.A., Shubin Yu.V., et al. X-ray diffraction study of the products of thermobaric treatment of solid

solution Re0,67Rh0,33. Journal of Structural Chemistry, 48 (1), P. 52–57 (2008).
[18] Chung H-Y, Weinberger M.B., et al. Synthesis of Ultra — Incompressible Superhard Rhenium Diboride at

Ambient Pressure superhard rhenium diboride at ambient pressure. Science, 316, P. 436–439 (2007).
[19] Plaksin G.V. Porous carbon materials such Sibunit. Chemistry for Sustainable Development, 9, P. 609–620

(2001).
[20] Bradley C.C. High pressure methods in solid state research. London, Butterworth, 1969.
[21] Kraus W., Nolze G. POWDER CELL — a program for the representation and manipulation of crystal structures

and calculation of the resulting X-ray powder patterns. J. Appl. Cryst., 29, P. 301 (1996).
[22] Larson A.C., Von Dreele R.B. General Structure Analysis System (GSAS). Los Alamos National Laboratory,

Report LAUR 86-748 (2004).


