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REVERSIBLE CHANGES OF EDGE Ʉ-ELECTRONIC STATES O F MULTILAYER GRAPHEN E 

NANOCLUSTERS UNDER INFLUENCE OF ADSORBED CHLORINE MOLECULES  

The reversible decrease in the density of states of current carriers D(EF) at the Fermi lev-

el EF for nanographites - structural blocks of activated carbon fibers, at their interaction with ad-

sorbed chlorine molecules, has been found. It has been shown that this effect can be explained by 

the spin-splitting of edge ́ -electronic states in nanographites induced by the enhancement of 

electron-electron interactions due to increase in the D(EF) at partial transfer of the electron den-

sity from adsorbent to adsorbate. The revealed irreversible decrease in the concentration of local-

ized spins at nanographite chlorination indicates that the spins of electrons of unsaturated (dan-

gling) ů-orbitals of edge carbon atoms and those of chlorine 3p-orbitals are coupled at this inter-

action, i.e. the edge covalent compound of nanographite with chlorine forms. 

Key words: nanographite, edge ́-electronic states, adsorption, chemical activity, nanographite com-

pounds, chlorine 

  

ɺɺɽɼɽʅʀɽ 

ʅʘ ʤʥʦʛʠʭ ʦʙʲʝʢʪʘʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʝʨʝʭʦʜ 

ʦʪ ʤʘʢʨʦʦʙʲʝʢʪʦʚ ʢ ʯʘʩʪʠʮʘʤ ʥʘʥʦʤʝʪʨʠʯʝʩʢʦʛʦ 

ʨʘʟʤʝʨʘ ʧʨʠʚʦʜʠʪ ʢ ʢʘʯʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʢ ʦʪʜʝʣʴʥʳʭ ʩʦ-

ʝʜʠʥʝʥʠʡ, ʪʘʢ ʠ ʠʭ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ [1-

3]. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ, ʥʘʨʷʜʫ ʩ ʦʯʝʚʠʜʥʳʤ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʦʚ ʦʙʲʝʢʪʘ ʘʜʜʠʪʠʚ-

ʥʦʛʦ ʚʢʣʘʜʘ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ, ʤʦ-

ʞʝʪ ʙʳʪʴ ʠ ʨʦʩʪ ʚʣʠʷʥʠʷ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʵʣʝʢ-

ʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʢʦʪʦʨʳʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʙʣʠ-

ʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʢʨʘʝʚ ʪʚʝʨʜʳʭ ʪʝʣ ʧʨʠ ʦʧʨʝʜʝ-

ʣʝʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʧʦʟʠʮʠʡ ʧʝʨʠʬʝʨʠʡʥʳʭ ʘʪʦʤʦʚ 

[3-24]. ʊʘʢ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʪʝʦʨʝʪʠʯʝʩʢʠʭ [8-10, 

16] ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ [3, 11-15, 17-24] ʠʩʩʣʝ-

ʜʦʚʘʥʠʡ ʚʙʣʠʟʠ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʢʨʘʝʚ ʩʦʪʦʚʠʜ-

ʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ (ʨʠʩ. 1, a) ʩʪʘʙʠʣʠʟʠʨʫ-

ʝʪʩʷ ʢʨʘʝʚʘʷ -́ʵʣʝʢʪʨʦʥʥʘʷ ʟʦʥʘ (ʨʠʩ. 1, ʙ), ʫ ʢʦ-

ʪʦʨʦʡ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ D(E) ʥʘ 

ʫʨʦʚʥʝ ʌʝʨʤʠ EF ʚ ʜʝʩʷʪʢʠ ʨʘʟ ʧʨʝʚʦʩʭʦʜʠʪ ʟʥʘ-

ʯʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʘʨʘʤʝʪʨʘ ʚ ʤʘʢʨʦʩʢʦʧʠ-

ʯʝʩʢʦʤ ʫʧʦʨʷʜʦʯʝʥʥʦʤ ʛʨʘʬʠʪʝ, ʧʨʠ ʪʦʤ, ʯʪʦ ʵʥʝʨ-

ʛʠʷ ʝʝ ʤʘʢʩʠʤʫʤʘ ʥʘ ~30 ʤʵɺ ʤʝʥʴʰʝ EF (ʨʠʩ. 1, ʚ) 

[12, 13, 15]. ʋʢʘʟʘʥʥʘʷ ʟʦʥʘ ʥʝ ʪʦʣʴʢʦ ʩʫʱʝʩʪʚʝʥ-

ʥʦ ʠʟʤʝʥʷʝʪ ʠʟʚʝʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ [3, 9, 12, 13, 15, 18], ʥʦ ʤʦ-

ʞʝʪ ʪʘʢʞʝ ʠʥʠʮʠʠʨʦʚʘʪʴ ʚ ʥʠʭ ʧʨʠʥʮʠʧʠʘʣʴʥʦ 

ʥʦʚʳʝ ʷʚʣʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʢʨʘʝʚʦʡ ʤʘʛʥʝʪʠʟʤ [25, 

26] ʠ ʢʨʘʝʚʘʷ ʩʚʝʨʭʧʨʦʚʦʜʠʤʦʩʪʴ [27]. ʆʢʦʣʦ ʩʝʜ-

ʣʦʦʙʨʘʟʥʳʭ ʢʨʘʝʚ ʩʦʪʦʚʠʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢ-

ʪʫʨ ʪʘʢʘʷ ʟʦʥʘ ʥʝ ʦʙʨʘʟʫʝʪʩʷ [3, 8-10, 12, 13, 17, 

23, 24]. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚ ʪʝʭʥʦʣʦʛʠʠ ʥʘʥʦʨʘʟ-

ʤʝʨʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ ʦʬʦʨʤʠʣʦʩʴ 

ʥʘʧʨʘʚʣʝʥʠʝ ʪʦʥʢʦʡ ʥʘʩʪʨʦʡʢʠ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʝʨʠʬʝ-

ʨʠʡʥʳʭ ʘʪʦʤʦʚ [1-3, 12, 17, 18, 21, 28-30, 31]. ʊʘʢ, 

ʚ ʛʨʘʬʝʥʝ ʠ ʥʘʥʦʛʨʘʬʝʥʦʚʳʭ ʣʝʥʪʘʭ ʩʪʨʫʢʪʫʨʫ 

ʢʨʘʝʚʦʡ ˊ-ʵʣʝʢʪʨʦʥʥʦʡ ʟʦʥʳ ʫʜʘʣʦʩʴ ʩʫʱʝʩʪʚʝʥʥʦ 

ʠʟʤʝʥʠʪʴ ʧʫʪʝʤ ʥʘʩʳʱʝʥʠʷ ʩʚʦʙʦʜʥʳʭ (ʚʠʩʷʯʠʭ) 

ů-ʦʨʙʠʪʘʣʝʡ ʢʨʘʝʚʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʦʧʨʝʜʝʣʝʥ-

ʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ, 

ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʬʠʢʩʠʨʫʝʤʳʤ ʠʟʤʝʥʝʥʠʷʤ ʠʭ 

ʩʚʦʡʩʪʚ [12, 17, 18, 21, 28-31]. ʆʜʥʘʢʦ ʧʨʠ ʚʩʝʡ 

ʟʥʘʯʠʤʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʵʪʠʭ ʨʘʙʦʪ, ʚʥʝ ʧʦʣʷ ʟʨʝ-

ʥʠʷ ʠʭ ʘʚʪʦʨʦʚ ʦʩʪʘʣʩʷ ʚʦʧʨʦʩ ʦ ʩʪʝʧʝʥʠ ʚʣʠʷʥʠʷ 

ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ (ʘʜʩʦʨʙʘʪʘ) ʥʘ ʢʨʘʝʚʫʶ 

-́ʵʣʝʢʪʨʦʥʥʫʶ ʟʦʥʫ ʠ, ʯʝʨʝʟ ʵʪʦ, ʥʘ ʩʚʦʡʩʪʚʘ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʪʘʢʠʝ ʟʥʘʥʠʷ ʚʘʞʥʳ ʧʨʠ 

ʫʩʪʘʥʦʚʣʝʥʠʠ ʧʨʠʯʠʥ ʠ ʤʝʭʘʥʠʟʤʦʚ ʠʟʤʝʥʝʥʠʷ 

ʩʚʦʡʩʪʚ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʦʜ ʚʣʠʷʥʠʝʤ 

ʨʘʟʣʠʯʥʳʭ ʨʝʘʛʝʥʪʦʚ, ʧʨʠ ʨʘʥʞʠʨʦʚʘʥʠʠ ʬʘʢʪʦ-
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ʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʠʭ ʭʠʤʠʯʝʩʢʫʶ ʘʢʪʠʚʥʦʩʪʴ, ʘ 

ʪʘʢʞʝ ʧʨʠ ʨʝʰʝʥʠʠ ʧʨʦʙʣʝʤ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʩʪʨʫʢʪʫʨ.  

 

 
ʈʠʩ. 1. ɿʠʛʟʘʛʦʦʙʨʘʟʥʳʝ ʢʨʘʷ ʛʨʘʬʝʥʘ (ʘ), ʟʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ E(k) (ʙ) ʠ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ D(E) 

(ʚ) ʥʘ ʵʪʠʭ ʢʨʘʷʭ [8ï10,12,13,15]. ɺ ʛʨʘʬʝʥʝ ʪʝʤʥʳʤʠ ʠ ʩʚʝʪ-

ʣʳʤʠ ʪʦʯʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ ʨʘʟʥʳʭ ʧʦʜʨʝʰʝ-

ʪʦʢ. ʕʥʝʨʛʠʷ ʌʝʨʤʠ EF ʚʳʙʨʘʥʘ ʚ ʢʘʯʝʩʪʚʝ ʥʫʣʷ. ʉʤʝʱʝʥʠʝ 

ʤʘʢʩʠʤʫʤʘ D(E) ʦʪʥʦʩʠʪʝʣʴʥʦ EF (ʥʘ ~-0,03 ʵɺ) ʠ ʰʠʨʠʥʘ ʥʘ 

ʧʦʣʫʚʳʩʦʪʝ ʵʪʦʛʦ ʤʘʢʩʠʤʫʤʘ DW (~0,08 ʵɺ) ʚʳʙʨʘʥʳ ʩ ʫʯʝ-

ʪʦʤ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ [12,13,15] 

Fig. 1. Zigzag edges of graphene (ʘ), band structure of energy 

spectrum E(k) (ʙ) and density of states D(E) (ʚ) on the edges [8ï

10,12,13,15]. In the graphene scheme the dark and light dots des-

ignate carbon atoms of different sublattices. The Fermi energy EF 

has been chosen as origin. Shift of the maximum D(E) position 

relative to EF (~-0,03 eV) and full width at half maximum DW 

(~0,08 eV) have been chosen  taking into account the literature 

data [12,13,15] 

 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʠʩʧʦʣʴʟʫʷ ʥʘʙʦʨ ʬʠʟʠʯʝ-

ʩʢʠʭ ʤʝʪʦʜʦʚ, ʤʳ ʠʟʫʯʠʣʠ ʩʪʨʫʢʪʫʨʫ, ʵʣʝʢʪʨʦʥʥʦʝ 

ʩʪʨʦʝʥʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʫʣʴʪʠ-

ʩʣʦʡʥʳʭ ʛʨʘʬʝʥʦʚʳʭ ʥʘʥʦʢʣʘʩʪʝʨʦʚ (ʥʘʥʦʛʨʘʬʠ-

ʪʦʚ) ʠ ʠʭ ʠʟʤʝʥʝʥʠʷ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʤʦʣʝ-

ʢʫʣʘʤʠ ʭʣʦʨʘ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴ-

ʩʪʚʫʶʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʚ ʥʘʥʦʛʨʘʬʠʪʘʭ ʢʨʘʝʚʳʭ ˊ-

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʩʪʴ ʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (ʠ ʦʧʨʝʜʝʣʷʝʤʳʭ ʠʤʠ 

ʩʚʦʡʩʪʚ ʥʘʥʦʛʨʘʬʠʪʦʚ) ʢ ʥʘʣʠʯʠ ʁʘʜʩʦʨʙʘʪʦʚ. 

ʄɽʊʆɼʀʂʀ ʕʂʉʇɽʈʀʄɽʅʊʆɺ 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʤʠ 

ʙʳʣʠ ʚʳʙʨʘʥʳ ʯʘʩʪʠʮʳ ʛʨʘʬʠʪʘ ï ʩʪʨʫʢʪʫʨʥʳʝ 

ʙʣʦʢʠ ʢʦʤʤʝʨʯʝʩʢʠʭ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʳʭ ʘʢ-

ʪʠʚʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ (ɸʋɺ) ʩ 

ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ~1400 ʤ2Ŀʛ-1.  

ʇʨʦʬʠʣʠ ʰʠʨʦʢʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ɸʋɺ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 

çD8è (ʬʠʨʤʘ çBrukerè, ʌʈɻ) ʚ ʫʩʪʘʥʦʚʢʝ ɹʨʵʛʛʘ-

ɹʨʝʥʪʘʥʦ ʩ ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ CuKŬ (ɚ = 

0,15417 ʥʤ) ʚ ʫʛʣʦʚʦʤ ʜʠʘʧʘʟʦʥʝ 2ɗ ʦʪ 5 ʜʦ 90Ü ʩ 

ʰʘʛʦʤ 0,1Ü. ʇʨʦʬʠʣʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦ-

ʛʦ ʨʘʩʩʝʷʥʠʷ ɸʋɺ, ʧʦʨʳ ʢʦʪʦʨʳʭ ʙʳʣʠ ʟʘʧʦʣʥʝʥʳ 

ʚʦʟʜʫʭʦʤ, ʚʦʜʦʡ ʠ ʧʘʣʣʘʜʠʝʤ, ʠʟʫʯʘʣʠʩʴ ʥʘ ʧʨʠ-

ʙʦʨʝ çʂʈʄ-1è (ɿɸʆ çʅʘʫʯʧʨʠʙʦʨè, ʈʦʩʩʠʷ) ʩ ʠʩ-

ʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ FeKŬ (ɚ = 0,19373 ʥʤ) ʚ ʜʠʘ-

ʧʘʟʦʥʝ ʠʟʤʝʥʝʥʠʷ 2ɗ ʦʪ 0,08 ʜʦ 10,32Ü ʩ ʰʘʛʦʤ 

0,005Ü.  

ʉʧʝʢʪʨʳ ʂʈ ɸʋɺ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ ʢʦʥ-

ʬʦʢʘʣʴʥʦʤ ʧʨʠʙʦʨʝ çAlpha 500è (ʬʠʨʤʘ çWitecè, 

ʌʈɻ) ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʣʘʟʝʨʘ ɚ = 531,8 ʥʤ. ʉʨʘʚ-

ʥʝʥʠʝ ʩʧʝʢʪʨʦʚ, ʟʘʧʠʩʘʥʥʳʭ ʧʨʠ 100- ʠ 1000-

ʢʨʘʪʥʦʤ ʩʢʘʥʠʨʦʚʘʥʠʠ, ʧʦʟʚʦʣʷʝʪ ʧʨʝʥʝʙʨʝʯʴ 

ʚʣʠʷʥʠʝʤ ʦʙʣʫʯʝʥʠʷ ʥʘ ʠʟʫʯʘʝʤʳʡ ʦʙʲʝʢʪ. 

ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʠ M ʠʩʭʦʜʥʳʭ ʠ ʦʙʨʘʙʦ-

ʪʘʥʥʳʭ ʭʣʦʨʦʤ ɸʋɺ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʚ ʄʊʎ ʉʆ 

ʈɸʅ (ʛ. ʅʦʚʦʩʠʙʠʨʩʢ, ʈʦʩʩʠʷ) ʥʘ ʧʨʠʙʦʨʝ 

çMPMS-5S SQUIDè (ʬʠʨʤʘ çQuantum Designè, 

ʉʐɸ). ɿʘʚʠʩʠʤʦʩʪʴ M(T) ʠʟʫʯʘʣʘʩʴ ʧʨʠ ʟʥʘʯʝʥʠ-

ʷʭ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ B = 0,5 ʠ 1 ʊʣ. ɿʘʚʠ-

ʩʠʤʦʩʪʴ M(B) ʠʟʫʯʘʣʘʩʴ ʧʨʠ T = 2, 150 ʠ 300 ʂ.  

ʉʧʝʢʪʨʳ ʕʇʈ ɸʋɺ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ 

ʩʧʝʢʪʨʦʤʝʪʨʘʭ çEMX-6.1è (ʬʠʨʤʘ çBrukerè, ʌʈɻ) 

ʠ çʈʕ108è (ʌɻʋʇ ʕɿɸʅ, ʈʦʩʩʠʷ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ʚ ʍ- ʠ Q-ʜʠʘʧʘʟʦʥʘʭ ʨʘʙʦʯʠʭ ʯʘʩʪʦʪ. ʀʥʪʝʛʨʘʣʴ-

ʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʟʥʘʯʝʥʠʷ g-ʬʘʢʪʦʨʦʚ ʩʠʛʥʘ-

ʣʦʚ ʕʇʈ ʢʘʣʠʙʨʦʚʘʣʠʩʴ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦ ʠʥʪʝ-

ʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʟʥʘʯʝʥʠʶ g = 2,002293 ° 

° 0,000003 ʩʠʛʥʘʣʘ ʩʧʠʥʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʥʘ ʵʣʝʢ-

ʪʨʦʥʘʭ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ Li ʚ ʵʪʘʣʦʥʥʦʤ 

ʦʙʨʘʟʮʝ LiF:Li, ʢʦʪʦʨʳʝ ʦʪ 2 ʜʦ 400 ʂ ʥʝ ʠʟʤʝʥʷ-

ʶʪʩʷ [32].  

ɺ ʦʧʳʪʘʭ, ʥʘʮʝʣʝʥʥʳʭ ʥʘ ʠʟʫʯʝʥʠʝ ʠʟʤʝ-

ʥʝʥʠʡ ʩʧʝʢʪʨʘ ʕʇʈ ɸʋɺ ʧʨʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ 

ʛʘʟʦʦʙʨʘʟʥʳʤ ʭʣʦʨʦʤ, ʦʙʨʘʟʮʳ ʨʘʟʤʝʱʘʣʠʩʴ ʚ 

ʢʚʘʨʮʝʚʦʤ ʨʝʘʢʪʦʨʝ, ʚʩʪʘʚʣʝʥʥʦʤ ʚ ʨʝʟʦʥʘʪʦʨ 

ʩʧʝʢʪʨʦʤʝʪʨʘ. ʇʝʨʝʜ ʥʘʧʫʩʢʦʤ ʛʘʟʘ ʦʥ ʦʪʢʘʯʠʚʘʣ-

ʩʷ ʜʦ ~2Ö10-7 ʪʦʨʨ ʩ ʧʦʤʦʱʴʶ ʚʘʢʫʫʤʥʦʡ ʩʠʩʪʝʤʳ 

çSTP-1è (ʬʠʨʤʘ çEdwardsè, USA). ʍʣʦʨ, ʧʨʝʜʚʘ-

ʨʠʪʝʣʴʥʦ ʦʩʫʰʝʥʥʳʡ ʧʫʪʝʤ ʧʨʦʜʫʚʘ ʯʝʨʝʟ ʩʝʨʥʫʶ 

ʢʠʩʣʦʪʫ, ʚʚʦʜʠʣʩʷ ʚ ʨʝʘʢʪʦʨ ʧʨʠʤʝʨʥʦ ʨʘʚʥʳʤʠ 

ʧʦʨʮʠʷʤʠ.  
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ɿʘʧʦʣʥʝʥʠʝ ʧʦʨ ɸʋɺ ʧʘʣʣʘʜʠʝʤ ʙʳʣʦ 

ʦʩʫʱʝʩʪʚʣʝʥʦ ʧʦ ʠʟʚʝʩʪʥʦʡ ʚ ʣʠʪʝʨʘʪʫʨʝ ʤʝʪʦʜʠʢʝ 

[33, 34]. ʇʨʦʧʠʪʢʘ ʥʝʚʘʢʫʫʤʠʨʦʚʘʥʥʳʭ ɸʋɺ ʚʦ-

ʜʦʡ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʧʫʪʝʤ ʠʭ ʦʢʫʥʘʥʠʷ ʚ ʢʠʧʷʱʫʶ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʜʝʨʞ-

ʢʠ ʚ ʥʝʡ ~5 ʤʠʥ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʐʠʨʦʢʦʫʛʣʦʚʘʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʬʫʥʢ-

ʮʠ̫ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ɸʋɺ (ʧʨʦʬʠʣʴ ʠʭ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦʩʣʝ ʢʦʨʨʝʢʮʠʠ ʥʘ ʧʦ-

ʛʣʦʱʝʥʠʝ, ʧʦʣʷʨʠʟʘʮʠʶ, ʃʦʨʝʥʮ-ʬʘʢʪʦʨ ʠ ʘʪʦʤ-

ʥʳʡ ʬʦʨʤ-ʬʘʢʪʦʨ) ʩʦʜʝʨʞʠʪ ʥʝʩʢʦʣʴʢʦ ʰʠʨʦʢʠʭ 

ʤʘʢʩʠʤʫʤʦʚ, ʧʦʣʦʞʝʥʠʷ ʢʦʪʦʨʳʭ ʥʝ ʟʘʚʠʩʷʪ ʦʪ 

ʥʘʧʨʘʚʣʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʣʫʯʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʠʪʝʡ ʚʦʣʦʢʦʥ (ʨʠʩ. 2). ɿʘʚʠʩʠʤʦʩʪʠ ʣʦʛʘʨʠʬʤʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩ-

ʩʝʷʥʠʷ I ʦʪ s (s = 2sinɗ)/ɚ) ʜʣʷ ɸʋɺ, ʧʦʨʳ ʢʦʪʦʨʳʭ 

ʟʘʧʦʣʥʝʥʳ ʚʦʟʜʫʭʦʤ, ʚʦʜʦʡ ʠ ʧʘʣʣʘʜʠʝʤ, ʠʤʝʶʪ 

ʩʭʦʞʠʡ ʚʠʜ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚʙʣʠʟʠ s~0,38 ʥʤ-1 ʚʩʝ 

ʦʥʠ ʧʨʦʷʚʣʷʶʪ ʩʣʘʙʳʡ ʤʘʢʩʠʤʫʤ (ʨʠʩ. 3). ʄʘʩʩʦ-

ʚʳʝ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʧʦ 

ʨʘʟʤʝʨʘʤ Dm(r), ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʥʠʭ ʧʦ ʩʪʘʥ-

ʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʝ [35], ʚ ʦʙʣʘʩʪʠ ʥʝʦʜʥʦʨʦʜʥʦ-
ʩʪʝʡ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ r ʠʤʝʶʪ ʢʦʣʦʢʦʣʦʦʙʨʘʟʥʳʡ 

ʚʠʜ ʩ ʙʣʠʟʢʠʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ ʤʘʢʩʠʤʫʤʦʚ (ʨʠʩ. 3, 

ʚʩʪʘʚʢʘ).  

ɺ ʦʩʥʦʚʥʦʤ ʩʧʝʢʪʨʝ ʂʈ ɸʋɺ ʧʨʠʩʫʪʩʪʚʫ-

ʶʪ ʜʚʝ ʠʥʪʝʥʩʠʚʥʳʝ ʥʝ ʧʦʣʥʦʩʪʴʶ ʨʘʟʨʝʰʝʥʥʳʝ 

ʧʦʣʦʩʳ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʚʦʣʥʦʚʦʛʦ 

ʯʠʩʣʘ k~1347 ʠ ~1607 ʩʤ-1 (ʨʠʩ. 4). ɺ ʦʙʣʘʩʪʠ 

ʙʦʣʴʰʠʭ k ʥʘʙʣʶʜʘʶʪʩʷ ʝʱʝ ʥʝʩʢʦʣʴʢʦ ʯʘʩʪʠʯʥʦ 

ʨʘʟʨʝʰʝʥʥʳʭ ʩʣʘʙʦʠʥʪʝʥʩʠʚʥʳʭ ʧʦʣʦʩ (ʨʠʩ. 4, 

ʚʩʪʘʚʢʘ).  

 

 
ʈʠʩ. 2. ʐʠʨʦʢʦʫʛʣʦʚʘʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ (ʪʦʯʢʠ) 

ɸʋɺ ʠ ʝʸ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʧʷʪʴ ʣʦʨʝʥʮʠʘʥʦʚ (ʰʪʨʠʭʦʚʳʝ ʣʠ-

ʥʠʠ), ʦʪʥʝʩʝʥʥʳʭ ʢ (002), (100), (004), (110) ʠ (006) ʦʪʨʘʞʝ-

ʥʠʷʤ. ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʩʫʤʤʘ ʚʩʝʭ ʣʦʨʝʥʮʠʘʥʦʚ 

Fig. 2. Wide-angle interference function (dots) for ACF and its 

decomposition into five Lorentzians (dashed lines) attributed to 

(002), (100), (004), (110) and (006) reflections. Solid line 

corresponds to the sum of all these Lorentzians 

 

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʠ ʣʦʛʘʨʠʬʤʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʤʘʣʦʫʛʣʦʚʦ-

ʛʦ ʨʘʩʩʝʷʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ I ʦʪ s ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ 

ʥʠʭ ʤʘʩʩʦʚʳʝ ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʧʦ 

ʨʘʟʤʝʨʘʤ Dm(r) ʚ ʦʙʣʘʩʪʠ ʤʘʣʳʭ r (ʚʩʪʘʚʢʘ) ʜʣʷ ɸʋɺ, ʩʦʜʝʨ-

ʞʘʱʠʭ ʚ ʧʦʨʘʭ ʧʘʣʣʘʜʠʡ (1), ʚʦʟʜʫʭ (2) ʠ ʚʦʜʫ (3). I0 ï ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʴ ʧʝʨʚʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ 

Fig. 3. The dependences of logarithmic intensities of small-angle 

X-ray scattering I vs. s and calculated mass distribution functions 

of inhomogeneities on sizes Dm(r) in the region of small r (inset) 

for ACF containing palladium (1), air (2) and water (3) in the 

pores. I0 is intensity of the primary X-ray beam 

 

 
ʈʠʩ. 4. ʉʧʝʢʪʨ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ɸʋɺ ʠ ʝʛʦ ʨʘʟʣʦ-

ʞʝʥʠʝ ʥʘ ʪʨʠ ʣʦʨʝʥʮʠʘʥʘ (G, D ʠ DË) ʠ ʜʚʘ ʛʘʫʩcʠʘʥʘ (T ʠ 

DËË). ʅʘ ʚʩʪʘʚʢʝ ʧʨʝʜʩʪʘʚʣʝʥ ʩʧʝʢʪʨ ʦʙʝʨʪʦʥʦʚ ʠ ʝʛʦ ʨʘʟʣʦ-

ʞʝʥʠʝ ʥʘ ʪʨʠ ʣʦʨʝʥʮʠʘʥʘ (2D, D+G ʠ 2G). ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï 

ʩʫʤʤʳ ʚʩʝʭ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʦʚ 

Fig. 4. The Raman spectrum of ACF and its decomposition into 

three Lorentzians (G, D and DË) and two Gaussians (T and DËË). 

In the inset the overtone spectrum and its decomposition into 

three Lorentzians (2D, D+G and 2G) are presented. Solid lines 

correspond to the sum of all spectral components 

 

ʃʠʥʝʡʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ M(B) ʚ ʤʘʣʳʭ ʧʦʣʷʭ 

(|B|<0,5 ʊʣ) ʠ ʥʫʣʝʚʘʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʧʨʠ B = 0 

ʫʢʘʟʳʚʘʶʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʚ ɸʋɺ ʬʝʨʨʦ- ʠ ʩʫʧʝʨ-

ʧʘʨʘʤʘʛʥʠʪʥʳʭ ʧʨʠʤʝʩʝʡ. ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʦʙ-

ʨʘʟʮʦʚ ʠʭ ʫʜʝʣʴʥʘʷ ʤʘʛʥʠʪʥʘʷ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ 

cg ʜʦ ~240 ʂ ʥʝʤʥʦʛʦ ʫʤʝʥʴʰʘʝʪʩʷ (ʨʠʩ. 5, ʚʩʪʘʚ-

ʢʘ, ʪʦʯʢʠ 1), ʥʠʞʝ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʥʘ ʤʦʥʦ-

ʪʦʥʥʦ ʨʘʩʪʝʪ ʠ ʤʝʥʷʝʪ ʟʥʘʢ ʧʨʠ ~21 K (ʨʠʩ. 5, ʪʦʯ-

ʢʠ 1). ʅʘʣʠʯʠʝ ʫ ɸʋɺ ʩʣʘʙʦʛʦ ʤʠʥʠʤʫʤʘ cg(T) 

ʦʧʠʩʘʥʥʦʛʦ ʚʳʰʝ ʪʠʧʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ 

ʥʝʙʦʣʴʰʦʛʦ ʚʢʣʘʜʘ ʚ cg ʪʝʤʧʝʨʘʪʫʨʥʦ-ʟʘʚʠʩʷʱʝʛʦ 
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ʜʠʘʤʘʛʥʝʪʠʟʤʘ, ʧʦʨʦʞʜʝʥʥʦʛʦ ʦʨʙʠʪʘʣʴʥʳʤ ʜʚʠ-

ʞʝʥʠʝʤ ʵʣʝʢʪʨʦʥʦʚ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ [36]. 

  

 
ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ɢg 

ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʠʩʭʦʜʥʦʤ (ʪʦʯʢʠ 1) ʠ ʭʣʦʨʩʦʜʝʨʞʘʱʝʤ 

(ʪʦʯʢʠ 2) ɸʋɺ ʧʨʠ ɺ=0,5 ʊʣ. ʐʪʨʠʭʦʚʘʷ ʠ ʪʦʯʝʯʥʘʷ ʣʠʥʠʠ ï 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʝ ʢʨʠʚʳʝ, ʦʧʠʩʳʚʘʝʤʳʝ ʚʳʨʘʞʝʥʠʝʤ (1) ʩʦ 

ʟʥʘʯʝʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ʜʣʷ ʠʩʭʦʜʥʦʛʦ ʠ ʭʣʦʨʩʦʜʝʨʞʘʱʝʛʦ 

ʦʙʨʘʟʮʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʚʩʪʘʚʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʫʯʘʩʪʢʠ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ɢg(T) ʚ ʫʚʝʣʠʯʝʥʥʦʤ ʤʘʩʰʪʘʙʝ 

Fig. 5. The dependence of specific magnetic susceptibility ɢg on 

temperature for the initial (dots 1) and chlorine-containing (dots 

2) ACF at B=0.5 T. Dashed and dotted lines correspond to ap-

proximation curves described with expression (1) with parameter 

values for initial and chlorine-containing samples, respectively. 

The inset presents regions of dependences ɢg(T) in the expanded 

scale 

 

 
ʈʠʩ. 6. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʝʡ ʫʟʢʦʡ ï Is (ʰʠʨʦʢʦʡ ï Ie) ʢʦʤʧʦʥʝʥʪʳ ʩʧʝʢʪʨʘ ʕʇʈ ʚ 

ʠʩʭʦʜʥʳʭ ï 1 (1`), ʭʣʦʨʠʨʦʚʘʥʥʳʭ ï 2 (2`) ʠ ʜʝʭʣʦʨʠʨʦʚʘʥʥʳʭ 

ï 3 (3`) ɸʋɺ. ʅʘ ʥʠʞʥʝʡ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥ ʩʧʝʢʪʨ ʕʇʈ ʠʩʭʦʜ-

ʥʦʛʦ ʦʙʨʘʟʮʘ ʧʨʠ 120 K. ʉʪʨʝʣʢʠ çeè ʠ çsè ʫʢʘʟʳʚʘʶʪ ʥʘ ʩʠʛ-

ʥʘʣʳ ʧʦʜʚʠʞʥʳʭ ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʩʧʠʥʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

I0 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ ʕʇʈ ʵʪʘʣʦʥʥʦʛʦ ʦʙʨʘʟʮʘ. ʃʠʥʠʠ 

ʧʨʦʚʝʜʝʥʳ ʪʦʣʴʢʦ ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ 

Fig. 6. The temperature dependences of integral intensities of 

narrow - Is (broad - Ie) components of EPR spectrum for initial - 1 

(1`), chlorinated - 2 (2`) and dechlorinated - 3 (3`) ACF samples. 

The bottom inset presents the EPR spectrum of initial sample at 

120 K. Arrows ñeò and ñsò designate the signals from mobile and 

localized spins, respectively. I0 is intensity of EPR of reference 

sample signal. Lines are presented only as guides for the eye 

ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʩʪʝʧʝʥʠ ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ 

ɸʋɺ ʠʭ ʩʧʝʢʪʨ ʕʇʈ ʩʦʜʝʨʞʠʪ ʜʚʘ ʩʠʛʥʘʣʘ (ʨʠʩ. 6, 

ʥʠʞʥʷʷ ʚʩʪʘʚʢʘ), ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʨʘʟʥʳʝ ʰʠʨʠʥʳ, 

ʥʦ ʩʦʚʧʘʜʘʶʱʠʝ ʚ ʧʨʝʜʝʣʘʭ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ 

ʟʥʘʯʝʥʠʷ g-ʬʘʢʪʦʨʘ (= 2,0027°0.0001) ʠ ʧʘʨʘʤʝʪʨʘ 

ʘʩʠʤʤʝʪʨʠʠ A/B (= 1,15°0,05), ʨʘʚʥʦʛʦ ʦʪʥʦʰʝ-

ʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʚʳʩʦʢʦʧʦʣʝʚʦʛʦ ʠ ʥʠʟʢʦʧʦ-

ʣʝʚʦʛʦ ʢʨʳʣʴʝʚ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʣʠʥʠʠ ʧʦ-

ʛʣʦʱʝʥʠʷ. ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ɸʋɺ ʠʥʪʝʛʨʘʣʴʥʘʷ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʰʠʨʦʢʦʡ ʠ ʫʟʢʦʡ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢ-

ʪʨʘ ʕʇʈ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʝ ʠʟʤʝʥʷʝʪʩʷ (ʨʠʩ. 6, 

ʚʝʨʭʥʷʷ ʚʩʪʘʚʢʘ, ʪʦʯʢʠ 1`) ʠ ʠʟʤʝʥʷʝʪʩʷ ʧʨʠʙʣʠʟʠ-

ʪʝʣʴʥʦ ʧʦ ʟʘʢʦʥʫ ʂʶʨʠ (ʨʠʩ. 6, ʪʦʯʢʠ 1). ʅʘ ʵʪʦʤ 

ʦʩʥʦʚʘʥʠʠ ʠʭ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ ʢʘʢ ʩʧʠʥʦʚʳʡ ʨʝʟʦʥʘʥʩ ʥʘ ʵʣʝʢʪʨʦʥʘʭ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ (ʉʈʕʇ) ʠ ʨʝʟʦʥʘʥʩ ʥʘ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʘʭ [37, 38]. 

 ʐʠʨʠʥʳ ʦʙʝʠʭ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ʕʇʈ 

ɸʋɺ ʥʝ ʟʘʚʠʩʷʪ ʦʪ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʳ ʩʧʝʢʪʨʦʤʝʪʨʘ, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʠʭ ʦʜʥʦʨʦʜʥʦʝ ʫʰʠʨʝʥʠʝ. ʇʨʠ 

ʦʭʣʘʞʜʝʥʠʠ ʥʝʚʘʢʫʫʤʠʨʦʚʘʥʥʦʛʦ (ʚʘʢʫʫʤʠʨʦʚʘʥ-

ʥʦʛʦ) ʦʙʨʘʟʮʘ ʰʠʨʠʥʘ ʩʠʛʥʘʣʘ ʉʈʕʇ ʫʚʝʣʠʯʠʚʘ-

ʝʪʩʷ (ʫʤʝʥʴʰʘʝʪʩʷ) ʧʨʠ ʥʝʠʟʤʝʥʥʦʤ ʟʥʘʯʝʥʠʠ g-

ʬʘʢʪʦʨʘ (ʨʠʩ. 7, ʪʦʯʢʠ 1(2))*. ʐʠʨʠʥʘ ʩʠʛʥʘʣʘ ʣʦ-

ʢʘʣʠʟʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ (ʨʠʩ. 7, ʪʦʯʢʠ 

3 ʠ 4), ʪʘʢ ʞʝ, ʢʘʢ ʠ ʝʛʦ g-ʬʘʢʪʦʨ, ʥʝ ʟʘʚʠʩʷʪ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʪʝʧʝʥʠ ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʘ. 

ʀʥʪʝʛʨʘʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʫʟʢʦʡ ʠ ʰʠ-

ʨʦʢʦʡ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ʕʇʈ ʚ ʭʣʦʨʠʨʦʚʘʥʥʳʭ 

ɸʋɺ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʘ ~35% (ʨʠʩ. 6, ʠʟʤʝʥʝʥʠʝ 

1Ÿ2 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ) ʠ ~40% (ʨʠʩ. 6, 

ʠʟʤʝʥʝʥʠʝ 1`Ÿ2`) ʤʝʥʴʰʝ, ʯʝʤ ʚ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟ-

ʮʘʭ. ʆʜʥʘʢʦ ʭʘʨʘʢʪʝʨʳ ʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠ-

ʤʦʩʪʝʡ (ʨʠʩ. 6, ʪʦʯʢʠ 2; ʚʩʪʘʚʢʘ, ʪʦʯʢʠ 2`), ʘ ʟʥʘ-

ʯʠʪ ʠ ʧʨʠʨʦʜʳ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ʕʇʈ, ʧʨʠ ʭʣʦ-

ʨʠʨʦʚʘʥʠʠ ɸʋɺ ʥʝ ʤʝʥʷʶʪʩʷ. 

ʇʨʠ ʚʳʜʝʨʞʢʝ ɸʋɺ ʚ ʘʪʤʦʩʬʝʨʝ ʭʣʦʨʘ ʫ 

ʦʙʦʠʭ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ʕʇʈ, ʥʘʨʷʜʫ ʩ ʠʭ ʠʥʪʝ-

ʛʨʘʣʴʥʳʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ, ʠʟʤʝʥʷʶʪʩʷ ʟʥʘʯʝ-

ʥʠʷ ʠ ʥʝʢʦʪʦʨʳʭ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʊʘʢ, ʧʨʠ 

ʵʪʦʤ ʰʠʨʠʥʘ ʩʠʛʥʘʣʘ ʉʈʕʇ ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ ~40% 

(ʨʠʩ. 8), ʘ ʟʥʘʯʝʥʠʝ ʝʛʦ g-ʬʘʢʪʦʨʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

(ʨʠʩ. 8, ʚʩʪʘʚʢʘ). ʆʜʥʦʚʨʝʤʝʥʥʦ ʩʠʛʥʘʣ ʕʇʈ ʣʦʢʘ-

                                                 
* ʅʘ ʨʠʩ. 7 ʠ 8 ʰʠʨʠʥʳ ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ʕʇʈ ʜʘʥʳ ʚ ʝʜʠ-
ʥʠʮʘʭ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʩʧʠʥʦʚ (T2)-1, ʢʦʪʦʨʘʷ ʧʨʦʧʦʨʮʠ-

ʦʥʘʣʴʥʘ ʰʠʨʠʥʝ ʦʜʥʦʨʦʜʥʦ-ʫʰʠʨʝʥʥʦʛʦ ʩʠʛʥʘʣʘ DB, ʥʦ ʚ ʦʪ-

ʣʠʯʠʝ ʦʪ ʥʝʝ ʠʤʝʝʪ ʷʩʥʳʡ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ. (T2)-1 = (gb/˂)³ 

³(DB/10Dx) [37, 39], ʛʜʝ DB ï ʰʠʨʠʥʘ ʩʠʛʥʘʣʘ, ʠʟʤʝʨʝʥʥʘʷ ʦʪ 

ʧʠʢʘ ʜʦ ʧʠʢʘ ʧʝʨʚʦʡ ʧʨʦʠʟʚʦʜʥʦʡ ʣʠʥʠʠ ʧʦʛʣʦʱʝʥʠʷ (ʚ ʤʊʣ), 

Dx ï ʧʦʧʨʘʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ [39], ʫʯʠʪʳʚʘʶʱʠʡ ʠʩʢʘʞʝ-

ʥʠʝ ʬʦʨʤʳ ʩʠʛʥʘʣʘ ʚ ʧʨʦʚʦʜʥʠʢʘʭ ʦʪ ʣʦʨʝʥʮʠʘʥʘ, ʠ ʜʣʷ ʨʘʩ-

ʩʤʘʪʨʠʚʘʝʤʦʛʦ ʩʣʫʯʘʷ ʨʘʚʥʳʡ 1,17, ʘ ʦʩʪʘʣʴʥʳʝ ʦʙʦʟʥʘʯʝʥʠʷ 

ʠʤʝʶʪ ʦʙʱʝʧʨʠʥʷʪʳʡ ʩʤʳʩʣ. 
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ʣʠʟʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʥʝʩʢʦʣʴʢʦ 

ʩʫʞʘʝʪʩʷ (ʨʠʩ. 7, ʠʟʤʝʥʝʥʠʝ 4Ÿ7), ʥʦ ʧʨʦʠʩʭʦʜʠʪ 

ʵʪʦ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ ʝʛʦ g-ʬʘʢʪʦʨʘ. ʇʨʠ 

ʦʭʣʘʞʜʝʥʠʠ ʭʣʦʨʠʨʦʚʘʥʥʳʭ ɸʋɺ ʦʪ 300 ʜʦ 100 ʂ 

ʰʠʨʠʥʘ ʩʠʛʥʘʣʘ ʉʈʕʇ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ ~55% 

(ʨʠʩ. 7, ʪʦʯʢʠ 5), ʘ ʠʟʤʝʥʝʥʠʝ ʰʠʨʠʥʳ ʩʠʛʥʘʣʘ 

ʕʇʈ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʥʝ 

ʧʨʝʚʳʰʘʝʪ ʦʰʠʙʢʫ ʠʟʤʝʨʝʥʠʡ (ʨʠʩ. 7, ʪʦʯʢʠ 7). 

 

 
ʈʠʩ. 7. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʩʧʠʥʦʚ 1/T2 (  ́DB) 

ʚ ʥʝʭʣʦʨʠʨʦʚʘʥʥʳʭ (1, 2, 3, 4) ʠ ʭʣʦʨʠʨʦʚʘʥʥʳʭ (5, 6, 7, 8) 

ɸʋɺ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 1 ï ʠ 2 ï ʜʘʥʥʳʝ ʜʣʷ ʩʧʠʥʦʚ ʥʦʩʠʪʝʣʝʡ 

ʪʦʢʘ ʚ ʥʝʚʘʢʫʫʤʠʨʦʚʘʥʥʳʭ ʠ ʚʘʢʫʫʤʠʨʦʚʘʥʥʳʭ ɸʋɺ, ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ; 5 ï ʠ 6 ï ʜʘʥʥʳʝ ʜʣʷ ʩʧʠʥʦʚ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ʚ 

ʭʣʦʨʠʨʦʚʘʥʥʦʤ ʠ ʜʝʭʣʦʨʠʨʦʚʘʥʥʦʤ ʦʙʨʘʟʮʘʭ, ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ; 3, 4, 7 ʠ 8 ï ʜʘʥʥʳʝ ʜʣʷ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʩʧʠʥʦʚ ʚ ʥʝʚʘʢʫ-

ʤʠʨʦʚʘʥʥʳʭ, ʚʘʢʫʫʤʠʨʦʚʘʥʥʳʭ, ʭʣʦʨʠʨʦʚʘʥʥʳʭ ʠ ʜʝʭʣʦʨʠ-

ʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʃʠʥʠʠ ʧʨʦʚʝʜʝʥʳ ʪʦʣʴ-

ʢʦ ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ 

Fig. 7. The temperature dependences of spin relaxation rate 1/T2 

(  ́DB) for non-chlorinated (1, 2, 3, 4) and chlorinated (5, 6, 7, 8) 

ACFs. Curves 1 and 2 represent data for current carrier spins in 

the non-evacuated and evacuated ACF samples, respectively; 

curves 5 and 6 for current carrier spins in the chlorinated and 

dechlorinated ACF samples, respectively; curves 3, 4, 7 and 8 for 

localized spins in the non-evacuated, evacuated, chlorinated and 

dechlorinated ACF samples, respectively. Lines are presented 

only as guides for the eye 

 

ʇʨʠ ʜʝʭʣʦʨʠʨʦʚʘʥʠʠ ɸʋɺ ʧʫʪʝʤ ʠʭ ʚʘʢʫ-

ʫʤʠʨʦʚʘʥʠʷ ʧʨʠ 300 K ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʩʠʛʥʘʣʘ ʉʈʕʇ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠʙʣʠʟʠ-

ʪʝʣʴʥʦ ʜʦ ʝʝ ʟʥʘʯʝʥʠʷ ʚ ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ (ʨʠʩ. 6, 

ʚʩʪʘʚʢʘ, ʠʟʤʝʥʝʥʠʝ 2¡Ÿ3¡), ʘ ʝʛʦ ʰʠʨʠʥʘ ʥʝʤʥʦʛʦ 
ʫʤʝʥʴʰʘʝʪʩʷ (ʨʠʩ. 7, ʠʟʤʝʥʝʥʠʝ 5Ÿ6). ʇʨʠ ʵʪʦʤ 

ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ (ʨʠʩ. 6, ʩʨ. ʪʦʯʢʠ 2 ʠ 

3) ʠ ʰʠʨʠʥʘ (ʨʠʩ. 7, ʪʦʯʢʠ 7 ʠ 8) ʩʠʛʥʘʣʘ ʕʇʈ ʣʦ-

ʢʘʣʠʟʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʥʝ ʠʟʤʝʥʷʶʪ-

ʩʷ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ ʰʠʨʠʥ ʩʠʛʥʘʣʦʚ 

ʉʈʕʇ ʚ ʠʩʭʦʜʥʦʤ ʠ ʜʝʭʣʦʨʠʨʦʚʘʥʥʦʤ ʦʙʨʘʟʮʘʭ 

ʩʭʦʞʠʝ (ʨʠʩ. 7, ʩʨ. ʪʦʯʢʠ 2 ʠ 6). ʇʦʣʥʘʷ ʨʝʩʪʘʚʨʘ-

ʮʠʷ ʩʧʝʢʪʨʘ ʕʇʈ ʧʨʠ ʚʘʢʫʫʤʠʨʦʚʘʥʠʠ, ʪ.ʝ. ʚʦʩ-

ʩʪʘʥʦʚʣʝʥʠʝ ʟʥʘʯʝʥʠʡ g-ʬʘʢʪʦʨʘ ʠ ʰʠʨʠʥʳ ʩʠʛʥʘ-

ʣʘ ʉʈʕʇ, ʘ ʪʘʢʞʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʰʠʨʠʥʳ ʩʠʛ-

ʥʘʣʘ ʕʇʈ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ 

ʜʦ ʠʭ ʟʥʘʯʝʥʠʡ ʚ ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ, ʥʘʙʣʶʜʘʣʘʩʴ 

ʪʦʣʴʢʦ ʚ ʦʧʳʪʘʭ, ʚʳʧʦʣʥʝʥʥʳʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʨʝʘʢ ʪʦʨʘ ʚʳʰʝ 450 ʂ. ʕʪʠ ʜʘʥʥʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʭʣʦʨʠʨʦʚʘʥʥʳʭ ɸʋɺ ʥʘʨʷʜʫ ʩ ʣʝʛ-

ʢʦ ʫʜʘʣʷʝʤʳʤʠ (ʧʦ-ʚʠʜʠʤʦʤʫ, ʬʠʟʠʯʝʩʢʠ ʘʜʩʦʨ-

ʙʠʨʦʚʘʥʥʳʤʠ) ʤʦʣʝʢʫʣʘʤʠ ʭʣʦʨʘ, ʪʘʢʞʝ ʘʪʦʤʦʚ 

ʛʘʣʦʛʝʥʘ, ʩʚʷʟʘʥʥʳʭ ʩ ʫʛʣʝʨʦʜʥʦʡ ʩʝʪʢʦʡ ʙʦʣʝʝ 

ʧʨʦʯʥʳʤʠ (ʚʦʟʤʦʞʥʦ, ʢʦʚʘʣʝʥʪʥʳʤʠ) ʩʚʷʟʷʤʠ. 

ɺ ʭʣʦʨʩʦʜʝʨʞʘʱʠʭ ɸʋɺ ʟʘʚʠʩʠʤʦʩʪʴ 

cg(T) (ʨʠʩ. 5, ʪʦʯʢʠ 2), ʚ ʦʩʥʦʚʥʳʭ ʯʝʨʪʘʭ, ʩʭʦʞʘ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʚ ʠʩʭʦʜʥʦʤ ʦʙ-

ʨʘʟʮʝ (ʨʠʩ. 5, ʪʦʯʢʠ 1). ʂʘʯʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ 

ʤʝʞʜʫ ʥʠʤʠ ʟʘʢʣʶʯʘʝʪʩʷ ʣʠʰʴ ʚ ʪʦʤ, ʯʪʦ ʚ ʭʣʦʨ-

ʩʦʜʝʨʞʘʱʠʭ ʦʙʨʘʟʮʘʭ ʦʪʩʫʪʩʪʚʫʝʪ ʩʣʘʙʳʡ ʤʠʥʠ-

ʤʫʤ cg(T) ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩ. 5, 

ʚʩʪʘʚʢʘ, ʪʦʯʢʠ 2). 

ʐʠʨʦʢʦʫʛʣʦʚʘʷ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʘʷ ʬʫʥʢ-

ʮʠʷ ɸʋɺ ʭʦʨʦʰʦ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʩʫʤʤʦʡ ʧʷʪʠ 

ʣʦʨʝʘʥʮʠʘʥʦʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ (002), 

(100), (004), (110) ʠ (006) ʦʪʨʘʞʝʥʠʷʤ (ʨʠʩ. 2). ʊʘ-

ʢʦʡ ʥʘʙʦʨ ʦʪʨʘʞʝʥʠʡ ʭʘʨʘʢʪʝʨʝʥ ʜʣʷ ʪ.ʥ. ʪʫʨ-

ʙʦʩʪʨʘʪʥʳʭ ʛʨʘʬʠʪʦʚ, ʚ ʢʦʪʦʨʳʭ ʦʪʜʝʣʴʥʳʝ ʩʣʦʠ 

ʠʣʠ ʛʨʫʧʧʳ ʩʣʦʝʚ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʟʦʨʠʝʥ-

ʪʠʨʦʚʘʥʳ ʚʦʢʨʫʛ ʥʦʨʤʘʣʠ ʢ ʫʛʣʝʨʦʜʥʦʡ ʩʝʪʢʝ [40, 

41]. ɺ ʪʫʨʙʦʩʪʨʘʪʥʳʭ ʛʨʘʬʠʪʘʭ ʚʢʣʘʜ ʚ ʠʥʪʝʨʬʝ-

ʨʝʥʮʠʦʥʥʫʶ ʬʫʥʢʮʠʶ ʚʥʦʩʷʪ ʪʦʣʴʢʦ ʨʝʰʝʪʦʯʥʳʝ 

ʦʪʨʘʞʝʥʠʷ ʪʠʧʘ (00l) ʠ (hk0), ʘ ʚʢʣʘʜ ʦʪʨʘʞʝʥʠʡ 

ʦʙʱʝʛʦ ʚʠʜʘ (hkl) ʦʪʩʫʪʩʪʚʫʝʪ [40, 41]. ʀʟ ʰʠʨʠʥʳ 

ʠ ʧʦʣʦʞʝʥʠʷ (002) ʦʪʨʘʞʝʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʩʪʘʥ-

ʜʘʨʪʥʳʝ ʤʝʪʦʜʳ ʨʘʩʯʝʪʘ, ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ ʚ ʥʘʧʨʘʚ-

ʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʢ ʩʣʦʷʤ Lʩ~0,8 ʥʤ, ʠ 

ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ dʩ~0,366 ʥʤ. 

ɸʥʘʣʦʛʠʯʥʦ ʧʦ ʰʠʨʠʥʝ (100) ʦʪʨʘʞʝʥʠʷ ʤʦʞʥʦ 

ʦʮʝʥʠʪʴ ʩʨʝʜʥʠʡ ʣʘʪʝʨʘʣʴʥʳʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ La~3 

ʥʤ. ʀʟ ʵʪʠʭ ʦʮʝʥʦʢ ʩʣʝʜʫʝʪ, ʯʪʦ ʯʘʩʪʠʮʳ ʛʨʘʬʠʪʘ 

ʚ ɸʋɺ ʠʤʝʶʪ ʥʘʥʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʚʦ ʚʩʝʭ 

ʪʨʝʭ ʠʟʤʝʨʝʥʠʷʭ ʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʪʦʧʢʠ ʚ 

ʩʨʝʜʥʝʤ ʠʟ 3-4 ʪʫʨʙʦʩʪʨʘʪʥʦ-ʫʧʘʢʦʚʘʥʥʳʭ ʥʘʥʦ-

ʛʨʘʬʝʥʦʚ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʟʘʤʝʪʥʦ 

ʙʦʣʴʰʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ ʚ ʤʘʢʨʦʩʢʦʧʠ-

ʯʝʩʢʦʤ ʫʧʦʨʷʜʦʯʝʥʥʦʤ ʛʨʘʬʠʪʝ (dʩ = 0,335 ʥʤ).  

ɺ ʨʷʜʫ ɸʋɺ, ʧʦʨʳ ʢʦʪʦʨʳʭ ʟʘʧʦʣʥʝʥʳ 

ʚʦʟʜʫʭʦʤ, ʚʦʜʦʡ ʠ ʧʘʣʣʘʜʠʝʤ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʘʢ-

ʩʠʤʫʤʘ Dm(r) ʧʨʠ r~1,2 ʥʤ (ʨʠʩ. 3, ʚʩʪʘʚʢʘ) ʢʦʨʨʝ-

ʣʠʨʫʝʪ ʩ ʘʙʩʦʣʶʪʥʳʤ ʟʥʘʯʝʥʠʝʤ ʨʘʟʥʦʩʪʠ ʧʣʦʪʥʦ-

ʩʪʝʡ (ʩ ʢʦʥʪʨʘʩʪʦʤ) ʥʘʥʦʛʨʘʬʠʪʘ ʠ ʚʝʱʝʩʪʚʘ, ʟʘ-

ʧʦʣʥʷʶʱʝʛʦ ʧʦʨʳ ʚʦʣʦʢʦʥ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʦʜ-

ʥʦʨʦʜʥʦʩʪʠ ʫʢʘʟʘʥʥʦʛʦ ʨʘʟʤʝʨʘ ʩʚʷʟʘʥʳ ʩ ʧʦʨʘʤʠ 

ʦʙʨʘʟʮʘ, ʘ ʥʝ ʩ ʯʘʩʪʠʮʘʤʠ ʛʨʘʬʠʪʘ. 
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ʉʧʝʢʪʨ ʂʈ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ɸʋɺ ʢʘʯʝ-

ʩʪʚʝʥʥʦ ʩʭʦʞ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʩʧʝʢʪʨʘʤʠ ʜʝ-

ʬʝʢʪʥʳʭ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʛʨʘʬʠʪʦʚ [42-49]. 

ɺ ʠʥʪʝʨʚʘʣʝ ʦʪ 800 ʜʦ 2100 ʩʤ-1 ʦʥ ʭʦʨʦʰʦ ʘʧ-

ʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʩʫʤʤʦʡ ʪʨʝʭ ʣʦʨʝʥʮʠʘʥʦʚ (G-, D- 

ʠ DË-ʧʦʣʦʩʳ) ʠ ʜʚʫʭ ʛʘʫʩʩʠʘʥʦʚ (T- ʠ DËË- ʧʦʣʦʩʳ) 

(ʨʠʩ. 4). ʉʧʝʢʪʨ ʦʙʝʨʪʦʥʦʚ, ʥʘʙʣʶʜʘʝʤʳʡ ʚ ʠʥʪʝʨ-

ʚʘʣʝ ʦʪ 2100 ʜʦ 3600 ʩʤ-1, ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ 

ʚʠʜʝ ʩʫʤʤʳ ʪʨʝʭ ʣʦʨʝʥʮʠʘʥʦʚ 2D, D+G ʠ 2G (ʨʠʩ. 4, 

ʚʩʪʘʚʢʘ). 

ʇʦʣʦʩʘ G ʩʤʝʱʝʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʣʦʞʝ-

ʥʠʷ ʦʜʥʦʠʤʝʥʥʦʡ ʧʦʣʦʩʳ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤ 

ʫʧʦʨʷʜʦʯʝʥʥʦʤ ʛʨʘʬʠʪʝ ʠ ʠʤʝʝʪ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʥʝʡ ʙ·ʣʴʰʫʶ ʰʠʨʠʥʫ. ɽʝ ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʟʘʤʝʪʥʦ ʤʝʥʴʰʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʠ ʧʦʣʦʩʳ D (ʨʠʩ. 4). ʕʪʠ ʬʘʢʪʳ ʷʚʣʷʶʪʩʷ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʳʤʠ ʘʨʛʫʤʝʥʪʘʤʠ ʚ ʧʦʣʴʟʫ ʥʘʥʦʤʝʪʨʠ-

ʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʜʦʤʝʥʦʚ ʛʨʘʬʠʪʘ ʚ ʨʘʩʩʤʘʪʨʠʚʘ-

ʝʤʳʭ ɸʋɺ [42, 43]. ʆʙ ʵʪʦʤ ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫ-

ʝʪ ʥʘʣʠʯʠʝ ʚ ʩʧʝʢʪʨʝ ʦʙʝʨʪʦʥʦʚ ʩʤʝʰʘʥʥʦʡ ʧʦʣʦ-

ʩʳ D+G [47-49]. ɺʦʟʤʦʞʥʦʩʪʴ ʦʧʠʩʘʥʠʷ ʦʙʝʨʪʦ-

ʥʦʚ 2D ʠ 2G ʦʪʜʝʣʴʥʳʤʠ ʣʦʨʝʥʮʠʘʥʘʤʠ ʩʚʠʜʝʪʝʣʴ-

ʩʪʚʫʝʪ ʦ ʪʫʨʙʦʩʪʨʘʪʥʦʡ ʫʧʘʢʦʚʢʝ ʩʣʦʝʚ ʚ ʥʘʥʦʛʨʘ-

ʬʠʪʘʭ [47-49]. ʅʘʣʠʯʠʝ ʚ ʩʧʝʢʪʨʝ T - ʠ DËË-ʧʦʣʦʩ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʦʙʨʘʟʮʘʭ ʥʝʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ [43, 46]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈ 

ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʥʘʣʠʟʘ ʧʨʦʬʠʣʷ ʰʠ-

ʨʦʢʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʚʤʝʩʪʝ ʩ 

ʜʘʥʥʳʤʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʚ ɸʋɺ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʡ 

ʩʠʩʪʝʤʳ ʪʫʨʙʦʩʪʨʘʪʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʢʦʪʦʨʳʝ 

ʦʪʜʝʣʝʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʧʦʨʘʤʠ 

ʠ, ʯʘʩʪʠʯʥʦ, ʘʤʦʨʬʥʦʡ ʬʘʟʦʡ ʫʛʣʝʨʦʜʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʠʩʭʦʜ-

ʥʳʭ ɸʋɺ (ʨʠʩ. 5, ʪʦʯʢʠ 1) ʤʦʞʥʦ ʘʧʧʨʦʢʩʠʤʠʨʦ-

ʚʘʪʴ ʩʫʤʤʦʡ ʧʘʨʘʤʘʛʥʠʪʥʦʡ ʠ ʜʠʘʤʘʛʥʠʪʥʦʡ ʩʦ-

ʩʪʘʚʣʷʶʱʠʭ (ʨʠʩ. 5, ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ): 

ɢg(T) = C/(T - Ū) + ɢ0, 

ʛʜʝ ʧʦʩʪʦʷʥʥʘʷ ʂʶʨʠ C, ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ Ū ʠ 

ʜʠʘʤʘʛʥʠʪʥʳʡ ʚʢʣʘʜ ʚ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʴ ɢ0 ʨʘʚʥʳ 

1,4Ö10-5 ʩʤ3ĿʂĿʛ-1, -0,9 ʂ ʠ -0,6Ö10-6 ʩʤ3Ŀʛ-1, ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ. ʇʦʣʘʛʘʷ, ʯʪʦ ʧʘʨʘʤʘʛʥʝʪʠʟʤ ɸʋɺ ʦʙʫ-

ʩʣʦʚʣʝʥ ʩʧʠʥʘʤʠ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʧʦ 

ʥʘʡʜʝʥʥʦʤʫ ʟʥʘʯʝʥʠʶ ʉ, ʠʩʧʦʣʴʟʫʷ ʝʝ ʦʧʨʝʜʝʣʝ-

ʥʠʝ [37], ʣʝʛʢʦ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʶ 

Ns~2,1Ö1019/ʩʧʠʥĿʛ-1 (ʠʣʠ 1 ʩʧʠʥ ʥʘ ~2400 ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ). ʅʝʥʫʣʝʚʦʝ ʟʥʘʯʝʥʠʝ Ū ʠ ʝʛʦ ʦʪʨʠʮʘ-

ʪʝʣʴʥʳʡ ʟʥʘʢ ʫʢʘʟʳʚʘʶʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʘ ʥʘʣʠ-

ʯʠʝ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, ʤʝʞʜʫ ʯʘʩʪʴʶ ʣʦʢʘʣʠʟʦ-

ʚʘʥʥʳʭ ʩʧʠʥʦʚ, ʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʠ ʥʘ ʝʛʦ ʘʥʪʠʬʝʨʨʦʤʘʛʥʠʪʥʫʶ ʧʨʠʨʦʜʫ. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ ʉʈʕʇ ʧʨʦʧʦʨʮʠʦ-

ʥʘʣʴʥʘ D(EF) [37, 38, 50]. ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʚ ʦʙʨʘʟ-

ʮʝ ʥʘʨʷʜʫ ʩ ʧʦʜʚʠʞʥʳʤʠ ʩʧʠʥʘʤʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠ 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ, ʢʦʥʮʝʥʪʨʘ-

ʮʠʷ ʢʦʪʦʨʳʭ ʠʟʚʝʩʪʥʘ, D(EF) ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʫ-

ʪʝʤ ʩʨʘʚʥʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʢʦʤʧʦʥʝʥʪ ʩʧʝʢʪʨʘ ʕʇʈ. ʊʘʢʦʛʦ ʨʦʜʘ ʚʳʯʠʩʣʝʥʠʷ 

ʜʣʷ ʩʧʝʢʪʨʘ ʕʇʈ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ɸʋɺ (ʨʠʩ. 6, 

ʥʠʞʥʷʷ ʚʩʪʘʚʢʘ), ʠʩʧʦʣʴʟʫʷ ʟʥʘʯʝʥʠʝ Ns, ʦʧʨʝʜʝ-

ʣʝʥʥʦʝ ʠʟ ʠʟʤʝʨʝʥʠʡ ɢg(T) ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫ-

ʨʘʭ (ʨʠʩ. 5, ʪʦʯʢʠ 1), ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚ ʥʠʭ D(EF) 

ʧʨʝʚʦʩʭʦʜʠʪ ʟʥʘʯʝʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʘʨʘ-

ʤʝʪʨʘ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʫʧʦʨʷʜʦʯʝʥʥʦʤ ʛʨʘʬʠ-

ʪʝ ~ ʚ 18 ʨʘʟ. ʈʝʟʫʣʴʪʘʪ ʫʢʘʟʘʥʥʦʡ ʦʮʝʥʢʠ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʨʘʩʯʝʪʦʚ [8-10, 16] ʠ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ [3, 11-24, 15] ʵʣʝʢ-

ʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʛʨʘʬʝʥʘ ʠ ʥʘʥʦʛʨʘʬʝʥʦʚʳʭ 

ʣʝʥʪ ʚʙʣʠʟʠ ʠʭ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʢʨʘʝʚ. ʊʝʤ ʥʝ ʤʝ-

ʥʝʝ, ʜʣʷ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʩ ʧʨʠʩʫʱʝʡ ʠʭ ʧʨʦʠʩʭʦʞ-

ʜʝʥʠʶ ʛʝʦʤʝʪʨʠʝʡ ʢʨʘʝʚ, ʦʥ ʚʳʛʣʷʜʠʪ ʥʝʦʞʠʜʘʥʥʦ 

ʙʦʣʴʰʠʤ. ɺʦʟʤʦʞʥʦ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʟʠʛʟʘ-

ʛʦʦʙʨʘʟʥʘʷ ʬʦʨʤʘ ʢʨʘʝʚ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ 

ʙʦʣʝʝ ʚʳʛʦʜʥʦʡ, ʯʝʤ ʠʭ ʩʝʜʣʦʦʙʨʘʟʥʘʷ ʬʦʨʤʘ. ʊʘ-

ʢʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʠʤʝʝʪ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʦʙʦʩʥʦʚʘʥʠʷ. ʅʘʧʨʠʤʝʨ, ʫ ʛʨʘʬʝʥʦʚ [51] ʠ ʥʘʥʦ-

ʛʨʘʬʝʥʦʚ [52-54], ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʧʦʜʣʦʞʢʘʭ, ʢʘʢ ʦʢʘʟʘʣʦʩʴ, ʢʨʘʷ ʠʤʝʶʪ ʧʨʝʠʤʫʱʝ-

ʩʪʚʝʥʥʦ ʟʠʛʟʘʛʦʦʙʨʘʟʥʫʶ ʬʦʨʤʫ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʤʝʪʦʜʘʤʠ ʤʠʢʨʦʩʢʦʧʠʠ ʢʨʘʝʚ ʤʥʦʛʦ-

ʘʪʦʤʥʳʭ ʚʘʢʘʥʩʠʡ ʚ ʛʨʘʬʝʥʝ ʙʳʣʘ ʟʘʬʠʢʩʠʨʦʚʘʥʘ 

ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʩʦ ʚʨʝʤʝʥʝʤ ʠʭ ʩʝʜʣʦʦʙʨʘʟʥʳʭ 

ʫʯʘʩʪʢʦʚ ʢ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʤʫ ʚʠʜʫ [55]. ʉʣʝʜʫʝʪ 

ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ [56], 

ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʢʨʘʷʭ ʛʨʘʬʝʥʘ ʥʝ-

ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʦʧʨʝʜʝ-

ʣʝʥʥʦʛʦ ʪʠʧʘ ʟʘʤʝʪʥʦ ʫʚʝʣʠʯʠʚʘʝʪ D(EF). ʀ ʥʘʢʦ-

ʥʝʮ, ʥʝʜʘʚʥʠʝ ʨʘʩʯʝʪʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ 

ʚʙʣʠʟʠ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʩʝʜʣʦʦʙ-

ʨʘʟʥʳʭ ʢʨʘʝʚ ʛʨʘʬʝʥʘ ʧʦʢʘʟʘʣʠ [57], ʯʪʦ ʚ ʦʧʨʝʜʝ-

ʣʝʥʥʳʭ ʩʠʪʫʘʮʠʷʭ ʦʢʦʣʦ ʥʠʭ ʪʦʞʝ ʤʦʛʫʪ ʩʪʘʙʠʣʠ-

ʟʠʨʦʚʘʪʴʩʷ ʢʨʘʝʚʳʝ ˊ-ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʩ 

ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ D(EF).  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ɢg(ʊ) ʭʣʦʨ-

ʩʦʜʝʨʞʘʱʠʭ ɸʋɺ ʭʦʨʦʰʦ ʘʧʧʨʦʢʩʠʤʠʨʫʁʪʩʷ ʚʳ-

ʨʘʞʝʥʠʝʤ ʩʦ ʟʥʘʯʝʥʠʷʤʠ ʉ, Ū ʠ ɢ0 ʨʘʚʥʳʤʠ ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ 1Ö10-5 ʩʤ3ĿʂĿʛ-1, -1,3 ʂ ʠ -0,5Ö10-6 ʩʤ3Ŀʛ-1 

(ʨʠʩ. 5, ʪʦʯʝʯʥʘʷ ʣʠʥʠʷ). ʅʘʡʜʝʥʥʦʤʫ ʟʥʘʯʝʥʠʶ ʉ 

ʦʪʚʝʯʘʝʪ Ns = 1,6Ö1019 ʩʧʠʥĿʛ-1 (1 ʩʧʠʥ ʥʘ ~3100 

ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ), ʯʪʦ ʥʘ ~30% ʤʝʥʴʰʝ, ʯʝʤ ʚ ʠʩ-

ʭʦʜʥʦʤ ʦʙʨʘʟʮʝ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚʳʷʚʣʝʥʥʦʝ 

ʫʤʝʥʴʰʝʥʠʝ Ns ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʫʤʝʥʴʰʝʥʠ-

ʝʤ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʠʛʥʘʣʘ ʕʇʈ ʣʦ-
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ʢʘʣʠʟʦʚʘʥʥʳʭ ʩʧʠʥʦʚ ʧʨʠ ʭʣʦʨʠʨʦʚʘʥʠʠ ɸʋɺ 

(ʨʠʩ. 6, ʠʟʤʝʥʝʥʠʝ 1Ÿ2). ʇʨʠʯʠʥʦʡ ʫʤʝʥʴʰʝʥʠʷ 

Ns ʧʨʠ ʭʣʦʨʠʨʦʚʘʥʠʠ, ʦʯʝʚʠʜʥʦ, ʷʚʣʷʝʪʩʷ ʩʧʘʨʠ-

ʚʘʥʠʝ ʩʧʠʥʦʚ ʵʣʝʢʪʨʦʥʦʚ ʥʝʥʘʩʳʱʝʥʥʳʭ (ʚʠʩʷ-

ʯʠʭ) ů-ʦʨʙʠʪʘʣʝʡ ʢʨʘʝʚʳʭ ʘʪʦʤʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ 

ʩʦ ʩʧʠʥʘʤʠ ʵʣʝʢʪʨʦʥʦʚ 3p-ʦʨʙʠʪʘʣʝʡ ʭʣʦʨʘ. ɺ 

ʧʦʣʴʟʫ ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʭʣʦʨʠʨʦʚʘʥʥʳʭ ɸʋɺ, ʥʘʨʷ-

ʜʫ ʩ ʬʠʟʠʯʝʩʢʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ 

ʭʣʦʨʘ, ʠ ʢʦʚʘʣʝʥʪʥʦ-ʩʚʷʟʘʥʥʳʭ ʘʪʦʤʦʚ ʛʘʣʦʛʝʥʘ, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʪʘʢʞʝ ʫʧʦʤʷʥʫʪʦʝ ʚʳʰʝ ʦʪʣʠʯʠʝ 

ʨʝʟʫʣʴʪʘʪʦʚ ʠʭ ʜʝʭʣʦʨʠʨʦʚʘʥʠʷ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤ-

ʧʝʨʘʪʫʨʘʭ. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦ-

ʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʭʣʦʨʠʨʦʚʘʥʥʳʭ ɸʋɺ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʥʠʭ, ʧʨʝʜʧʦʣʦʞʠ-

ʪʝʣʴʥʦ ʥʘ ʧʝʨʠʬʝʨʠʠ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʢʦʚʘʣʝʥʪʥʦ-

ʩʚʷʟʘʥʥʳʭ ʘʪʦʤʦʚ ʭʣʦʨʘ ʠ ʫʛʣʝʨʦʜʘ [29]. ʇʨʠʚʝ-

ʜʝʥʥʳʝ ʬʘʢʪʳ ʧʦʟʚʦʣʷʶʪ ʩʯʠʪʘʪʴ, ʯʪʦ ʧʨʠʯʠʥʦʡ 

ʠʟʤʝʥʝʥʠʷ (ʊ2)-1 ʠ g-ʬʘʢʪʦʨʘ ʧʦʜʚʠʞʥʳʭ ʵʣʝʢʪʨʦ-

ʥʦʚ ʧʨʠ ʭʣʦʨʠʨʦʚʘʥʠʠ ɸʋɺ (ʨʠʩ. 8), ʘ ʪʘʢʞʝ ʦʪ-

ʩʫʪʩʪʚʠʷ ʩʣʘʙʦʛʦ ʤʠʥʠʤʫʤʘ ɢg(ʊ) ʚ ʯʘʩʪʠʯʥʦ ʜʝ-

ʭʣʦʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ (ʨʠʩ. 5, ʚʩʪʘʚʢʘ, ʪʦʯʢʠ 

2), ʷʚʣʷʝʪʩʷ ʚʦʟʤʫʱʝʥʠʝ ʢʨʘʝʚʳʭ ˊ-ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʫʢʘʟʘʥʥʳʤʠ ʩʚʷʟʷʤʠ. ʉʦʭʨʘʥʠʚʰʠʝʩʷ 

ʧʦʩʣʝ ʭʣʦʨʠʨʦʚʘʥʠʷ ɸʋɺ ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʩʧʠʥʳ 

ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚʦ ʚʥʫʪʨʝʥʥʠʭ ʩʣʦʷʭ ʥʘʥʦʛʨʘ-

ʬʠʪʦʚ ʠ ʥʘ ʥʝʢʦʪʦʨʳʭ ʩʚʦʙʦʜʥʳʭ ů-ʦʨʙʠʪʘʣʷʭ 

ʢʨʘʝʚʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ, ʥʝʜʦʩʪʫʧʥʳʭ ʜʣʷ ʭʣʦ-

ʨʠʨʦʚʘʥʠʷ ʠʟ-ʟʘ ʩʪʝʨʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ. ʅʝʩʢʦʣʴʢʦ 

ʙʦʣʴʰʝʝ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ Ū ʚ ʭʣʦʨʠʨʦʚʘʥʥʳʭ 

ɸʋɺ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʫʚʝʣʠʯʝʥʠʝʤ ʜʦʣʠ ʢʣʘʩʪʝ-

ʨʦʚ ʚ ʫʤʝʥʴʰʠʚʰʝʤʩʷ ʤʥʦʞʝʩʪʚʝ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ 

ʩʧʠʥʦʚ. ʕʪʫ ʯʘʩʪʴ ʦʙʩʫʞʜʝʥʠʷ ʙʫʜʝʪ ʫʤʝʩʪʥʦ ʟʘ-

ʚʝʨʰʠʪʴ ʩʩʳʣʢʦʡ ʥʘ ʥʝʜʘʚʥʝʝ ʩʦʦʙʱʝʥʠʝ [58] ʦ 

ʧʦʣʫʯʝʥʠʠ ʧʫʪʝʤ ʭʣʦʨʠʨʦʚʘʥʠʷ ʥʘʥʦʛʨʘʬʝʥʦʚ ʩ 

ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʤʠ ʢʨʘʷʤʠ ʮʝʣʦʛʦ ʨʷʜʘ ʠʭ ʫʩʪʦʡ-

ʯʠʚʳʭ ʢʨʘʝʚʳʭ ʢʦʚʘʣʝʥʪʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʭʣʦʨʦʤ. 

ʊʝʧʝʨʴ ʨʘʩʩʤʦʪʨʠʤ ʚʦʟʤʦʞʥʳʡ ʤʝʭʘʥʠʟʤ 

ʚʣʠʷʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʭʣʦʨʘ ʥʘ ʢʨʘʝ-

ʚʳʝ ˊ-ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʥʘʥʦʛʨʘʬʠʪʦʚ. ʉʦ-

ʛʣʘʩʥʦ ʜʘʥʥʳʤ ʢʘʢ ʪʝʦʨʝʪʠʯʝʩʢʠʭ [59, 60], ʪʘʢ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ [61, 62] ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚ 

ʦʙʳʯʥʳʭ ʫʩʣʦʚʠʷʭ ʤʦʣʝʢʫʣʳ ʭʣʦʨʘ, ʘʜʩʦʨʙʠʨʦ-

ʚʘʥʥʳʝ ʥʘ ʛʨʘʬʝʥʝ ʠ ʥʘʥʦʛʨʘʬʝʥʦʚʳʭ ʣʝʥʪʘʭ, 

ʧʨʦʷʚʣʷʶʪ ʩʣʘʙʳʝ ʘʢʮʝʧʪʦʨʥʳʝ ʩʚʦʡʩʪʚʘ. ʈʘʩʩʯʠ-

ʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ, ʧʝʨʝʜʘʥ-

ʥʦʛʦ ʢ ʥʠʤ ʦʪ ʫʛʣʝʨʦʜʥʦʡ ʩʝʪʢʠ, ʟʘʚʠʩʷʪ ʦʪ ʤʝʩʪʦ-

ʧʦʣʦʞʝʥʠʷ ʠ ʦʨʠʝʥʪʘʮʠʠ ʤʦʣʝʢʫʣʳ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʝʪʢʠ ʠ ʥʘʭʦʜʷʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0,01 ʜʦ 0,03 

ʵʣʝʢʪʨʦʥʘ ʥʘ ʦʜʥʫ ʤʦʣʝʢʫʣʫ [59-62]. ɼʣʷ ʠʟʚʝʩʪ-

ʥʳʭ ʠʟ ʣʠʪʝʨʘʪʫʨʳ ʟʥʘʯʝʥʠʡ EF, ʵʥʝʨʛʠʠ ʠ ʰʠʨʠ-

ʥʳ ʧʠʢʘ ʢʨʘʝʚʳʭ ˊ-ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ [12, 

13, 15], ʦʞʠʜʘʝʤʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʪʘʢʦʛʦ ʥʝʙʦʣʴ-

ʰʦʛʦ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʷʚʣʷʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ D(EF) 

(ʨʠʩ. 9, ʠʟʤʝʥʝʥʠʝ ʘŸʙ), ʯʪʦ ʧʨʦʪʠʚʦʨʝʯʠʪ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ (ʨʠʩ. 6, ʚʩʪʘʚʢʘ, ʠʟʤʝʥʝʥʠʷ 

1`Ÿ2`). ʇʨʠʯʝʤ ʫʢʘʟʘʥʥʦʝ ʧʨʦʪʠʚʦʨʝʯʠʝ ʥʝʣʴʟʷ 

ʦʙʲʷʩʥʠʪʴ ʧʨʠʩʫʪʩʪʚʠʝʤ ʚ ʨʝʘʢʪʦʨʝ ʦʩʪʘʪʦʯʥʳʭ 

ʤʦʣʝʢʫʣ ʘʟʦʪʘ, ʧʦʩʢʦʣʴʢʫ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʫʛʣʝ-

ʨʦʜʥʦʡ ʩʝʪʢʝ ʦʥʠ ʚʝʜʫʪ ʩʝʙʷ ʠʥʝʨʪʥʦ (ʠʭ ʘʜʩʦʨʙ-

ʮʠʷ ʥʘ ʛʨʘʬʝʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʵʥʜʦʪʝʨʤʠʯʝ-

ʩʢʫʶ ʨʝʘʢʮʠʶ [63]).  

 

 
ʈʠʩ. 8. ɿʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʩʧʠʥʦʚ 1/T2 (  ́DB) 

ʠ ʩʜʚʠʛʘ g-ʬʘʢʪʦʨʘ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ȹg (ʚʩʪʘʚʢʘ) ʚ ɸʋɺ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ (ʧʦʨʮʠʡ) ʭʣʦʨʘ n, ʚʧʫʱʝʥʥʦʛʦ ʚ ʨʝʘʢʪʦʨ ʩ ʚʘʢʫʫ-

ʤʠʨʦʚʘʥʥʳʤ ʦʙʨʘʟʮʦʤ. ȹg=g-ge, ʛʜʝ ge=2,0023 ï ʬʘʢʪʦʨ ʩʧʝʢ-

ʪʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʩʚʦʙʦʜʥʦʛʦ ʵʣʝʢʪʨʦʥʘ 

Fig. 8. The dependences of spin relaxation rate 1/T2 (  ́DB) and 

g-factor shift for current carriers ȹg (inset) in ACF on the amount 

of chlorine (quantity of portions n) intake to the reactor containing 

evacuated sample. ȹg=g-ge, where ge=2.0023 is spectroscopic 

splitting factor for the free electron 

 

ʇʨʠʯʠʥʦʡ ʚʳʷʚʣʝʥʥʦʛʦ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ 

ʤʝʞʜʫ ʦʞʠʜʘʝʤʳʤʠ ʠ ʥʘʙʣʶʜʘʝʤʳʤʠ ʠʟʤʝʥʝʥʠʷ-

ʤʠ D(EF) ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʥʘʥʦʛʨʘʬʠʪʦʚ ʩ ʘʜ-

ʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʭʣʦʨʘ ʤʦʞʝʪ ʙʳʪʴ 

ʩʧʠʥʦʚʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʢʨʘʝʚʳʭ ˊ-ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ (ʨʠʩ. 9, ʠʟʤʝʥʝʥʠʝ ʙŸʚ), ʠʥʠʮʠʠʨʦʚʘʥ-

ʥʦʝ ʫʩʠʣʝʥʠʝʤ ʵʣʝʢʪʨʦʥ-ʵʣʝʢʪʨʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʡ ʚʩʣʝʜʩʪʚʠʝ ʫʚʝʣʠʯʝʥʠʷ D(EF) ʧʨʠ ʧʝʨʝʥʦʩʝ 

ʯʘʩʪʠ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ ʥʘʥʦʛʨʘʬʠʪʦʚ ʢ 

ʘʜʩʦʨʙʘʪʫ. ɼʘʥʥʦʝ ʦʙʲʷʩʥʝʥʠʝ ʧʨʠʨʦʜʳ ʨʘʩʩʤʘʪ-

ʨʠʚʘʝʤʳʭ ʠʟʤʝʥʝʥʠʡ D(EF) ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʪʝʦ-

ʨʝʪʠʯʝʩʢʠʭ ʧʨʝʜʩʢʘʟʘʥʠʷʭ [3, 16, 56] ʠ ʨʷʜʝ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ [17-19, 56] ʩʧʠʥʦʚʦʛʦ 

ʨʘʩʱʝʧʣʝʥʠʷ ʢʨʘʝʚʳʭ ˊ-ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ʊʘʢ, ʧʨʠ ʠʟʫʯʝʥʠʠ ʤʝʪʦʜʘʤʠ ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦ-

ʧʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩ ʘʪʦʤʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʭʠ-

ʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ 

ʢʨʘʝʚ ʩʦʪʦʚʠʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ ʙʳʣʠ ʚʳ-

ʷʚʣʝʥʳ ʜʚʫʭʧʠʢʦʚʳʡ ʚʠʜ D(E) ʚʙʣʠʟʠ EF ʠ ʤʝʥʴ-

ʠhʝ, ʯʝʤ ʚ ʠʩʭʦʜʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʟʥʘʯʝʥʠʷ D(EF) 

[17-19]. ʕʪʠ ʜʘʥʥʳʝ ʘʚʪʦʨʳ ʦʙʲʷʩʥʠʣʠ ʩʧʠʥʦʚʳʤ 

ʨʘʩʱʝʧʣʝʥʠʝʤ ʢʨʘʝʚʳʭ p-ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ɸʥʘʣʦʛʠʯʥʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʥʘʙʣʶʜʘʣʦʩʴ ʠ ʧʨʠ 

ʧʨʝʚʳʰʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʪʠʧʘ 
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ʜʝʬʝʢʪʦʚ ʥʘ ʢʨʘʷʭ ʥʘʥʦʛʨʘʬʝʥʦʚʳʭ ʣʝʥʪ ʥʝʢʦʪʦ-

ʨʦʛʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ [56]. ʆʪʤʝʪʠʤ, ʯʪʦ 

ʚʳʷʚʣʝʥʥʦʝ ʥʘʤʠ ʩʧʠʥʦʚʦʝ ʨʘʩʱʝʧʣʝʥʠʝ ʢʨʘʝʚʳʭ 

p-ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʘʥʦʛʨʘʬʠʪʦʚ ʧʦʜ ʚʦʟ-

ʜʝʡʩʪʚʠʝʤ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʭʣʦʨʘ, ʚ ʦʪ-

ʣʠʯʠʝ ʦʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʘʩʱʝʧʣʝʥʠʡ, ʦʙʥʘʨʫ-

ʞʝʥʥʳʭ ʠ ʠʟʫʯʝʥʥʳʭ ʚ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʨʘʙʦʪʘʭ, 

ʣʝʛʢʦ ʦʙʨʘʪʠʤʦʝ. 

 

 
ʈʠʩ. 9. ʉʭʝʤʘʪʠʯʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʢʨʘʝʚʳʭ ˊ-

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ D(E) ʚʙʣʠʟʠ ʵʥʝʨʛʠʠ ʌʝʨʤʠ EF ʜʦ (a) 

ʠ ʧʦʩʣʝ (ʙ) ʘʜʩʦʨʙʮʠʠ ʥʘ ʥʘʥʦʛʨʘʬʠʪ ʘʢʮʝʧʪʦʨʥʳʭ ʤʦʣʝʢʫʣ, ʘ 

ʪʘʢʞʝ ʧʦʩʣʝ ʩʧʠʥʦʚʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ ʢʨʘʝʚʳʭ ʩʦʩʪʦʷʥʠʡ (ʚ) 

Fig. 9. Schematic representations of the density of edge -́

electronic states D(E) near Fermi level EF before (ʘ) and after (ʙ) 

adsorption of acceptor molecules on the nanographite, as well as 

after spin splitting of the edge states (ʚ) 

ɺʓɺʆɼʓ 

ʇʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʳʝ ɸʋɺ ʩʦʜʝʨʞʘʪ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʫʶ ʩʠʩʪʝʤʫ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʢʦʪʦ-

ʨʳʝ ʩʦʩʪʦʷʪ ʚ ʩʨʝʜʥʝʤ ʠʟ 3-4 ʪʫʨʙʦʩʪʨʘʪʥʦ-

ʫʧʘʢʦʚʘʥʥʳʭ ʥʘʥʦʛʨʘʬʝʥʦʚ ʠ ʦʪʜʝʣʝʥʳ ʜʨʫʛ ʦʪ 

ʜʨʫʛʘ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʧʦʨʘʤʠ ʠ/ʠʣʠ ʘʤʦʨʬʥʦʡ 

ʬʘʟʦʡ ʫʛʣʝʨʦʜʘ. ɺ ʥʘʥʦʛʨʘʬʠʪʘʭ ʩʫʱʝʩʪʚʫʶʪ ʩʧʝ-

ʮʠʬʠʯʝʩʢʠʝ ʢʨʘʝʚʳʝ ˊ-ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ, 

ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʝʪʝʨʧʝʪʴ ʦʙʨʘʪʠʤʦʝ (ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʠʭ ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ) ʩʧʠʥʦʚʦʝ ʨʘʩʱʝʧʣʝ-

ʥʠʝ, ʠʥʠʮʠʠʨʦʚʘʥʥʦʝ ʧʝʨʝʜʘʯʝʡ ʯʘʩʪʠ ʵʣʝʢʪʨʦʥ-

ʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ ʫʛʣʝʨʦʜʥʦʡ ʩʝʪʢʠ ʢ ʘʜʩʦʨʙʠʨʦ-

ʚʘʥʥʳʤ ʤʦʣʝʢʫʣʘʤ ʭʣʦʨʘ. ʅʘʩʳʱʝʥʠʝ ʩʚʦʙʦʜʥʳʭ 

(ʚʠʩʷʯʠʭ) ů-ʦʨʙʠʪʘʣʝʡ ʢʨʘʝʚʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 

3p-ʵʣʝʢʪʨʦʥʘʤʠ ʭʣʦʨʘ ʥʝ ʨʘʟʨʫʰʘʝʪ ʢʨʘʝʚʳʝ ˊ-

ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ ʠ ʥʝ ʠʥʠʮʠʠʨʫʝʪ ʠʭ ʩʧʠ-

ʥʦʚʦʝ ʨʘʩʱʝʧʣʝʥʠʝ, ʦʜʥʘʢʦ ʦʙʨʘʟʫʶʱʠʝʩʷ ʢʦʚʘ-

ʣʝʥʪʥʳʝ ʩʚʷʟʠ ʠʟʤʝʥʷʶʪ ʥʝʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʠ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩ-

ʰʠʨʷʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʚʦʟʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʘʭ 

ʚʣʠʷʥʠʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʥʘ ʩʚʦʡʩʪʚʘ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ ʠ ʤʦʛʫʪ 

ʙʳʪʴ ʧʦʣʝʟʥʳ ʢʘʢ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʦʨʠʠ ʭʠʤʠʯʝ-

ʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʪʘʢʠʭ ʩʪʨʫʢʪʫʨ, ʪʘʢ ʠ ʨʝʰʝʥʠʠ 

ʧʨʦʙʣʝʤ ʠʭ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ʢ.ʭ.ʥ. ɺ.ʇ. ɹʝʨʚʝʥʦ 

(ʂʌ ʀʍʊʊʠʄʍ ʉʆ ʈɸʅ, ʛ. ʂʝʤʝʨʦʚʦ) ʠ ʥ.ʩ.  

ɺ.ɺ. ʂʘʡʥʘʨʘ (ʀʍ ɼɺʆ ʈɸʅ, ʛ. ɺʣʘʜʠʚʦʩʪʦʢ) ʟʘ 
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BEHAVIOR OF CARBON  AND URANIUM AT RADI OACTIVE GRAPHITE HEA TING  

IN WATER VAPOR. THER MODYNAMIC MODELING  

The behavior of radioactive graphite was studied by the method of thermodynamic model-

ing at high temperature in water vapor. The distribution of radioactive carbon and uranium on 

phase states is given. 
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ɺɺɽɼɽʅʀɽ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʤʠʨʝ ʩʫʱʝʩʪʚʫʝʪ 5 

ʪʠʧʦʚ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʦʚ. ʕʪʦ ʨʝʘʢʪʦʨ ɺɺʕʈ (ʚʦ-

ʜʦ-ʚʦʜʷʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʨʝʘʢʪʦʨ), ʈɹʄʂ (ʨʝʘʢ-

ʪʦʨ ʙʦʣʴʰʦʡ ʤʦʱʥʦʩʪʠ ʢʘʥʘʣʴʥʳʡ), ʨʝʘʢʪʦʨ ʥʘ 

ʪʷʞʝʣʦʡ ʚʦʜʝ, ʨʝʘʢʪʦʨ ʩ ʰʘʨʦʚʦʡ ʟʘʩʳʧʢʦʡ ʠ ʛʘʟʦ-

ʚʳʤ ʢʦʥʪʫʨʦʤ, ʨʝʘʢʪʦʨ ʥʘ ʙʳʩʪʨʳʭ ʥʝʡʪʨʦʥʘʭ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʚ ʈʦʩʩʠʠ ʨʝʘʢʪʦʨʳ ʥʘ 

ʪʝʧʣʦʚʳʭ ʥʝʡʪʨʦʥʘʭ, ʚ ʢʦʪʦʨʳʭ ʟʘʤʝʜʣʠʪʝʣʝʤ ʠ 

ʪʝʧʣʦʥʦʩʠʪʝʣʝʤ ʷʚʣʷʝʪʩʷ ʦʙʳʯʥʘʷ ʚʦʜʘ (ɺɺʕʈ) ʠ 

ʚʦʜʦʛʨʘʬʠʪʦʚʳʝ ʨʝʘʢʪʦʨʳ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʯʝʩʪʚʝ 

ʟʘʤʝʜʣʠʪʝʣʷ ʚʳʩʪʫʧʘʝʪ ʛʨʘʬʠʪ [1].  

ʇʦ ʩʦʩʪʦʷʥʠʶ ʥʘ 2016 ʛ ʚ ʈʦʩʩʠʠ ʵʢʩʧʣʫʘ-

ʪʠʨʫʝʪʩʷ 11 ʵʥʝʨʛʦʙʣʦʢʦʚ ʩ ʈɹʄʂ-1000 ʥʘ ʪʨʝʭ 

ʘʪʦʤʥʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʷʭ: ʂʫʨʩʢʦʡ, ʃʝʥʠʥʛʨʘʜ-

ʩʢʦʡ, ʉʤʦʣʝʥʩʢʦʡ [1].  

ʅʘʜʝʞʥʦʩʪʴ ʛʨʘʬʠʪʦʚʦʡ ʢʣʘʜʢʠ ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʙʝʟʦʧʘʩʥʦʩʪʴ 

ʨʘʙʦʪʳ ɸʕʉ (ʘʪʦʤʥʘʷ ʵʣʝʢʪʨʦʩʪʘʥʮʠʷ).  

ʆʩʦʙʦ ʦʧʘʩʥʳʤʠ ʨʘʜʠʦʘʢʪʠʚʥʳʤʠ ʚʝʱʝ-

ʩʪʚʘʤʠ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʤʠ ʚ ʨʝʘʢʪʦʨʥʦʤ ʛʨʘʬʠʪʝ, 

ʷʚʣʷʶʪʩʷ ʠʟʦʪʦʧʳ ʫʨʘʥʘ. 

ʇʨʠʨʦʜʥʳʡ ʫʨʘʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ 

ʪʨʝʭ ʠʟʦʪʦʧʦʚ: 234U(0,006%), 235U(0,7%), 238U(99,3%). 

ʀʟʚʝʩʪʥʳ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʨʘʜʠʦʘʢʪʠʚʥʳʝ ʠʟʦʪʦʧʳ 

ʩ ʤʘʩʩʦʚʳʤʠ ʯʠʩʣʘʤʠ 227-240 [2]. 

ʋʨʘʥ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʩʳʨʴʝʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʷʜʝʨʥʦʛʦ ʛʦʨʶʯʝʛʦ. 

ʇʝʨʠʦʜʳ ʧʦʣʫʨʘʩʧʘʜʘ ʨʘʜʠʦʥʫʢʣʠʜʦʚ ʫʨʘ-

ʥʘ ʩʦʩʪʘʚʣʷʶʪ 4,468Ā10-9 ʣʝʪ ʜʣʷ 238U, 2,342Ā10-7 

ʣʝʪ ʜʣʷ 236U, 7,038Ā10-8 ʣʝʪ 235U. 

ɺʝʣʠʯʠʥʘ ʚʩʘʩʳʚʘʥʠʷ ʫʨʘʥʘ ʚ ʦʨʛʘʥʠʟʤ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʧʫʪʷʭ ʧʦʩʪʫʧʣʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʨʘʩ-
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ʪʚʦʨʠʤʦʩʪʠ ʝʛʦ ʩʦʝʜʠʥʝʥʠʡ. ʋ ʚʟʨʦʩʣʳʭ ʣʶʜʝʡ ʚ 

ʦʨʛʘʥʠʟʤʝ ʟʘʜʝʨʞʠʚʘʝʪʩʷ ʚ ʩʨʝʜʥʝʤ 1,1%, ʫ ʧʦʜ-

ʨʦʩʪʢʦʚ 1,8% ʩʫʪʦʯʥʦʛʦ ʧʦʩʪʫʧʣʝʥʠʷ [2]. 

ʆʩʪʨʘʷ ʠ ʭʨʦʥʠʯʝʩʢʘʷ ʠʥʪʦʢʩʠʢʘʮʠʷ ʭʘ-

ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʣʠʪʨʦʧʥʳʤ ʜʝʡʩʪʚʠʝʤ ʫʨʘʥʘ ʥʘ 

ʨʘʟʣʠʯʥʳʝ ʦʨʛʘʥʳ ʠ ʩʠʩʪʝʤʳ. ʈʘʩʪʚʦʨʠʤʳʝ ʠ ʥʝ-

ʨʘʩʪʚʦʨʠʤʳʝ ʩʦʝʜʠʥʝʥʠʷ ʫʨʘʥʘ ʚʳʟʳʚʘʶʪ ʦʜʥʦ-

ʪʠʧʥʳʡ ʭʘʨʘʢʪʝʨ ʧʦʨʘʞʝʥʠʷ, ʨʘʟʥʠʮʘ ʟʘʢʣʶʯʘʝʪʩʷ 

ʣʠʰʴ ʚ ʩʢʦʨʦʩʪʠ ʠʥʪʦʢʩʠʢʘʮʠʠ ʠ ʩʪʝʧʝʥʠ ʪʷʞʝʩʪʠ 

ʧʦʨʘʞʝʥʠʷ. ɺ ʨʘʥʥʠʝ ʩʨʦʢʠ ʚʦʟʜʝʡʩʪʚʠʷ ʧʨʝʦʙʣʘ-

ʜʘʝʪ ʭʠʤʠʯʝʩʢʘʷ ʪʦʢʩʠʯʥʦʩʪʴ ʵʣʝʤʝʥʪʘ, ʚ ʧʦʟʜʥʠʡ 

ʧʝʨʠʦʜ ʦʢʘʟʳʚʘʝʪ ʜʝʡʩʪʚʠʝ ʨʘʜʠʘʮʠʦʥʥʳʡ ʬʘʢʪʦʨ. 

ʇʨʠ ʜʣʠʪʝʣʴʥʦʤ ʧʦʩʪʫʧʣʝʥʠʠ ʚ ʦʨʛʘʥʠʟʤ ʪʨʫʜʥʦ-

ʨʘʩʪʚʦʨʠʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʫʨʘʥʘ, ʢʦʛʜʘ ʥʘʙʣʶʜʘʝʪʩʷ 

ʙʠʦʣʦʛʠʯʝʩʢʦʝ ʜʝʡʩʪʚʠʝ ʫʨʘʥʘ ʢʘʢ Ŭ-ʠʟʣʫʯʘʪʝʣʷ, 

ʨʘʟʚʠʚʘʝʪʩʷ ʭʨʦʥʠʯʝʩʢʘʷ ʣʫʯʝʚʘʷ ʙʦʣʝʟʥʴ [2]. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʧʦʚʝʜʝʥʠʝ 

ʫʛʣʝʨʦʜʘ ʠ ʫʨʘʥʘ ʚ ʨʘʜʠʦʘʢʪʠʚʥʦʤ ʛʨʘʬʠʪʝ ʧʨʠ 

ʝʛʦ ʥʘʛʨʝʚʘʥʠʠ ʚ ʧʘʨʘʭ ʚʦʜʳ. ʈʘʩʯʝʪʳ ʧʨʦʚʦʜʠ-

ʣʠʩʴ ʤʝʪʦʜʦʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘ-

ʥʠʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ ʊʝʨʨʘ. ʄʦʜʝʣʴ ʪʝʨʤʦ-

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʥʘʫʯʥʦʡ ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʧʨʘʢʪʠʢʝ ʧʨʠ ʠʟʫʯʝ-

ʥʠʠ ʧʦʚʝʜʝʥʠʷ ʩʣʦʞʥʳʭ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ 

ʩʠʩʪʝʤ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʕʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʠʢʠ ʥʝ ʚʩʝʛʜʘ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫ-

ʯʠʪʴ ʜʦʩʪʦʚʝʨʥʳʝ ʩʚʝʜʝʥʠʷ ʦ ʩʚʦʡʩʪʚʘʭ ʠ ʧʦʚʝʜʝ-

ʥʠʠ ʚʝʱʝʩʪʚ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʩʚʷʟʠ ʩʦ 

ʩʣʦʞʥʦʩʪʴʶ ʧʨʦʚʝʜʝʥʠʷ ʦʧʳʪʦʚ ʠ ʦʰʠʙʢʘʤʠ ʠʟ-

ʤʝʨʝʥʠʡ. ʇʨʦʛʨʘʤʤʘ ʊʝʨʨʘ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ 

ʨʘʩʯʝʪʘ ʩʦʩʪʘʚʘ ʬʘʟ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʠ ʪʨʘʥʩ-

ʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ ʧʨʦʠʟʚʦʣʴʥʳʭ ʩʠʩʪʝʤ ʩ ʭʠʤʠʯʝ-

ʩʢʠʤʠ ʠ ʬʘʟʦʚʳʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ. ʆʥʘ ʧʦʟʚʦʣʷʝʪ 

ʤʦʜʝʣʠʨʦʚʘʪʴ ʧʨʝʜʝʣʴʥʦ ʨʘʚʥʦʚʝʩʥʳʝ ʩʦʩʪʦʷʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʠʜʝʘʣʴʥʦʛʦ ʛʘʟʘ. ɺ ʧʨʦ-

ʛʨʘʤʤʫ ʜʣʷ ʨʘʙʦʪʳ ʩ ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʳʤʠ ʧʨʦ-

ʩʪʳʤʠ ʚʝʱʝʩʪʚʘʤʠ ʚʩʪʨʦʝʥʘ ʧʨʦʩʪʘʷ, ʦʪʢʨʳʪʘʷ 

ʜʣʷ ʨʘʩʰʠʨʝʥʠʷ ʙʘʟʘ ʜʘʥʥʳʭ [3-11].  

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦ-

ʚʦʜʠʣʦʩʴ ʚ ʧʘʨʘʭ ʚʦʜʳ ʧʨʠ ʥʘʯʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ï 

0,98Ŀ105 ʇʘ. ʅʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ï 373 ʂ, ʢʦ-

ʥʝʯʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ï 3273 ʂ. ʊʝʤʧʝʨʘʪʫʨʘ ʠʟʤʝ-

ʥʷʣʘʩʴ ʩ ʰʘʛʦʤ ʚ 100 ʂ. ʉʦʜʝʨʞʘʥʠʝ ʫʛʣʝʨʦʜʘ ʚ 

ʩʠʩʪʝʤʝ ʩʦʩʪʘʚʣʷʣʦ 5 ʛ, ʚʦʜʳ ï 15 ʛ ʠ ʫʨʘʥʘ ï 

0,00058 ʛ. ʂʦʣʠʯʝʩʪʚʦ ʟʘʛʨʫʞʘʝʤʳʭ ʚ ʧʨʦʛʨʘʤʤʫ 

ʚʝʱʝʩʪʚ ʦʧʨʝʜʝʣʷʣʦʩʴ, ʠʩʭʦʜʷ ʠʟ ʧʨʠʤʝʨʥʦʛʦ ʩʦ-

ʜʝʨʞʘʥʠʷ ʦʙʨʘʟʮʘ ʦʪʨʘʙʦʪʘʥʥʦʛʦ ʛʨʘʬʠʪʘ ʚʦʜʦ-

ʛʨʘʬʠʪʦʚʦʛʦ ʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ. ʈʝʟʫʣʴʪʘʪʳ ʪʝʨ-

ʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʠʞʝ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʫʛʣʝʨʦʜʘ ʧʦ ʬʘʟʦʚʳʤ ʩʦ-

ʩʪʦʷʥʠʷʤ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ ʧʨʝʜʩʪʘʚʣʝ-

ʥʦ ʥʘ ʨʠʩ. 1. ɼʦ ʪʝʤʧʝʨʘʪʫʨʳ 873 ʂ ʚʝʩʴ ʫʛʣʝʨʦʜ 

ʥʘʭʦʜʠʪʩʷ ʚ ʛʘʟʦ-ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʝ ʚ ʚʠʜʝ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ, 

ʤʝʪʘʥʘ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʚ ʩʠʩʪʝʤʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʪʦʣʴʢʦ ʛʘʟʦʦʙʨʘʟʥʘʷ ʬʘʟʘ. 

ʄʝʪʘʥ ʧʦʣʥʦʩʪʴʶ ʧʝʨʝʭʦʜʠʪ ʚ ʫʛʘʨʥʳʡ ʛʘʟ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1073 ʂ. ɺ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 

ʦʪ 1073 ʜʦ 3273 ʂ ʚʝʩʴ ʫʛʣʝʨʦʜ ʥʘʭʦʜʠʪʩʷ ʚ ʚʠʜʝ 

ʫʛʘʨʥʦʛʦ ʠ ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ.  
 

 
ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʫʛʣʝʨʦʜʘ ʧʦ ʬʘʟʦʚʳʤ ʩʦʩʪʦʷʥʠʷʤ:  

1 ï ʉ(ʢʦʥʜ.); 2 ï CH4; 3 ï CO2; 4 ï CO 

Fig. 1. Distribution of carbon on phase states: 1 ï ʉ(cond.);  

2 ï CH4; 3 ï CO2; 4 ï CO 

 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʫʨʘʥʘ ʧʦ ʬʘʟʦʚʳʤ ʩʦʩʪʦʷ-

ʥʠʷʤ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2. ɼʦ ʪʝʤʧʝʨʘʪʫʨʳ 

1673 ʂ ʫʨʘʥ ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʝ. 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 873 ʂ ʠʩʯʝʟʘʝʪ ʢʦʥʜʝʥʩʠʨʦʚʘʥ-

ʥʳʡ UO2Cl5. ɺ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 873 ʜʦ 

1673 ʂ ʫʨʘʥ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʚʠʜʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥ-

ʥʳʭ UO2 ʠ CaUO4. ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʚʝʜʝʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʘʨʦ-ʢʦʥʜʝʥʩʠʨʦ-

ʚʘʥʥʦʡ ʬʘʟʳ: UO2(ʢʦʥʜ.), UO3, UO2, UO3
-, UO2

+. 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ 1973 ʜʦ 3273 ʂ ʫʨʘʥ ʥʘʭʦʜʠʪ-

ʩʷ ʚ ʧʘʨʦʚʦʡ ʬʘʟʝ ʚ ʚʠʜʝ ʪʨʠʦʢʩʠʜʘ ʫʨʘʥʘ, ʜʠʦʢ-

ʩʠʜʘ ʫʨʘʥʘ ʠ ʠʦʥʠʟʠʨʦʚʘʥʥʳʭ UO3
-, UO2

+. 

 

 
ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʫʨʘʥʘ ʧʦ ʬʘʟʦʚʳʤ ʩʦʩʪʦʷʥʠʷʤ:  

1 ï UO2(ʢʦʥʜ.); 2 ï UO2Cl5(ʢʦʥʜ.); 3 ï CaUO4(ʢʦʥʜ.); 4 ï UO3; 

5 ï UO3
-; 6 ï UO2

+; 7 ï UO2 

Fig. 2. Distribution of uranium on phase states: 1 ï UO2(cond.); 

2 ï UO2Cl5(cond.); 3 ï CaUO4(cond.); 4 ï UO3; 5 ï UO3
-;  

6 ï UO2
+; 7 ï UO2 
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ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝ-

ʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʜʝʣʠʤ ʯʝʪʳʨʝ ʪʝʤʧʝʨʘ-

ʪʫʨʥʳʭ ʠʥʪʝʨʚʘʣʘ ʧʦʚʝʜʝʥʠʷ ʫʨʘʥʘ ʠ ʫʛʣʝʨʦʜʘ ʚ 

ʚʠʜʝ ʪʘʙʣʠʮʳ.  
 

ʊʘʙʣʠʮʘ 

ʌʘʟʦʚʳʝ ʩʦʩʪʦʷʥʠʷ ʫʨʘʥʘ ʠ ʫʛʣʝʨʦʜʘ ʚ ʪʝʤʧʝʨʘʪʫʨ-

ʥʳʭ ʠʥʪʝʨʚʘʣʘʭ (ʚ ʧʘʨʘʭ ʚʦʜʳ) 

Table. Phase states of uranium and carbon in the tem-

perature intervals (in water vapor) 

ʊʝʤʧʝʨʘʪʫʨʘ 
ʌʘʟʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʵʣʝʤʝʥʪʘ 

ʫʨʘʥ ʫʛʣʝʨʦʜ 

373-873 ʂ 
ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʝ 

ʛʘʟʦ-

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʝ 

873-1673 ʂ 

ʛʘʟʦʦʙʨʘʟʥʦʝ 1673-1973 ʂ 
ʧʘʨʦ-

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʝ 

1973-3273 ʂ ʧʘʨʦʦʙʨʘʟʥʦʝ 

 

ʉʦʛʣʘʩʥʦ ʪʘʙʣʠʮʝ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨ-

ʚʘʣʝ 373-873 ʂ ʫʨʘʥ ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥ-

ʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʚʠʜʝ ʜʠʦʢʩʠʜʘ ʫʨʘʥʘ, ʘ ʫʛʣʝʨʦʜ ï ʚ 

ʛʘʟʦ-ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʚʠʜʝ ʉ(ʢʦʥʜ.), 

CO2, CH4, CO. ɺ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 873-1673 

ʂ ʫʨʘʥ ʥʘʭʦʜʠʪʩʷ ʚ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʚ ʚʠʜʝ: UO2, CaUO4, ʘ ʫʛʣʝʨʦʜ ʧʝʨʝʭʦʜʠʪ ʚ ʛʘʟʦʦʙ-

ʨʘʟʥʦʝ ʩʦʩʪʦʷʥʠʝ ʟʘ ʩʯʝʪ ʩʞʠʛʘʥʠʷ ʢʦʥʜʝʥʩʠʨʦ-

ʚʘʥʥʦʛʦ C. ɺ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 1673-1973 ʂ 

ʫʨʘʥ ʥʘʭʦʜʠʪʩʷ ʚ ʧʘʨʦ-ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷ-

ʥʠʠ, ʚ ʚʠʜʝ: UO2(ʢʦʥʜ.), UO3, UO2, UO3
-, UO2

+. ɺ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ 1973-3273 ʂ ʫʨʘʥ ʧʨʠ-

ʩʫʪʩʪʚʫʝʪ ʚ ʚʠʜʝ ʧʘʨʘ: UO3, UO2, UO3
-, UO2

+. 

ɺʓɺʆɼʓ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ 

ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʫʨʘʥ 

ʥʘʭʦʜʠʪʩʷ ʚ ʚʠʜʝ ʪʨʠʦʢʩʠʜʘ ʫʨʘʥʘ, ʜʠʦʢʩʠʜʘ ʫʨʘʥʘ 

ʠ ʠʦʥʠʟʠʨʦʚʘʥʥʳʭ UO3
-, UO2

+, ʫʛʣʝʨʦʜ ʚ ʚʠʜʝ 

ʫʛʘʨʥʦʛʦ ʠ ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ. ʇʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʘʥʥʳʝ ʥʝʦʙ-

ʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʚʦʟʤʦʞʥʳʭ 

ʘʚʘʨʠʡ ʥʘ ʘʪʦʤʥʳʭ ʨʝʘʢʪʦʨʘʭ ʪʠʧʘ ɺɺʕʈ, ʈɹʄʂ 

ʚʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʜʘʥʥʳʡ ʨʘʜʠʦʘʢʪʠʚʥʳʡ ʛʘʟ ʤʦʞʝʪ 

ʙʳʪʴ ʧʝʨʝʥʝʩʝʥ ʚ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ.  

 

ʃʀʊɽʈɸʊʋʈɸ 

1. ʈʦʩʘʪʦʤ: ʇʨʦʠʟʚʦʜʩʪʚʦ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. URL: 

http://www.rosatom.ru (ʜʘʪʘ ʦʙʨʘʱʝʥʠʷ: 18.01.2016). 

2. ɹʘʞʝʥʦʚ ɺ. ɸ., ɹʫʣʜʘʢʦʚ ʃ. ɸ., ɺʘʩʠʣʝʥʢʦ ʀ. ʗ., 

ɾʫʨʘʚʣʝʚ ɺ.ʌ., ɿʘʠʢʠʥʘ ʊ.ʀ., ʂʘʣʠʩʪʨʘʪʦʚʘ ɺ.ʉ., 

ʄʦʩʢʘʣʝʚ ʖ.ʀ., ʆʩʠʧʦʚ ɺ.ɸ., ʉʪʝʧʘʥʦʚ ʉ.ɺ., ʌʠʣʦʚ 

ɺ.ɸ. ɺʨʝʜʥʳʝ ʭʠʤʠʯʝʩʢʠʝ ʚʝʱʝʩʪʚʘ. ʈʘʜʠʦʘʢʪʠʚʥʳʝ 

ʚʝʱʝʩʪʚʘ. ʃ.: ʍʠʤʠʷ. 1990. 464 ʩ. 

3. ɹʝʣʦʚ ɻ.ɺ., ʊʨʫʩʦʚ ɹ.ɻ. ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʠ ʨʝʘʛʠʨʫʶʱʠʭ ʩʠʩʪʝʤ. ʄ.: ʄɻʊʋ 

ʠʤ. ʅ.ʕ. ɹʘʫʤʘʥʘ. 2013. 96 ʩ. 

4. ɹʘʨʙʠʥ ʅ.ʄ., ʂʦʙʝʣʝʚ ɸ.ʄ., ʊʝʨʝʥʪʴʝʚ ɼ.ʀ., ɸʣʝʢ-

ʩʝʝʚ ʉ.ɻ. ʇʦʞʘʨʦʚʟʨʳʚʦʙʝʟʦʧʘʩʥʦʩʪʴ. 2014. ʊ. 23. 

ˉ 10. ʉ. 38ï47. 

5. ʂʦʙʝʣʝʚ ɸ.ʄ., ɹʘʨʙʠʥ ʅ.ʄ., ʊʝʨʝʥʪʴʝʚ ɼ.ʀ., ɸʣʝʢ-

ʩʝʝʚ ʉ.ɻ. ʈʘʩʯʝʪ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʠ ʥʘʛʨʝ-

ʚʘʥʠʠ ʩʠʩʪʝʤʳ ʨʘʜʠʦʘʢʪʠʚʥʳʡ ʛʨʘʬʠʪ-ʧʘʨʳ ʚʦʜʳ. 

ʊʝʟ.ʜʦʢʣ. XXXI ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʉʠʙʠʨ-

ʩʢʠʡ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʡ ʩʝʤʠʥʘʨè. ʅʦʚʦʩʠʙʠʨʩʢ: ʀʥʩʪʠ-

ʪʫʪ ʪʝʧʣʦʬʠʟʠʢʠ ʉʆ ʈɸʅ. 2014. ʉ. 525-527. 

6. ʂʦʙʝʣʝʚ ɸ.ʄ., ʊʝʨʝʥʪʴʝʚ ɼ.ʀ., ɹʘʨʙʠʥ ʅ.ʄ., ɸʣʝʢ-

ʩʝʝʚ ʉ.ɻ., ʆʧʘʨʠʥ ʀ.ɼ. ʊʝʭʥʦʩʬʝʨʥʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴ. 

2014. ˉ 1(2). ʉ. 34-39. 

7. ʂʦʙʝʣʝʚ ɸ.ʄ., ʉʠʜʘʰ ʀ.ɸ., ɹʘʨʙʠʥ ʅ.ʄ., ʆʧʘʨʠʥ 

ʀ.ɼ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʚʝ-

ʜʝʥʠʷ ʫʨʘʥʘ, ʧʣʫʪʦʥʠʷ ʠ ʘʤʝʨʠʮʠʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʨʘ-

ʜʠʦʘʢʪʠʚʥʦʛʦ ʛʨʘʬʠʪʘ ʚ ʘʪʤʦʩʬʝʨʝ ʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʘ 

ʠʣʠ ʚ ʧʘʨʘʭ ʚʦʜʳ. ʊʝʟ.ʜʦʢʣ. ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-

ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʊʚʦʨʯʝʩʢʦʝ ʥʘʩʣʝʜʠʝ ɺ.ɽ. 

ɻʨʫʤ-ɻʨʞʠʤʘʡʣʦè, ʧʦʩʚʷʱʸʥʥʦʡ 150-ʣʝʪʠʶ ʩʦ ʜʥʷ 
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ʉʆʂʈʀʉʊɸʃʃʀɿɸʎʀʗ ʌʋʃʃɽʈɽʅʆɺ ʉ60 ʀ ʉ70 ɺ ʂʈʀʉʊɸʃʃʆʉʆʃʔɺɸʊɽ 

[(C70)X+(ʉ60)Y]ÖTMTSeFÖ2(C6H6) (ʭ+ʫ = 3) 

ʀʟʫʯʝʥʦ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʝ [70]ʬʫʣʣʝʨʝʥʘ ʩ ʦʨʛʘʥʠʯʝʩʢʠʤ p-ʜʦʥʦʨʦʤ ʵʣʝʢʪʨʦ-

ʥʦʚ ʪʝʪʨʘʤʝʪʠʣʪʝʪʨʘʩʝʣʝʥʘʬʫʣʴʚʘʣʝʥʦʤ (TMTSʝF) ʚ ʙʝʥʟʦʣʝ (ʉ6ʅ6). ʉʦʧʦʩʪʘʚʣʝʥʠʝʤ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʨʘʩʯʝʪʥʳʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʥʘʤʠ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʩʦʩʪʘʚʘ [(C70)ʭ+(ʉ60)ʫ]ÖTMTSeFÖ2(C6H6) (ʭ+ʫ = 3) (1) ʩʦʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ 

ʬʫʣʣʝʨʝʥʳ ʉ70 ʠ C60. ɼʘʥʥʳʝ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʦʚ 1 ʫʢʘʟʳʚʘʶʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʥʘ ʤʦʣʝʢʫʣʫ ʬʫʣʣʝʨʝʥʘ ʚ ʠʩʩʣʝ-

ʜʫʝʤʳʭ ʢʦʤʧʣʝʢʩʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: [70]ʬʫʣʣʝʨʝʥ, [60]ʬʫʣʣʝʨʝʥ, ʪʝʪʨʘʤʝʪʠʣʪʝʪʨʘʩʝʣʝʥʘʬʫʣʴʚʘʣʝʥ (TMTSeF), ʧʦʨʦʰ-
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CO-CRYSTALLIZATION O F C60 AND ʉ70 FULLERENES IN CRYST AL -SOLVATE [(C 70)X+(ʉ60)Y]Ŀ 

TMTSeFĿ2(C6H6) (ʭ+ʫ=3) 

The compexation of (ʉ70/C60) fullerenes with organic p-donor of electrons tetramethyl-

(tetra selenium)fulvalene (TMTSeF) in benzene (ʉ6ʅ6) was studied. Comparison of experimental 

and calculated X-ray patterns showed that in the investigated single crystals of [(C70)x+(ʉ60)y]Ā 

TMTSeFĀ2(C6H6) (ʭ+ʫ=3) (1) ʉ70 and C60 fullerens are co-crystallized. IR spectral data and elec-

troconductivity of 1 indicate the absence of the charge transfer on fullerene molecule for com-

plexes under study. 

Key words: ʉ60, C70 fullerenes, tetramethyl(tetra selenium)fulvalene (TMTSF), powder X-ray crystal-

lography, crystal-chemical modeling, IR spectroscopy, electroconductivity 

 

ɺɺɽɼɽʅʀɽ 

ʈʘʥʝʝ [1] ʥʘʤʠ ʩʦʦʙʱʘʣʦʩʴ ʦ ʩʠʥʪʝʟʝ ʢʨʠ-

ʩʪʘʣʣʦʚ ʩʦʩʪʘʚʘ 3C70ÖTMTSeFÖ2(C6H6). ʆʜʥʘʢʦ ʧʦ 
ʜʘʥʥʳʤ ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʛʦ ʈʉʀ ʧʦʣʥʦʩʪʴʶ ʫʩʪʘ-
ʥʦʚʠʪʴ ʩʪʨʫʢʪʫʨʫ ʥʝ ʫʜʘʣʦʩʴ. ʇʦʣʦʞʝʥʠʝ ʘʪʦʤʦʚ 
ʤʦʣʝʢʫʣ TMTSeF ʠ ʉ6ʅ6 ʦʧʨʝʜʝʣʝʥʦ ʦʜʥʦʟʥʘʯʥʦ. 
ʅʝʦʙʳʯʥʳʤ ʙʳʣʦ ʪʦ, ʯʪʦ ʢʦʦʨʜʠʥʘʪʳ ʘʪʦʤʦʚ ʉ ʚ 
ʬʫʣʣʝʨʝʥʘʭ ʉ70 ʦʧʨʝʜʝʣʝʥʳ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʠ ʥʝ 
ʧʦʣʥʦʩʪʴʶ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ, 
ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʛʠʧʦʪʝʟʫ ʦ ʩʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 
ʬʫʣʣʝʨʝʥʦʚ ʉ60 ʠ ʉ70 ʚ ʢʨʠʩʪʘʣʣʦʩʦʣʴʚʘʪʝ [(C70)x + 

(ʉ60)y]ÖTMTSeFÖ2(C6H6) (ʭ+ʫ = 3). 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ʉʠʥʪʝʟ ʢʦʤʧʣʝʢʩʘ [70] ʬʫʣʣʝʨʝʥʘ ʩ ʪʝʪ-

ʨʘʤʝʪʠʣʪʝʪʨʘʩʝʣʝʥʘʬʫʣʴʚʘʣʝʥʦʤ (TMTSʝF). 
ɼʣʷ ʩʠʥʪʝʟʘ ʢʦʤʧʣʝʢʩʘ ʙʳʣ ʚʟʷʪ ʬʫʣʣʝʨʝʥ ʉ70, 
ʧʦʣʫʯʝʥʥʳʡ ʧʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ [2], TMTSʝF 
(ʨʝʘʢʪʠʚʳ ʬʠʨʤʳ Aldrich), ʚ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝ-
ʣʝʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʚʝʞʝʧʝʨʝʛʥʘʥʥʳʡ, ʦʩʫʰʝʥʥʳʡ ʠ 
ʜʝʛʘʟʠʨʦʚʘʥʥʳʡ C6H6. ʄʝʪʦʜʦʤ ʤʝʜʣʝʥʥʦʛʦ ʠʩʧʘ-
ʨʝʥʠʷ ʨʘʩʪʚʦʨʦʚ [3, 4] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʨʠʩʪʘʣʣʳ 

ʢʦʤʧʣʝʢʩʘ [70]ʬʫʣʣʝʨʝʥʘ: 3C70ÖTMTSʝFÖ2(C6H6) 

(1). ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ʢʨʠʩʪʘʣʣʦʚ ʩʦʝʜʠʥʝʥʠʷ 1. 
ʅʘʡʜʝʥʦ ʜʣʷ 1 (%): ʉ, 74,15; ʅ, 1,20. ʉ498Se24H90. 
ɺʳʯʠʩʣʝʥʦ (%): ʉ, 74,47; ʅ, 1,15.  

ʈʉʀ ʧʦʨʦʰʢʘ ʩʤʝʩʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ 1 

ʧʨʦʚʝʜʝʥʳ ʥʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 

ɼʈʆʅ-2.0. ʈʘʩʯʝʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤ 

ʩʜʝʣʘʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ Mercury 

3.5.1. ʅʘ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʠ ʧʨʠʚʝʜʝʥʳ ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʝʜʠʥʠʮʘʭ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʝʥʪʛʝʥʦ-

ʛʨʘʤʤʳ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ.  

ʀʂ-ʩʧʝʢʪʨʳ ʢʦʤʧʣʝʢʩa 1, ʘ ʪʘʢʞʝ ʉ60, ʉ70, 

TMTSeF ʠʟʤʝʨʷʣʠ ʚ ʪʘʙʣʝʪʢʘʭ KBr ʩ ʨʘʟʙʘʚʣʝʥʠ-

ʝʤ 1:10000 ʥʘ ʀʂ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʤʝʪʨʝ Perkin-

Elmer Spectrum BX ʚ ʩʧʝʢʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ 4000-

400 ʩʤ-1 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ.  

ʇʨʦʚʦʜʠʤʦʩʪʴ ʢʨʠʩʪʘʣʣʦʚ 1 ʠʟʤʝʨʷʣʠ 

ʩʪʘʥʜʘʨʪʥʳʤ ʯʝʪʳʨʝʭʢʦʥʪʘʢʪʥʳʤ ʤʝʪʦʜʦʤ ʚʜʦʣʴ 

ʜʣʠʥʥʦʡ ʦʩʠ ʢʨʠʩʪʘʣʣʘ. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘ-

ʪʫʨʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʢʦʤʧʣʝʢʩʘ 1 ʦʙʣʘ-

ʜʘʣʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʨʘʚʥʦʡ ů = 10-7-10-8 

ʆʤ-1Ŀʩʤ-1, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʚʦʜʠʤʦʩʪʠ ʂʇɿ ʥʘ 

ʦʩʥʦʚʝ ʬʫʣʣʝʨʝʥʦʚ [3, 4]. 
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ʈʠʩ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʢʨʠʩʪʘʣʣʦʚ ʧʨʝʜʧʦʣʘʛʘʝʤʦʛʦ ʩʦʩʪʘʚʘ [(C70)ʭ+(ʉ60)ʫ] Ŀ TMTSeF Ŀ2(C6H6) (ʭ+ʫ=3) (ʘ) ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʢʨʠʩʪʘʣʣʘ 3C70ĿTMTSeFĿ2(C6H6) ʙʝʟ ʬʫʣʣʝʨʝʥʦʚ (ʙ), ʪʦʣʴʢʦ ʩ ʬʫʣʣʝʨʝʥʘʤʠ (ʚ) ʠ ʧʦʣʥʦʡ ʩʪʨʫʢ-

ʪʫʨʳ (ʛ). ʇʦ ʦʩʠ ʘʙʩʮʠʩʩ ʟʥʘʯʝʥʠʷ ʫʛʣʦʚ 2ɗ ʚ ʛʨʘʜ, ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʠʤʧ/ʩ 

Fig. Experimental X-ray pattern of the crystals of supposed composition [(C70)ʭ+(ʉ60)ʫ] Ŀ TMTSeF Ŀ2(C6H6) (ʭ+ʫ=3) (ʘ) and calculated 

X-ray 3C70ĿTMTSeFĿ2(C6H6) without fullerenes (ʙ), only with fullerenes (ʚ) and full structure (ʛ). here axis of abscisses is angle 2ɗ in 

degree, axis of ordinates is relative units in imp/s 

 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɼʘʥʥʳʝ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʀʂ-ʩʧʝʢʪʨʦ-

ʩʢʦʧʠʠ ʥʝ ʧʦʟʚʦʣʠʣʠ ʦʜʥʦʟʥʘʯʥʦ ʫʪʚʝʨʞʜʘʪʴ 

ʥʘʣʠʯʠʝ ʚ ʢʨʠʩʪʘʣʣʘʭ 1 ʩʤʝʩʠ ʬʫʣʣʝʨʝʥʦʚ ʉ70 ʠ 

ʉ60. ʄʘʢʩʠʤʫʤʳ ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ ʠʥʬʨʘʢʨʘʩʥʳʭ ʩʧʝʢʪʨʦʚ ʢʦʤ-

ʧʣʝʢʩʘ 1, ʘ ʪʘʢʞʝ ʉ60, C70 ʠ ʜʦʥʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ. ʇʦʣʦʞʝʥʠʝ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ ʉ70 ʩʦʚʧʘ-

ʜʘʝʪ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ [5]. ʏʘʩʪʴ ʧʦʣʦʩ 

ʜʦʥʦʨʘ ʠ ʘʢʮʝʧʪʦʨʘ ʚ ʢʦʤʧʣʝʢʩʝ ʩʜʚʠʥʫʪʘ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʠʭ ʧʦʣʦʞʝʥʠʷ ʚ ʩʧʝʢʪʨʘʭ ʠʩʭʦʜʥʳʭ ʩʦʝʜʠ-

ʥʝʥʠʡ ʥʘ 1-2 ʩʤ-1. ʇʦʣʦʞʝʥʠʝ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ 

ʜʦʥʦʨʘ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʣʝʢʩʘ 1 ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʦʪ-

ʣʠʯʘʶʪʩʷ ʦʪ ʠʭ ʧʦʣʦʞʝʥʠʷ ʚ ʩʧʝʢʪʨʝ ʯʠʩʪʦʛʦ 

TMTSeF (ʪʘʙʣʠʮʘ). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʣʘʙʦʝ ɺʘʥ-

ʜʝʨ-ɺʘʘʣʴʩʦʚʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ 

TMTSeF ʠ ʘʢʮʝʧʪʦʨʘ ʚ ʢʨʠʩʪʘʣʣʘʭ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʢʦʤʧʣʝʢʩʘ. ɺʳʚʦʜ ʦ ʤʦʣʝʢʫʣʷʨʥʦʡ ʧʨʠʨʦʜʝ ʢʦʤ-

ʧʣʝʢʩʘ 1 ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʠʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ. ʇʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʢʨʠʩʪʘʣʣʳ 1 ʦʙʣʘʜʘʶʪ ʧʨʦʚʦʜʠʤʦ-

ʩʪʴʶ, ʨʘʚʥʦʡ ůRT = 10-7-10-8 ʆʤ-1Ŀʩʤ-1, ʯʪʦ ʩʚʠʜʝ-

ʪʝʣʴʩʪʚʫʝʪ ʦ ʩʣʘʙʦʤ ʧʝʨʝʥʦʩʝ ʟʘʨʷʜʘ ʚ ʠʩʩʣʝʜʫʝ-

ʤʦʤ ʩʦʝʜʠʥʝʥʠʠ. ɺ ʀʂ-ʩʧʝʢʪʨʝ ʢʨʠʩʪʘʣʣʘ 1 (ʪʘʙ-

ʣʠʮʘ) ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʧʨʠ 578, 

1180 ʠ 1430 ʩʤ-1, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢʘʢ ʢ 

ʉ60, ʪʘʢ ʠ ʢ ʉ70. ʆʪʩʫʪʩʪʚʠʝ ʚ ʩʧʝʢʪʨʝ ʢʦʤʧʣʝʢʩʘ 

(ʪʘʙʣʠʮʘ) ʚʩʝʭ ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ 

ʢʦʣʝʙʘʥʠʷʤʠ ʘʪʦʤʦʚ ʚʳʩʦʢʦʩʠʤʤʝʪʨʠʯʥʦʡ (Ih) 

ʤʦʣʝʢʫʣʳ ʉ60 (ʪʘʙʣʠʮʘ) ʥʝ ʦʪʢʣʦʥʷʝʪ ʥʘʰʝ ʧʨʝʜ-

ʧʦʣʦʞʝʥʠʝ ʦ ʥʘʣʠʯʠʠ ʩʤʝʩʠ ʉ70/ʉ60 ʬʫʣʣʝʨʝʥʦʚ ʚ 

ʩʦʩʪʘʚʝ ʢʦʤʧʣʝʢʩʘ 1. ɺ ʀʂ ʩʧʝʢʪʨʝ ʢʦʤʧʣʝʢʩʘ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʘʢʞʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ, ʩʚʷʟʘʥ-

ʥʳʝ ʩ ʢʦʣʝʙʘʥʠʷʤʠ ʤʦʣʝʢʫʣ ʙʝʥʟʦʣʘ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʥʘʰʝʡ ʛʠʧʦ-

ʪʝʟʳ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʈʉʀ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʧʨʝʜʧʦ  
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ʊʘʙʣʠʮʘ 
ʄʘʢʩʠʤʫʤʳ (ʩʤ-1) ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ* 
ʧʦʣʦʩ ʧʦʛʣʦʱʝʥʠʷ ʢʦʤʧʣʝʢʩʘ 1, ʘ ʪʘʢʞʝ C70, C60 ʠ 

ʜʦʥʦʨʘ TMTSeF 
Table. Maxima of the absorption bands (cm-1) and rela-
tive intensities* of absorption bands of complex 1, C70, 

C60 and TMTSeF donor molecule 

C70 C60 TMTSeF 
[(C70)ʭ 

+
 (ʉ60)ʫ]ÖTMTSeFÖ   

2(C6H6) (ʭ+ʫ) = 3 (1) 

  437 ʩʣ 438 ʩʣ 

458 ʩʨ   458 ʩʨ 

 526ʦ.ʩ   

534 ʩ   535 ʩ 

565 ʩʨ   566 ʩʨ 

578 ʩ 576 ʩ  578 ʩ 

642 ʩʨ   642 ʩʨ 

  661 ʩʨ 661 ʩʣ 

674 ʩ   674 ʩ 

   680 ʧʣ** 

795 ʩʨ   795 ʩʨ 

  1016 ʩʣ 1015 ʦ.ʩʣ 

   1034 ʩʣ** 

  1062 ʩʨ 1063 ʩʣ 

1086 ʩʣ   1086 ʩʣ 

1134 ʩʨ   1134 ʩʨ 

  1145 ʩʨ 1150 ʩʣ 

1178 ʦ.ʩʣ 1182 ʩʨ  1180 ʦ.ʩʣ 

1251 ʦ.ʩʣ   1250 ʦ.ʩʣ 

1292 ʦ.ʩʣ   1292 ʦ.ʩʣ 

1321 ʩʣ   1321 ʩʣ 

1414 ʩʨ   1414 ʩʨ 

1430 ʦ.ʩ 1428 ʩʨ 1430 ʩ 1430 ʦ.ʩ 

1460 ʩʣ   1459 ʩʣ 

   1476 ʩʣ** 

1489 ʩʣ   1489 ʩʣ 

   3029 ʩʣ** 

   3067 ʦ.ʩʣ** 

   3085 ʦ.ʩʣ** 

ʇʨʠʤʝʯʘʥʠʷ: *ʆʙʦʟʥʘʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ: 

ʦ.ʩ-ʦʯʝʥʴ ʩʠʣʴʥʘʷ, ʩ - ʩʠʣʴʥʘʷ, ʩʨ -ʩʨʝʜʥʷʷ, ʩʣ - ʩʣʘʙʘʷ, ʦ.ʩʣ - 

ʦʯʝʥʴ ʩʣʘʙʘʷ, ʧʣ ï ʧʣʝʯʦ; **ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʙʝʥʟʦʣʘ 

Notes: *Designation of the relative intensities: o.c.-very strong, 

c - strong, cp -middle, ʩʣ- weak, ʦ.ʩʣ. - very weak, ʧʣ ï arm; 

**the absorption bands of benzene 

ʣʘʛʘʝʤʦʛʦ ʩʦʩʪʘʚʘ [(C70)x+(ʉ60)y]ÖTMTSeFÖ2(C6H6) 

(ʭ+ʫ = 3). ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ ʘ. 

ɿʘʪʝʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʪʝʦʨʝʪʠʯʝʩʢʠʭ 

ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʦ ʜʘʥʥʳʤ ʤʦʥʦʢʨʠʩʪʘʣʴʥʦʛʦ 

ʈʉʀ. ʅʘ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ (ʨʠʩʫʥʦʢ, 

ʙ) ʧʦʢʘʟʘʥʳ ʦʪʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʜʘʶʪ ʪʦʣʴʢʦ ʤʦ-

ʣʝʢʫʣʳ TMTSeF ʠ C6ʅ6. ʅʘ ʨʠʩʫʥʢʝ (ʚ) ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʦʪʨʘʞʝʥʠʷ, ʩʦʟʜʘʚʘʝʤʳʝ ʪʦʣʴʢʦ ʣʦʢʘʣʠʟʦ-

ʚʘʥʥʳʤʠ ʘʪʦʤʘʤʠ ʬʫʣʣʝʨʝʥʦʚ.  

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʪʝʦ-

ʨʝʪʠʯʝʩʢʠʭ ʨʝʥʪʛʝʥʦʛʨʘʤʤ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʠʩʩʣʝ-

ʜʦʚʘʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ ʝʩʪʴ ʦʪʨʘʞʝʥʠʷ ʢʘʢ ʦʪ ʬʫʣ-

ʣʝʨʝʥʦʚ, ʪʘʢ ʠ ʦʪ ʤʦʣʝʢʫʣ TMTSeF ʠ C6ʅ6. ʇʦʷʚ-

ʣʝʥʠʝ ʦʪʨʘʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ 2ɗå9Á  ʩʣʝʜʩʪʚʠʝ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʡ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʬʫʣʣʝʨʝʥʦʚ, 

TMTSeF ʠ C6ʅ6. ʆʙ ʵʪʦʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʪʝʦʨʝʪʠ-

ʯʝʩʢʘʷ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʯʘʩʪʠʯʥʦ ʨʘʩʰʠʬʨʦʚʘʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ (ʨʠʩʫʥʦʢ, ʛ). ɸʥʘʣʦʛʠʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ 

ʧʦʣʫʯʝʥ ʧʨʠ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʥʪʛʝ-

ʥʦʛʨʘʤʤ ʧʦʣʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʠ ʬʨʘʛʤʝʥʪʦʚ ʢʨʠʩʪʘʣ-

ʣʦʚ C60ÖTMTSeFÖ2CS2 ʠ 2C60Ö2TMTSeFÖC6H6. ʈʝʥʪ-

ʛʝʥʦʛʨʘʤʤʳ ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʧʦ ʜʘʥʥʳʤ ʈʉʀ [6, 

7]. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʈʉʀ ʠ ʢʨʠʩʪʘʣʣʦ-

ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴʶ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʚ ʠʩʩʣʝ-

ʜʦʚʘʥʥʳʭ ʥʘʤʠ ʢʨʠʩʪʘʣʣʘʭ ʩʦʢʨʠʩʪʘʣʣʠʟʫʶʪʩʷ 

ʬʫʣʣʝʨʝʥʳ ʩʦʩʪʘʚʘ ʉ60 ʠ ʉ70. 

ʇʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʷʚʣʷʝʪʩʷ ʥʝʦʙʳʯ-

ʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʤʦʣʝʢʫʣʳ ʬʫʣʣʝʨʝʥʦʚ ʉ60 ʠ ʉ70 

ʠʤʝʶʪ ʨʘʟʥʳʡ ʦʙʲʝʤ, ʨʘʟʥʫʶ ʩʠʤʤʝʪʨʠʶ. ʇʦ-

ʩʣʝʜʥʝʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʥʘʣʠʯʠʝ ʦʯʝʥʴ ʩʣʘʙʳʭ ʤʝʞ-

ʤʦʣʝʢʫʣʷʨʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʚ ʢʨʠʩʪʘʣʣʝ.   
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PREPARATION AND GAS TRANSPORT PROPERTIES OF IRON-CONTAINING GRAPHITE FOIL  

The iron-containing graphite foil, micropore graphite material modified by Ŭ-iron (III) 

oxide, was obtained. The composition of iron-containing phase was investigated by XRD analysis, 

the morphology of structure of the iron-containing graphite foil was investigated by scanning 

electron microscopy. The values of hydrogen and nitrogen permeabilities of the modified graphite 

foil with different content of iron (III) oxide were measured. 

Key words: iron-containing graphite foil, foam graphite, iron modification, iron oxide, gas permeability 

 

 

ɺɺɽɼɽʅʀɽ 

ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʬʠʟʠʯʝʩʢʠʤ 

ʠ ʭʠʤʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, ʛʠʙʢʘʷ ʛʨʘʬʠʪʦʚʘʷ ʬʦʣʴ-

ʛʘ (ɻʌ), ʧʦʣʫʯʘʝʤʘʷ ʧʨʠ ʧʨʝʩʩʦʚʘʥʠʠ ʧʝʥʦʛʨʘʬʠʪʘ 

(ʇɻ) [1, 2], ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʫʧʣʦʪʥʠ-

ʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [3, 4]. ʉʠʥʪʝʟ ʧʝʥʦʛʨʘʬʠʪʘ 

ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʝʩʢʦʣʴʢʦ ʩʪʘʜʠʡ: ʠʥʪʝʨʢʘʣʠʨʦʚʘ-

ʥʠʝ ʛʨʘʬʠʪʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʛʠʜʨʦʣʠʟʦʤ ʠ ʦʙʨʘ-

ʟʦʚʘʥʠʝʤ ʦʢʠʩʣʝʥʥʦʛʦ ʛʨʘʬʠʪʘ (ʆɻ) ʠ ʧʦʩʣʝʜʫʶ-

ʱʝʝ ʚʩʧʝʥʠʚʘʥʠʝ ʆɻ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [5]. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ 

ɻʌ, ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʛʘʟʦʪʨʘʥʩʧʦʨʪʘ ʚ 

ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʝ [6, 7], ʯʪʦ ʜʝʣʘʝʪ ʝʝ ʧʝʨʩʧʝʢ-

ʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʩʦʟʜʘʥʠʷ ʛʘʟʦʧʨʦʥʠʮʘʝ-

ʤʳʭ ʫʛʣʝʨʦʜʥʳʭ ʤʝʤʙʨʘʥ. ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʝ 

ʫʛʣʝʨʦʜʥʳʝ ʤʝʤʙʨʘʥʳ ï ʵʪʦ ʫʛʣʝʨʦʜʥʳʝ ʤʦʣʝʢʫ-

ʣʷʨʥʳʝ ʩʠʪʘ ʠ ʘʜʩʦʨʙʮʠʦʥʥʦ-ʩʝʣʝʢʪʠʚʥʳʝ ʫʛʣʝ-

ʨʦʜʥʳʝ ʤʝʤʙʨʘʥʳ [8], ʥʦ ʩʫʱʝʩʪʚʫʝʪ ʠ ʨʷʜ ʠʩʩʣʝ-

ʜʦʚʘʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʛʘʟʦʪʨʘʥʩʧʦʨʪʥʳʤʠ ʩʚʦʡ-

ʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʠʪʘ [9-11]. ʇʨʝ-

ʠʤʫʱʝʩʪʚʘʤʠ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ɻʌ ʷʚʣʷʶʪʩʷ 

ʧʨʦʯʥʦʩʪʴ, ʩʧʦʩʦʙʥʦʩʪʴ ʚʳʜʝʨʞʠʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ 

ʜʦ 450 ÁC ʥʘ ʚʦʟʜʫʭʝ, ʠ ʚʳʩʦʢʘʷ ʭʠʤʠʯʝʩʢʘʷ ʩʪʦʡ-

ʢʦʩʪʴ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʘʨʦʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ, 

ʥʝʦʢʠʩʣʷʶʱʠʭ ʢʠʩʣʦʪ ʠ ʦʩʥʦʚʘʥʠʡ [4]. ʅʦ ʦʩʪʘʝʪ-

ʩʷ ʧʨʦʙʣʝʤʘ, ʩʚʷʟʘʥʥʘʷ ʩ ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʦʡ ʛʘ-

ʟʦʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ɻʌ, ʧʦʵʪʦʤʫ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘ-

ʯʝʡ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʩʧʦʩʦʙʦʚ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʥʠʮʘ-

ʝʤʦʩʪʠ ʧʫʪʝʤ ʤʦʜʠʬʠʢʘʮʠʠ ɻʌ ʦʢʩʠʜʘʤʠ ʤʝʪʘʣ-

ʣʦʚ. ɺʦʟʤʦʞʥʦʩʪʴ ʚʚʝʜʝʥʠʷ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ 

ʬʘʟʳ [12, 13] ʠ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʧʨʝʠʤʫʱʝ-

ʩʪʚʘ, ʪʘʢʠʝ ʢʘʢ ʭʠʤʠʯʝʩʢʘʷ ʠ ʪʝʨʤʠʯʝʩʢʘʷ ʫʩʪʦʡ-

ʯʠʚʦʩʪʴ, ʪʘʢʞʝ ʜʝʣʘʝʪ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʩʦʟʜʘʥʠʝ 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʣʦʝʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʦʩʦʜʝʨʞʘ-

ʱʝʡ ɻʌ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʦʢʩʠʜʘ ʘʟʦʪʘ (IV) [14]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʩʪʘʣʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠ-

ʷʥʠʷ ʦʢʩʠʜʘ ʞʝʣʝʟʘ, ʚʚʝʜʝʥʥʦʛʦ ʚ ʛʨʘʬʠʪʦʚʫʶ 

ʬʦʣʴʛʫ, ʥʘ ʝʝ ʛʘʟʦʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʇʦʣʫʯʝʥʠʝ ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ (ɻʌ), ʩʦ-

ʜʝʨʞʘʱʝʡ Ŭ-Fe2O3, ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʪʨʠ ʩʪʘʜʠʠ. ʅʘ 

ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʦʧʠʪʢʘ ʦʢʠʩʣʝʥ-

ʥʦʛʦ ʛʨʘʬʠʪʘ (ʆɻ), ʧʦʣʫʯʝʥʥʦʛʦ ʧʫʪʝʤ ʛʠʜʨʦʣʠʟʘ 

ʥʠʪʨʘʪʘ ʛʨʘʬʠʪʘ III ʩʪʫʧʝʥʠ [15], ʚ ʚʦʜʥʳʭ ʨʘʩ-

ʪʚʦʨʘʭ FeCl3 ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 5, 10, 15 ʠ 35 ʤʘʩʩ% 

ʚ ʩʦʦʪʥʦʰʝʥʠʠ m(ʆɻ):m(ʨʘʩʪʚʦʨ) = 1:2 ʧʨʠ ʧʝʨʝ-

ʤʝʰʠʚʘʥʠʠ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤ-

ʧʝʨʘʪʫʨʝ. ʇʦʩʣʝ ʵʪʦʛʦ ʦʙʨʘʟʮʳ ʆɻ ʙʳʣʠ ʚʳʩʫʰʝ-

ʥʳ ʧʨʠ 60 ÁC ʚ ʪʝʯʝʥʠʝ 5 ʯ. ʅʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʙʳ-

ʣʦ ʦʩʫʱʝʩʪʚʣʝʥʦ ʪʝʨʤʦʨʘʩʰʠʨʝʥʠʝ ʧʦʣʫʯʝʥʥʦʛʦ 

ʆɻ, ʧʨʦʧʠʪʘʥʥʦʛʦ ʨʘʩʪʚʦʨʦʤ FeCl3, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʪʝʨʤʦʫʜʘʨʘ ʧʨʠ 1000 ÁC ʚ ʪʝʯʝʥʠʝ 10 ʩ. ʊʝʨʤʦ-

ʨʘʩʰʠʨʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʪʦʡ ʜʦ 1000 ÁC, ʚ ʚʦʟʜʫʰʥʦʡ 

ʘʪʤʦʩʬʝʨʝ. ɼʘʣʝʝ ʦʧʨʝʜʝʣʷʣʠ ʦʙʲʝʤ (Vʇɻ) ʠ ʤʘʩʩʫ 

(mʇɻ) ʧʦʣʫʯʠʚʰʝʛʦʩʷ ʧʝʥʦʛʨʘʬʠʪʘ ʠ ʨʘʩʩʯʠʪʳʚʘʣʠ 

ʥʘʩʳʧʥʫʶ ʧʣʦʪʥʦʩʪʴ (d, ʛ/ʣ): d = mʇɻ/Vʇɻ. ʅʘ ʪʨʝ-

ʪʴʝʡ ʩʪʘʜʠʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʘʷ 

ʛʨʘʬʠʪʦʚʘʷ ʬʦʣʴʛʘ ʧʫʪʝʤ ʧʨʝʩʩʦʚʘʥʠʷ ʧʝʥʦʛʨʘʬʠ-

ʪʘ ʜʦ ʪʦʣʱʠʥʳ 0,6 ʤʤ ʠ ʧʣʦʪʥʦʩʪʠ 1 ʛ/ʩʤ3. ɺ ʜʘʣʴ-

ʥʝʡʰʝʤ ʦʙʨʘʟʮʳ ɻʌ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʆɻ, 

ʧʨʦʧʠʪʘʥʥʦʛʦ ʚ 5, 10, 15 ʠ 35% ʨʘʩʪʚʦʨʝ FeCl3, 

ʦʙʦʟʥʘʯʘʶʪʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʘʢ GF-Fe-5, 

GF-Fe-10, GF-Fe-15 ʠ GF-Fe-35. ɺ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ 

ʙʳʣʘ ʧʦʣʫʯʝʥʘ ɻʌ ʙʝʟ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ ʬʘʟʳ 

(ʦʙʨʘʟʝʮ GF). 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟ-

ʮʦʚ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʈʌɸ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 

Thermo ARL XôTRA (ʠʟʣʫʯʝʥʠʝ CuKŬ, ɚ = 1,5418 ¡, 

ʛʝʦʤʝʪʨʠʷ ɹʨʵʛʛ-ɹʨʝʥʪʘʥʦ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ 

ʜʝʪʝʢʪʦʨ Peltier) ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 5-90 Á ʩ ʰʘʛʦʤ 

2Á/ʤʠʥ.  

ʆʧʨʝʜʝʣʝʥʠʝ ʤʘʩʩʦʚʦʛʦ ʩʦʜʝʨʞʘʥʠʷ Ŭ-

ʦʢʩʠʜʘ ʞʝʣʝʟʘ (III) ʚʳʧʦʣʥʷʣʠ ʤʝʪʦʜʦʤ ʛʨʘʚʠʤʝʪ-

ʨʠʠ. ɼʣʷ ʵʪʦʛʦ ʦʙʨʘʟʮʳ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ ʛʨʘʬʠ-

ʪʦʚʦʡ ʬʦʣʴʛʠ ʤʘʩʩʦʡ ~ 0,2-0,5 ʛ ʧʦʤʝʱʘʣʠ ʚ ʪʠ-

ʛʝʣʴ ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ ʧʨʠ  
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900 Áʉ ʜʦ ʧʦʣʥʦʛʦ ʚʳʛʦʨʘʥʠʷ ʫʛʣʝʨʦʜʘ. ɿʘʪʝʤ 

ʦʧʨʝʜʝʣʷʣʠ ʤʘʩʩʫ ʥʝʩʛʦʨʘʝʤʦʛʦ ʦʩʪʘʪʢʘ Ŭ-Fe2O3 ʠ 

ʨʘʩʩʯʠʪʳʚʘʣʠ ʝʛʦ ʩʦʜʝʨʞʘʥʠʝ ʚ ʦʙʨʘʟʮʝ ʧʦ ʩʣʝ-

ʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

, 

ʛʜʝ mɻʌ ï ʤʘʩʩʘ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ ʛʨʘʬʠʪʦʚʦʡ 

ʬʦʣɹʛʠ, mFe2O3 ï ʤʘʩʩʘ ʦʢʩʠʜʘ ʞʝʣʝʟʘ (III). 

ʄʦʨʬʦʣʦʛʠʷ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠ ʠʭ 

ʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʝʪʦʜʦʤ 

ʉʕʄ ʠ EDX ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ TESCAN 

VEGA3 LMU ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20 ʢɺ. 

ʀʟʤʝʨʝʥʠʝ ʛʘʟʦʧʨʦʥʠʮʘʝʤʦʩʪʠ ɻʌ ʜʣʷ ʚʦ-

ʜʦʨʦʜʘ ʠ ʘʟʦʪʘ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʤʝʤʙʨʘʥʥʦʡ ʜʠʬ-

ʬʫʟʠʦʥʥʦʡ ʷʯʝʡʢʝ. ʇʦʪʦʢ ʠʩʩʣʝʜʫʝʤʦʛʦ ʛʘʟʘ (H2, 

N2) ʧʦʜʘʚʘʣʩʷ ʥʘʜ ʧʦʚʝʨʭʥʦʩʪʴʶ ʛʨʘʬʠʪʦʚʦʡ 

ʬʦʣʴʛʠ (ʥʘʜʤʝʤʙʨʘʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ); ʛʘʟ, ʧʨʦ-

ʰʝʜʰʠʡ ʯʝʨʝʟ ɻʌ, ʩʤʝʰʠʚʘʣʩʷ ʩ ʛʘʟʦʤ-ʥʦʩʠʪʝʣʝʤ 

(He) ʚ ʧʦʜʤʝʤʙʨʘʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʂʦʥʮʝʥʪʨʘ-

ʮʠʷ ʧʨʦʰʝʜʰʝʛʦ ʛʘʟʘ ʚ ʩʤʝʩʠ ʩ ʛʘʟʦʤ-ʥʦʩʠʪʝʣʝʤ 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʛʘʟʦʚʦʛʦ ʭʨʦʤʘʪʦʛʨʘʬʘ. 

ʇʨʦʥʠʮʘʝʤʦʩʪʴ Q [ʣ/(ʤ2ĀʯĀʘʪʤ)] ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

,

 
J ï ʧʦʪʦʢ ʩʤʝʩʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʛʘʟʘ ʠ ʛʘʟʘ-

ʥʦʩʠʪʝʣʷ, A ï ʧʣʦʱʘʜʴ ɻʌ, patm ï ʘʪʤʦʩʬʝʨʥʦʝ 

ʜʘʚʣʝʥʠʝ, c0 ï ʥʘʯʘʣʴʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʩʩʣʝʜʫʝ-

ʤʦʛʦ ʛʘʟʘ ʥʘʜ ɻʌ ʠ ci ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʠʩʩʣʝʜʫʝʤʦ-

ʛʦ ʛʘʟʘ ʚ ʩʤʝʩʠ ʩ ʛʘʟʦʤ-ʥʦʩʠʪʝʣʝʤ. ʇʨʠ ʵʪʦʤ ʠʜʝ-

ʘʣʴʥʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʨʘʟʜʝʣʝʥʠʷ ʜʚʫʭ ʛʘʟʦʚ ʨʘʚʥʘ: 

, 

ʛʜʝ Q(H2  ̉ 1 .2), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʦʥʠʮʘʝʤʦ-
ʩʪʠ ʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ɻʌ ʧʦ ʚʦʜʦʨʦʜʫ ʠ ʘʟʦʪʫ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʆʢʠʩʣʝʥʥʳʡ ʛʨʘʬʠʪ ï ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝ-

ʩʢʠʡ ʘʜʜʫʢʪ, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚ-

ʣʝʥ ʩʤʝʩʴʶ ʛʨʘʬʠʪʘ ʠ ʚʳʩʰʠʭ ʩʪʫʧʝʥʝʡ ʥʠʪʨʘʪʘ 

ʛʨʘʬʠʪʘ, ʚ ʤʝʞʢʨʠʩʪʘʣʣʠʪʥʳʭ ʦʙʣʘʩʪʷʭ ʢʦʪʦʨʦʛʦ 

ʩʦʜʝʨʞʘʪʩʷ ʤʦʣʝʢʫʣʳ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ ʠ ʚʦʜʳ. 

ʊʘʢʞʝ ʆɻ ʩʦʜʝʨʞʠʪ ʥʘ ʩʚʦʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʣʠʯ-

ʥʳʝ ʢʠʩʣʦʨʦʜʦʩʦʜʝʨʞʘʱʠʝ ʛʨʫʧʧʳ: ʛʠʜʨʦʢʩʠʣʴ-

ʥʳʝ, ʢʘʨʙʦʥʠʣʴʥʳʝ, ʢʘʨʙʦʢʩʠʣʴʥʳʝ. ɼʘʥʥʳʝ ʛʨʫʧ-

ʧʳ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʝ ʜʝʬʝʢʪʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʆɻ 

ʷʚʣʷʶʪʩʷ ʮʝʥʪʨʘʤʠ ʩʦʨʙʮʠʠ ʩʦʣʠ ʞʝʣʝʟʘ [16]. 

ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʦʣʫʯʝʥʠʷ ʞʝʣʝʟʦʩʦ-

ʜʝʨʞʘʱʝʡ ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ ʙʳʣʦ ʦʩʫʱʝʩʪʚʣʝʥʦ 

ʥʘʥʝʩʝʥʠʝ ʩʦʝʜʠʥʝʥʠʡ ʞʝʣʝʟʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʦʢʠʩʣʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʤʝʪʦʜʦʤ ʧʨʦʧʠʪʢʠ. ʇʨʦʧʠʪ-

ʢʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʭʣʦʨʠʜʘ ʞʝ-

ʣʝʟʘ (III) ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 5, 10, 15 ʠ 35%. ʅʘʥʝ-

ʩʝʥʠʝ ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʦʚ ʭʣʦʨʠʜʘ ʞʝʣʝʟʘ ʨʘʟʣʠʯ-

ʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʚʘʨʴʠʨʦʚʘʪʴ ʩʦʜʝʨ-

ʞʘʥʠʝ ʞʝʣʝʟʘ ʚ ʆɻ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʘʢʩʠʤʘʣʴ-

ʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʠ ʨʘʩʪʚʦʨʦʚ ʩ ʙʦʣʴʰʝʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ.  

ʄʝʪʦʜ ʧʨʦʧʠʪʢʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʘʚʥʦ-

ʤʝʨʥʳʤ ʥʘʥʝʩʝʥʠʝʤ ʩʦʣʠ ʞʝʣʝʟʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʆɻ. ʄʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦ-

ʩʢʦʧʠʠ ʧʦʢʘʟʘʥʦ (ʨʠʩ. 1ʘ), ʯʪʦ ʭʣʦʨʠʜ ʞʝʣʝʟʘ (III) 

ʥʘʭʦʜʠʪʩʷ ʥʘ ʜʝʬʝʢʪʘʭ ʠ ʥʘ ʪʦʨʮʝʚʳʭ ʦʙʣʘʩʪʷʭ 

ʢʨʠʩʪʘʣʣʦʚ ʛʨʘʬʠʪʘ, ʛʜʝ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘʠʙʦʣʴ-

ʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ. ʄʝ-

ʪʦʜʦʤ EDX ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʞʝʣʝʟʦʩʦ-

ʜʝʨʞʘʱʘʷ ʬʘʟʘ ʆɻ ʧʨʝʜʩʪʘʚʣʝʥʘ ʭʣʦʨʠʜʦʤ ʞʝʣʝ-

ʟʘ, ʘ ʪʘʢʞʝ, ʚʦʟʤʦʞʥʦ, ʯʘʩʪʠʯʥʦ ʛʠʜʨʦʣʠʟʦʚʘʥʥʳʤ 

ʭʣʦʨʠʜʦʤ ʞʝʣʝʟʘ, ʪ.ʢ. ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʩʧʝʢʪʨʝ 

ʥʘʙʣʶʜʘʶʪʩʷ ʨʝʬʣʝʢʩʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʘʪʦʤʘʤ 

ʞʝʣʝʟʘ ʠ ʭʣʦʨʘ (ʨʠʩ. 1ʘ). 

 

 

 
ʈʠʩ. 1. ʀʟʦʙʨʘʞʝʥʠʷ ʉʕʄ ʠ EDX-ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʦʚ ʦʢʠʩʣʝʥ-

ʥʦʛʦ ʛʨʘʬʠʪʘ, ʧʨʦʧʠʪʘʥʥʦʛʦ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ FeCl3 (ʘ) ʠ 

ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʛʦ ʧʝʥʦʛʨʘʬʠʪʘ (ʙ) 

Fig. 1. SEM images and EDX spectra of the samples of oxidized 

graphite impregnated in the water solution of FeCl3 (ʘ) and iron-

containing foam graphite (ʙ) 
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ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʧʦʨʠʩʪʦʛʦ ʞʝʣʝʟʦ-

ʩʦʜʝʨʞʘʱʝʛʦ ʧʝʥʦʛʨʘʬʠʪʘ ʧʨʦʧʠʪʘʥʥʳʡ ʆɻ ʙʳʣ 

ʚʩʧʝʥʝʥ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʫʜʘʨʘ ʧʨʠ 1000 ÁC ʚ 

ʪʝʯʝʥʠʝ 10 ʩ. ʅʘʩʳʧʥʘʷ ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʥʝ ʟʘʚʠʩʝʣʘ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʞʝʣʝʟʘ ʠ ʩʦ-

ʩʪʘʚʣʷʣʘ ʧʨʠʤʝʨʥʦ 3,5 ʛ/ʣ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʨʘʩʰʠʨʝʥʠʷ ʦʙʲʝʤ ʆɻ 

ʤʥʦʛʦʢʨʘʪʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʝʨʚʝ-

ʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʝʥʦʛʨʘʬʠʪʘ. ʀʟʚʝʩʪʥʦ, ʯʪʦ 

ʭʣʦʨʠʜ ʞʝʣʝʟʘ (III) ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʟ-

ʣʘʛʘʝʪʩʷ ʜʦ Ŭ-Fe2O3 [17]: 

FeCl3ĿxH2O Ÿ 1/2Ŭ-Fe2O3 (2x-3)/2H2O + 3HCl 

ʇʦʣʫʯʝʥʥʳʡ Ŭ-Fe2O3 ʨʘʩʧʦʣʘʛʘʣʩʷ ʥʘ ʜʝ-

ʬʝʢʪʘʭ ʯʘʩʪʠʮ ʧʝʥʦʛʨʘʬʠʪʘ (ʨʠʩ. 1ʙ). EDX-

ʘʥʘʣʠʟʦʤ ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʨʠʩʫʪʩʪʚʠʝ ʘʪʦʤʦʚ ʞʝ-

ʣʝʟʘ. ʊʘʢʞʝ ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʩʧʝʢʪʨʝ ʥʘʙʣʶʜʘ-

ʣʦʩʴ ʧʨʠʩʫʪʩʪʚʠʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʭʣʦʨʘ, 

ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʚ ʧʦʣʫʯʝʥ-

ʥʦʤ ʇɻ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʥʝʨʘʟʣʦʞʠʚʰʝʛʦ-

ʩʷ FeCl3, ʣʠʙʦ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʪʝʨʤʦ-

ʨʘʟʣʦʞʝʥʠʷ ʭʣʦʨʠʜʘ ʞʝʣʝʟʘ ï FeOCl [17]. 

ɹʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʤʘʢʨʦʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ, 

ʇɻ ʩʧʦʩʦʙʝʥ ʧʨʝʩʩʦʚʘʪʴʩʷ ʙʝʟ ʢʘʢʦʛʦ-ʣʠʙʦ ʩʚʷʟʫ-

ʶʱʝʛʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʪ.ʝ. ʜʣʷ ʧʦʣʫ-

ʯʝʥʠʷ ɻʌ ʥʝ ʪʨʝʙʫʝʪʩʷ ʭʠʤʠʯʝʩʢʦʡ ʣʠʙʦ ʪʝʨʤʠʯʝ-

ʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʠ ʢʘʯʝʩʪʚʝʥʥʳʡ ʠ ʢʦʣʠʯʝʩʪʚʝʥ-

ʥʳʡ ʩʦʩʪʘʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ ʬʘʟʳ ʧʨʠ ʧʨʝʩʩʦ-

ʚʘʥʠʠ ʦʩʪʘʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ. ʄʝʥʷʝʪʩʷ ʪʦʣʴʢʦ ʧʦ-

ʨʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʛʨʘʬʠʪʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ: ʧʨʦʠʩ-

ʭʦʜʠʪ ʧʝʨʝʭʦʜ ʦʪ ʤʘʢʨʦʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʇɻ ʢ 

ʤʠʢʨʦʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ ɻʌ. ʇʣʦʪʥʦʩʪʴ ʧʦʣʫ-

ʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ɻʌ ʩʦʩʪʘʚʣʷʣʘ 1 ʛ/ʩʤ3. 

ʉʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʦʡ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ 

ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʤʝʪʦʜʦʤ 

ʈʌɸ (ʨʠʩ. 2). ʇʦʤʠʤʦ ʜʚʫʭ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 

ʧʠʢʦʚ ʬʘʟʳ ʛʨʘʬʠʪʘ ʜʣʷ ʦʙʨʘʟʮʦʚ ʞʝʣʝʟʦʩʦʜʝʨ-

ʞʘʱʝʡ ɻʌ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʆɻ, ʧʨʦʧʠʪʘʥ-

ʥʦʛʦ ʚ 5, 10 ʠ 15% ʨʘʩʪʚʦʨʝ FeCl3 (ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʦʙʨʘʟʮʳ GF-Fe-5, GF-Fe-10, GF-Fe-15), ʥʘ ʨʝʥʪʛʝ-

ʥʦʛʨʘʤʤʝ ʥʘʙʣʶʜʘʣʠʩʴ ʪʦʣʴʢʦ ʩʘʤʳʝ ʠʥʪʝʥʩʠʚ-

ʥʳʝ ʧʠʢʠ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ Ŭ-Fe2O3. ɼʣʷ ʦʙʨʘʟʮʘ 

GF-Fe-35 ʥʘʙʣʶʜʘʣʩʷ ʫʞʝ ʨʷʜ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 

ʧʠʢʦʚ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ Ŭ-Fe2O3 (ʨʠʩ. 2).  

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ Ŭ-Fe2O3 

ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʛʨʘʚʠʤʝʪʨʠʠ. ʉʦʜʝʨʞʘʥʠʝ 

Ŭ-Fe2O3 ʫʚʝʣʠʯʠʚʘʣʦʩʴ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʠʩʭʦʜʥʦʛʦ ʧʨʦʧʠʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ FeCl3 ʦʪ 

0,6 ʜʦ 9,4 ʤʘʩʩ% (ʪʘʙʣʠʮʘ). 

ʅʘ ʧʝʨʚʳʭ ʵʪʘʧʘʭ ʧʨʝʩʩʦʚʘʥʠʷ ʧʝʥʦʛʨʘʬʠ-

ʪʘ ʧʨʦʠʩʭʦʜʠʪ ʩʙʣʠʞʝʥʠʝ ʯʝʨʚʝʦʙʨʘʟʥʳʭ ʯʘʩʪʠʮ 

ʇɻ ʠ ʧʦʩʪʝʧʝʥʥʦʝ ʩʦʢʨʘʱʝʥʠʝ ʤʘʢʨʦʧʦʨ. ʅʘ ʧʦ-

ʩʣʝʜʫʶʱʠʭ ʵʪʘʧʘʭ ʧʨʦʠʩʭʦʜʠʪ ʜʝʬʦʨʤʘʮʠʷ ʯʘ-

ʩʪʠʮ ʧʝʥʦʛʨʘʬʠʪʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʠʢʨʦʧʦʨʠʩʪʦʡ  

 
ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ ʛʨʘʬʠ-

ʪʦʚʦʡ ʬʦʣʴʛʠ: GF-Fe-5 (1), GF-Fe-10 (2), GF-Fe-15 (3) ʠ 

GF-Fe-35 (4). G ï ʬʘʟʘ ʛʨʘʬʠʪʘ, Ŭ ï ʬʘʟʘ Ŭ-Fe2O3 

Fig. 2. X-ray patterns of the samples of iron-containing graphite 

foil: GF-Fe-5 (1), GF-Fe-10 (2), GF-Fe-15 (3) ʠ GF-Fe-35 (4).  

G ï phase of graphite, Ŭ - phase of Ŭ-Fe2O3 

ʊʘʙʣʠʮʘ 

ʉʦʜʝʨʞʘʥʠʝ ʦʢʩʠʜʘ ʞʝʣʝʟʘ (III), ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ 

ʟʥʘʯʝʥʠʷ ʠʜʝʘʣʴʥʳʭ ʩʝʣʝʢʪʠʚʥʦʩʪʝʡ ʞʝʣʝʟʦʩʦʜʝʨ-

ʞʘʱʝʡ ɻʌ 

Table. Content of iron (III) oxide, permeabilities and val-

ues of ideal selectivity of the iron-containing graphite foil 

ʆʙʨʘʟʝʮ 
ɤ(Ŭ-Fe2O3), 

ʤʘʩʩ.% 

Q(H2), 

ʣ/(ʤ2ĀʯĀʘʪʤ) 

Q(N2), 

ʣ/(ʤ2ĀʯĀʘʪʤ) 

Ŭ  

(Ŭʪʝʦʨ = 3,7) 

GF  0 30,7 9,0 3,4 

GF-Fe-5  0,6 77,8 22,0 3,5 

GF-Fe-10  1,3 81,3 24,0 3,4 

GF-Fe-15  1,7 86,6 25,0 3,5 

GF-Fe-35  9,4 88,8 26,5 3,4 

 

ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ [1]. ʅʘ ʜʘʥʥʦʤ ʵʪʘ-

ʧʝ ʧʨʦʠʩʭʦʜʠʪ ʚʟʘʠʤʥʘʷ ʘʜʛʝʟʠʷ ʯʘʩʪʠʮ ʇɻ. Ŭ-

Fe2O3 ʧʦ ʭʦʜʫ ʧʨʝʩʩʦʚʘʥʠʷ ʥʘʭʦʜʠʪʩʷ ʥʘ ʩʪʳʢʘʭ 

ʯʘʩʪʠʮ ʇɻ (ʨʠʩ. 3ʘ, ʙ) ʇʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ɻʌ ʯʘ-

ʩʪʠʮʳ Ŭ-Fe2O3, ʥʝ ʧʨʝʚʳʰʘʶʱʠʝ 10 ʤʢʤ, ʦʙʨʘʟʫ-

ʶʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʳʝ ʘʛʣʦʤʝʨʘʪʳ, ʢʘʢ ʚʠʜʥʦ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʠ ʉʕʄ (ʨʠʩ. 3ʚ). ɸʜʛʝʟʠʷ ʤʝʞʜʫ ʛʨʘ-

ʬʠʪʦʤ ʠ Ŭ-Fe2O3 ʩʣʘʙʝʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʦʣʝʢʫʣʘʤ 

ʛʘʟʘ ʧʨʦʥʠʢʘʪʴ ʚ ʧʦʣʦʩʪʠ ʥʘ ʛʨʘʥʠʮʘʭ ʛʨʘʬʠʪ - 

Fe2O3. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʤʠʢʨʦʧʦʨʠʩʪʦ-

ʩʪʠ ɻʌ ʠ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʦʪʢʨʳʪʳʭ ʠ 

ʩʢʚʦʟʥʳʭ ʧʦʨ ʜʘʞʝ ʧʨʠ ʤʘʣʦʤ ʩʦʜʝʨʞʘʥʠʠ Ŭ-

1 

2 

3 

4 
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Fe2O3, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʚʝ-

ʣʠʯʝʥʠʷ ʛʘʟʦʧʨʦʥʠʮʘʝʤʦʩʪʠ ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ. 

 

 
ʘ 

 
ʙ 

 
ʚ 

ʈʠʩ. 3. ʉʨʝʟ (ʘ) ʠ ʧʦʚʝʨʭʥʦʩʪʴ (ʙ) ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ ʛʨʘʬʠ-

ʪʦʚʦʡ ʬʦʣʴʛʠ. ɸʛʣʦʤʝʨʘʪ ʯʘʩʪʠʮ Ŭ-Fe2O3 ʥʘ ʩʪʳʢʝ ʯʘʩʪʠʮ 

ʛʨʘʬʠʪʘ (ʚ) 

Fig. 3. The section (ʘ) and the surface (ʙ) of the iron-containing 

graphite foil. The agglomerate of Ŭ-Fe2O3 particles in the junction 

of graphite particles (ʚ) 

 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʞʝʣʝʟʘ ʚ ɻʌ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʚʦʜʦʨʦʜʘ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʚ 2,8 ʨʘʟʘ, 

ʘ ʘʟʦʪʘ - ʚ 3 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ɻʌ, ʧʦʣʫʯʝʥʥʦʡ 

ʚ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʙʝʟ ʚʚʝʜʝʥʠʷ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ 

ʬʘʟʳ (GF). ʇʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʥʠ-

ʮʘʝʤʦʩʪʠ ʧʦ ʚʦʜʦʨʦʜʫ (ʦʪ 77,8 ʜʦ 88,8 ʣ/(ʤ2ĀʯĀʘʪʤ)) ʠ 

ʧʦ ʘʟʦʪʫ (ʦʪ 22,0 ʜʦ 26,5 ʣ/(ʤ2ĀʯĀʘʪʤ)) ʧʨʠ ʫʚʝʣʠ-

ʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ Ŭ-Fe2O3 ʚ ɻʌ ʦʪ 0,6 ʜʦ 9,4% 

(ʪʘʙʣʠʮʘ ʠ ʨʠʩ. 4). ʇʨʠ ʵʪʦʤ ʠʜʝʘʣʴʥʘʷ ʩʝʣʝʢʪʠʚ-

ʥʦʩʪʴ Ŭ, ʦʪʥʦʰʝʥʠʝ ʧʨʦʥʠʮʘʝʤʦʩʪʝʡ ʜʚʫʭ ʛʘʟʦʚ, 

ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣʘ ʧʨʠʤʝʨʥʦ 3,4-3,5. ɼʘʥ-

ʥʦʝ ʟʥʘʯʝʥʠʝ ʙʣʠʟʢʦ ʢ ʪʝʦʨʝʪʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʥʥʦ-

ʤʫ ʟʥʘʯʝʥʠʶ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʜʣʷ ʢʥʫʜʩʝʥʦʚʩʢʦʡ 

ʜʠʬʬʫʟʠʠ ʛʘʟʘ ʯʝʨʝʟ ʧʦʨʠʩʪʦʝ ʪʝʣʦ. ʊʝʦʨʝʪʠʯʝ-

ʩʢʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʘʢ ʢʚʘʜʨʘʪ-

ʥʳʡ ʢʦʨʝʥʴ ʠʟ ʦʪʥʦʰʝʥʠʷ ʤʦʣʝʢʫʣʷʨʥʳʭ ʤʘʩʩ 

ʜʚʫʭ ʛʘʟʦʚ (Ŭʪʝʦʨ = (MN2/MH2)
1/2 = 3,7) [9]. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʩʝ-

ʣʝʢʪʠʚʥʦʩʪʝʡ ʜʣʷ ʘʟʦʪʘ ʠ ʚʦʜʦʨʦʜʘ ʤʦʞʥʦ ʧʨʝʜ-

ʧʦʣʦʞʠʪʴ, ʯʪʦ ʪʨʘʥʩʧʦʨʪ ʜʘʥʥʳʭ ʛʘʟʦʚ ʚ ʯʠʩʪʦʡ 

ɻʌ ʠ ɻʌ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ Ŭ-Fe2O3, ʦʩʫʱʝʩʪʚ-

ʣʷʝʪʩʷ ʧʦ ʤʝʭʘʥʠʟʤʫ ʢʥʫʜʩʝʥʦʚʩʢʦʡ ʜʠʬʬʫʟʠʠ. 
 

 
 

ʈʠʩ. 4. ʇʨʦʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʦʚ ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ ʩ ʨʘʟʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ Ŭ-Fe2O3 ʜʣʷ ʚʦʜʦʨʦʜʘ ʠ ʘʟʦʪʘ 

Fig. 4. Hydrogen and nitrogen permeabilities of the samples of 

graphite foil with different content of Ŭ-Fe2O3 

ɺʓɺʆɼʓ 

ʆʙʨʘʟʮʳ ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ, ʧʦʣʫʯʝʥʥʦʡ 

ʧʫʪʝʤ ʚʩʧʝʥʠʚʘʥʠʷ ʆɻ, ʧʨʦʧʠʪʘʥʥʦʛʦ ʚ ʚʦʜʥʳʭ 

ʨʘʩʪʚʦʨʘʭ FeCl3 c ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ, ʠ ʧʦ-

ʩʣʝʜʫʶʱʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʇɻ, ʩʦʜʝʨʞʘʪ ʧʨʝʠʤʫ-

ʱʝʩʪʚʝʥʥʦ Ŭ-Fe2O3, ʯʪʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʤʝʪʦʜʦʤ 

ʈʌɸ. ʇʨʠ ʵʪʦʤ ʩʦʜʝʨʞʘʥʠʝ Ŭ-Fe2O3 ʩʦʩʪʘʚʣʷʣʦ ʜʦ 

9,4 ʤʘʩʩ.% ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʩʭʦʜ-

ʥʦʛʦ ʧʨʦʧʠʪʦʯʥʦʛʦ ʨʘʩʪʚʦʨʘ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ Ŭ-Fe2O3 ʥʘʭʦʜʠʪʩʷ ʥʘ ʩʪʳʢʘʭ 

ʩʧʨʝʩʩʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʧʝʥʦʛʨʘʬʠʪʘ ʠ ʧʨʦʥʠʟʳʚʘ-

ʝʪ ʚʩʶ ʩʪʨʫʢʪʫʨʫ ʛʨʘʬʠʪʦʚʦʡ ʬʦʣʴʛʠ, ʩʦʟʜʘʚʘʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʫʪʠ ʜʣʷ ʧʨʦʭʦʜʘ ʛʘʟʘ ʠ ʫʚʝʣʠʯʠ-

ʚʘʷ ʦʪʢʨʳʪʫʶ, ʩʢʚʦʟʥʫʶ ʧʦʨʠʩʪʦʩʪʴ, ʯʪʦ ʚʝʜʝʪ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʛʘʟʦʧʨʦʥʠʮʘʝʤʦʩʪʠ. 

ʀʟʤʝʨʝʥʳ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʛʨʘʬʠʪʦʚʦʡ 

ʬʦʣɹʛʠ ʩ ʨʘʟʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʞʝʣʝʟʘ ʜʣʷ ʚʦʜʦʨʦ-

ʜʘ ʠ ʘʟʦʪʘ. ɺʚʝʜʝʥʠʝ ʞʝʣʝʟʦʩʦʜʝʨʞʘʱʝʡ ʬʘʟʳ 
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ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʛʨʘʬʠʪʦ-

ʚʦʡ ʬʦʣʴʛʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ɻʌ. ʇʦ ʟʥʘʯʝʥʠʶ ʠʜʝʘʣʴʥʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʨʘʟʜʝ-

ʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʠ ʘʟʦʪʘ ʤʦʞʥʦ ʩʫʜʠʪʴ ʦ ʪʦʤ, ʯʪʦ 

ʪʨʘʥʩʧʦʨʪ ʛʘʟʘ ʚ ɻʌ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ 

ʢʥʫʜʩʝʥʦʚʩʢʦʡ ʜʠʬʬʫʟʠʠ. 
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CARBON FIBERS MODIFI ED WITH TRANSITION M ETAL OXIDES FOR A s(V) REMOVAL 

FROM SOLUTIONS 

Perspectives of use of activated carbon materials modified with transition metal oxides for 

purification of water from arsenic were considered. Sorption isotherms for two types of hybrid 

sorbents based on carbon fibers modified with manganese oxide as birnessite as well as on fiber 

and chitosan-carbon materials on its basic modified with molybdenum determining affinity of the 

sorbents to arsenate-ions are presented. 

Key words: carbon fiber, manganese oxides, molybdenum oxides, chitosan, sorption, arsenic 

 

ʄʳʰʴʷʢ ï ʪʦʢʩʠʯʥʳʡ ʵʣʝʤʝʥʪ, ʢʦʪʦʨʳʡ 

ʧʦʚʩʝʤʝʩʪʥʦ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʨʫʜʘʭ, ʧʦʯʚʘʭ, ʚʦʜʝ. 

ɺʳʩʦʢʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʳʰʴʷʢʘ, ʦʙʥʘʨʫʞʠʚʘʝ-

ʤʳʝ ʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ, ʦʙʫʩʣʦʚʣʝʥʳ ʧʨʠʨʦʜ-

ʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʛʝʦʪʝʨʤʘʣʴʥʦʡ 

ʘʢʪʠʚʥʦʩʪʴʶ ʠ ʧʨʦʮʝʩʩʘʤʠ ʚʳʚʝʪʨʠʚʘʥʠʷ ʤʠʥʝʨʘ-

ʣʦʚ, ʠʣʠ ʧʦʩʪʫʧʣʝʥʠʝʤ ʠʟ ʘʥʪʨʦʧʦʛʝʥʥʳʭ ʠʩʪʦʯ-

ʥʠʢʦʚ. ɼʠʘʧʘʟʦʥ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʳʰʴʷʢʘ, ʧʨʠʩʫʪ-

ʩʪʚʫʶʱʝʛʦ ʚ ʟʘʛʨʷʟʥʝʥʥʳʭ ʧʨʠʨʦʜʥʳʭ ʚʦʜʘʭ, ʣʝ-

ʞʠʪ ʚ ʧʨʝʜʝʣʘʭ 0,5-5000 ʤʢʛĿʣ-1. ʄʳʰʴʷʢ ʦʙʥʘʨʫ-

ʞʠʚʘʝʪʩʷ ʚ ʧʨʠʨʦʜʥʳʭ ʚʦʜʘʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ 

ʚʠʜʝ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʬʦʨʤ As(V) ʠ As(III) (ʙʦʣʝʝ 

ʧʦʜʚʠʞʥʦʡ ʠ ʪʦʢʩʠʯʥʦʡ), ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʢʦ-

ʪʦʨʳʤʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠ-

ʪʝʣʴʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʠ ʨʅ ʩʨʝʜʳ [1, 2]. 

ɼʣʷ ʫʜʘʣʝʥʠʷ ʤʳʰʴʷʢʘ ʠʟ ʚʦʜʳ ʠ ʨʘʩʪʚʦ-

ʨʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ (ʠʦʥʥʳʡ 

ʦʙʤʝʥ, ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ, ʦʙʨʘʪʥʳʡ ʦʩʤʦʩ, 

ʤʝʤʙʨʘʥʥʘʷ ʬʠʣʴʪʨʘʮʠʷ ʠ ʜʨ.), ʠʟ ʢʦʪʦʨʳʭ ʚ ʦʙʣʘ-

ʩʪʠ ʥʠʟʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ < 1 ʤʛ/ʜʤ3 ʥʘʠʙʦʣʝʝ ʵʬ-

ʬʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʘʜʩʦʨʙʮʠʦʥʥʳʡ ʤʝʪʦʜ. ʇʨʘʢ-

ʪʠʢʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ 

ʤʘʪʝʨʠʘʣʳ (ɸʋʄ) ʙʦʣʝʝ ʚʩʝʛʦ ʧʦʜʭʦʜʷʪ ʜʣʷ ʚʦʜʦ-

ʧʦʜʛʦʪʦʚʢʠ ʙʣʘʛʦʜʘʨʷ ʠʭ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ, ʭʦʨʦʰʦ ʨʘʟʚʠʪʦʡ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʩʚʦʡʩʪʚʘʤ. ɸʋʄ ʧʨʝʜʧʦʯʪʠʪʝʣʴ-

ʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦ-

ʝʜʠʥʝʥʠʡ, ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʥʝʦʨʛʘʥʠʯʝʩʢʠʤ ʧʨʠ-

ʤʝʩʷʤ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʝʤʢʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʦʙʳʯ-

ʥʦ ʥʝʚʝʣʠʢʠ. ʋʣʫʯʰʝʥʠʝ ʘʜʩʦʨʙʮʠʦʥʥʦʡ ʵʬʬʝʢ-

ʪʠʚʥʦʩʪʠ ʧʦ ʤʝʪʘʣʣʘʤ ʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʤʳʰʴʷʢʫ, 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʤʦʜʠʬʠʢʘʮʠʝʡ (ʬʫʥʢʮʠʦʥʘʣʠʟʘ-

ʮʠʝʡ) ɸʋʄ [3]. ʆʧʪʠʤʠʟʘʮʠʷ ʝʤʢʦʩʪʥʳʭ ʠ ʢʠʥʝ-

ʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ɸʋʄ ʤʦ-

ʞʝʪ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʘ ʟʘ ʩʯʝʪ ʚʥʝʩʝʥʠʷ ʚ ʧʦʨʠ-

ʩʪʫʶ ʤʘʪʨʠʮʫ ʜʠʩʧʝʨʩʥʳʭ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ, ʪʘ-

ʢʠʭ ʢʘʢ ʦʢʩʠʜʳ Fe, Ti, Al, Mn ʠ ʜʨ. [2, 4-9]. ʇʦ 

ʦʙʳʢʥʦʚʝʥʠʶ, ʩʦʨʙʝʥʪʳ ï ʦʢʩʠʜʳ ʤʝʪʘʣʣʦʚ ʜʦ-

ʩʪʫʧʥʳ ʚ ʚʠʜʝ ʪʦʥʢʦʜʠʩʧʝʨʩʥʳʭ ʧʦʨʦʰʢʦʚ, ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʠʭ ʩʫʩʧʝʥʟʠʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦ-

ʮʝʩʩʘʭ ʦʯʠʩʪʢʠ ʟʘʪʨʫʜʥʝʥʦ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʦʤʧʦ-

ʟʠʪʥʳʡ ʩʦʨʙʝʥʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ 
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ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʯʠʩʪʢʠ. ʉʦ-

ʯʝʪʘʥʠʝ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʘ ʠ ʠʥʜʠʚʠʜʫ-

ʘʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʝʪʘʣʣʘ ï ʤʦʜʠʬʠʢʘʪʦʨʘ 

ʦʧʨʝʜʝʣʷʝʪ ʜʦʩʪʦʠʥʩʪʚʘ ʢʦʤʧʦʟʠʪʥʦʛʦ ʩʦʨʙʝʥʪʘ. 

ʇʦʣʫʯʝʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʦʨʙʮʠʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ ʩʠʩʪʝʤ ʦʢʩʠʜʳ Fe/ ʫʛʣʝʨʦʜ, ʚ ʢʦʪʦʨʳʭ ʙʝʟ-

ʦʧʘʩʥʳʝ ʦʢʩʠʜʳ ʞʝʣʝʟʘ (ʛʠʜʨʘʪʠʨʦʚʘʥʥʘʷ ʦʢʠʩʴ, 

ʛʝʤʘʪʠʪ, ʛʝʪʠʪ, ʤʘʛʥʝʪʠʪ), ʦʪʣʠʯʘʶʱʠʝʩʷ ʨʘʟʣʠʯʥʳʤ 

ʩʨʦʜʩʪʚʦʤ ʢ ʤʳʰʴʷʢʫ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʯʠʩʪʢʠ ʦʪ 

ʤʳʰʴʷʢʘ ʧʠʪʴʝʚʦʡ ʚʦʜʳ [6-8]. ʌʦʪʦʢʘʪʘʣʠʪʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʦʢʩʠʜʘ Ti, ʚʥʝʩʝʥʥʦʛʦ ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʦʝ 

ʫʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ (ʋɺ), ʦʧʨʝʜʝʣʷʶʪ ʦʢʠʩʣʝʥʠʝ 

As(III) [10]. ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʘʜʛʝʟʠʠ ʦʢʩʠʜʘ ʢ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ ʧʦʢʨʳʪʠʷ ʋɺ ʤʦʞʝʪ ʙʳʪʴ ʠʩ-

ʧʦʣʴʟʦʚʘʥ ʙʠʦʧʦʣʠʤʝʨ ʭʠʪʦʟʘʥ [9, 11]. ʄʦʜʠʬʠʮʠ-

ʨʦʚʘʥʥʦʝ ʥʘʥʦʨʘʟʤʝʨʥʳʤ ʤʘʛʥʝʪʠʪʦʤ ʠ ʭʠʪʦʟʘʥʦʤ 

ʋɺ ʧʨʦʷʚʣʷʝʪ ʚʳʩʦʢʫʶ ʩʦʨʙʮʠʦʥʥʫʶ ʝʤʢʦʩʪʴ ʜʘʞʝ 

ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ As(V) ʥʠʞʝ 10 ʤʢʛ/ʜʤ3 (ʚʝʣʠʯʠ-

ʥʘ ʇɼʂ ʤʳʰʴʷʢʘ ʚ ʚʦʜʝ, ʨʝʢʦʤʝʥʜʫʝʤʘʷ ɺʆɿ) [11]. 

ɹʠʦʧʦʣʠʤʝʨ ʭʠʪʦʟʘʥ ʙʳʣ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʧʨʠʤʝʥʝʥ ʜʣʷ ʠʟʚʣʝʯʝʥʠʷ ʤʳʰʴʷʢʘ ʠʟ ʨʘʩʪʚʦʨʦʚ 

[12, 13], ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʠʙʨʠʜʥʳʭ ʩʦʨʙʝʥʪʦʚ ʩ ʦʢʩʠʜʘʤʠ 

ʘʣʶʤʠʥʠʷ [14], ʞʝʣʝʟʘ [15], ʪʠʪʘʥʘ [16]. ʄʦʜʠʬʠ-

ʢʘʮʠʷ ʭʠʪʦʟʘʥʘ ʤʦʣʠʙʜʝʥʦʤ (ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʦʨʙʮʠʠ 

ʠʣʠ ʢʦʘʛʫʣʷʮʠʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʤʦʣʠʙʜʘʪʘ) ʧʦʟʚʦ-

ʣʷʝʪ ʫʩʠʣʠʪʴ ʩʦʨʙʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʭʠʪʦʟʘʥʘ ʢ 

ʤʳʰʴʷʢʫ, ʧʦʩʢʦʣʴʢʫ ʤʦʣʠʙʜʝʥ ʦʙʨʘʟʫʝʪ ʩʣʦʞʥʳʝ 

ʢʦʤʧʣʝʢʩʳ ʩ ʘʨʩʝʥʘʪʦʤ [17, 18].  

ɸʢʪʠʚʠʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʦʙ-

ʣʘʜʘʶʱʠʝ ʭʦʨʦʰʠʤʠ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʠ ʫʩʪʦʡʯʠ-

ʚʳʤʠ ʚ ʨʘʟʥʳʭ ʩʨʝʜʘʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡ-

ʩʪʚʘʤʠ, ʷʚʣʷʶʪʩʷ ʠʜʝʘʣʴʥʳʤʠ ʥʦʩʠʪʝʣʷʤʠ ʜʣʷ 

ʪʘʢʠʭ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʦʣʫʯʝʥʠʝʤ ʩʧʝ-

ʮʠʬʠʯʥʳʭ ʢ ʤʳʰʴʷʢʫ ʩʦʨʙʝʥʪʦʚ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʧʦʩʦ-

ʙʦʚ ʧʦʣʫʯʝʥʠʷ ʚʦʣʦʢʥʠʩʪʳʭ ʩʦʨʙʮʠʦʥʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ (ʋɺ) ʚ ʩʦ-

ʩʪʘʚʝ ʩ ʙʠʦʧʦʣʠʤʝʨʦʤ ʭʠʪʦʟʘʥʦʤ, ʤʦʜʠʬʠʮʠʨʦ-

ʚʘʥʥʳʭ ʦʢʩʠʜʘʤʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (Mn, Mo), 

ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʮʠ-

ʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʨʦʮʝʩʩʘʭ ʦʯʠʩʪʢʠ ʨʘʩʪʚʦʨʦʚ 

ʦʪ ʤʳʰʴʷʢʘ ʧʨʠ ʝʛʦ ʥʠʟʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʝ ʫʛ-

ʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ ɸʢʪʠʣʝʥ ʤʘʨʢʠ ɹ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʃʝʥʅʀʀ çʍʠʤʚʦʣʦʢʥʦè ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʚʦ-

ʣʦʢʥʘ ʠ ʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʡ ʭʠʪʦʟʘʥ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ ɿɸʆ çɺʦʩʪʦʢ-ɹʦʨè, ʊʋ 9289-092-00472124-99. 

Mn-ʦʢʩʠʜʳ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʧʨʦʩʪʳʤʠ ʤʝʪʦ-

ʜʘʤʠ ï ʩʦʦʩʘʞʜʝʥʠʝʤ ʩʦʣʝʡ ʤʘʨʛʘʥʮʘ ʩ ʨʘʟʣʠʯʥʦʡ 

ʚʘʣʝʥʪʥʦʩʪʴʶ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʣʦʢʥʘ ʢʘʢ ʧʦʜʣʦʞ-

ʢʠ (ʋɺ-Mn(ʭʠʤ)) ʠʣʠ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʠʝʤ ʠʟ ʨʘʩ-

ʪʚʦʨʘ ʩʦʣʠ Mn(II) ʥʘ ʢʘʪʦʜ ʠʟ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢ-

ʥʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʭʠʪʦʟʘʥʘ ʚ ʫʩʣʦʚʠʷʭ ʦʢʠʩʣʝʥʠʷ 

ʢʠʩʣʦʨʦʜʦʤ ʚʦʟʜʫʭʘ (ʋɺ-Mn-ʭʠʪ). ɼʝʪʘʣʴʥʦʝ ʦʧʠ-

ʩʘʥʠʝ ʧʨʦʮʝʜʫʨʳ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʧʨʠʚʝʜʝʥʦ ʚ ʨʘʙʦʪʘʭ [19, 20]. 

ʉʦʨʙʝʥʪʳ, ʩʦʜʝʨʞʘʱʠʝ ʤʦʣʠʙʜʝʥ, ʧʦʣʫʯʝ-

ʥʳ ʚ ʜʚʘ ʵʪʘʧʘ. ʅʘ ʠʩʭʦʜʥʦʝ ʚʦʣʦʢʥʦ ʚʥʘʯʘʣʝ ʨʘʟ-

ʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʦʩʘʞʜʘʣʠ ʭʠʪʦʟʘʥ ʚ ʨʘʟʣʠʯʥʦʡ 

ʬʦʨʤʝ. ʍʠʪʦʟʘʥ-ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ (ʍʋʄ) ï 

ʍʋʄ(-900) ʠ ʍʋʄ(+900) ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʦʩʘ-

ʞʜʝʥʠʷ ʭʠʪʦʟʘʥʘ ʥʘ ʋɺ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʘ ʧʨʠ 

ʢʘʪʦʜʥʦʡ ʠ ʘʥʦʜʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɺ ʫʩʣʦʚʠʷʭ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ (ʙʝʟ ʧʦʣʷʨʠʟʘʮʠʠ) ï 

ʍʋʄ(ʙ/ʧ). ʇʦʪʝʥʮʠʘʣ ʦʩʘʞʜʝʥʠʷ ʠʟʤʝʨʝʥ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʵʣʝʢʪʨʦʜʘ Ag/AgCl ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʜʘ 

ʩʨʘʚʥʝʥʠʷ. ʍʋʄ(SO4) ʧʦʣʫʯʝʥ ʧʨʠ ʦʩʘʞʜʝʥʠʠ 

ʭʠʪʦʟʘʥʘ ʥʘ ʋɺ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʤ ʨʘʩʪʚʦʨʦʤ 

Na2SO4. ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʧʨʦʮʝʜʫʨʳ ʧʦʜʨʦʙʥʦ ʦʧʠ-

ʩʘʥʳ ʥʘʤʠ ʚ ʨʘʙʦʪʝ [21]. 

ʄʦʜʠʬʠʢʘʮʠʶ ʤʘʪʝʨʠʘʣʦʚ ʤʦʣʠʙʜʝʥʦʤ 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʫʪʝʤ ʘʜʩʦʨʙʮʠʠ ʤʦʣʠʙʜʝʥʘ ʠʟ ʨʘʩ-

ʪʚʦʨʦʚ ʤʦʣʠʙʜʘʪʘ ʥʘʪʨʠʷ ʩ ʨʘʟʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʭʠʪʦʟʘʥʦʤ, ʋɺ ʠ ʍʋʄ ʚ ʩʪʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ 

ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ ʊ:ɾ = 1:1000, ʨʅ 3,0. 

ɸʥʘʣʠʟ ʧʨʦʙ ʥʘ ʩʦʜʝʨʞʘʥʠʝ As(V), ʄn ʠ 

Mʦ ʧʨʦʚʦʜʠʣʠ ʥʘ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʦʤ ʩʧʝʢ-

ʪʨʦʤʝʪʨʝ Shimadzu 7000 (ʗʧʦʥʠʷ). ʆʧʨʝʜʝʣʝʥʠʝ 

As(V) ʚ ʚʦʜʦʧʨʦʚʦʜʥʦʡ ʚʦʜʝ ʧʨʦʚʦʜʠʣʠ ʚ ʛʨʘ-

ʬʠʪʦʚʦʡ ʧʝʯʠ ʩ ʧʠʨʦʧʦʢʨʳʪʠʝʤ ʠ ʧʣʘʪʬʦʨʤʦʡ, 

ʠʩʧʦʣʴʟʫʷ ʤʘʪʨʠʯʥʳʡ ʤʦʜʠʬʠʢʘʪʦʨ ʩ ʤʘʩʩʦʚʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʧʘʣʣʘʜʠʷ 0,5 ʛ/ʣ (ʧʦ ʤʝʪʦʜʠʢʝ  

ʄ-03-505-119-03). ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚ ʙʠʜʠʩʪʠʣ-

ʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʛʠʜʨʠʜʥʫʶ ʧʨʠ-

ʩʪʘʚʢʫ HVG-1. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝ-

ʜʝʣʝʥʠʷ ʩʦʩʪʘʚʠʣʘ ʥʝ ʙʦʣʝʝ 30% (P = 0,95) ʚ ʜʠʘ-

ʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 10-1000 ʤʢʛĿʣ-1. ʆʧʨʝʜʝʣʝ-

ʥʠʝ Mn ʠ ʄʦ ʚʳʧʦʣʥʷʣʠ ʘʪʦʤʥʦ-ʘʙʩʦʨʙʮʠʦʥʥʳʤ 

ʤʝʪʦʜʦʤ ʩ ʘʪʦʤʠʟʘʮʠʝʡ ʚ ʧʣʘʤʝʥʠ. ʆʪʥʦʩʠʪʝʣʴʥʘʷ 

ʧʦʛʨʝʰʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ï 25% (ʈ = 0,95). 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʩʦʨʙʝʥʪʦʚ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʤʳʰʴʷʢʫ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʛʠʭ ʬʘʢʪʦ-

ʨʦʚ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ï ʦʪ ʩʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ ʤʳ-

ʰʴʷʢʘ, ʬʦʨʤ ʝʛʦ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʚ ʨʘʩʪʚʦʨʘʭ, ʟʘʚʠ-

ʩʷʱʠʭ ʦʪ ʨʅ ʠ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠ-ʪʝʣʴʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ ʩʨʝʜʳ. ʉ ʜʨʫʛʦʡ ï ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʘʤʠ ʩʦʨʙʝʥʪʦʚ, ʠʥʜʠʚʠʜʫʘʣʴʥʳʤʠ ʦʩʦʙʝʥ-

ʥʦʩʪʷʤʠ ʤʝʪʘʣʣʦʚ-ʤʦʜʠʬʠʢʘʪʦʨʦʚ, ʩʦʨʙʮʠʦʥʥʳʤʠ ʠ 

ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʜʦʟʦʡ ʩʦʨʙʝʥʪʘ ʠ ʩʦʩʪʘ-

ʚʦʤ ʨʘʩʪʚʦʨʘ, ʜʠʘʧʘʟʦʥʦʤ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʳʰʴʷʢʘ. 
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ʉʦʨʙʝʥʪʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʤʘʨʛʘʥʮʘ. ʉʦ-

ʝʜʠʥʝʥʠʷ ʤʘʨʛʘʥʮʘ ʠ ʝʛʦ ʦʢʩʠʜʳ ʙʣʘʛʦʜʘʨʷ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦ ʥʠʟʢʦʤʫ ʧʦʪʝʥʮʠʘʣʫ ʦʢʠʩʣʝʥʠʷ ʷʚʣʷʶʪ-

ʩʷ ʚʝʩʴʤʘ ʧʦʜʭʦʜʷʱʠʤʠ ʦʢʠʩʣʠʪʝʣʷʤʠ ʜʣʷ ʧʨʠ-

ʩʫʪʩʪʚʫʶʱʝʛʦ ʚ ʨʷʜʝ ʛʝʦʪʝʨʤʘʣʴʥʳʭ ʚʦʜ ʘʨʩʝʥʠʪʘ 

ʚ ʤʝʥʝʝ ʪʦʢʩʠʯʥʳʡ ʘʨʩʝʥʘʪ [4]. ʇʝʨʤʘʥʛʘʥʘʪ ʢʘʣʠʷ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʩʦʩʪʘʚʝ ʛʠʙʨʠʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʠʤʧʨʝʛʥʠʨʦʚʘʥʠʝʤ ʧʝʨ-

ʤʘʥʛʘʥʘʪʦʤ ʢʘʣʠʷ ʚʦʣʦʢʥʠʩʪʦʛʦ ʧʦʣʠʘʢʨʠʣʦʥʠʪ-

ʨʠʣʴʥʦʛʦ ʘʥʠʦʥʠʪʘ ʚ ʩʠʩʪʝʤʝ ʦʢʠʩʣʠʪʝʣʴ ï ʩʦʨ-

ʙʝʥʪ [22], ʣʠʙʦ ʚ ʩʠʩʪʝʤʝ ʦʢʠʩʣʠʪʝʣʴ ï ʢʦʘʛʫʣʷʥʪ 

ʚ ʧʨʦʮʝʩʩʝ ʜʦʙʘʚʣʝʥʠʷ KMnO4-Fe(II) ʚ ʦʯʠʱʘʝ-

ʤʫʶ ʚʦʜʫ ʜʣʷ ʫʜʘʣʝʥʠʷ ʤʳʰʴʷʢʘ [23].  

ʆʢʩʠʜʳ ʤʘʨʛʘʥʮʘ ʦʪʣʠʯʘʶʪʩʷ ʤʥʦʛʦʦʙʨʘ-

ʟʠʝʤ ʩʪʨʫʢʪʫʨ, ʧʦʤʠʤʦ ʘʤʦʨʬʥʦʡ ʢʨʠʩʪʘʣʣʠʟʫʶʪ-

ʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʬʦʨʤʘʭ, 

ʠʤʝʶʪ ʪʫʥʥʝʣʴʥʦʝ ʩʪʨʦʝʥʠʝ, ʷʚʣʷʶʪʩʷ ʩʣʦʠʩʪʳʤʠ 

ʠʣʠ ʦʙʣʘʜʘʶʪ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʤʝʪʦʜʘ ʠʭ ʧʦʣʫʯʝʥʠʷ. ɼʣʷ ʠʟʚʣʝʯʝʥʠʷ ʤʳʰʴʷʢʘ 

ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ ʧʨʠʨʦʜʥʳʝ ʨʫʜʳ 

(ʤʠʥʝʨʘʣʳ) [24, 25], ʪʘʢ ʠ ʠʩʢʫʩʩʪʚʝʥʥʦ ʩʠʥʪʝʟʠ-

ʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ [26-30]. ʇʦʩʢʦʣʴʢʫ ʟʘʪʨʫʜ-

ʥʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ Mn-ʦʢʩʠʜʦʚ ʚ ʚʠʜʝ ʧʦ-

ʨʦʰʢʦʚ, ʠʭ ʮʝʣʝʩʦʦʙʨʘʟʥʝʝ ʥʘʥʝʩʪʠ ʥʘ ʨʘʟʚʠʪʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ [31], ʣʫʯʰʝ ʚʩʝʛʦ ʚʦʣʦʢʥʠʩʪʫʶ [9]. 

ɼʠʦʢʩʠʜ ʤʘʨʛʘʥʮʘ ʷʚʣʷʝʪʩʷ ʩʠʣʴʥʳʤ ʦʢʠʩ-

ʣʷʶʱʠʤ ʘʛʝʥʪʦʤ; ʦʢʠʩʣʝʥʠʝ ʘʨʩʝʥʠʪʘ As(III) ʚ 

ʘʨʩʝʥʘʪ As(V) ʫʤʝʥʴʰʘʝʪ ʤʦʙʠʣʴʥʦʩʪʴ ʤʳʰʴʷʢʘ ʠ 

ʫʚʝʣʠʯʠʚʘʝʪ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʢ ʩʦʨʙʮʠʠ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʘ ʤʘʨʛʘʥʮʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʟ 

Mn-ʦʢʩʠʜʦʚ ʩ ʧʝʨʝʤʝʥʥʦʡ ʚʘʣʝʥʪʥʦʩʪʴʶ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤʠ ʷʚʣʷʶʪʩʷ ʩʣʦʠʩʪʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʤʘʨʛʘʥʮʘ ʪʠʧʘ ʙʝʨʥʝʩʩʠʪʘ [32, 33]. 

ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʛʦ ʨʘʙʦʪ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ 

ʩʠʩʪʝʤ ʩʣʦʠʩʪʳʝ Mn-ʦʢʩʠʜʳ/As(III) ʩ ʮʝʣʴʶ ʫʩʪʘ-

ʥʦʚʣʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ ʫʜʘʣʝʥʠʷ ʤʳʰʴʷʢʘ ʠʟ ʨʘʩ-

ʪʚʦʨʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ As(III) ʦʢʠʩʣʷʝʪʩʷ ʜʦ 

As(V), ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʨʫʰʝʥʠʷ ʩʚʷʟʝʡ ʧʦ ʨʝʙʨʫ 

ʦʢʪʘʵʜʨʘ ʚ ʙʝʨʥʝʩʩʠʪʝ ʦʙʨʘʟʫʝʪʩʷ Mn(II). ʕʪʠ ʧʨʦ-

ʜʫʢʪʳ ʚʳʩʚʦʙʦʞʜʘʶʪʩʷ ʚ ʨʘʩʪʚʦʨ, As(V) ʯʘʩʪʠʯʥʦ 

ʩʦʨʙʠʨʫʝʪʩʷ ʧʦ ʨʝʙʨʫ ʦʢʪʘʵʜʨʦʚ, ʯʘʩʪʴ Mn(II) 

ʜʚʠʞʝʪʩʷ ʚ ʤʝʞʩʣʦʝʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʠ ʩʦʨʙʠʨʫ-

ʝʪʩʷ ʥʘ ʚʘʢʘʥʪʥʳʭ ʧʦʟʠʮʠʷʭ ʙʝʨʥʝʩʩʠʪʘ, ʛʜʝ ʤʦ-

ʞʝʪ ʨʝʘʛʠʨʦʚʘʪʴ ʩ Mn(IV) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ Mn(III), 

ʢʦʪʦʨʳʡ ʪʘʢʞʝ ʯʘʩʪʠʯʥʦ ʩʦʨʙʠʨʫʝʪʩʷ ʨʝʙʨʘʤʠ ʦʢ-

ʪʘʵʜʨʦʚ [27, 32, 33]. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʨʙʝʥʪʦʚ Mn-

ʦʢʩʠʜ/ʫʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʘʠʙʦ-

ʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʩʦʨʙʝʥʪ, ʚ ʢʦʪʦʨʦʤ ʦʢ-

ʩʠʜ ʤʘʨʛʘʥʮʘ ʥʘʥʝʩʝʥ ʥʘ ʫʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ ʭʠ-

ʤʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ (ʋɺ-Mn(ʭʠʤ)), ʧʨʠ ʢʦʪʦ-

ʨʦʤ ʚ ʩʦʩʪʘʚ ʧʣʝʥʢʠ ʚʭʦʜʷʪ ʬʘʟʳ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ 

ʩʠʥʪʝʪʠʯʝʩʢʦʤʫ ʙʝʨʥʝʩʩʠʪʫ [9]. ʅʘ ʨʠʩ. 1. ʧʨʠʚʝ-

ʜʝʥʳ ʠʟʦʪʝʨʤʳ ʩʦʨʙʮʠʠ ʤʳʰʴʷʢʘ ʧʦʣʫʯʝʥʥʳʤ 

ʩʦʨʙʝʥʪʦʤ ʠʟ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ (ʨʠʩ. 1,  

ʢʨ. 1) ʚ ʜʠʘʧʘʟʦʥʝ ʠʩʭʦʜʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ 50-

1000 ʤʢʛ/ʣ ʠ ʚʦʜʦʧʨʦʚʦʜʥʦʡ ʚʦʜʳ ʜʣʷ ʢʦʥʮʝʥʪʨʘ-

ʮʠʡ 50-1500 ʤʢʛ/ʣ (ʨʠʩ. 1, ʢʨ. 2) ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʦʩʘ-

ʞʜʝʥʥʳʤ ʦʢʩʠʜʦʤ Mn ʥʘ ʢʘʪʦʜ ʠʟ ʋɺ ʚ ʧʨʠʩʫʪ-

ʩʪʚʠʠ ʭʠʪʦʟʘʥʘ (ʋʚ-Mn-ʭʠʪ) (ʨʠʩ. 1, ʢʨ. 3). ʂʨʠʚʳʝ 

1 ʠ 2 ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʫʨʘʚʥʝʥʠʝʤ ʃʝʥʛʤʶʨʘ ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ - ʢʦʥʩʪʘʥʪʘ ʩʦʨʙʮʠʦʥʥʦʛʦ ʨʘʚʥʦʚʝʩʠʷ 

K = 0,025Ñ0,004 ʣ/ʤʢʛ, ʤʘʢʩʠʤʘʣʴʥʘʷ ʝʤʢʦʩʪʴ amax = 

=760Ñ40 ʤʢʛ/ʛ, ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ R = 0,99 ʠ 

K = 0,0019Ñ0,0005 ʣ/ʤʢʛ, amax = 740Ñ110 ʤʢʛ/ʛ, R = 

=089, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʟʦʪʝʨʤʫ ʩʦʨʙʮʠʠ ʥʘ ʩʦʨ-

ʙʝʥʪʝ ʋʚ-Mn-ʭʠʪ ʦʧʠʩʘʪʴ ʢʘʢʠʤ-ʣʠʙʦ ʫʨʘʚʥʝʥʠʝʤ 

ʥʝ ʫʜʘʝʪʩʷ ʚʚʠʜʫ ʤʘʣʦʡ ʩʦʨʙʮʠʦʥʥʦʡ ʝʤʢʦʩʪʠ ʠ 

ʙʦʣʴʰʦʛʦ ʨʘʟʙʨʦʩʘ ʜʘʥʥʳʭ. 
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ʈʠʩ. 1. ʀʟʦʪʝʨʤʳ ʩʦʨʙʮʠʠ As(V) ʥʘ ʩʦʨʙʝʥʪʝ ʋɺ-Mn(ʭʠʤ) ʠʟ 

ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ (1) ʠ ʚʦʜʦʧʨʦʚʦʜʥʦʡ (2) ʚʦʜʳ ʠ ʥʘ  

ʋʚ-Mn-ʭʠʪ ʠʟ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ (3) 

Fig. 1. Sorption isotherms of As(V) on the sorbents  

CF-Mn(chem.) from bidistilled water ï 1, from tap waterï 2 and 

from bidistilled water on CF-Mn-Chit ï3 

 

ʋʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ 

ʤʦʣʠʙʜʝʥʦʤ. ɸʢʪʠʚʠʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝ-

ʨʠʘʣʳ ʪʘʢʞʝ ʢʘʢ ʭʠʪʦʟʘʥ ʠʤʝʶʪ ʚʳʩʦʢʦʝ ʩʨʦʜʩʪʚʦ 

ʢ ʤʦʣʠʙʜʝʥʫ. ɸʜʩʦʨʙʮʠʷ ʤʦʣʠʙʜʝʥʘ ʘʢʪʠʚʠʨʦʚʘʥ-

ʥʳʤʠ ʫʛʣʷʤʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʅ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʤʦʣʠʙʜʝʥʘ ʚ ʨʘʩʪʚʦʨʝ, ʧʨʦʪʝʢʘʝʪ ʚ ʜʦʩʪʘʪʦʯʥʦ ʫʟ-

ʢʦʤ ʜʠʘʧʘʟʦʥʝ ʨʅ ʚ ʬʦʨʤʝ ʘʥʠʦʥʥʳʭ ʧʦʣʠʤʝʨʥʳʭ 

ʢʦʤʧʣʝʢʩʦʚ, ʠʟʚʣʝʯʝʥʠʝ ʤʦʣʠʙʜʝʥʘ ʧʨʝʜʧʦʯʪʠ-

ʪʝʣʴʥʦ ʧʨʦʚʦʜʠʪʴ ʚ ʢʠʩʣʦʡ ʩʨʝʜʝ (ʨʅ ʦʢʦʣʦ 3) 

[34]. ʂʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʩʦʨʙʮʠʦʥʥʦʡ ʝʤʢʦʩʪʴʶ 

ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ, ʭʠʪʦʟʘʥʘ ʠ ʭʠʪʦʟʘʥ-ʫʛʣʝ-

ʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʜʩʦʨʙʮʠʠ ʤʦ-

ʣʠʙʜʝʥʘ ʠ ʠʩʭʦʜʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʤʦʣʠʙʜʝʥʘ ʚ 

ʨʘʩʪʚʦʨʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.  
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ʈʠʩ. 2. ʉʦʨʙʮʠʦʥʥʘʷ ʝʤʢʦʩʪʴ ʋɺ ʠ ʭʠʪʦʟʘʥ-ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʧʨʠ ʨʘʟʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʄʦ ʚ ʨʘʩʪʚʦʨʝ (ʨʅ 3,0) 

Fig. 2. Sorption capacity of CF and chitosan-carbon materials at 

various Mo concentrations in solution (pH 3.0) 
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ʈʠʩ. 3. ʀʟʦʪʝʨʤʳ ʩʦʨʙʮʠʠ As(V) ʥʘ ʢʦʤʧʦʟʠʪʥʳʭ ʠ ʠʩʭʦʜʥʳʭ 

ʩʦʨʙʝʥʪʘʭ ʠʟ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ (1-7) ʠ ʚʦʜʦʧʨʦʚʦʜʥʦʡ  

(8-10) ʚʦʜʳ. 1, 8 ï ʍʋʄ (-900)-Mo, 2, 9 ï ʍʋʄ (SO4)-Mo,  

3 ï ʍʋʄ (+900)-Mo, 4, 10 ï ʋɺ-Mo, 5 ï ʍʋʄ (-900),  

6 ï ʍʋʄ (SO4), 7 ï ʋɺ-ʠʩʭ 

Fig. 3. Sorption isotherms of As(V) on composite and initial 

sorbents from bidistilled (1-7) and tap (8-10) water; 1, 8 ï 

ChCM(-900)-Mo; 2, 9 ï ChCM(SO4)-Mo; 3 ï ChCM(+900)-Mo; 

4, 10 ï CF-Mo; 5 ï ChCM(-900); 6 ï ChCM(SO4); 7 ï CFinit 

 

ʂʦʣʠʯʝʩʪʚʦ ʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʤʦʣʠʙʜʝʥʘ ʠʟ 

ʨʘʩʪʚʦʨʦʚ ʦʜʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʩʦʜʝʨʞʘʥʠʝ ʤʦ-

ʣʠʙʜʝʥʘ ʚ ʩʦʨʙʝʥʪʝ) ʜʣʷ ʋɺ ʠ ʍʋʄ, ʩʦʜʝʨʞʘʱʠʭ 

ʭʠʪʦʟʘʥ ʚ ʨʘʟʥʳʭ ʬʦʨʤʘʭ, ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʦ.  

ɼʣʷ ʠʟʚʣʝʯʝʥʠʷ ʤʳʰʴʷʢʘ(V) ʠʟ ʙʠʜʠʩʪʠʣ-

ʣʠʨʦʚʘʥʥʦʡ ʠ ʚʦʜʦʧʨʦʚʦʜʥʦʡ ʚʦʜʳ ʙʳʣʠ ʠʩʧʦʣʴ-

ʟʦʚʘʥʳ ʩʦʨʙʝʥʪʳ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʤʦʣʠʙʜʝ-

ʥʦʤ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 110 ʤʛ/ʜʤ3 ʠ 134 ʤʛ/ʜʤ3 ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʳ ʠʟʦʪʝʨʤʳ ʩʦʨʙʮʠʠ 

As(V). ɺ ʦʪʣʠʯʠʝ ʦʪ ʥʝʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʘʥʘʣʦʛʦʚ, 

ʥʝ ʧʨʦʷʚʣʷʶʱʠʭ ʩʦʨʙʮʠʦʥʥʦʡ ʘʢʪʠʚʥʦʩʪʠ, ʜʣʷ ʛʠ-

ʙʨʠʜʥʳʭ ʄʦ-ʩʦʜʝʨʞʘʱʠʭ ʩʦʨʙʝʥʪʦʚ ʥʘʙʣʶʜʘʝʪʩʷ 

ʢʨʫʪʦʡ ʧʦʜʲʝʤ ʠʟʦʪʝʨʤ ʚ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ 50-1500 ʤʢʛ/ʜʤ3. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʩʨʦʜʩʪʚʦʤ ʤʦʣʠʙʜʝʥʘ ʢ ʘʨʩʝʥʘʪ-ʠʦʥʘʤ. ʂʘʢ ʠʟʚʝʩʪʥʦ, 

ʤʝʭʘʥʠʟʤ ʫʜʘʣʝʥʠʷ ʘʨʩʝʥʘʪ-ʠʦʥʘ ʩʚʷʟʘʥ ʩ ʦʙʨʘʟʦʚʘ-

ʥʠʝʤ ʤʦʣʠʙʜʦʘʨʩʝʥʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ [17]. ɺ ʧʨʦʮʝʩ-

ʩʝ ʩʦʨʙʮʠʠ ʤʳʰʴʷʢʘ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʤʝʪʥʦʝ ʚʳʤʳʚʘ-

ʥʠʝ ʤʦʣʠʙʜʝʥʘ ʚ ʨʘʩʪʚʦʨ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʩʦʨ-

ʙʝʥʪʦʚ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 4. 
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ʈʠʩ. 4. ʂʠʥʝʪʠʢʘ ʚʳʤʳʚʘʥʠʷ Mo ʧʨʠ ʩʦʨʙʮʠʠ As(V) ʥʘ ʢʦʤ-

ʧʦʟʠʪʥʳʭ ʩʦʨʙʝʥʪʘʭ ʠʟ ʙʠʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. 1 ï ʍʋʄ 

(-900)-Mo, 2 ï ʍʋʄ (SO4)-Mo, 3 ï ʋɺ-Mo 

Fig. 4. Kinetics of Mo leaching at As(V) sorption on composites 

sorbents from bidistilled water: 1 ï ChCM(-900)-Mo;  

2 ï ChCM(SO4)-Mo; 3 ï CF-Mo 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʳ ʠ ʠʩʧʳʪʘʥʳ ʜʣʷ 

ʠʟʚʣʝʯʝʥʠʷ As(V) ʛʠʙʨʠʜʥʳʝ ʩʦʨʙʮʠʦʥʥʳʝ ʤʘʪʝ-

ʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʪʦʚ ʩ ʭʠʪʦʟʘʥʦʤ, ʤʦʜʠʬʠʮʠʨʦ-

ʚʘʥʥʦʛʦ ʦʢʩʠʜʘʤʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (Mn ʠ 

Mo). ʉʦʨʙʝʥʪʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʦʤ-

ʙʠʥʠʨʦʚʘʥʥʳʭ ʩʭʝʤʘʭ ʦʯʠʩʪʢʠ ʧʨʦʤʳʰʣʝʥʥʳʭ 

ʚʦʜ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʦʚ. 
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ROLE OF STRUCTURING VOLUME AND SURFACE O F OPTICAL MATERIALS  

AT MODI FICATION OF THEIR BA SIC MACROPARAMETERS  

In the current paper the results on change of main macroparameters of optical materials 

at structuring both their bulk and surface are briefly presented at application of laser technolo-

gies. The changes in transmission and reflection spectra in mechanical and refractive parameters 

of materials were established and were explained including the changes in their photo conductivi-

ty properties. The broadening of application areas of thin film organic systems in comparison 

with volime electro-optical inorganic structures is discussed. 
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ɺɺɽɼɽʅʀɽ 

ʐʠʨʦʢʦʝ ʚʥʝʜʨʝʥʠʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʠ-

ʩʪʝʤʳ ʟʘʧʠʩʠ-ʩʯʠʪʳʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʠ, ʜʠʩʧʣʝʡ-

ʥʫʶ, ʤʝʜʠʮʠʥʩʢʫʶ ʪʝʭʥʠʢʫ, ʩʦʣʥʝʯʥʫʶ ʵʥʝʨʛʝʪʠ-

ʢʫ, ʜʨ. ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ ʬʘʢʪʦʤ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʦʙʲʝʤʘ ʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘ-

ʣʦʚ ʠʟʤʝʥʷʝʪ ʠʭ ʦʩʥʦʚʥʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚʳʟʳʚʘʷ ʘʢʪʠʚʘʮʠʶ ʥʦʚʳʭ ʵʬ-

ʬʝʢʪʦʚ. ʇʨʠ ʵʪʦʤ ʩʪʦʠʪ ʩʢʘʟʘʪʴ, ʯʪʦ ʠʟʫʯʝʥʠʝ 

ʠʤʝʥʥʦ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʦʧʪʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ ʚ 

ʤʘʪʝʨʠʘʣʘʭ ʟʘʥʠʤʘʝʪ ʦʩʦʙʦʝ ʤʝʩʪʦ ʚ ʩʦʚʨʝʤʝʥʥʦʤ 

ʩʪʘʥʦʚʣʝʥʠʠ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʣʘʟʝʨʥʳʭ ʠ ʙʠʦʤʝ-

ʜʠʮʠʥʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ [1-5]. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʩʫʱʝ-

ʩʪʚʝʥʥʳʤ ʨʘʩʰʠʨʝʥʠʝʤ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ ʧʦ-

ʩʣʝʜʥʠʭ, ʪʘʢ ʢʘʢ ʵʥʝʨʛʠʷ ʬʦʪʦʥʘ ʣʝʞʠʪ ʚ ʜʠʘʧʘ-

ʟʦʥʝ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ 

ʚʝʱʝʩʪʚʝ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʟ-

ʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʚʝʪ, ʘ ʙʦʣʝʝ ʢʦʥʢʨʝʪʥʦ, 

ʠʤʝʥʥʦ ʣʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ, ʢʘʢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʫʥʠʢʘʣʴʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʨʫʢʪʫʨʥʳʭ, ʨʝʬʨʘʢ-

ʪʠʚʥʳʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʤʘʪʝʨʠʘʣʦʚ, ʦ 

ʧʨʦʷʚʣʝʥʠʠ ʥʦʚʳʭ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʠ ʢʣʘʩʩʠʯʝʩʢʠʭ 

ʵʬʬʝʢʪʦʚ ʚ ʥʠʭ, ʪʘʢ ʠ ʧʨʠʤʝʥʷʪʴ ʣʘʟʝʨʥʳʝ ʠʩʪʦʯ-

ʥʠʢʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʠʩʩʣʝʜʫʝʤʳʭ 

ʤʘʪʨʠʯʥʳʭ ʩʠʩʪʝʤ. 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʢʨʘʪʢʦ ʧʦʢʘʟʘʥʘ ʧʝʨʩʧʝʢ-

ʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʢʘʢ ʦʙʲʝʤʘ 

(ʥʘ ʧʨʠʤʝʨʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ), ʪʘʢ ʠ ʧʦʚʝʨʭ-

ʥʦʩʪʠ (ʥʘ ʧʨʠʤʝʨʝ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ) 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʢʦʤʧʦʟʠʪʦʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʬʦʪʦʨʝʬʨʘʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪ-

ʨʦʚ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʦʜʝʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ-ʪʦ: ʧʦʣʠʠʤʠʜʦʚ, ʧʠʨʠʜʠʥʦʚ, ʥʝ-

ʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ (ɾʂ) ʠʟ ʢʣʘʩʩʘ 

ʮʠʘʥʦʙʠʬʝʥʠʣʦʚ (ZK-1282, ZK-1289), ï ʚ ʨʘʙʦʪʝ 

ʧʨʠʤʝʥʷʣʘʩʴ ʩʭʝʤʘ ʯʝʪʳʨʝʭʚʦʣʥʦʚʦʛʦ ʩʤʝʰʝʥʠʷ 

ʣʘʟʝʨʥʳʭ ʧʫʩʢʦʚ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʘʷ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʚʪʦʨʦʡ ʛʘʨʤʦʥʠʢʠ ʠʤʧʫʣʴʩʥʦʛʦ Nd-ʣʘʟʝʨʘ 

ʥʘʥʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ  

532 ʥʤ. ʉʧʝʢʪʨʘʣʴʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʩʪʠʨʦʚʘʣʠʩʴ 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨʘ ʉʌ-26 ʚ ʜʠʘʧʘ-

ʟʦʥʝ ʜʣʠʥ ʚʦʣʥ 200-1200 ʥʤ.  

ɼʣʷ ʠʟʫʯʝʥʠʷ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʥʝʦʨ-

ʛʘʥʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ-

ʪʦ: NaCl, KCl, LiF, MaF2, ZnS, ITO-ʧʨʦʚʦʜʷʱʠʝ 

ʩʣʦʠ, ʜʨ. ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʠʢʨʦʪʚʝʨʜʦʤʝʨ 

ʇʄʊ-3M (ʨʘʟʨʘʙʦʪʢʘ ʆɸ çʃʆʄʆè, ʉʘʥʢʪ-ʇʝʪʝʨ-

ʙʫʨʛ). ʉʧʝʢʪʨʳ ʠʟʤʝʨʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʠʙʦʨʘ 

çʀʥʬʨʘʃʖʄÈ ʌʊ-10è. ʄʦʜʠʬʠʢʘʮʠʷ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦ-

ʪʨʫʙʦʢ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʤ ʧʦʣʝ ʥʘʧʨʷʞʸʥʥʦʩʪʴʶ 100-600 ɺÖʩʤ-1. 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʥʦ- ʠ ʙʠʦʦʙʲʝʢʪʦʚ, ʠʩʧʦʣʴʟʫ-

ʝʤʳʭ ʜʣʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʙʳʣʠ 

ʚʳʙʨʘʥʳ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ), ʬʫʣʣʝ-

ʨʝʥʳ ʉ60 ʠ ʉ70, ʦʢʩʠʜʳ ʛʨʘʬʝʥʘ (Alfa Aesar Cʦ., 

Germany), ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ ʠ ʰʫʥʛʠʪʳ.  

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʦʙʲʝʤʘ 

ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʤʝʨʦʚ ʠ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ: ʠʟ-

ʤʝʥʝʥʠʝ ʨʝʬʨʘʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʢʘʢ ʠʥʜʠʢʘ-

ʪʦʨ ʠʟʤʝʥʝʥʠʷ ʬʦʪʦʧʨʦʚʦʜʥʠʢʦʚʳʭ, ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚ. 

 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ. 1 ï Nd-ʣʘʟʝʨ ʩ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʚʦ ʚʪʦʨʫʶ ʛʘʨʤʦʥʠʢʫ (532 ʥʤ) ʜʣʷ ʟʘʧʠʩʠ, 

2,7 ï ʩʠʩʪʝʤʘ ʬʠʣʴʪʨʦʚ, 3,4,8 ï ʟʝʨʢʘʣʘ, 5,6 ï ʬʦʪʦʜʝʪʝʢʪʦʨʳ, 

9 ï ʦʙʨʘʟʝʮ, 10 ï ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ Nd- ʠʣʠ He-Ne-ʣʘʟʝʨ ʜʣʷ 

ʩʯʠʪʳʚʘʥʠʷ, 11 ï ʟʘʧʠʩʳʚʘʝʤʘʷ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ 

Fig. 1. Experimental setup. 1 ï recording Nd-laser with the sec-

ond harmonic convertor (532 nm), 2,7 ï filters, 3,4,8 ï mirrors, 

5,6 ï photodetectors, 9 ï sample, 10 ï additional Nd- or He-Ne-

laser to read-out, 11 ï written diffraction pattern 

 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʭʝʤʳ ʯʝʪʳʨʝʭʚʦʣʥʦ-

ʚʦʛʦ ʩʤʝʰʝʥʠʷ ʣʘʟʝʨʥʳʭ ʧʫʯʢʦʚ (ʨʠʩ. 1), ʧʨʠ ʚʘ-

ʨʴʠʨʦʚʘʥʠʠ ʢʘʢ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʟʘʧʠʩʠ, ʪʘʢ ʠ 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʯʘʩʪʦʪʳ L, ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦ-

ʚʘʥʠʝ ʠʟʤʝʥʝʥʠʷ ʨʝʬʨʘʢʪʠʚʥʳʭ ʩʚʦʡʩʪʚ ʙʦʣʴʰʦʡ 

ʛʨʫʧʧʳ ʩʦʧʨʷʞʝʥʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʧʫʪʝʤ ʨʝʛʠʩʪʨʘʮʠʠ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦ-

ʩʪʠ ʚ ʨʝʞʠʤʝ ʜʠʬʨʘʢʮʠʠ ʈʘʤʘʥʘ-ʅʘʪʘ. ʈʘʩʩʯʠʪʘ-

ʥʳ ʟʥʘʯʝʥʠʷ ʩʚʝʪʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʜʦʙʘʚʢʠ ʢ ʧʦ-

ʢʘʟʘʪʝʣʶ ʧʨʝʣʦʤʣʝʥʠʷ ʠ ʦʧʨʝʜʝʣʝʥ ʜʠʘʧʘʟʦʥ ʠʟ-

ʤʝʥʝʥʠʷ ʢʫʙʠʯʥʦʡ ʥʝʣʠʥʝʡʥʦʩʪʠ ʠ ʥʝʣʠʥʝʡʥʦʡ 

ʨʝʬʨʘʢʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʘʥʥʳʝ ʚʝʣʠʯʠʥʳ 

ʩʨʘʚʥʠʤʳ ʩ ʪʘʢʦʚʳʤʠ, ʧʦʣʫʯʘʝʤʳʤʠ ʜʣʷ ʦʙʲʝʤ-

ʥʳʭ ʢʨʝʤʥʠʝʚʳʭ ʩʪʨʫʢʪʫʨ. ʇʨʠ ʵʪʦʤ ʪʝʭʥʦʣʦʛʠʷ 

ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʩʦʧʨʷʞʝʥʥʳʭ ʦʨʛʘʥʠʯʝ-

ʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʦʱʝ, ʘ ʪʦʣʱʠʥʘ 

ʦʪʣʠʯʘʝʪʩʷ ʥʘ ʧʦʨʷʜʦʢ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ 

ʚʝʣʠʯʠʥʝ ʩʚʝʪʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʧʦʢʘ-

ʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ Dni ʚ ʨʷʜʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʥʘ ʧʨʠʤʝʨʝ ʧʦʣʠʠʤʠ-

ʜʦʚ ʇʀ, 2-ʮʠʢʣʦʦʢʪʠʣʘʤʠʥʘ-5-ʥʠʪʨʦʧʠʨʠʜʠʥʘ 

COANP ʠ ʥʝʤʘʪʠʯʝʩʢʠʭ ʞʠʜʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ɾʂ) 

ʩ ʨʘʟʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʩʝʥʩʠʙʠʣʠʟʘʪʦʨʦʚ ʩ ʧʨʠ-
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ʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1. ɺ ʢʘʯʝʩʪʚʝ ʥʘʥʦ-ʩʝʥʩʠʙʠʣʠʟʘ-

ʪʦʨʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʬʫʣʣʝʨʝʥʳ, ʰʫʥʛʠʪʳ, 

ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ), ʢʚʘʥʪʦʚʳʝ ʪʦʯʢʠ 

(ʂʊ), ʦʢʩʠʜʳ ʛʨʘʬʝʥʘ; ʚ ʢʘʯʝʩʪʚʝ ʙʠʦʦʙʲʝʢʪʘ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠʩʴ ɼʅʂ ʢʨʘʩʥʳʭ ʨʳʙ. ʆʙʲʷʩʥʝʥʠʝ ʠʟ-

ʤʝʥʝʥʠʷ ʨʝʬʨʘʢʪʠʚʥʳʭ ʩʚʦʡʩʪʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦ-

ʧʨʷʞʝʥʥʳʭ ʩʠʩʪʝʤ ʧʨʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʠ ʦʙʲʝʤʘ 

ʩʨʝʜʳ ʜʘʥʦ ʚ ʨʘʤʢʘʭ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʨʦʩʪʘ ʧʦʣʷʨʠ-

ʟʫʝʤʦʩʪʠ, ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʠ ʧʫʪʠ ʧʝʨʝʥʦʩʘ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʦʪ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʦʛʦ ʜʦʥʦʨʘ 

ʵʣʝʢʪʨʦʥʦʚ ʥʝ ʥʘ ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʡ, ʘ ʥʘ ʤʝʞ-

ʤʦʣʝʢʫʣʷʨʥʳʡ ʘʢʮʝʧʪʦʨ ʩ ʧʦʚʳʰʝʥʥʳʤ ʩʨʦʜ-

ʩʪʚʦʤ ʢ ʵʣʝʢʪʨʦʥʫ ʠ ʩʧʦʩʦʙʥʦʩʪʴʶ ʢ ʜʝʣʦʢʘʣʠʟʘ-

ʮʠʠ ʥʝ ʦʜʥʦʛʦ, ʘ ʙʦʣʴʰʝʛʦ ʯʠʩʣʘ ʥʦʩʠʪʝʣʝʡ [6-10]. 

ʂʘʯʝʩʪʚʝʥʥʘʷ ʢʘʨʪʠʥʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 2. 

ʉʪʦʠʪ ʩʢʘʟʘʪʴ, ʯʪʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ [11, 12], ʨʘʩʩʯʠʪʘʥʥʳʝ ʚʝʣʠ-

ʯʠʥʳ ʥʝʣʠʥʝʡʥʦʡ ʨʝʬʨʘʢʮʠʠ n2 ʠ ʥʝʣʠʥʝʡʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ c(3) ʩʦʩʪʘʚʠʣʠ 

ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ: n2 = 10ï10-10ï9 cʤ2Ŀɺʪ-1 ʠ ɢ(3) = 

10ï10-10ï9 ʩʤ3Ŀʵʨʛ-1. ʇʨʠ ʵʪʦʤ ʨʦʩʪ ʨʝʬʨʘʢʪʠʚʥʳʭ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʢʦʨʨʝʣʠʨʦʚʘʣ ʩ ʠʟʤʝʥʝʥʠʝʤ ʬʦ-

ʪʦʧʨʦʚʦʜʥʠʢʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ (ʫʚʝʣʠʯʝʥʠʝ ʧʦ-

ʜʚʠʞʥʦʩʪʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ), ʘ ʪʘʢʞʝ ʩ ʠʟʤʝʥʝʥʠ-

ʝʤ ʧʘʨʘʤʝʪʨʘ ʧʦʨʷʜʢʘ ʠʟʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ 

ʀʂ-ʩʜʚʠʛʦʤ ʠʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʇʦ-

ʩʣʝʜʥʠʡ ʨʝʟʫʣʴʪʘʪ ʩ ʀʂ ʩʜʚʠʛʦʤ ʥʘ ʥʝʩʢʦʣʴʢʦ ʜʝ-

ʩʷʪʢʦʚ ʥʘʥʦʤʝʪʨʦʚ ʫʙʝʜʠʪʝʣʴʥʦ ʧʦʢʘʟʘʥ ʥʘ ʧʨʠ-

ʤʝʨʝ ʩʝʥʩʠʙʠʣʠʟʘʮʠʠ ʅɾʂ ʣʘʥʪʘʥʦʠʜʥʳʤʠ ʥʘʥʦ-

ʯʘʩʪʠʮʘʤʠ [13]. ʕʪʠ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʦʞʝʥʳ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʚ ʦʩʥʦʚʫ 

ʧʨʦʛʥʦʟʥʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʧʫʪʝʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʧʨʷʞʝʥʥʳʭ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʪʝʭʥʠʯʝʩʢʦʛʦ ʠ ʙʠʦʤʝʜʠʮʠʥʩʢʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ, ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʧʨʝʜʝʣʷʶʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʢʦʥʢʫʨʠʨʫʶʱʝʛʦ ʚʣʠʷʥʠʷ ʙʠʦʦʙʲʝʢʪʦʚ, 

ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʥʘʥʦ-ʦʙʲʝʢʪʘʤʠ, ʚ ʩʠʣʫ ʥʝʪʦʢʩʠʯ-

ʥʦʩʪʠ ʠ ʣʝʛʢʦʡ ʚʦʟʦʙʥʦʚʣʷʝʤʦʩʪʠ ʠʟ ʄʠʨʦʚʦʛʦ 

ʆʢʝʘʥʘ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. 

ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʤʦʜʝʣʴʥʳʭ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ: ʢʦʚʘ-

ʣʝʥʪʥʘʷ ʧʨʠʰʠʚʢʘ ʋʅʊ, ʢʘʢ ʠʥʜʠʢʘʪʦʨ ʧʨʦʩʚʝʪ-

ʣʝʥʠʷ, ʫʧʨʦʯʥʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ, ʠʟʤʝʥʝʥʠʷ ʠʭ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʠ ʣʘʟʝʨʥʦʡ ʧʨʦʯʥʦʩʪʠ. 

 

ʊʘʙʣʠʮʘ 1 

ʉʚʝʪʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤʣʝʥʠʷ Dni  

Table 1. Laser-induced change in the refractive index Dni 

ʄʘʪʝʨʠʘʣ  
ʩ, 

ʚʝʩ,% 

ʇʣʦʪʥʦʩʪʴ  

ʵʥʝʨʛʠʠ, ɼʞĿʩʤ-2 
L, ʤʤ-1 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʘ, ʥʩ 
Dni 

ʏʠʩʪʳʡ ʇʀ 0 0,6 90 20 10-4-10-5 

ʇʀ+ʤʘʣʘʭʠʪʦʚʳʡ ʟʝʣʝʥʳʡ 0,2 0,5-0,6 90-100 10-20 2,87Ŀ10-4 

ʇʀ+ʂʊ CdSe(ZnS) 0,003 0,2-0,3 90-100 
 

2,0Ŀ10-3 

ʇʀ+ʰʫʥʛʠʪ 0,2 0,063-0,1 150 10 3,8-5,3Ŀ10-3 

ʇʀ+ʦʢʩʠʜ ʛʨʘʬʝʥʘ 0,1 0,2 100 10 3,4Ŀ10-3 

ʇʀ+ʉ60 0,2 0,5-0,6 90 10-20 4,2Ŀ10-3 

ʇʀ+ʉ70 0,2 0,6 90 10-20 4,68Ŀ10-3 

ʇʀ+ʋʅʊ  0,1 0,5-0,8 90 10-20 5,7Ŀ10-3 

ʇʀ+ʋʅʊ 0,05 0,3 150 10 4,5Ŀ10-3 

ʇʀ+ʋʅʊ  0,07 0,3 150 10 5,0Ŀ10-3 

ʇʀ+ʋʅʊ  0,1 0,3 150 10 5,5Ŀ10-3 

ʇʀ+double-walled ʋʅʊ 0,1 0,063-0,1 100 10 9,4Ŀ10-3 

ʇʀ+double-walled ʋʅʊ 0,1 0,063-0,1 150 10 7,0Ŀ10-3 

ɾʂ +COANPïC70   1 30Ŀ10ī3 90 10 1,45Ŀ10-3 

ɾʂ+COANPïC70   1 30Ŀ10ī3 130 10 1,1Ŀ10-3 

ɾʂ+COANPïʋʅʊ 0,5 18,0Ŀ10ī3 90-100 10-20 3,2Ŀ10-3 

ɾʂ+ɼʅʂ* 0,1 0,1 90-120  1,39Ŀ10-3 

ɾʂ+ʂʊ CdSe(ZnS)+DNA 0,1 0,1 90-120  1,35Ŀ10-3 

ɾʂ+ʂʊ CdSe(ZnS)+DNA 0,1 0,1 130  1,0Ŀ10-3 

ʏʠʩʪʳʡ ɾʂ 0 0,2 ɺʪĿʩʤ-2 ʥʘ 514,5 ʥʤ** 0,16Ŀ10-3 

ʇʨʠʤʝʯʘʥʠʝ: * ʂʦʥʮʝʥʪʨʘʮʠʷ ɼʅʂ ʢʨʘʩʥʳʭ ʨʳʙ ʚ ʚʦʜʝ ʙʳʣʘ ~4,72 ʛÖʣ-1, ʩʦʦʪʥʦʰʝʥʠʝ ɾʂ ʠ ɼʅʂ ʙʳʣʦ ~ 5:1 

**ɼʘʥʥʳʝ ʨʘʙʦʪʳ: Khoo I.C., Li H., Liang Y. Observation of orientation photorefractive effects in nematic liquid crystals. 

Opt.Lett. 1994, 19(21), 1723-1725 

Note: * DNA concentration of red fishes in water was 4.72 gÖl-1, ratio of LC and DNA is ~ 5:1 

** Data of study Khoo I.C., Li H., Liang Y. Observation of orientation photorefractive effects in nematic liquid crystals. 

Opt.Lett. 1994, 19(21), 1723-1725 
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ʘ       ʙ 

ʈʠʩ. 2. ʂʘʯʝʩʪʚʝʥʥʘʷ ʤʦʜʝʣʴ ʧʝʨʝʥʦʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʠ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʤ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʥʠʠ ʚ ʩʦʧʨʷʞʸʥʥʦʤ ʦʨʛʘʥʠ-

ʯʝʩʢʦʤ ʤʘʪʝʨʠʘʣʝ ʩ ʠʟʥʘʯʘʣʴʥʦ ʩʫʱʝʩʪʚʫʶʱʠʤ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ (ʘ) ʠ ʢʘʨʪʠʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʨʝʰʸʪʢʠ 

ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ ʦʙʨʘʪʠʤʦʛʦ ʚ ʥʝʦʙʨʘʪʠʤʳʡ ʨʝʞʠʤ ʟʘʧʠʩʠ (ʙ) 

Fig. 2. Qualitative model of the charge carriers transfer under the conditions of the intermolecular complex formation in the conjugate or-

ganic material with an initial donor-acceptor interaction existing (ʘ) and the pattern of the diffraction grating under the transition from re-

versible mode to irreversible record one (ʙ) 
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ʈʠʩ. 3. ʘ, ʙ ï ʀʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʧʨʦʧʫʩʢʘʥʠʷ ʬʪʦʨʠʜʘ ʤʘʛʥʠʷ MgF2 (ʘ) ʠ ʬʪʦʨʠʜʘ ʙʘʨʠʷ BaF2 (ʙ) ʧʝʨʝʜ (ʢʨʠʚʘʷ 1) ʠ ʧʦʩʣʝ 

ʦʩʘʞʜʝʥʠʷ ʋʅʊ (ʢʨʠʚʘʷ 2); ʚ, ʛ ï ʠʟʤʝʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʦʪʨʘʞʝʥʠʷ ʬʪʦʨʠʜʘ ʙʘʨʠʷ BaF2 (ʚ) ʠ ʬʪʦʨʠʜʘ ʢʘʣʴʮʠʷ CaF2 (ʛ) ʧʝʨʝʜ 

(ʢʨʠʚʘʷ 1) ʠ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʋʅʊ (ʢʨʠʚʘʷ 2); ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʦʚ 2 ʤʤ 

Fig. 3. The change in transmittance spectra of magnesium fluoride MgF2 (ʘ) and barium fluoride BaF2 (ʙ), as well as of the reflection 

spectrum of BaF2 (ʚ) and CaF2 (ʛ) before (curve 1) and after deposition of CNTS (curve 2). The thickness of the samples was 2 mm 
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ʉ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʣʘʟʝʨʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ [14-16] ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʦʧʪʠ-

ʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʋʌ-ʀʂ-ʜʠʘʧʘʟʦʥʘ ʩʧʝʢʪʨʘ 

(MgF2, LiF, CaF2, BaF2, KBr, NaCl, KCl, ʜʨ.), ʘ 

ʪʘʢʞʝ ʥʘ ʧʨʦʚʦʜʷʱʠʝ ITO-ʩʣʦʠ, ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝ-

ʜʦʚʘʥʠʝ ʩʧʝʢʪʨʘ ʧʨʦʧʫʩʢʘʥʠʷ, ʤʠʢʨʦʪʚʸʨʜʦʩʪʠ, 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʠʩʪʠʨʘʥʠʝ, ʣʘʟʝʨʥʦʡ ʩʪʦʡʢʦʩʪʠ, ʠʟ-

ʤʝʥʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʛʠʛʨʦʩʢʦʧʠʯʥʦʩʪʠ. 

ʏʘʩʪʴ ʩʧʝʢʪʨʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʥʘ ʥʘ  

ʨʠʩ. 3 a, b ï ʠʟʤʝʥʝʥʠʷ ʚ ʩʧʝʢʪʨʘʭ ʧʨʦʧʫʩʢʘʥʠʷ ʠ 

ʦʪʨʘʞʝʥʠʷ ʪʝʩʪʠʨʫʝʤʳʭ ʦʙʨʘʟʮʦʚ.  

ʅʘ ʨʠʩ.4 ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ ʠʟʤʝʥʝʥʠʶ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʦʚʦʜʷʱʠʭ ʢʦʥʪʘʢʪʦʚ ʛʝʪʝʨʦʩʪʨʫʢ-

ʪʫʨʳ ʦʢʠʩʣʦʚ ʠʥʜʠʷ ʠ ʦʣʦʚʘ (ITO); ʚ ʪʘʙʣ. 2 ʧʦʢʘʟʘ-

ʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʠʬʠʢʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʘʨʘ-

ʤʝʪʨʦʚ, ʫʛʣʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʠ ʣʘʟʝʨʥʦʡ ʩʪʦʡʢʦʩʪʠ. 

 
ʊʘʙʣʠʮʘ 2 

ʉʨʘʚʥʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʫʛʣʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ 

Table 2. Comparative change in the strength parame-

ters of materials and contact angle  

ɺ
ʠ
ʜ
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ʙ
ʨ
ʘ
ʟ
ʮ
ʘ
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ʩ
ʠ
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ʟ
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ʝ
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ʥ
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ʝ ʫ
ʛ
ʣ
ʘ
 

ʩ
ʤ
ʘ
ʯ
ʠ
ʚ
ʘ
ʝ
ʤ
ʦ
ʩ
ʪ
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,
 

ʨ
ʘ
ʟ

 

NaCl 2 6-8   7 

KCl 10 4-6   3 

LiF 10 3-5    

KBr 10 6-10   4-6 

MgF2 40 6 3  1,5 1,1 

BaF2 2 12-15 15  1,2 

CaF2 40 9-10 5    

Si 30 6-8    

Ge 30 3-5 3   

Al  20 6-7    

Cu 30 8-9    

ZnSe 20 5    

ZnS 30 3-4    

ʇɺʉ-

ʡʦʜʥʳʡ 

ʧʦʣʷʨʠʟʘ-

ʪʦʨ 

 2,3-2,7  2  

ITO-ʩʣʦʡ  2-2,3  5 1,3 

 

ɸʥʘʣʠʟʠʨʫʷ ʚʳʰʝʧʨʠʚʝʜʝʥʥʳʝ ʜʘʥʥʳʝ, ʚʠʜ-

ʥʦ, ʯʪʦ ʧʨʦʮʝʩʩ ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʋʅʊ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʴ ʤʦʜʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟʤʝʥʷʝʪ ʩʧʝʢ-

ʪʨʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʧʨʠʚʦʜʷ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ 

ʫʚʝʣʠʯʝʥʠʶ ʧʨʦʧʫʩʢʘʥʠʷ ʠ ʫʤʝʥʴʰʝʥʠʶ ʧʦʪʝʨʴ 

ʌʨʝʥʝʣʷ ʟʘ ʩʯʝʪ ʢʦʚʘʣʝʥʪʥʦʡ ʧʨʠʚʷʟʢʠ ʋʅʊ ʢ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [17, 18] ʩ ʫʯʝʪʦʤ ʤʘʣʦʛʦ ʟʥʘ-

ʯʝʥʠʷ ʤʥʠʤʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʠ ʋʅʊ ʠ ʠʭ ʥʝʙʦʣʴʰʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʧʨʝʣʦʤ-

ʣʝʥʠʷ ʥʘ ʫʨʦʚʥʝ 1,01-1,1 [19]. ʂʨʦʤʝ ʪʦʛʦ, ʨʝʛʠ-

ʩʪʨʠʨʫʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚʳʩʦʢʠʤ ʤʦʜʫʣʝʤ ʖʥʛʘ 

ʋʅʊ [20]. ʆʙʥʘʨʫʞʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʦʚʦʜʷʱʝʛʦ ITO, ʯʪʦ, ʚʝʨʦʷʪʥʦ, 

cʚʷʟʘʥʦ ʩ ʙʦʣʴʰʠʤ ʦʪʪʦʢʦʤ ʵʣʝʢʪʨʦʥʦʚ ʩ ʦʩʪʦʚʘ 

ʋʅʊ, ʤʝʥʷʶʱʠʭ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʦʥʪʘʢʪʦʚ. ʇʦ-

ʩʣʝʜʥʝʝ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʨʝʢʦʤʝʥʜʦʚʘʪʴ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ITO-ʧʦʢʨʳʪʠʷ ʜʣʷ ʮʝʣʝʡ 

ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʧʦ-

ʩʢʦʣʴʢʫ ʩʥʠʞʝʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠʚʝʜʝʪ ʢ ʩʫ-

ʱʝʩʪʚʝʥʥʦʤʫ ʧʦʥʠʞʝʥʠʶ ʫʨʦʚʥʷ ʥʘʧʨʷʞʝʥʠʷ ʧʠ-

ʪʘʥʠʷ, ʧʨʠʢʣʘʜʳʚʘʝʤʦʛʦ ʢ ʦʧʪʦʵʣʝʢʪʨʦʥʥʳʤ ʢʦʤ-

ʧʦʥʝʥʪʘʤ. 

 

 
ʈʠʩ. 4. ʀʟʤʝʥʝʥʠʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʦʚʦʜʷʱʠʭ ʩʣʦʸʚ ITO ʧʨʠ 

ʣʘʟʝʨʥʦʤ ʦʩʘʞʜʝʥʠʠ ʋʅʊ: 1 ï ʜʦ ʦʙʨʘʙʦʪʢʠ, 2 ï ʧʦʩʣʝ ʦʙʨʘ-

ʙʦʪʢʠ 

ʈʠʩ. 4. Change in resistance of conducting layers of ITO at laser 

deposition of CNTS: 1 ï befor and 2 ï after processing 

 

ʉʪʦʠʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʵʢʩʧʝʨʠ-

ʤʝʥʪʳ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʫʛʣʘ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʪʘʢ-

ʞʝ ʧʦʢʘʟʘʣʠ ʦʯʝʚʠʜʥʳʝ ʜʘʥʥʳʝ ʧʦ ʪʝʥʜʝʥʮʠʠ ʧʝ-

ʨʝʭʦʜʘ ʛʠʜʨʦʬʠʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʘʪʝʨʠʘʣʦʚ ʢ 

ʛʠʜʨʦʬʦʙʥʳʤ, ʯʪʦ ʷʨʢʦ ʧʨʦʷʚʠʣʦʩʴ, ʢ ʧʨʠʤʝʨʫ, 

ʧʨʠ ʪʝʩʪʠʨʦʚʘʥʠʠ ʙʨʦʤʠʜʘ ʢʘʣʠʷ KBr, ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʋʛʦʣ ʩʤʘ-

ʯʠʚʘʝʤʦʩʪʠ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣ ʙʳʣ ʠʟʤʝʥʝʥ ʩ 5-7 

ʜʦ 27-30̄ . 

ɺʓɺʆɼʓ 

ʀʪʘʢ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ: 

ʉʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʥʝʦʨʛʘʥʠ-

ʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʵʬʬʝʢʪʠʚʥʳʝ 

ʧʫʪʠ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʩʥʠʞʝʥʠʷ ʧʦʚʳʰʝʥʠʷ 

ʟʘʱʠʱʝʥʥʦʩʪʠ ʩʠʩʪʝʤ ʦʪ ʚʠʟʫʘʣʴʥʦʛʦ ʦʙʥʘʨʫʞʝ-

ʥʠʷ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʟʨʘʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʯʪʦ ʚʢʣʶʯʝʥʳ ʚ ʠʭ ʨʘʟʨʘʙʦʪʢʫ, ʠ ʧʨʝʜʣʦʞʠʪʴ ʥʦ-

ʚʳʡ ʚʘʨʠʘʥʪ ʨʝʘʣʠʟʘʮʠʠ ʵʬʬʝʢʪʘ ʧʨʦʩʚʝʪʣʝʥʠʷ 

ʦʧʪʠʢʠ. 

ʉʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʦʙʲʝʤʘ ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʥʘʡʪʠ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ 

ʘʜʝʢʚʘʪʥʦʡ ʟʘʤʝʥʦʡ ʨʝʬʨʘʢʪʠʚʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ 



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 9 

 

ʀʟʚ. ʚʫʟʦʚ. ʍʠʤʠʷ ʠ ʭʠʤ. ʪʝʭʥʦʣʦʛʠʷ. 2016. ʊ. 59. ɺʳʧ. 9 43 

 

 

ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʠʭ ʘʥʘʣʦʛʘʤʠ, ʧʦ ʠʜʝʥ-

ʪʠʯʥʦʩʪʠ ʨʝʬʨʘʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʩʨʝʜʠ ʦʨʛʘ-

ʥʠʯʝʩʢʠʭ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʦʮʝʩʩ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦ-

ʚʘʥʠʷ ʚʧʦʣʥʝ ʨʝʘʣʠʩʪʠʯʥʦ ʟʘʤʝʥʠʪʴ ʙʠʦʩʪʨʫʢʪʫ-

ʨʠʨʦʚʘʥʠʝʤ ʚ ʩʠʩʪʝʤʘʭ, ʛʜʝ ʥʝ ʪʨʝʙʫʝʪʩʷ ʚʳʧʦʣ-

ʥʝʥʠʝ ʞʝʩʪʢʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʆʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʥʘ-

ʥʦ- ʠ ʙʠʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʦʛʫʪ 

ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʩʰʠʨʝʥʳ ʥʘ ʧʨʝʜʤʝʪ ʠʭ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʚ ʩʠʩʪʝʤʘʭ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʡ ʩ ʚʳ-

ʩʦʢʠʤʠ ʧʣʦʪʥʦʩʪʷʤʠ ʟʘʧʠʩʠ ʠ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ; ʚ 

ʩʘʭʘʨʦʤʝʪʨʠʠ ʠ ʧʦʣʷʨʠʤʝʪʨʠʠ; ʚ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, 

ʚʢʣʶʯʘʷ ʌʫʨʴʝ-ʩʧʝʢʪʨʦʩʢʦʧʠʶ; ʚ ʜʠʩʧʣʝʡʥʦʡ ʠ 

ʤʦʜʫʣʷʮʠʦʥʥʦʡ ʪʝʭʥʠʢʝ, ʘ ʪʘʢʞʝ ʚ ʩʦʣʥʝʯʥʦʡ 

ʵʥʝʨʛʝʪʠʢʝ. 

ʇʨʠʚʝʜʝʥʥʳʝ ʯʘʩʪʠʯʥʳʝ ʜʘʥʥʳʝ ʧʦʣʫʯʝʥʳ 

ʚ ʦʪʜʝʣʝ çʌʦʪʦʬʠʟʠʢʘ ʩʨʝʜ ʩ ʥʘʥʦʦʙʲʝʢʪʘʤʠè 

(ʨʫʢʦʚʦʜʠʪʝʣʴ ʦʪʜʝʣʘ ï ʜ.ʬ.-ʤ.ʥ. ʅ.ɺ. ʂʘʤʘʥʠʥʘ), 

ɸʆ çɻʆʀ ʠʤ.ʉ.ʀ. ɺʘʚʠʣʦʚʘè (ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ) ʚ 

ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʢ ʢʦʪʦʨʳʤ ʙʳʣʠ 

ʧʨʠʚʣʝʯʝʥʳ ʘʩʧʠʨʘʥʪʳ çʃʕʊʀè ʠ çʀʊʄʆè: ɸ.ɸ. 

ʂʫʭʘʨʯʠʢ, ʉ.ɺ. ʃʠʭʦʤʘʥʦʚʘ, ʇ.ɺ. ʂʫʞʘʢʦʚ, ʖ.ɸ. 

ɿʫʙʮʦʚʘ, ʤʘʛʠʩʪʨ çʃʕʊʀè ʄ.ɸ. ɿʠʤʥʫʭʦʚ, ʘ ʪʘʢʞʝ 

ʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʝ ʩʦʪʨʫʜʥʠʢʠ ʦʪʜʝʣʘ: ʢ.ʬ.-ʤ.ʥ. 

ʉ.ɺ. ʉʝʨʦʚ, ʢ.ʬʠʟ.-ʤʘʪ.ʥ. ʅ.ɸ. ʐʫʨʧʦ, ʢ.ʬʠʟ.-ʤʘʪ.ʥ. 

ɺ.ʀ. ʉʪʫʜʸʥʦʚ ʠ ʩʪ.ʥ.ʩ. ʇ.ʗ. ɺʘʩʠʣʴʝʚ. ʀʩʩʣʝʜʦʚʘ-

ʥʠʷ ʙʳʣʠ ʯʘʩʪʠʯʥʦ ʧʦʜʜʝʨʞʘʥʳ ʛʨʘʥʪʦʤ ʈʌʌʀ 

No.13-03-00044 (2013ï2015), ʉʏ ʆʂʈ çʅʘʥʦʢʦ-

ʘʪʠʥʛ-ɻʆʀ (2012-2015), ʘ ʪʘʢʞʝ ʨʘʤʦʯʥʦʡ ʝʚʨʦ-

ʧʝʡʩʢʦʡ ʧʨʦʛʨʘʤʤʦʡ FP7, Marie Curie Interna- 

tional Researchers Exchange Proposal ñBIOMOLECò 

(2012ï2015). 
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ELECTROPHYSICAL PROP ERTIES OF COMPOSITE PRODUCED BASED  

ON ZIRCONI A/MULTIWALLED CARBON  NANOTUBES AEROGEL  

Electrophysical properties of composite produced on the basis of zirconia/multiwalled 

carbon nanotubes aerogel were investigated. It was shown that composite exhibits bulk percola-

tion cluster ï like conductivity. Strong sensitivity of composite to concentration of distilled water 

molecules in its porous structure was revealed. 

Key words: carbon nanotubes, aerogel, electroconducttivity 

 

ɺɺɽɼɽʅʀɽ 

ʉʦʟʜʘʥʠʝ ʥʦʚʳʭ ʛʠʙʨʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʦʩʥʦʚʝ ʥʘʥʦʫʛʣʝʨʦʜʦʚ (ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, 

ʬʫʣʣʝʨʝʥʳ) ʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (ʦʢʩʠ-

ʜʦʚ ʤʝʪʘʣʣʦʚ) ʜʣʷ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʬʦʪʦ-

ʚʦʣʴʪʘʠʢʠ ʠ ʢʘʪʘʣʠʟʘ, ʬʠʣʴʪʨʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ 

ʜʣʷ ʜʝʠʦʥʠʟʘʮʠʠ ʠ ʦʧʨʝʩʥʝʥʠʷ ʚʦʜʳ, ʛʘʟʦʚʳʭ ʩʝʥ-

ʩʦʨʦʚ [1-3] ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʠʥʪʝʨʝʩʥʝʡʰʠʭ ʟʘ-

ʜʘʯ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ʆʧʪʠʤʠʟʘ-

ʮʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʪʨʝʙʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʲʝʤʥʦʡ ʧʨʦʚʦʜʷʱʝʡ 

ʩʪʨʫʢʪʫʨʳ ʩ ʦʛʨʦʤʥʦʡ ʧʣʦʱʘʜʴʶ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʤʧʦʟʠʪʘ ʩ ʛʘ-

ʟʦʤ ʠ/ʠʣʠ ʞʠʜʢʦʩʪʴʶ ʠ ʧʝʨʝʥʦʩ ʟʘʨʷʜʘ ʠ ʵʥʝʨʛʠʠ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ ʚ ʜʘʥʥʦʡ ʦʙ-

ʣʘʩʪʠ, ʦʩʪʘʶʪʩʷ ʥʝʷʩʥʳʤʠ ʢʘʢ ʦʧʪʠʤʘʣʴʥʳʝ ʤʝʪʦ-

ʜʳ ʩʦʟʜʘʥʠʷ ʛʠʙʨʠʜʥʳʭ ʩʪʨʫʢʪʫʨ, ʪʘʢ ʠ ʠʭ ʬʠʟʠ-

ʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩ-

ʩʣʝʜʫʶʪʩʷ ʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʘ, ʧʦʣʫ-

ʯʝʥʥʦʛʦ ʥʘ ʦʩʥʦʚʝ ʘʵʨʦʛʝʣʷ ʦʢʩʠʜ ʮʠʨʢʦ-

ʥʠʷ/ʄʋʅʊ, ʦʙʣʘʜʘʶʱʝʛʦ ʩʦʙʩʪʚʝʥʥʦʡ ʜʦʩʪʘʪʦʯʥʦ 

ʙʦʣʴʰʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟ-

ʢʦʤ ʩʦʜʝʨʞʘʥʠʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ.  

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ʄʘʪʝʨʠʘʣ. ɸʵʨʦʛʝʣʴ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ, 

ʩʦʜʝʨʞʘʱʝʛʦ 0,2 ʚʝʩ.% ʄʋʅʊ (ʬʠʨʤʘ Carbon, 

ʉʐɸ) ʧʦʣʫʯʘʣʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʤ ʩʠʥʪʝʟʦʤ ʠ 

ʟʘʢʨʠʪʠʯʝʩʢʦʡ ʩʫʰʢʦʡ ʛʠʜʨʦʛʝʣʷ ʧʨʝʢʫʨʩʦʨʘ ʢʝ-

ʨʘʤʠʢʠ [4]. ʇʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ 

ʬʨʘʛʤʝʥʪʦʚ ʘʵʨʦʛʝʣʷ ʦʙʝʩʧʝʯʠʣʘ ʞʝʩʪʢʫʶ ʬʠʢʩʘ-

ʮʠʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʘʥʦʪʨʫʙʦʢ 
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ʚ ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ. ʌʨʘʛʤʝʥʪʳ 

ʘʵʨʦʛʝʣʷ ʢʦʥʩʦʣʠʜʠʨʦʚʘʣʠʩʴ ʚ ʦʙʨʘʟʮʳ-ʪʘʙʣʝʪʢʠ 

ʜʠʘʤʝʪʨʦʤ 15 ʤʤ ʠ ʪʦʣʱʠʥʦʡ 1-2 ʤʤ ʤʝʪʦʜʦʤ ʛʦ-

ʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1200 Üʉ ʚ 

ʛʨʘʬʠʪʦʚʦʡ ʧʨʝʩʩ-ʬʦʨʤʝ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ. 

ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʠ ʨʝʥʪ-

ʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʩʧʝʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʦ-

ʢʘʟʘʣʠ, ʯʪʦ ʬʨʘʛʤʝʥʪʳ ʘʵʨʦʛʝʣʷ ʥʝ ʧʨʝʪʝʨʧʝʣʠ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʧʨʠ ʛʦʨʷ-

ʯʝʤ ʧʨʝʩʩʦʚʘʥʠʠ, ʘ ʦʢʩʠʜ ʮʠʨʢʦʥʠʷ ʩʦʭʨʘʥʠʣ 

ʩʚʦʶ ʢʫʙʠʯʝʩʢʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʙʝʟ ʫʰʠʨʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʠʢʦʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ [4]. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦ-

ʩʪʠ ʢʦʤʧʦʟʠʪʘ. ʇʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʘ 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ ʜʚʫʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ. ʅʘ 

ʤʠʢʨʦʫʨʦʚʥʝ (ʫʨʦʚʥʝ ʬʨʘʛʤʝʥʪʦʚ ʘʵʨʦʛʝʣʷ) ʠʩ-

ʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʷʱʠʭ ʩʚʦʡʩʪʚ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ 

ʧʦʤʦʱʴʶ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Brucker 

ʤʘʨʢʠ Dimension Icon ʩ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʚ ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʝ (ʇɻʅʀʋ, 

ʢʘʬʝʜʨʘ ʄʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʠ ʚʳʯʠʩʣʠ-

ʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ) ʠ ʧʣʘʥʘʨʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ 

ʵʣʝʢʪʨʦʜʦʚ. ʇʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ʵʣʝʢʪʨʦʜʘ ʩ ʧʦ-

ʚʝʨʭʥʦʩʪʴʶ ʩʦʩʪʘʚʣʷʣʘ ʥʝ ʙʦʣʝʝ 100 ʥʤĮ. ɼʣʷ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʦʤʧʦʟʠʪʘ ʥʘ ʤʘʢʨʦ-

ʫʨʦʚʥʝ (ʫʨʦʚʥʝ ʦʙʨʘʟʮʘ) ʧʨʠʤʝʥʷʣʘʩʴ ʪʘʢʞʝ ʧʣʘ-

ʥʘʨʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʩʪʘʣʴʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʩ ʤʝʜ-

ʥʦʡ ʚʩʪʘʚʢʦʡ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ ʩ ʦʙʨʘʟʮʦʤ ʠ 

ʧʣʦʱʘʜʴʶ ʢʦʥʪʘʢʪʘ ʧʦʨʷʜʢʘ 0,5 ʤʤĮ. ʀʟʤʝʨʝʥʠʷ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʚ 

ʢʘʤʝʨʝ ɺʋʇ-4 ʚ ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʝ ʠ ʥʘ ʨʘʟ-

ʣʠʯʥʳʭ ʵʪʘʧʘʭ ʚʘʢʫʫʤʠʨʦʚʘʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʢʦʤʧʦ-

ʟʠʪʘ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʦʤ-

ʧʦʟʠʪʘ ʥʘ ʤʠʢʨʦʫʨʦʚʥʝ ʠʤʝʝʪ ʣʦʢʘʣʠʟʦʚʘʥʥʳʡ 

ʭʘʨʘʢʪʝʨ (ʨʠʩ. 1), ʧʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ʨʝʛʠʩʪʨʠʨʫ-

ʝʤʦʛʦ ʪʦʢʘ ʦʢʘʟʳʚʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦʡ 

ʚʦ ʚʩʝʭ ʧʨʦʚʦʜʷʱʠʭ ʦʙʣʘʩʪʷʭ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʠʭ 

ʨʘʟʤʝʨʘ (ʨʠʩ. 1, ʚʩʪʘʚʢʘ). 

ɺʦ-ʚʪʦʨʳʭ, ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘ ʤʘʢʨʦ-

ʫʨʦʚʥʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʦʤʧʦ-

ʟʠʪʘ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʥʝʤ ʜʠʩʩʦʮʠʠʨʫ-

ʶʱʠʭ ʤʦʣʝʢʫʣ. ɺ ʢʘʯʝʩʪʚʝ ʜʠʩʩʦʮʠʠʨʫʶʱʝʡ ʩʨʝ-

ʜʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ, ʢʦʪʦ-

ʨʦʡ ʧʨʦʧʠʪʳʚʘʣʠ ʢʦʤʧʦʟʠʪ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝ-

ʨʘʪʫʨʝ ʠ ʧʨʠ ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ (ʚʘʢʫʫʤʥʘʷ 

ʧʨʦʧʠʪʢʘ); ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʠʟʤʝʥʝʥʠʡ ʧʨʦʚʦʜʠ-

ʤʦʩʪʠ ʩʪʨʦʠʣʠ ʮʠʢʣʠʯʝʩʢʠʝ ʚʦʣʴʪ-ʘʤʧʝʨʥʳʝ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʢʚʘʜʨʘʥʪʝ ʟʥʘʯʝ-

ʥʠʡ ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚʦʣʴʪ-

ʘʤʧʝʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɺɸʍ) ʚʣʘʞʥʦʡ ʪʘʙʣʝʪ-

ʢʠ ʚ ʫʩʣʦʚʠʷʭ ʧʦʩʪʦʷʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʠʩʪʠʣ-

ʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʚ ʥʝʡ (ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʫʩʣʦʚʠʷʭ) 

ʠʤʝʶʪ ʷʚʥʦ ʚʳʨʘʞʝʥʥʳʡ ʛʠʩʪʝʨʝʟʠʩ ʥʘ ʧʝʨʚʦʤ 

ʮʠʢʣʝ ʠ ʫʚʝʣʠʯʝʥʠʝ ʥʘʢʣʦʥʘ ʩ ʢʘʞʜʳʤ ʧʦʩʣʝʜʫʶ-

ʱʠʤ ʮʠʢʣʦʤ (ʨʠʩ. 2, ʢʨ. 1); ʧʦ ʤʝʨʝ ʚʘʢʫʫʤʠʨʦʚʘ-

ʥʠʷ ʧʨʦʧʠʪʘʥʥʦʛʦ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʢʦʤ-

ʧʦʟʠʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʙʨʘʟʮʘ (ʨʠʩ. 2, ʢʨ. 2-5). 

 

 
ʈʠʩ. 1. ʂʘʨʪʘ ʧʨʦʚʦʜʠʤʦʩʪʠ ʢʦʤʧʦʟʠʪʘ (ʧʨʠ U=2 ɺ). 3D ʠʟʦʙ-

ʨʘʞʝʥʠʝ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʛʨʘʬʠʢʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʣʘʩʪʠ, ʦʙʦ-

ʟʥʘʯʝʥʥʦʡ ʙʝʣʦʡ ʨʘʤʢʦʡ 

Fig. 1. Composite conductivity map scanned with voltage U=2 V. 

3D image corresponds to area depicted with white frame 

 

 
ʈʠʩ. 2. ɺɸʍ ʢʦʤʧʦʟʠʪʘ, ʧʨʦʧʠʪʘʥʥʦʛʦ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʦʡ ʧʨʠ ʢʦʤʥʘʪʥʳʭ ʫʩʣʦʚʠʷʭ (1), ʠ ʩʧʫʩʪʷ 20 ʤʠʥ (2), 30 

ʤʠʥ (3), 5 ʯ ʚʘʢʫʫʤʥʦʛʦ ʦʩʫʰʝʥʠʷ (4), ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʥʘʧʫʩʢʘ 

ʚʦʟʜʫʭʘ (5) 

Fig. 2. I-V curves for composite impregnated with distilled water 

(1), and after 20 min (2), 30 min (3), 5 h of vacuum drying (4), 

and after air lapping (5)  

 

ʆʙʥʘʨʫʞʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʢʦʤʧʦʟʠʪʘ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ, ʧʨʝʜʧʦʣʦʞʠʚ, ʯʪʦ 

ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʩʬʦʨʤʠʨʦʚʘʣʠ ʚ ʤʘʪʝʨʠʘ-

ʣʝ ʦʙʲʝʤʥʳʡ ʧʝʨʢʦʣʷʮʠʦʥʥʳʡ ʢʣʘʩʪʝʨ ʩ ʤʥʦʛʦ-

ʯʠʩʣʝʥʥʳʤʠ ʪʦʯʢʘʤʠ ʢʦʥʪʘʢʪʘ ʟʘ ʩʯʝʪ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʡ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʬʘʟʳ. ɻʦʨʷʯʝʝ 

ʧʨʝʩʩʦʚʘʥʠʝ ʧʨʠʚʝʣʦ ʢ ʨʘʩʰʠʨʝʥʠʶ ʧʨʦʚʦʜʷʱʝʛʦ 

ʧʝʨʢʦʣʷʮʠʦʥʥʦʛʦ ʢʣʘʩʪʝʨʘ ʩ ʤʘʩʰʪʘʙʦʚ ʦʪʜʝʣʴ-

ʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʘʵʨʦʛʝʣʷ ʥʘ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʡ 

ʫʨʦʚʝʥʴ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʢ ʥʘʣʠʯʠʶ ʚ 

ʥʝʤ ʜʠʩʩʦʮʠʠʨʫʶʱʠʭ ʤʦʣʝʢʫʣ ʦʙʫʩʣʦʚʣʝʥʘ ʘʢ-
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ʪʠʚʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʧʨʦʚʦʜʷʱʝʡ ʧʦʜ-

ʩʠʩʪʝʤʦʡ ʠ ʧʦʨʠʩʪʦʡ ʥʘʥʦʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝʡ.  

ʊʝʧʣʦʚʳʜʝʣʝʥʠʝ ʢʦʤʧʦʟʠʪʘ ʧʨʠ ʧʨʦʧʫʩʢʘ-

ʥʠʠ ʯʝʨʝʟ ʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. ɼʣʷ ʨʝʛʠ-

ʩʪʨʘʮʠʠ ʪʝʧʣʘ, ʚʳʜʝʣʷʶʱʝʛʦʩʷ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ 

ʯʝʨʝʟ ʢʦʤʧʦʟʠʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʠʩʧʦʣʴʟʦʚʘ-

ʣʠ ʢʦʥʪʘʢʪʥʳʡ ʜʘʪʯʠʢ ʧʦʪʦʢʘ ʪʝʧʣʘ ʧʣʦʱʘʜʴʶ  

1 ʩʤĮ [5], ʮʠʬʨʦʚʦʡ ʦʩʮʠʣʣʦʛʨʘʬ BM8020 ʠ ʠʩ-

ʪʦʯʥʠʢ ʧʠʪʘʥʠʷ HY3005D. ʀʥʬʨʘʢʨʘʩʥʘʷ ʢʘʤʝʨʘ 

FLIR SC5000 ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʠ ʧʦʜʚʦʜʷʱʠʭ ʧʨʦʚʦʜʦʚ. 

ʊʠʧʠʯʥʳʡ ʛʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʧʦʪʦʢʘ ʪʝʧʣʘ, ʠʟʣʫ-

ʯʘʝʤʦʛʦ ʦʙʨʘʟʮʦʤ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʯʝʨʝʟ ʥʝʛʦ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʠ ʢʘʜʨ ʠʟ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ 

ʀʂ-ʬʠʣʴʤʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 3. ʇʦʜ ʵʣʝʢʪʨʦ-

ʜʘʤʠ ʕ1 ʠ ʕ2 ʩ ʧʣʦʱʘʜʴʶ ʢʦʥʪʘʢʪʘ ʧʦʨʷʜʢʘ  

0,5 ʤʤĮ ʨʘʩʧʦʣʘʛʘʣʩʷ ʦʙʨʘʟʝʮ ʆ, ʩ ʪʳʣʴʥʦʡ ʩʪʦʨʦ-

ʥʳ ʢʦʪʦʨʦʛʦ ʚʧʣʦʪʥʫʶ ʢ ʥʝʤʫ ʢʨʝʧʠʣʩʷ ʜʘʪʯʠʢ 

ʧʦʪʦʢʘ ʪʝʧʣʘ ʇ.  

 

 
ʈʠʩ. 3. ʀʟʤʝʥʝʥʠʝ ʧʦʪʦʢʘ ʪʝʧʣʘ Q, ʠʟʣʫʯʘʝʤʦʛʦ ʪʳʣʴʥʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʴʶ ʦʙʨʘʟʮʘ, ʧʨʠ ʧʦʜʘʯʝ ʥʘ ʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ U=2 ɺ. 

ʅʘ ʚʥʫʪʨʝʥʥʝʤ ʨʠʩʫʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥ ʢʘʜʨ ʠʟ ʀʂ ʬʠʣʴʤʘ, ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʱʠʡ ʠʥʪʝʥʩʠʚʥʦʝ ʠʟʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʤ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ 

Fig. 3. Heat flux Q, emitted by rare surface of the sample under 

voltage U=2 V. Internal picture demonstrates IR-image of the 

sample during the experiment 
 

ʇʦ ʜʘʥʥʳʤ ʜʘʪʯʠʢʘ ʧʦʪʦʢʘ ʪʝʧʣʘ ʦʧʨʝʜʝ-

ʣʷʣʦʩʴ ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ, ʚʳʜʝʣʠʚʰʝʝʩʷ ʩ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʚ ʚʠʜʝ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʯʝʨʝʟ ʥʝʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ: 

Wp = 2ÚQ(t)dt, ʛʜʝ ʠʥʪʝʨʚʘʣ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʚʨʝʤʝʥʠ ʧʨʦʪʝʢʘʥʠʷ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʘ ʤʥʦʞʠʪʝʣʴ 2 ʫʯʠʪʳʚʘʝʪ, ʯʪʦ 

ʠʟʣʫʯʝʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʩ ʜʚʫʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʪʘʙ-

ʣʝʪʢʠ. ʇʦ ʜʘʥʥʳʤ ʮʠʬʨʦʚʦʛʦ ʦʩʮʠʣʣʦʛʨʘʬʘ ʦʧʨʝ-

ʜʝʣʷʣʘʩʴ ʵʥʝʨʛʠʷ, ʩʦʦʙʱʘʝʤʘʷ ʦʙʨʘʟʮʫ: We = UIt. 

ɿʘʚʠʩʠʤʦʩʪʴ ʜʦʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʧʨʝʦʙ-

ʨʘʟʦʚʘʥʥʦʡ ʚ ʪʝʧʣʦʚʫʶ, ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʦʪʝʢʘʶ-

ʱʝʛʦ ʯʝʨʝʟ ʦʙʨʘʟʝʮ ʪʦʢʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4. 

ɺʠʜʥʦ, ʯʪʦ ʜʦʣʷ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʤʘʢʩʠʤʘʣʴʥʘ 

ʧʨʠ ʥʘʠʤʝʥʴʰʝʤ ʟʥʘʯʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ.  

 
ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʜʦʣʠ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ, ʚʳʜʝʣʠʚʰʝʡʩʷ ʥʘ 

ʦʙʨʘʟʮʝ, ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʢʣʘʜʳʚʘʝʤʦʛʦ ʢ ʥʝʤʫ ʥʘʧʨʷʞʝʥʠʷ 

Fig. 4. Ratio of energy transmitted into heat as a function of volt-

age applied to the sample 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʆʙʥʘʨʫʞʝʥʥʳʡ ʭʘʨʘʢʪʝʨ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʛʦ 

ʩʪʨʫʢʪʫʨʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ. ʇʦʩʢʦʣʴʢʫ ʥʝʦʨʛʘ-

ʥʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʢʦʤʧʦʟʠʪʘ ʩʠʥʪʝʟʠʨʦʚʘ-

ʣʘʩʴ ʚ ʧʨʦʮʝʩʩʝ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʫʩ-

ʧʝʥʟʠʠ ʧʨʝʢʫʨʩʦʨʘ ʢʝʨʘʤʠʢʠ ʧʨʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥ-

ʥʦʤ ʧʨʠʩʫʪʩʪʚʠʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʩʬʦʨ-

ʤʠʨʦʚʘʚʰʠʡʩʷ ʠʟ ʥʠʭ ʦʙʲʝʤʥʳʡ ʧʝʨʢʦʣʷʮʠʦʥʥʳʡ 

ʢʣʘʩʪʝʨ ʠ ʧʦʨʠʩʪʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʤʘʪʨʠʮʘ ʠʥʪʝʨ-

ʢʘʣʠʨʦʚʘʥʳ ʜʨʫʛ ʚ ʜʨʫʛʘ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʭ ʘʢ-

ʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ɻʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ 

ʬʨʘʛʤʝʥʪʦʚ ʘʵʨʦʛʝʣʷ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʰʠʨʝʥʠʶ 

ʧʝʨʢʦʣʷʮʠʦʥʥʦʛʦ ʢʣʘʩʪʝʨʘ ʩ ʤʠʢʨʦʫʨʦʚʥʷ ʥʘ ʤʘʢ-

ʨʦʤʘʩʰʪʘʙʥʳʡ ʫʨʦʚʝʥʴ, ʧʨʠ ʵʪʦʤ ʩʘʤʠ ʬʨʘʛʤʝʥʪʳ 

ʘʵʨʦʛʝʣʷ ʥʝ ʧʨʝʪʝʨʧʝʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʭ ʩʪʨʫʢ-

ʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ, ʥʦ ʦʙʨʘʟʫʶʪ ʥʦʚʳʝ ʪʦʯ-

ʢʠ/ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʩʦʙʦʡ ʢʘʢ ʥʘʧʨʷʤʫʶ 

ʤʝʞʜʫ ʥʘʥʦʪʨʫʙʢʘʤʠ, ʪʘʢ ʠ (ʯʪʦ ʙʦʣʝʝ ʚʝʨʦʷʪʥʦ) 

ʯʝʨʝʟ ʢʝʨʘʤʠʯʝʩʢʫʶ ʧʨʦʩʣʦʡʢʫ.  

ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʢ ʧʨʠʩʫʪ-

ʩʪʚʠʶ ʚ ʝʛʦ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ ʜʠʩʩʦʮʠʠʨʫʶʱʠʭ 

ʤʦʣʝʢʫʣ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʚ ʧʝʨʢʦʣʷʮʠʦʥʥʦʤ ʢʣʘʩʪʝʨʝ ʥʝ ʚʩʝ 

ʩʝʛʤʝʥʪʳ ʟʘʤʢʥʫʪʳ ʚ ʦʙʱʫʶ ʧʨʦʚʦʜʷʱʫʶ ʮʝʧʴ, ʠ 

ʤʦʛʫʪ ʠʤʝʪʴʩʷ ʥʝʟʘʤʢʥʫʪʳʝ ʦʪʚʝʪʚʣʝʥʠʷ [6]. ʊʘ-

ʢʠʤʠ ʦʪʚʝʪʚʣʝʥʠʷʤʠ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʢʦʤʧʦʟʠ-

ʪʝ ʤʦʛʫʪ ʙʳʪʴ ʥʝʟʘʤʢʥʫʪʳʝ ʮʝʧʦʯʢʠ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʠʣʠ ʠʭ ʬʨʘʛʤʝʥʪʦʚ. ʇʦʤʝʩʪʠʚ ʘʵʨʦ-

ʛʝʣʴ ʚ ʣʝʛʢʦ ʜʠʩʩʦʮʠʠʨʫʶʱʫʶ ʩʨʝʜʫ, ʤʦʞʥʦ ʩʫ-

ʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʝʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʟʘ ʩʯʝʪ 

ʧʦʜʚʠʞʥʳʭ ʠʦʥʦʚ, çʰʫʥʪʠʨʫʶʱʠʭè ʦʪʨʝʟʢʠ ʧʝʨ-

ʢʦʣʷʮʠʦʥʥʦʛʦ ʢʣʘʩʪʝʨʘ, ʦʪʚʝʯʘʶʱʠʝ ʟʘ ʩʦʙʩʪʚʝʥ-

ʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʦʤʧʦʟʠʪʘ. ʅʘʣʠʯʠʝ ʚ ʧʝʨʢʦ-

ʣʷʮʠʦʥʥʦʤ ʢʣʘʩʪʝʨʝ ʥʝʟʘʤʢʥʫʪʳʭ ʧʨʦʚʦʜʷʱʠʭ 

ʮʝʧʦʯʝʢ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʟʘʤʳʢʘʥʠʷ ʜʠʩʩʦʮʠʠ-

ʨʫʶʱʠʤʠ ʤʦʣʝʢʫʣʘʤʠ ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ 

ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʤʥʦʛʦʢʨʘʪʥʦʡ ʨʝʛʠʩʪʨʘʮʠʠ 

ɺɸʍ ʦʙʨʘʟʮʦʚ-ʪʘʙʣʝʪʦʢ, ʧʨʦʧʠʪʘʥʥʳʭ ʜʠʩʪʠʣʣʠ-
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ʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʧʦʜʚʝʨʛʘʚʰʠʭʩʷ ʟʘʪʝʤ ʚʘʢʫʫʤ-

ʥʦʤʫ ʦʩʫʰʝʥʠʶ. ʊʘʢ, ʥʘʩʳʱʝʥʥʳʡ ʚʦʜʦʡ ʦʙʨʘʟʝʮ 

ʠʤʝʝʪ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ~ 20 ʆʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʫ-

ʭʦʡ ʦʙʨʘʟʝʮ (ʧʦʩʣʝ ʚʘʢʫʫʤʥʦʡ ʩʫʰʢʠ) ï ʧʦʨʷʜʢʘ 

2000 ʆʤ.  

ʀʟʫʯʝʥʠʝ ʪʝʧʣʦʚʦʛʦ ʵʬʬʝʢʪʘ ʧʨʠ ʧʨʦʪʝʢʘ-

ʥʠʠ ʯʝʨʝʟ ʢʦʤʧʦʟʠʪ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʦʢʘʟʘʣʦ, 

ʯʪʦ ʜʦʣʷ ʵʥʝʨʛʠʠ, ʧʨʝʦʙʨʘʟʫʶʱʝʡʩʷ ʚ ʪʝʧʣʦʚʦʝ 

ʠʟʣʫʯʝʥʠʝ, ʤʘʢʩʠʤʘʣʴʥʘ ʧʨʠ ʥʘʠʤʝʥʴʰʝʤ ʟʥʘʯʝ-

ʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. ʉʫʱʝʩʪʚʝʥʥʦʝ ʩʥʠʞʝʥʠʝ 

ʜʦʣʠ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʪʦʢʘ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʣʦʢʘʣʴʥʦʡ ʜʝʛʨʘ-

ʜʘʮʠʝʡ ʤʘʪʝʨʠʘʣʘ ʟʘ ʩʯʝʪ ʚʳʛʦʨʘʥʠʷ ʦʪʜʝʣʴʥʳʭ 

ʧʨʦʚʦʜʷʱʠʭ ʩʝʛʤʝʥʪʦʚ ʧʨʠ ʧʨʝʚʳʰʝʥʠʠ ʧʣʦʪʥʦ-

ʩʪʠ ʪʦʢʘ ʥʝʢʦʪʦʨʦʛʦ ʧʦʨʦʛʦʚʦʛʦ ʟʥʘʯʝʥʠʷ.  

ʉʦʚʦʢʫʧʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʩʪʘʚʠʪʴ ʧʨʦʚʦʜʠʤʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʚ 

ʚʠʜʝ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʜʝʣʠʪʝʣʝʡ ʥʘʧʨʷʞʝʥʠʷ, ʧʘ-

ʨʘʣʣʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʦʙʲʝʤʥʫʶ 

ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ. ʆʙʥʘʨʫʞʝʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʢʦʤʧʦʟʠʪʘ ʤʦʛʫʪ ʙʳʪʴ ʠʥʪʝʨʝʩʥʳ ʜʣʷ ʧʨʠʣʦʞʝʥʠʡ 

ʚ ʦʙʣʘʩʪʠ ʩʠʥʪʝʟʘ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠ ʜʘʪʯʠʢʦʚ ʚʦʜʷ-

ʥʳʭ ʧʘʨʦʚ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʌʦʥʜʘ ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʀʩʩʣʝʜʦʚʘʥʠʡ (ʧʨʦʝʢʪ ˉ 14-01-96015-ʫʨʘʣ_ʘ). 
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DISCRETE STEPS OF DIAMOND -GRAPHITE PHASE TRANSITION AT ANNEA LING  

OF NANODIAMONDS IN W IDE TEMPERATURE RANG E 

We present the short review of the works on a problem of phase transitions (PT) which are 

distributed in the temperature range ȹʊ of PT.  Experimental studies of Raman spectra (laser 

wavelength 514.5 nm) of nanodiamonds after annealing at 900-2000 ÁC and their detailed numeri-

cal analysis with decomposition of the allocated oscillatory D and G bands on the compound spec-

tral components D and G, D (k) and G (kô) relating to various states of Brillouinôs zones were con-

ducted. Detection of temperature maxima of intensities, frequencies and full width at half maxi-

mum (FWHM) of individual Raman components as well as intensity of a background defines dis-

crete steps of PT of diamond - onion-shaped carbon in temperature ranges of 940-1200 ÁC and 1500-

2000 ÁC. 

Key words: diamonds anneling, vibration D and G bands, spectral components, phase transition discre-

ate steps 

 

ɺɺɽɼɽʅʀɽ 

ʋʨʦʚʝʥʴ ʜʦʩʪʠʞʝʥʠʡ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʡ 

ʥʘʫʢʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʘ ʪʘʢʞʝ ʨʘʟʚʠʪʠʷ ʪʝʭ-

ʥʦʣʦʛʠʡ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʨʘʟʚʠʪʠʝʤ ʧʦʥʠʤʘʥʠʷ ʠ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʩʪʨʫʢ-

ʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚʝʱʝʩʪʚʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʬʘʟʦ-

ʚʳʭ ʧʝʨʝʭʦʜʦʚ (ʌʇ). ʉʫʱʝʩʪʚʫʶʱʠʝ ʩʧʦʩʦʙʳ 

ʬʦʨʤʘʣʴʥʦʛʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʌʇ 

ʷʚʣʷʶʪʩʷ ʜʦʚʦʣʴʥʦ ʘʨʭʘʠʯʥʳʤʠ, ʪʘʢ ʢʘʢ ʥʝ ʦʧʝ-

ʨʠʨʫʶʪ ʩ ʢʚʘʥʪʦʚʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʚʝʱʝʩʪʚʘ, ʘ 

ʜʣʷ ʧʦʥʠʤʘʥʠʷ ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ ʵʪʦʤ ʠʟʤʝʥʝ-

ʥʠʡ ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʝ-

ʜʦʩʪʘʪʦʯʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʘʥʥʳʝ ʦʧʪʠʯʝʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ɹʦʣʝʝ ʪʦʛʦ, ʢʣʘʩʩʠʯʝʩʢʘʷ ʪʝʨʤʦ-

ʜʠʥʘʤʠʢʘ ʥʝ ʧʨʠʤʝʥʠʤʘ ʢ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʤʫ ʩʦ-

ʩʪʦʷʥʠʶ ʚʝʱʝʩʪʚʘ [1]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʧʨʦʙʣʝʤʘ ʌʇ 

ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʝ ʧʨʠʦʙʨʝʪʘʝʪ ʦʩʦʙʫʶ ʘʢʪʫ-

ʘʣʴʥʦʩʪʴ ʚ ʩʚʷʟʠ ʩ ʨʘʟʚʠʪʠʝʤ ʥʘʥʦʥʘʫʢʠ ʠ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʦʩʥʦʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʘʤʦʩʙʦʨʢʠ ʠ 

ʧʦʩʪʨʦʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʦ ʧʨʠʥʮʠʧʫ çʩʥʠʟʫ 

ʚʚʝʨʭè, ʢʦʪʦʨʳʝ ʫʭʦʜʷʪ ʢʦʨʥʷʤʠ ʚ ʧʨʠʨʦʜʫ ʌʇ 

[1]. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ 

ʌʇ ʧʨʦʠʩʭʦʜʷʪ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʫʩʣʦʚʠʷʭ, ʘ ʚ 

ʥʘʥʦʩʠʩʪʝʤʘʭ ʦʥʠ ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʥʝ-

ʢʦʪʦʨʦʛʦ ʠʥʪʝʨʚʘʣʘ ʪʝʤʧʝʨʘʪʫʨ ȹʊ [2], ʭʦʪʷ ʛʣʫ-

ʙʦʢʠʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʤʝʭʘʥʠʟʤʳ ʵʪʠʭ ʧʨʦʮʝʩ-

ʩʦʚ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʦʩʪʘʶʪʩʷ ʤʘʣʦ ʠʟʫ-

ʯʝʥʥʳʤʠ.  

ʗʚʣʝʥʠʝ ʧʨʝʜʧʣʘʚʣʝʥʠʷ ʠ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʢʚʘʟʠʞʠʜʢʦʛʦ ʩʣʦʷ (ʂɾʉ) ʜʣʷ ʣʴʜʘ ʠʟʚʝʩʪʥʦ ʩʦ 

ʚʨʝʤʝʥ ʌʘʨʘʜʝʷ, ʥʦ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʪʘ ʧʨʦ-

ʙʣʝʤʘ ʘʢʪʠʚʥʦ ʠʩʩʣʝʜʫʝʪʩʷ. ɺʧʝʨʚʳʝ ʩʫʱʝʩʪʚʝʥ-

ʥʘʷ ʜʠʩʢʨʝʪʥʦʩʪʴ ʌʇ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʚ [3] ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʝʡʩʪʚʠ-

ʪʝʣʴʥʳʭ G1(T) ʠ ʤʥʠʤʳʭ G2(T) ʯʘʩʪʝʡ ʤʦʜʫʣʷ 

ʩʜʚʠʛʘ ʚ ʦʙʣʘʩʪʠ ʧʨʝʜʧʣʘʚʣʝʥʠʷ ʣʴʜʘ. ɼʣʷ ʩʪʦʣ-

ʙʠʢʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʣʴʜʘ ʩ ʧʦʚʝʨʭʥʦʩʪʥʳ-

ʤʠ ʥʘʥʦʧʣʝʥʢʘʤʠ ʢʚʘʟʠʚʦʜʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʢʨʫʪʠʣʴʥʳʭ ʢʦʣʝʙʘ-

ʥʠʡ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʤʘʢʩʠʤʫʤʳ G2(T) ʧʨʠ ʊ = 

= -30, -19, -11, -7 ʠ -4 Üʉ, ʢʦʛʜʘ ʚʦʟʨʘʩʪʘʝʪ ʚʷʟ-

ʢʦʩʪʴ, ʘ ʫʧʨʫʛʦʩʪʴ ʩʪʫʧʝʥʯʘʪʦ ʫʤʝʥʴʰʘʝʪʩʷ. ɹʦʣʝʝ 

ʪʦʛʦ, ʦʩʥʦʚʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʤʘʢʩʠʤʫʤʳ 

ʊmax(G2) ʩʦʚʧʘʜʘʶʪ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʪʝʧʣʦʚʳʭ ʵʬ-

ʬʝʢʪʦʚ (-2 3,3; -6,7 7,2 ʠ -11 Üʉ) ʚ ʜʠʬʬʝʨʝʥʮʠ-

ʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ (ɼʉʂ) ʧʨʠ 

ʌʇ ʚ ʥʘʥʦʧʣʝʥʢʘʭ ʚʦʜʳ ʪʦʣʱʠʥʦʡ d = 0,610 ʥʤ, 

ʦʛʨʘʥʠʯʝʥʥʳʭ ʣʘʤʝʣʣʷʨʥʳʤʠ ʩʣʦʷʤʠ ʤʝʟʦʬʘʟʳ [3, 

4], ʘ ʪʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʪʦʣʱʠʥ 

ʂɾʉ ʩ ʧʣʦʪʥʦʩʪʴʶ ʥʘʥʦʚʦʜʳ 1,2-1,3 ʛ/ʩʤ3 [3, 5]. 

ʕʪʠ ʬʘʢʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʦʮʝʩʩʳ ʌʇ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʣʦʞʥʝʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʨʝʜʩʪʘʚʣʝ-

ʥʠʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ. ɺʘʞʥʦ, ʯʪʦ ʩʫʤʤʘ 

ʦʪʜʝʣʴʥʳʭ ʪʝʧʣʦʪ Qi ɼʉʂ ʚ ʩʣʫʯʘʝ d > 2 ʥʤ ʨʘʚʥʘ 

ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʪʝ ʧʣʘʚʣʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʣʴʜʘ Q. 

ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʠʩʢʨʝʪʥʳʭ ʵʪʘ-

ʧʦʚ (ɼʕ) ʧʣʘʚʣʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʮʝʣʦʩʪʥʦʩʪʴ 

ʩʮʝʥʘʨʠʷ ʪʘʢʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚʝʱʝʩʪʚʘ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʩʣʫʯʘʝ d < 2 ʥʤ ʧʨʦʷʚʣʷʝʪʩʷ ʟʘʢʦ-

ʥʦʤʝʨʥʦʝ  ʫʤʝʥʴʰʝʥʠʝ ʫʜʝʣʴʥʦʡ ʪʝʧʣʦʪʳ ʧʣʘʚʣʝ-

ʥʠʷ Q ʜʣʷ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʜʘʞʝ ʜʣʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʤʝʪʘʣʣʦʚ ʧʣʘʚʣʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ 

ʚ 3-4 ɼʕ ʩ ʨʘʟʥʦʩʪʴʶ ʪʝʤʧʝʨʘʪʫʨ ȹʊ~0,02-0,6 Üʉ, ʘ 

ʫʜʝʣʴʥʳʝ ʪʝʧʣʦʪʳ ʥʘ ʢʘʞʜʦʤ ʠʟ ʵʪʘʧʦʚ Qi 

~(0,15 0,4)Q ʚ ʩʫʤʤʝ ʨʘʚʥʳ Q [6]. ʉʠʣʴʥʦʝ ʠʟʤʝ-

ʥʝʥʠʝ ʩʚʦʡʩʪʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʝʪʘʣʣʦʚ ʠ 

ʩʧʣʘʚʦʚ  ʟʘʜʦʣʛʦ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʲʝʤʥʦʛʦ ʧʣʘʚ-

ʣʝʥʠʷ Tm0 (Tm = (0,55 0,86)Tm0) ʤʦʞʝʪ ʩʦʩʪʘʚ-

ʣʷʪʴ ʦʩʥʦʚʫ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʥʘʥʦʪʝʭʥʦʣʦʛʠʡ [7] 

ʠ ʥʝʩʦʤʥʝʥʥʦ ʩʚʷʟʘʥʦ ʩ ɼʕ ʌʇ. 
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ʅʝʣʠʥʝʡʥʦ-ʢʚʘʥʪʦʚʘʷ ʢʦʥʮʝʧʮʠʷ ʬʘʟʦʚʳʭ 

ʧʝʨʝʭʦʜʦʚ 

ʇʨʦʙʣʝʤʘ ɼʕ ʌʇ ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ 

ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠ 

ʩʦʟʜʘʥʠʷ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʩʦʩʪʦʷʥʠʡ 

ʚʝʱʝʩʪʚ ʧʨʠ ʥʝʟʘʚʝʨʰʝʥʥʳʭ ʌʇ, ʥʦ ʠ ʜʣʷ ʨʘʟʚʠ-

ʪʠʷ ʥʝʣʠʥʝʡʥʦ-ʢʚʘʥʪʦʚʦʡ ʬʠʟʠʢʦ-ʭʠʤʠʠ. ɺ [8] 

ʨʘʟʚʠʪʳ ʦʩʥʦʚʳ ʥʝʣʠʥʝʡʥʦ-ʢʚʘʥʪʦʚʦʡ (ʅʂ) ʢʦʥ-

ʮʝʧʮʠʠ ʌʇ, ʛʜʝ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʥʝʣʠʥʝʡ-

ʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʤʦʜ ʩ ʢʦʥʮʝʥ-

ʪʨʘʮʠʝʡ ʵʥʝʨʛʠʠ [9] ʚ ʦʙʣʘʩʪʠ ʚʳʩʰʠʭ ʢʦʣʝʙʘ-

ʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʭ ʙʣʠʟʦʩʪʠ ʢ 

ʵʣʝʢʪʨʦʥʥʳʤ ʩʦʩʪʦʷʥʠʷʤ ʚʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ 

ʩʠʣʴʥʦʝ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʵʣʝʢʪʨʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝ (ʂʕɺ) [10-12], ʢʦʪʦʨʦʝ ʠ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝ-

ʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʢʚʘʥʪʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝ-

ʱʝʩʪʚʘ ʧʨʠ ʌʇ. ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʨʦ-

ʷʚʣʝʥʠʷ ʩʠʣʴʥʳʭ ʂʕɺ ʠ ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʝʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʧʨʠʥʮʠʧʠʘʣʴʥʦ 

ʥʦʚʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʧʦʣʦʩ (ʕʇ) ʚ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʝ ʜʠʵʣʝʢʪʨʠʢʦʚ ʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ [10-12]. 

ʀʟʙʳʪʦʯʥʳʝ ʚʘʨʠʘʮʠʠ G1,2 (~50%) ʷʩʥʦ ʫʢʘʟʳʚʘʶʪ 

ʥʘ ʥʝʣʠʥʝʡʥʫʶ ʧʨʠʨʦʜʫ ʥʘʙʣʶʜʘʝʤʦʛʦ ʷʚʣʝʥʠʷ 

ʧʨʝʜʧʣʘʚʣʝʥʠʷ ʣʴʜʘ [3]. ʈʦʩʪ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʨʘʩʪʘʥʠʷ ʜʦʣʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʠʣʠ ʧʨʠʛʨʘʥʠʯʥʠʭ ʘʪʦʤʦʚ ʠ ʙʦʣʴ-

ʰʠʤʠ ʘʤʧʣʠʪʫʜʘʤʠ ʠʭ ʢʦʣʝʙʘʥʠʡ ʧʨʠʚʦʜʠʪ ʢ 

ʩʠʣʴʥʦʤʫ ʧʦʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨ ʠ ʪʝʧʣʦʪ ʌʇ.  

ʇʨʦʙʣʝʤʘ ʨʘʩʰʠʨʝʥʠʷ ʦʙʣʘʩʪʠ ʌʇ ȹʊ 

ʦʩʦʙʝʥʥʦ ʠʥʪʝʨʝʩʥʘ ʜʣʷ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʪʘʢ ʢʘʢ ʚ ʩʣʫʯʘʝ ʤʘʢʩʠʤʘʣʴʥʦ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʧʣʘʚʣʝʥʠʷ Tm ʛʨʘʬʠʪʘ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʨʝʢʦʨʜ-

ʥʦ ʰʠʨʦʢʦʡ ʦʙʣʘʩʪʠ ɼʕ ʌʇ. ʂʨʦʤʝ ʪʦʛʦ, ʜʘʚʥʦ 

ʚʝʜʝʪʩʷ ʜʠʩʢʫʩʩʠʷ ʚ ʩʚʷʟʠ ʩ ʥʘʙʣʶʜʝʥʠʝʤ ʥʠʟʢʠʭ 

(3700-4040 ʂ) ʠ ʚʳʩʦʢʠʭ (4650-5080 ʂ) ʪʝʤʧʝʨʘ-

ʪʫʨ ʧʣʘʚʣʝʥʠʷ Tm ʛʨʘʬʠʪʘ [13, 14]. ʇʘʨʘʜʦʢʩ ʩʦ-

ʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʟʥʘʯʝʥʠʷ Tm ʟʘʚʠʩʷʪ ʦʪ ʚʨʝʤʝʥʠ 

ʥʘʛʨʝʚʘ: ʯʝʤ ʢʦʨʦʯʝ ʵʪʦ ʚʨʝʤʷ, ʪʝʤ ʙʦʣʝʝ ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ Tm ʬʠʢʩʠʨʫʶʪʩʷ. ʆʥ ʤʦʞʝʪ ʙʳʪʴ ʨʝʰʝʥ 

ʧʫʪʝʤ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠʷ ʅʂ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ 

ʌʇ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʠ ʪʝʧ-

ʣʦʪ ʌʇ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩ-

ʧʝʨʠʤʝʥʪʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʩʧʝʢʪʨʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ɼʕ 

ʌʇ ʘʣʤʘʟ-ʛʨʘʬʠʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʪʞʠʛʝ 

ʥʘʥʦʘʣʤʘʟʦʚ (ʅɸ). ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʥʘʙʣʶʜʝ-

ʥʠʝ ʨʷʜʘ ʟʥʘʯʝʥʠʡ Tm ʜʣʷ ʛʨʘʬʠʪʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ 

ʠʟ ʧʦʜʪʚʝʨʞʜʝʥʠʡ ʅʂ ʢʦʥʮʝʧʮʠʠ ʌʇ, ʚʝʜʴ ʧʨʠ 

ʠʤʧʫʣʴʩʥʦʤ ʚʦʟʙʫʞʜʝʥʠʠ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʜʦʩʪʘ-

ʪʦʯʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʛʦ ʥʘʢʦʧʣʝʥʠʷ 

ʥʝʣʠʥʝʡʥʦ-ʚʦʣʥʦʚʳʭ ʧʨʦʮʝʩʩʦʚ, ʯʪʦ ʪʨʝʙʫʝʪ ʙʦ-

ʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʟʙʫʞʜʝʥʠʷ 

ʚʝʱʝʩʪʚʘ.  

ʄʝʪʦʜʠʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʯʠʩʣʝʥʥʦʡ ʦʙ-

ʨʘʙʦʪʢʠ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʄʳ ʧʨʦʚʝʣʠ ʜʝʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦ-

ʜʘʤʠ ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠʟʤʝʥʝʥʠʡ ʩʦ-

ʩʪʦʷʥʠʡ ʅɸ ʧʦʩʣʝ ʠʭ ʦʪʞʠʛʘ ʚ ʚʘʢʫʫʤʝ (10-4 ʪʦʨʨ) ʚ 

ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 900-2000 Üʉ (ʚʳʜʝʨʞʢʘ 1 ʯ) ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʣʫʢʦʦʙʨʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ (ʃʆʋ) [15-

18]. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʂʈ) 

ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ TRIAX 552, Jobin 

Yvon ʩ CCD ʜʝʪʝʢʪʦʨʦʤ ʚ ʛʝʦʤʝʪʨʠʠ ʦʙʨʘʪʥʦʛʦ ʨʘʩ-

ʩʝʷʥʠʷ (ʚʦʟʙʫʞʜʝʥʠʝ 514,5 ʥʤ, ʤʦʱʥʦʩʪʴ ~1 ʤɺʪ, 

ʬʦʢʫʩʠʨʦʚʢʘ 2 ʤʢʤ). ɼʣʷ ʦʙʨʘʟʮʦʚ ʘʛʣʦʤʝʨʘʪʦʚ 

ʅɸ, ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫ-

ʨʘʭ 940; 980; 1000; 1200; 1300; 1500; 1800; 2000 Üʉ, 

ʩʧʝʢʪʨʳ ʂʈ ʟʘʧʠʩʳʚʘʣʦʩʴ ʚ ʨʘʟʥʳʭ ʤʝʩʪʘʭ ʦʙʨʘʟ-

ʮʦʚ ʠ ʫʩʨʝʜʥʷʣʠʩʴ. ʇʨʠ ʯʠʩʣʝʥʥʦʡ ʦʙʨʘʙʦʪʢʝ 

ʩʧʝʢʪʨʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʠʭ ʦʧʪʠʤʘʣʴʥʦʝ ʩʛʣʘʞʠʚʘ-

ʥʠʝ. ɺʩʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʧʦʣʦʩʳ ʚ ʩʧʝʢʪʨʘʭ ʂʈ ʚʳ-

ʜʝʣʷʣʠʩʴ ʥʘ ʰʠʨʦʢʦʧʦʣʦʩʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʬʦʥʝ 

[12]. ʇʨʦʚʦʜʠʣʦʩʴ ʜʝʪʘʣʴʥʦʝ ʯʠʩʣʝʥʥʦʝ ʨʘʟʣʦʞʝ-

ʥʠʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ ʥʘ ʦʪʜʝʣʴʥʳʝ ʩʧʝʢ-

ʪʨʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ.  

ʉʧʝʢʪʨʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʳʭ ʧʝ-

ʨʝʭʦʜʦʚ ʚ ʥʘʥʦʘʣʤʘʟʘʭ  

ʅʘʙʣʶʜʘʝʤʳʝ ʩʧʝʢʪʨʳ ʂʈ ʅɸ ʧʦʩʣʝ ʦʪʞʠ-

ʛʘ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʦʯʝʥʴ ʙʦʣʴʰʠʝ ʠʟʤʝʥʝʥʠʷ ʢʘʢ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʢʦʣʝʙʘʪʝʣʴʥʳʭ D ʠ G ʧʦʣʦʩ ʅɸ ʠ 

ʠʭ ʛʨʘʬʠʪʦʧʦʜʦʙʥʳʭ ʦʙʦʣʦʯʝʢ, ʪʘʢ ʠ ʰʠʨʦʢʦʧʦ-

ʣʦʩʥʦʛʦ ʬʦʥʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝʩʪʚʝʥʥʳʝ ʠʟ-

ʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʅɸ ʚ ʰʠʨʦʢʦʡ ʦʙ-

ʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ, ʧʨʝʚʳʰʘʶʱʝʡ 1000 Üʉ. ɺ ʩʧʝʢ-

ʪʨʘʭ ʂʈ ʠʩʭʦʜʥʳʭ ʅɸ D ʠ G ʧʦʣʦʩʳ ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʘʙʳ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʦʥʘ ʚ 15 ʨʘʟ ʧʨʝʚʳʰʘʝʪ 

ʠʭ ʤʘʢʩʠʤʫʤʳ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʩʦʙʦʤ 

ʩʦʩʪʦʷʥʠʠ ʅɸ. ɿʘʤʝʪʥʳʝ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʅɸ 

ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 940 Üʉ ʠ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ ʦʪʞʠʛʝ 940 Üʉ ʬʦʥ ʚ 

ʩʧʝʢʪʨʝ ʂʈ ʅɸ ʩʠʣʴʥʦ ʫʩʠʣʠʚʘʝʪʩʷ ʠ ʥʘʯʠʥʘʶʪ 

ʫʩʠʣʠʚʘʪʴʩʷ ʠ D, G ʧʦʣʦʩʳ, ʥʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʦ-

ʥʘ ʚʦʟʨʘʩʪʘʝʪ ʩʠʣʴʥʝʝ. ʇʨʠ ʦʪʞʠʛʝ ʅɸ ʚ ʠʥʪʝʨʚʘ-

ʣʝ 980-1200 Üʉ ʰʠʨʦʢʦʧʦʣʦʩʥʳʡ ʬʦʥ ʨʝʟʢʦ ʦʩʣʘʙ-

ʣʷʝʪʩʷ, ʘ D ʠ G ʧʦʣʦʩʳ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʠʣʠʚʘʶʪʩʷ 

(ʩʧʝʢʪʨʳ 1 ʠ 3,4 ʥʘ ʨʠʩ.1), ʯʪʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʨʘʟ-

ʚʠʪʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ. ʅʘʙʣʶʜʝʥʠʝ 

ʬʦʥʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʚ ʂʈ ʠ ʀʂ ʩʧʝʢʪʨʘʭ ʅɸ, ʘ 

ʪʘʢʞʝ ʝʛʦ ʥʝʦʙʳʯʥʘʷ ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʠ ʚʟʘʠʤʦʩʚʷʟʴ ʩ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ D ʠ G ʧʦʣʦʩ, ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʩʚʷʟʳʚʘʪʴ ʝʛʦ ʩ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʝʡ, 

ʢʘʢ ʵʪʦ ʯʘʩʪʦ ʜʝʣʘʝʪʩʷ. ʕʪʦʪ ʬʦʥ ʩʚʷʟʘʥ ʩ ʩʠʣʴʥʳʤ 

ʂʕɺ ʠ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʳʭ ʕʇ ʚ 

ʦʙʣʘʩʪʠ ʭʘʨʘʢʪʝʨʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ [10-12]. 
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ʈʠʩ. 1. ʉʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʂʈ ʠʩʭʦʜʥʳʭ ʅɸ (1) ʠ ʧʦʩʣʝ ʦʪ-

ʞʠʛʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 940 Áʉ (2); 980 Áʉ (3); 1000 Áʉ (4); 

1200 Áʉ (5); 1500 Áʉ (6); 1800 Áʉ (7) ʠ 2000 Áʉ (8) ʠ ʨʘʟʥʦʩʪʴ 

ʜʚʫʭ ʩʧʝʢʪʨʦʚ ʧʨʠ 1200 Áʉ (ʚʩʪʘʚʢʘ) 

Fig. 1. Comparison of Raman spectra of started ND (1) and ND 

after annealing at 940 ÁC (2); 980 ÁC (3); 1000 ÁC (4); 1200 ÁC 

(5); 1500 ÁC (6); 1800 ÁC (7) and 2000 ÁC (8). In insert -

difference of two spectrʘ at 1200 ÁC 

 

ʉʫʱʝʩʪʚʝʥʥʦ, ʯʪʦ ʚ ʩʧʝʢʪʨʘʭ ʂʈ ʚ ʨʘʟʥʳʭ 

ʤʝʩʪʘʭ ʦʜʥʦʛʦ ʦʙʨʘʟʮʘ ʘʛʣʦʤʝʨʘʪʦʚ ʅɸ ʩ ʨʦʩʪʦʤ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʬʦʥʘ D ʠ G ʧʦʣʦʩʳ 

ʦʩʣʘʙʣʷʶʪʩʷ. ʇʦʵʪʦʤʫ ʚ ʨʘʟʥʦʩʪʷʭ ʩʧʝʢʪʨʦʚ ʧʨʦ-

ʷʚʣʷʶʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʝ ʧʦʣʷʨʥʦʩʪʠ ʧʦʣʦʩ D ʠ G, 

ʯʪʦ ʧʨʠ 1200 Üʉ ʧʦʢʘʟʘʥʦ ʥʘ ʚʩʪʘʚʢʝ ʨʠʩ. 1. ɺ ʩʚʷ-

ʟʠ ʩ ʵʪʠʤ ʚ ʩʧʝʢʪʨʘʭ ʂʈ ʠʩʭʦʜʥʳʭ ʅɸ ʧʨʠ ʠʥʪʝʥ-

ʩʠʚʥʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʬʦʥʝ D ʠ G ʧʦʣʦʩʳ ʠʤʝʶʪ 

ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʩʠʣʠʚʘʶʪʩʷ ʧʨʠ ʦʩʣʘʙʣʝʥʠʠ ʬʦʥʘ. ʇʨʠ ʧʨʘʢʪʠʯʝ-

ʩʢʦʤ ʠʩʯʝʟʥʦʚʝʥʠʠ ʬʦʥʘ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 1300 Üʉ 

ʥʝʦʞʠʜʘʥʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʠʡ ʨʦʩʪ ʤʘʢʩʠʤʫʤʦʚ 

ʥʝ ʪʦʣʴʢʦ ʛʨʘʬʠʪʦʚʳʭ G, ʥʦ ʠ D ʧʦʣʦʩ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʠʜʝʥʪʠʬʠʢʘʮʠʷ D ʧʦʣʦʩ ʟʘʪʨʫʜʥʷʝʪʩʷ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʩʫʱʝʩʪʚʝʥʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʅɸ ʚ 

ʃʆʋ ʧʨʠ 1800 ʠ 2000 Üʉ, ʘ ʪʘʢʞʝ ʩʦʛʣʘʩʦʚʘʥʥʳʤ 

ʠʟʤʝʥʝʥʠʝʤ ʩʦʩʪʦʷʥʠʡ ʅɸ ʠ ʠʭ ʦʙʦʣʦʯʝʢ ʥʘ ɼʕ 

çʨʘʩʪʷʥʫʪʦʛʦè ʌʇ. ʇʦʵʪʦʤʫ ʤʳ ʧʨʦʚʝʣʠ ʜʝʪʘʣʴ-

ʥʳʝ ʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ D ʠ G 

ʧʦʣʦʩ, ʚʳʜʝʣʝʥʥʳʭ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʬʦʥʝ, ʨʝʟʫʣʴ-

ʪʘʪʳ ʢʦʪʦʨʦʛʦ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2ʘ-ʚ. 

ʅʘ ʨʠʩ. 2ʘ ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ D ʠ G ʧʦʣʦʩ 

ʠʩʭʦʜʥʳʭ ʅɸ, ʘ ʥʘ ʨʠʩ. 2ʙ ʠ ʚ ï ʧʦʩʣʝ ʠʭ ʦʪʞʠʛʘ 

ʧʨʠ 1300 Üʉ ʠ 1800 Üʉ. ɺʠʜʥʦ, ʯʪʦ ʢʨʦʤʝ ʠʟʚʝʩʪ-

ʥʳʭ D ʠ G ʧʦʣʦʩ ʥʘʙʣʶʜʘʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 

ʥʠʟʢʦʯʘʩʪʦʪʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʵʪʠʭ ʧʦʣʦʩ D(k), 

D(k¡) ʠ G(k¡), ʚʳʩʦʢʦʯʘʩʪʦʪʥʘʷ ʢʦʤʧʦʥʝʥʪʘ G¡ å 

å1629 ʩʤ-1 ʚ ʩʧʝʢʪʨʝ ʠʩʭʦʜʥʳʭ ʅɸ, ʘ ʪʘʢʞʝ ʣʦ-

ʢʘʣʴʥʘʷ ʕʇ [12] ʚ ʦʙʣʘʩʪʠ ʦʩʣʘʙʣʝʥʥʦʡ D ʣʠʥʠʠ 

ʅɸ. ʇʦʣʦʩʘ G¡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʘʢʩʠʤʫʤʫ ʧʣʦʪʥʦ-

ʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʥʫʪʨʠ ʟʦʥʳ ɹʨʠʣʣʶ-

ʵʥʘ (ɿɹ) [19]. ɸ D(k) ʢʦʤʧʦʥʝʥʪʘ ~1140-1150 ʩʤ-1 

(ʨʠʩ. 2ʙ, ʚ), ʥʘʙʣʶʜʘʝʤʘʷ ʧʦʩʣʝ ʦʪʞʠʛʘ ʚ ʠʥʪʝʨʚʘ-

ʣʝ 1200-2000 Üʉ, ʦʪʥʦʩʠʪʩʷ ʢ ʩʦʩʪʦʷʥʠʷʤ ʅɸ ʚ ʦʙ-

ʣʘʩʪʠ ʙʦʣʴʰʠʭ ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ k ʥʘ ʛʨʘʥʠʮʝ 

ɿɹ [17, 18]. ʂʦʤʧʦʥʝʥʪʳ D(k¡) ʠ G(k¡) ʦʪʥʦʩʷʪʩʷ ʢ 

ʩʨʝʜʠʥʝ ɿɹ (k¡ å k/2) ï ʠʭ ʥʘʙʣʶʜʝʥʠʝ ʚ ʢʦʣʝʙʘ-

ʪʝʣʴʥʳʭ ʩʧʝʢʪʨʘʭ, ʢʘʢ ʠ D(k), ʩʚʷʟʘʥʦ ʩ ʦʪʦʙʨʘʞʝ-

ʥʠʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʥʘ ʮʝʥʪʨ ɿɹ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʫʜʚʦ-

ʝʥʠʷ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʘʣʤʘʟʦ- ʠ ʛʨʘ-

ʬʠʪʦʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʠ ʠʭ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʠ 

ʩʦʛʣʘʩʥʦ ʩʮʝʥʘʨʠʶ ʌʝʡʛʝʥʙʘʫʤʘ [20]. ʀʭ ʯʘʩʪʦʪ-

ʥʳʝ ʧʦʣʦʞʝʥʠʷ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʜʠʩʧʝʨʩʠʝʡ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʭ ʬʦʥʦʥʥʳʭ ʚʝʪʦʢ ɜ(k). ɸʥʘʣʦʛʠʯʥʘʷ 

ʠʥʪʝʥʩʠʚʥʘʷ ʧʦʣʦʩʘ D(k) ~ 1065-1160 ʩʤ-1 ʥʘʙʣʶ-

ʜʘʣʘʩʴ ʥʘʤʠ ʚ ʀʂ ʩʧʝʢʪʨʝ ʅɸ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 

1000 Üʉ [17, 18]. ʕʪʘ ʧʦʣʦʩʘ ʩʠʣʴʥʦ ʦʩʣʘʙʣʷʣʘʩʴ 

ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 1300 Üʉ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʫʱʝ-

ʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʅɸ ʚ ʦʙʣʘʩʪʠ ʢʨʘʷ 

ɿɹ. ʆʥʦ ʩʚʷʟʘʥʦ ʩ ʜʠʥʘʤʠʯʝʩʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʟʘ-

ʨʜ̫ʦʚ ʧʨʠ ʢʦʣʝʙʘʥʠʷʭ ʘʪʦʤʦʚ ʠ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʫʟ-

ʢʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʥʘʯʘʣʴʥʦʛʦ ʵʪʘʧʘ 

ʌʇ. ʃʦʢʘʣʴʥʘʷ ʕʇ ʩ ʧʦʣʫʰʠʨʠʥʦʡ ŭɜ å 200 ʩʤ-1, 

ʢʦʪʦʨʘʷ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʷ ŭɜ ʜʣʷ 

D ʣʠʥʠʡ ʠʩʭʦʜʥʳʭ ʅɸ (ʨʠʩ. 2ʘ), ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠ-

ʤʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 940 ʉ̄ 

ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʦʩʦʙʦʝ ʩʦʩʪʦʷʥʠʝ ʅɸ. 

ʉʫʱʝʩʪʚʝʥʥʦ, ʯʪʦ ʩʣʘʙʘʷ ʘʣʤʘʟʥʘʷ D(k) 

ʧʦʣʦʩʘ ʩʦʭʨʘʥʷʝʪʩʷ ʜʘʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1800-

2000 ʉ̄, ʯʪʦ ʠʣʣʶʩʪʨʠʨʫʝʪʩʷ ʚʩʪʘʚʢʦʡ ʥʘ ʨʠʩ. 2ʚ. 

ʅʦ ʧʨʠ ʵʪʦʤ ʧʦʣʦʩʘ G(kô) ʚ ʦʙʣʘʩʪʠ 1480-1530 ʩʤ-1 

ʫʞʝ ʦʪʩʫʪʩʪʚʫʝʪ, ʭʦʪʷ ʧʨʠ 1300-1500 ʉ̄ ʦʥʘ ʝʱʝ 

ʠʤʝʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ (ʨʠʩ. 2ʙ). ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʫʣʫʯʰʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʠʪʦʚʦʡ ʦʙʦ-

ʣʦʯʢʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʪʦ ʧʦʜʪʚʝʨ-

ʞʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ ʧʦʣʫʰʠʨʠʥʳ G ʧʦʣʦʩʳ ʧʨʠ 

2000 ʉ̄ ʜʦ 59 ʩʤ-1. ɺʝʨʦʷʪʥʦ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʣʞ-

ʥʘ ʦʪʩʫʪʩʪʚʦʚʘʪʴ ʠ G(k) ʧʦʣʦʩʘ ʚ ʦʙʣʘʩʪʠ 1353-

1372 ʩʤ-1, ʢʦʪʦʨʘʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʀʂ ʩʧʝʢʪʨʝ ʅɸ 

ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 1000 ʉ̄ [17, 18], ʘ ʪʘʢʞʝ ʦʪ ʪʦʨ-

ʮʦʚ ʛʨʘʬʠʪʦʚʳʭ ʩʣʦʝʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʛʨʘʬʠʪʘ 

[21]. ʕʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʦʩʪʦʡ ʬʦʨʤʦʡ ʫʟʢʠʭ D 

ʣʠʥʠʡ (ŭɜ = 63 68 ʩʤ-1) ʧʨʠ 1800-2000 ʉ̄. ʉʦʭʨʘ-

ʥʝʥʠʝ ʦʩʪʘʪʢʦʚ ʅɸ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʠʭ ʩʠʣʴʥʳʤ ʩʞʘʪʠʝʤ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʚʦʟʨʘʩʪʘʥʠʷ ʦʙʲʝʤʘ ʧʨʠ ʛʨʘʬʠʪʠʟʘʮʠʠ 

ʚʥʝʰʥʠʭ ʯʘʩʪʝʡ ʅɸ. ɺ ʵʪʠʭ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦ-

ʚʠʷʭ ʥʝ ʠʩʢʣʶʯʝʥʦ ʠ ʚʦʟʨʘʩʪʘʥʠʝ ʩʝʯʝʥʠʷ ʂʈ ʅɸ 

ʠʣʠ ʩʤʝʰʠʚʘʥʠʝ ʩʚʦʡʩʪʚ ʅɸ ʚ ʮʝʥʪʨʝ ɿɹ ʠ ʛʨʘʬʠ-

ʪʦʧʦʜʦʙʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʘ ʛʨʘʥʠʮʝ ɿɹ, ʯʪʦ ʥʫʞʜʘ-

ʝʪʩʷ ʚ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ.  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʥʝʤʦʥʦʪʦʥʥʳʝ ʠʟʤʝʥʝ-

ʥʠʷ ʩʧʝʢʪʨʘʣʴʥʳʭ ʧʦʣʫʰʠʨʠʥ ŭɜ ʘʣʤʘʟʥʳʭ ʢʦʤ- 
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ʈʠʩ. 2. ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʚʳʜʝʣʝʥʥʳʭ ʢʦʣʝ-

ʙʘʪʝʣʴʥʳʭ ʧʦʣʦʩ ʚ ʩʧʝʢʪʨʘʭ ʂʈ ʠʩʭʦʜʥʳʭ ʅɸ (ʘ) ʠ ʧʦʩʣʝ 

ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1300 Áʉ (ʙ) ʠ 1800 Áʉ (ʚ) ʥʘ ʩʦʩʪʘʚ-

ʥʳʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʣʦʨʝʥʮʝʚʦʡ ʬʦʨʤʳ 

Fig. 2. Results of numerical decomposition (Lorentz line shape) 

of the allocated vibration bands in Raman spectra of started ND 

(a) and ND after annealing at 1300 ÁC (ʙ); 1800 ÁC (ʚ) 

ʧʦʥʝʥʪ D ʠ ʢʦʤʧʦʥʝʥʪ G ʛʨʘʬʠʪʦʚʳʭ ʦʙʦʣʦʯʝʢ. 

ʅʘʧʨʠʤʝʨ, ʚʝʣʠʯʠʥʳ ŭɜ ʜʣʷ D ʢʦʤʧʦʥʝʥʪ ʩʥʘʯʘʣʘ 

ʚʦʟʨʘʩʪʘʶʪ ʦʪ ~30 ʩʤ-1 ʜʦ 160 ʩʤ-1 ʠ ʙʦʣʴʰʝ ʠ ʜʘ-

ʣʝʝ ʩʫʞʘʶʪʩʷ ʜʦ ʟʥʘʯʝʥʠʡ ʤʝʥʴʰʝ 70 ʩʤ-1. ɸʥʦ-

ʤʘʣʴʥʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʅɸ ʧʨʠ ʨʘʩʧʨʝʜʝ-

ʣʝʥʥʦʤ ʚ ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ȹʊ~1000 Üʉ ʌʇ 

ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʠʣʴʥʦʤ ʚʦʟʨʘʩʪʘʥʠʠ ʧʠʢʦʚʳʭ ʠ 

ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ D ʧʦʣʦʩ. ɺ ʯʘʩʪʥʦ-

ʩʪʠ, ʚ ʩʣʫʯʘʝ ʦʪʞʠʛʘ ʧʨʠ 1000 Üʉ ʤʘʢʩʠʤʫʤ D ʣʠ-

ʥʠʠ ʚʦʟʨʘʩʪʘʝʪ ʙʦʣʝʝ ʯʝʤ ʚ 10 ʨʘʟ, ʘ ʝʝ ʠʥʪʝʛʨʘʣʴ-

ʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ï ʙʦʣʝʝ ʯʝʤ ʚ 50 ʨʘʟ. ɼʣʷ ʛʨʘ-

ʬʠʪʦʚʳʭ G ʢʦʤʧʦʥʝʥʪ 1540-1590 ʩʤ-1 ʪʘʢʞʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʟʨʘʩʪʘʥʠʝ ʧʠʢʦʚʳʭ ʠ ʠʥʪʝʛʨʘʣʴ-

ʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʧʨʠʤʝʨʥʦ ʚ 10 ʨʘʟ ʩ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʅɸ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʇʨʦʚʝʜʝʥ ʜʝʪʘʣʴʥʳʡ ʯʠʩʣʝʥʥʳʡ ʘʥʘʣʠʟ 

ʚʳʜʝʣʝʥʥʳʭ D ʠ G ʧʦʣʦʩ ʧʨʠ ʚʩʝʭ ʠʟʫʯʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ ʅɸ. ʀʟʫʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨ-

ʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʧʝʢʪʨʘʣʴʥʳʭ 

ʢʦʤʧʦʥʝʥʪ D ʠ G, D(k) ʠ G(k¡) ʧʦʟʚʦʣʠʣʦ ʫʩʪʘʥʦ-

ʚʠʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ɼʕ ʌʇ ʧʨʠ ʦʪʞʠʛʝ ʅɸ. ʆʙ-

ʥʘʨʫʞʝʥʳ ʥʝʤʦʥʦʪʦʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʯʘʩʪʦʪ ʚʩʝʭ ʧʦʣʦʩ ɜ(ʊ), ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʠ ʧʦʣʫʰʠʨʠʥ ŭɜ(ʊ), ʯʪʦ ʜʣʷ ʩʧʝʢʪʨʦʚ ʂʈ ʯʘʩʪʠʯʥʦ 

ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3ʘ, ʙ. ʉʫʱʝʩʪʚʦʚʘʥʠʝ ʟʥʘʯʠʪʝʣʴ-

ʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

I max ʜʣʷ ʚʩʝʭ ʩʧʝʢʪʨʘʣʴʥʠʭ ʢʦʤʧʦʥʝʥʪ ʚ ʠʥʪʝʨʚʘ-

ʣʘʭ ʦʢʦʣʦ 940-1200 Üʉ ʠ 1500-2000 Üʉ (ʨʠʩ. 3ʘ) 

ʩʚʷʟʘʥʦ ʢʘʢ ʤʠʥʠʤʫʤ ʩ ʜʚʫʤʷ ʜʠʩʢʨʝʪʥʳʤʠ ʩʪʘʜʠ-

ʷʤʠ ʌʇ ʘʣʤʘʟ-ʃʆʋ. ɸʥʘʣʦʛʠʯʥʳʝ ʤʘʢʩʠʤʫʤʳ 

ʥʘʙʣʶʜʘʶʪʩʷ ʠ ʜʣʷ ʧʦʣʫʰʠʨʠʥ ŭɜ(ʊ) ʚʩʝʭ ʘʥʘʣʠ-

ʟʠʨʫʝʤʳʭ ʢʦʤʧʦʥʝʥʪ (ʨʠʩ. 3ʙ), ʘ ʪʘʢʞʝ ʯʘʩʪʦʪ 

D(k), D(k¡) ʠ D ʢʦʤʧʦʥʝʥʪ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʣʝʢ-

ʪʨʦʥʥʦʛʦ ʬʦʥʘ IF, ʯʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʚʩʪʘʚʢʘʭ  

ʨʠʩ. 3ʘ, ʙ. ɺʦʟʨʘʩʪʘʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʦʣʦʩʳ 

D(k) ʚ ʀʂ ʩʧʝʢʪʨʝ ʅɸ ʧʦʩʣʝ ʦʪʞʠʛʘ ʦʢʦʣʦ 1000 Üʉ 

[17, 18] ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ 

ʥʘʯʘʣʴʥʦʛʦ ʵʪʘʧʘ ʌʇ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʯʘ-

ʩʪʦʪʘ D ʧʦʣʦʩʳ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʥʝ 

ʩʪʨʝʤʠʪʩʷ ʢ ʯʘʩʪʦʪʝ D ʧʦʣʦʩʳ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʛʦ 

ʛʨʘʬʠʪʘ (ʚʩʪʘʚʢʘ ʥʘ ʨʠʩ. 3ʘ) ʠ ʜʘʞʝ ʫʤʝʥʴʰʘʝʪʩʷ ʦʪ 

1345,7 ʜʦ 1344,1 ʩʤ-1 ʚ ʦʙʣʘʩʪʠ 1800-2000 Üʉ.  

ʄʘʣʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʫʟʢʦʛʦ D ʧʠʢʘ ʚ ʩʧʝʢ-

ʪʨʝ ʂʈ ʠʩʭʦʜʥʦʛʦ ʅɸ ʩʚʷʟʘʥʘ ʩ ʥʘʙʣʶʜʝʥʠʝʤ ʟʜʝʩʴ 

ʢʨʦʤʝ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʬʦʥʘ IF ʣʦ-

ʢʘʣʴʥʦʡ ʕʇ ʩ ʧʦʣʫʰʠʨʠʥʦʡ ŭɜ~200 ʩʤ-1 (ʨʠʩ. 2ʘ). 

ɸʥʘʣʦʛʠʯʥʦ ʦʯʝʥʴ ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ŭɜ~500 ʩʤ-1 

ʜʣʷ ʧʦʣʦʩ D(k) ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʦʪʞʠʛʝ ʚ ʠʥʪʝʨ-

ʚʘʣʝ 1000-1200 Üʉ (ʨʠʩ. 3ʙ). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʛʠ-

ʙʨʠʜʥʫʶ ʢʦʣʝʙʘʪʝʣʴʥʦ-ʵʣʝʢʪʨʦʥʥʫʶ ʧʨʠʨʦʜʫ 

ʵʪʠʭ ʩʦʩʪʦʷʥʠʡ ʅɸ ʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʘʢʞʝ ʨʝ- 
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʠ ʧʠʢʦʚʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʠ ʯʘʩʪʦʪ 

(ʚʩʪʘʚʢʠ) ʦʪʜʝʣʴʥʳʭ ʩʧʝʢʪʨʘʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪ ʢʦʣʝʙʘʪʝʣʴʥʳʭ 

ʧʦʣʦʩ ʚ ʩʧʝʢʪʨʘʭ ʂʈ ʅɸ ʚ ʦʙʣʘʩʪʠ D ʠ G ʧʦʣʦʩ (ʘ), ʠʭ ʧʦʣʫ-

ʰʠʨʠʥ ŭɜ, ʘ ʪʘʢʞʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʬʦʥʘ IF 

(ʚʩʪʘʚʢʘ) (ʙ) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʅɸ 

Fig. 3. Dependences of peak intensites and frequencies (inserts) of 

the separate spectral components of vibration bands in Raman 

spectra in the area of D and G bands (a), their full width at half 

maximum (FWHM), and intensity of an electronic background of 

IF (insert) (ʙ) vs annealing temperature of ND 

 

ʢʦʨʜʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʬʦʥʘ 

ʦʢʦʣʦ 940 Üʉ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʩʦʙʳʝ ʩʚʦʡʩʪʚʘ 

ʵʪʦʛʦ ʵʢʩʪʨʝʤʘʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚʝʱʝʩʪʚʘ ʥʘ ʧʨʦ-

ʤʝʞʫʪʦʯʥʦʤ ʵʪʘʧʝ ʌʇ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʧʨʠ 2000 Üʉ 

ʥʘʙʣʶʜʘʶʪʩʷ ʤʘʢʩʠʤʫʤʳ D ʠ G ʧʦʣʦʩ. ʇʦʵʪʦʤʫ 

ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ, ʯʪʦ ʧʨʠ ʦʪʞʠʛʝ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦ-

ʢʠʭ ʊ ʜʦʣʞʥʦ ʥʘʙʣʶʜʘʪʴʩʷ ʦʩʣʘʙʣʝʥʠʝ ʵʪʠʭ ʧʦʣʦʩ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʩʫ-

ʱʝʩʪʚʦʚʘʥʠʝ ʦʩʦʙʳʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʚʝʱʝʩʪʚʘ ʩ ʩʦʛʣʘʩʦʚʘʥʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʵʣʝʢ-

ʪʨʦʥʥʳʭ ʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʫʩʠʣʝʥʥʳ-

ʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʷʟʷʤʠ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʛʨʦʤʘʜʥʳʤ ʫʩʠʣʝʥʠʝʤ ʦʙʝʨʪʦʥʘ 2D ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ (ʨʠʩ. 1) ʠ ʘʥʦʤʘʣʴʥʳʤʠ ʧʦʣʦʞʠ-

ʪʝʣʴʥʳʤʠ ʘʥʛʘʨʤʦʥʠʯʝʩʢʠʤʠ ʩʜʚʠʛʘʤʠ ȹɜ =  

= ɜ(2D)-2ɜ(D) ~ 25 ʩʤ-1. ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʝʱʝʩʪʚʘ ʩ ʥʝʦʙʳʯʥʳ-

ʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʠ ʥʝʟʘʚʝʨʰʝʥʥʳʭ ʌʇ ʦʪʢʨʳʚʘʝʪ 

ʥʦʚʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʚ ʠʟʫʯʝʥʠʠ ʌʇ ʠ ʧʦʢʘʟʳʚʘʶʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʟʚʠʪʠʷ ʥʦʚʝʡʰʠʭ ʪʝʭʥʦʣʦʛʠʡ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʙʶʜʞʝʪ-

ʥʦʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʪʝʤʳ ʄʠʥʠʩʪʝʨ-

ʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʋʢʨʘʠʥʳ ˉ 16ɹʌ051-

02 ʠ ʩʦʛʣʘʰʝʥʠʷ ˉ14.580.21.0003 (ʫʥʠʢʘʣʴʥʳʡ 

ʠʜʝʥʪʠʬʠʢʘʪʦʨ ʧʨʦʝʢʪʘ RFMEFI58015X0003) 

ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘ-

ʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʚʳʧʦʣʥʝ-

ʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ ʌɻɹʅʋ 

ʊʀʉʅʋʄ. 
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BARIC DEPENDENCE OF LATTICE PROPERTIES F OR DIAMOND  

Based on the pairwise interatomic potential of Mi-Lennard-Jones and the Einstein's 

model of crystal the state equation P(V/V0, T) and the baric dependencies of the lattice properties 

for diamond were obtained. The calculations were performed along two isotherms: T = 300 and 

3000 K and until to P = 10000 kbar (i.e. until to the relative volume V/V0 = 0.5). The baric de-

pendencies for the following properties were obtained: isothermal elastic modulus, isochoric and 

isobaric heat capacities and thermal expansion coefficient. Good agreement with experimental 

data was obtained. 

Key words: diamond, interatomic interaction, pressure, elasticity modulus, heat capacity, thermal expansion 
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ɺɺɽɼɽʅʀɽ 

ɸʣʤʘʟ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʪʝʭʥʠʢʝ ʚʳʩʦʢʠʭ ʜʘʚʣʝ-

ʥʠʡ. ʀʤʝʥʥʦ ʘʣʤʘʟʥʳʝ ʥʘʢʦʚʘʣʴʥʠ ʷʚʣʷʶʪʩʷ ʦʩ-

ʥʦʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʝʱʝʩʪʚʘ ʧʨʠ 

ʚʳʩʦʢʠʭ P-T-ʫʩʣʦʚʠʷʭ. ʄʝʞʜʫ ʪʝʤ ʙʘʨʠʯʝʩʢʠʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʰʝʪʦʯʥʳʭ ʩʚʦʡʩʪʚ ʘʣʤʘʟʘ ʠʩʩʣʝʜʦ-

ʚʘʥʳ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʦ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʦ ʢʘʢ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ, ʪʘʢ ʠ 

ʙʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʰʝʪʦʯʥʳʭ ʩʚʦʡʩʪʚ ʘʣ-

ʤʘʟʘ ʚʜʦʣʴ ʨʘʟʣʠʯʥʳʭ ʠʟʦʪʝʨʤ. ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʦ-

ʩʪʦʪʫ ʤʝʪʦʜʠʢʠ ʨʘʩʯʝʪʘ, ʧʦʣʫʯʝʥʦ ʭʦʨʦʰʝʝ ʩʦʛʣʘ-

ʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʄɽʊʆɼ ʈɸʉʏɽʊɸ 

ʇʨʝʜʩʪʘʚʠʤ ʧʘʨʥʦʝ ʤʝʞʘʪʦʤʥʦʝ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʝ ʚ ʚʠʜʝ ʧʦʪʝʥʮʠʘʣʘ ʄʠ-ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ, 

ʠʤʝʶʱʝʛʦ ʚʠʜ [1]: 
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ʛʜʝ D ʠ ro ï ʛʣʫʙʠʥʘ ʠ ʢʦʦʨʜʠʥʘʪʘ ʤʠʥʠʤʫʤʘ ʧʦ-

ʪʝʥʮʠʘʣʘ, b > a > 1 ï ʯʠʩʣʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ.  

ʊʦʛʜʘ ʪʝʤʧʝʨʘʪʫʨʫ ɼʝʙʘʷ ʤʦʞʥʦ ʦʧʨʝʜʝ-

ʣʠʪʴ ʚ ʚʠʜʝ [1, 2]: 
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ʛʜʝ kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ, ʬʫʥʢʮʠʷ Aw ʚʦʟ-

ʥʠʢʘʝʪ ʠʟ-ʟʘ ʫʯʝʪʘ ʵʥʝʨʛʠʠ çʥʫʣʝʚʳʭ ʢʦʣʝʙʘʥʠʡè 
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m ï ʤʘʩʩʘ ʘʪʦʤʘ,  ˂ï ʧʦʩʪʦʷʥʥʘʷ ʇʣʘʥʢʘ, kn ï ʧʝʨ-

ʚʦʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ, c = [6kpV/(pN)]1/3 ï 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʘʤʠ ʙʣʠʞʘʡʰʠʭ ʘʪʦʤʦʚ, 

kp ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʧʘʢʦʚʢʠ ʩʪʨʫʢʪʫʨʳ, V ʠ N ï 

ʦʙʲʝʤ ʠ ʯʠʩʣʦ ʘʪʦʤʦʚ ʚ ʢʨʠʩʪʘʣʣʝ. 

ʊʦʛʜʘ, ʠʩʧʦʣʴʟʫʷ ʤʦʜʝʣʴ ʢʨʠʩʪʘʣʣʘ ʕʡʥ-

ʰʪʝʡʥʘ ʠ ʧʨʠʙʣʠʞʝʥʠʝ çʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʦʣʴʢʦ 

ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡè, ʜʣʷ ʫʜʝʣʴʥʦʡ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ ʤʦʞʥʦ ʧʨʠʥʷʪʴ [3]: 
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ʛʜʝ QE ï ʵʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʕʡʥʰʪʝʡʥʘ, ʢʦʪʦʨʘʷ ʩʚʷ-

ʟʘʥʘ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ɼʝʙʘʷ ʩʦʦʪʥʦʰʝʥʠʝʤ [3]:  

Q = (4/3)QE , U(R) = (a Rb ï b Ra) / (b ï a), R = ro/c ï 

ʣʠʥʝʡʥʘʷ ʧʣʦʪʥʦʩʪʴ ʢʨʠʩʪʘʣʣʘ. 

ʀʩʭʦʜʷ ʠʟ (2)(4) ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʨʝʰʝ-

ʪʦʯʥʳʝ ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ ʧʨʠ ʜʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ 

V/N ʠ T, ʝʩʣʠ ʠʟʚʝʩʪʥʳ ʧʘʨʘʤʝʪʨʳ ʤʝʞʘʪʦʤʥʦʛʦ 

ʧʦʪʝʥʮʠʘʣʘ (1) ʠ ʩʪʨʫʢʪʫʨʘ ʢʨʠʩʪʘʣʣʘ. ɼʣʷ ʪʝʨʤʠ-

ʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ (P) ʠ ʠʟʦʪʝʨʤʠʯʝ-

ʩʢʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (BT) ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ: 

V

N
yEkRUD

k

V

F
P wEB

n

T
ù
ú

ø
é
ê

è
ÖgÖQ+Ö=ö

÷

õ
æ
ç

å

µ

µ
-= )(3)('

6
, (5) 

.
)(

)()(3)(''
18

2

V

N

N

yC
TyEqkRUD

k

P
V

P
VB

v
wEB

n

T

T

ù
ú

ø
é
ê

è
Ö-Ö-ÖÖQ+Ö+

+=ö
÷

õ
æ
ç

å

µ

µ
-=

ggg

(6) 

ɿʜʝʩʴ g ʠ q ï ʧʝʨʚʳʡ ʠ ʚʪʦʨʦʡ ʧʘʨʘʤʝʪʨʳ 

ɻʨʶʥʘʡʟʝʥʘ,  
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ʛʜʝ Cv ï ʠʟʦʭʦʨʥʘʷ ʪʝʧʣʦʝʤʢʦʩʪʴ ʢʨʠʩʪʘʣʣʘ ʧʦ ʤʦ-

ʜʝʣʠ ʕʡʥʰʪʝʡʥʘ [3]. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɼʣʷ ʨʘʩʯʝʪʦʚ ʚʦʟʴʤʝʤ ʘʣʤʘʟ: m(C-dia) = 

12,01 a.m.u., kn = 4, kp = 0,3401. ʂʘʢ ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ ʚ [4], ʘʣʤʘʟ ʚʧʣʦʪʴ ʜʦ 8000 kbar = 

800 GPa ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʦʜʠ-

ʬʠʢʘʮʠʶ. ʇʦʵʪʦʤʫ ʨʘʩʯʝʪʳ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚʜʦʣʴ 

ʠʟʦʪʝʨʤ 300 ʠ 3000 K, ʧʨʠ ʩʞʘʪʠʠ ʜʦ V/V0 = 0,5.   

ʇʘʨʘʤʝʪʨʳ ʧʘʨʥʦʛʦ ʤʝʞʘʪʦʤʥʦʛʦ ʧʦʪʝʥ-

ʮʠʘʣʘ ʄʠ-ʃʝʥʥʘʨʜ-ɼʞʦʥʩʘ (1) ʜʣʷ ʘʣʤʘʟʘ, ʦʧʨʝ-

ʜʝʣʝʥʥʳʝ ʧʦ ʤʝʪʦʜʫ, ʦʧʠʩʘʥʥʦʤʫ ʚ [1], ʨʘʚʥʳ:  

ro = 0,1545 nm, 

D/kB = 97821,72 K, 

a = 2,05, 

b = 3,79                         (8) 

ʊʦʛʜʘ ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ ʧʨʠ V/V0 = Rï3 = 1 

(ʪ.ʝ. ʧʨʠ P = 0) ʙʫʜʫʪ ʨʘʚʥʳ: V0 = NA[p/(6kp)]ro
3 = 

3,419 cm3/mole, KR = 1,6921 K, Aw(1) = 5,0264 K, 

QE(1) = 1479,03 K, Q(1) = 1972,04 K. ɼʣʷ ʧʘʨʘʤʝʪ-

ʨʦʚ ɻʨʶʥʘʡʟʝʥʘ ʘʣʤʘʟʘ ʧʦʣʫʯʝʥʦ: g(1) = 0,9595, 

q(1) = 5,534Ŀ10ï3. 
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ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʳ ʠʟʦʪʝʨʤʳ ʫʨʘʚʥʝʥʠʷ 

ʩʦʩʪʦʷʥʠʷ ʘʣʤʘʟʘ. ʊʦʯʢʠ ï ʵʪʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʜʘʥʥʳʝ ʠʟ ʨʘʙʦʪʳ [4], ʧʦʣʫʯʝʥʥʳʝ ʫʜʘʨʥʳʤ ʩʞʘ-

ʪʠʝʤ ʘʣʤʘʟʘ ʜʦ 8000 kbar ʚ ʢʚʘʟʠ-ʘʜʠʘʙʘʪʠʯʝʩʢʦʤ 

ʨʝʞʠʤʝ.  
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ʈʠʩ. 1. ʀʟʦʪʝʨʤʳ ʫʨʘʚʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʘʣʤʘʟʘ. ʊʦʯʢʠ ï ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠʟ [4, fig. 4]. ʃʠʥʠʠ: 1-4 ï ʨʘʩʯʝʪ ʧʦ 

ʫʨʘʚʥʝʥʠʷʤ (9)(11), 5 ʠ 6 ï ʵʪʦ ʠʟʦʪʝʨʤʳ, ʨʘʩʩʯʠʪʘʥʥʳʝ 

ʥʘʤʠ ʧʨʠ 300 ʠ 3000 K 

Fig. 1. Isotherms of the state equation of diamond. Points are 

experimental data from [4, fig. 4]. Lines: 1-4 are calculations 

according to the equations (9)(11), 5 and 6 are the isotherms 

calculated at 300 and 3000 K 

 

ɼʚʝ ʥʠʞʥʠʝ ʣʠʥʠʠ 1 ʠ 2 ï ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʫʨʘʚʥʝʥʠʝʤ ɺʠʥʝʪʘ, 

ʢʦʪʦʨʦʝ ʠʤʝʝʪ ʚʠʜ [5]: 
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ʛʜʝ ʭ = (V/V0)1/3. ʅʠʞʥʷʷ ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ 1 ʧʦʣʫ-

ʯʝʥʘ ʚ [6] ʧʨʠ ɺ0 = 4460 kbar ʠ ɺ0'  = 3. ʇʫʥʢʪʠʨʥʘʷ 

ʣʠʥʠʷ 2 ʧʦʣʫʯʝʥʘ ʚ [4] ʧʨʠ ɺ0 = 4380 kbar ʠ ɺ0'  = 

3,68. 

ɺʝʨʭʥʷʷ ʰʪʨʠʭ-ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ 3 ï ʨʘʩ-

ʯʝʪ ʧʦ ʫʨʘʚʥʝʥʠʶ ʄʫʨʥʘʛʘʥʘ-ɹʝʨʯʘ [7]: 
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ʧʨʠ ɺ0 = 4330 kbar ʠ ɺ0' = 4,0 [1]. 

ʃʠʥʠʷ 4 ï ʨʘʩʯʝʪ ʧʦ ʫʨʘʚʥʝʥʠʶ ʍʦʣʴ-

ʮʘʧʬʝʣʷ [7]:  
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ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʘʨʘʤʝʪʨʦʚ: ɺ0 = 4560 kbar ʠ 

ɺ0' = 3,8 [7]. 

ʀʟ ʨʠʩ. 1 ʚʠʜʥʦ, ʯʪʦ ʥʘʰʠ ʨʝʟʫʣʴʪʘʪʳ ʜʦ-

ʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʢʘʢ ʩ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠʟ [4], ʪʘʢ ʠ ʩ ʨʘʩʯʝʪʘʤʠ ʜʨʫ-

ʛʠʭ ʘʚʪʦʨʦʚ. ʆʪʤʝʪʠʤ ʪʘʢʞʝ, ʯʪʦ ʥʘʰʠ ʠʟʦʪʝʨʤʳ 5 

ʠ 6 ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʪʘʢʞʝ ʠ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, 

ʧʦʣʫʯʝʥʥʳʤʠ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʨʘʙʦʪʘʭ [8, 9]. 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʥʘʤʠ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ɼʝʙʘʷ, ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʘʨʘʤʝʪʨʦʚ 

ɻʨʶʥʘʡʟʝʥʘ ʦʪ V/V0 ʜʣʷ ʘʣʤʘʟʘ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝ-

ʥʳ ʚ [10], ʠ ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ 

ʜʘʥʥʳʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. 

ʈʘʩʩʯʠʪʘʚ ʟʘʚʠʩʠʤʦʩʪʴ P(V/V0) ʠ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʢʘʢʦʛʦ-ʣʠʙʦ ʧʘʨʘʤʝʪʨʘ X(V/V0) ʚʜʦʣʴ ʦʧʨʝ-

ʜʝʣʝʥʥʦʡ ʠʟʦʪʝʨʤʳ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʙʘʨʠʯʝʩʢʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ X(P) ʚʜʦʣʴ ʵʪʦʡ ʞʝ 

ʠʟʦʪʝʨʤʳ. 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʧʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʧʫ-

ʪʝʤ ʠʟʦʪʝʨʤʳ ʙʘʨʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʜʣʷ BT(P) 

ï ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (ʚ kbar). ʀʟ 

ʨʠʩ. 2 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ P  ¤ ʬʫʥʢʮʠʷ BT(P) ʚʳʭʦ-

ʜʠʪ ʥʘ ʣʠʥʝʡʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʘ ʬʫʥʢʮʠʷ B¡(P) = 

=(µBT/µP)T ʩʪʨʝʤʠʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʝ. 
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ʈʠʩ. 2. ʀʟʦʪʝʨʤʳ ʙʘʨʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʘʣʤʘʟʘ. 1, 2 ï ʈʘʩʩʯʠʪʘʥʥʳʝ ʠʟʦʪʝʨʤʳ 300 

ʠ 3000 K ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʪʝʥʮʠʘʣʘ ʠʟ (8). ʉʠʤʚʦʣʳ ï ʨʝ-

ʟʫʣʴʪʘʪʳ ʠʟ [8]: ʢʚʘʜʨʘʪʳ ï ʜʣʷ 298,15 K, ʢʨʫʞʢʠ ï ʜʣʷ 3000 

K. ʊʦʯʝʯʥʘʷ ʣʠʥʠʷ 3 ʥʘ ʠʥʪʝʨʚʘʣʝ P = 0  1000 ʢʙʘʨ ï ʨʝʟʫʣʴ-

ʪʘʪ ʠʟ [9], ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʚ 

ʢʚʘʟʠʛʘʨʤʦʥʠʯʝʩʢʦʤ ʧʨʠʙʣʠʞʝʥʠʠ. ʂʚʘʜʨʘʪʘʤʠ ʦʢʦʣʦ ʚʝʨʪʠ-

ʢʘʣʴʥʦʡ ʦʩʠ ʧʦʢʘʟʘʥʳ ʦʙʣʘʩʪʠ ʨʘʟʙʨʦʩʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʜʣʷ ʘʣʤʘʟʘ ʧʨʠ T = 300 K ʠ P = 0: 

BT(P=0) = 4380  4560 ʢʙʘʨ 

Fig. 2. Isotherms of the pressure dependence of the isothermal 

modulus of elasticity for diamond. 1 And 2 are the calculated 

isotherms for 300 and 3000 K with the parameters of the potential 

from (8). Symbols are the results from [8]: the squares are for 

298,15 K, circles ï for 3000 K. Point line 3 on the interval P = 0 - 

1000 kbar is the result from [9], which was obtained by the meth-

od of density functional in the quasi-harmonic approximation. 

Squares near a vertical axis are show the area of the scatter of the 

experimental data obtained for diamond at T = 300 K and P = 0: 

BT(P=0) = 4380-4560 kbar 
 

ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʳ ʠʟʦʪʝʨʤʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ap(P) ï ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ. ʀʟ 

ʨʠʩ. 3 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ P  ¤ ʬʫʥʢʮʠʷ ap(P) ʩʪʨʝ-

ʤʠʪʩʷ ʢ ʧʦʩʪʦʷʥʥʦʡ, ʘ ʬʫʥʢʮʠʷ ap¡(P) = (µap/µP)T 

ʩʪʨʝʤʠʪʩʷ ʢ ʥʫʣʶ. 
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ʈʠʩ. 3. ʀʟʦʪʝʨʤʳ ʙʘʨʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʘʣʤʘʟʘ. 1, 2 ïʈʘʩʯʝʪʳ ʧʨʠ 300 ʠ 3000 K ʩ ʧʘ-

ʨʘʤʝʪʨʘʤʠ ʧʦʪʝʥʮʠʘʣʘ ʠʟ (8). ʉʠʤʚʦʣʳ ï ʨʝʟʫʣʴʪʘʪʳ ʠʟ [8]: ʢʚʘʜʨʘʪʳ ï ʜʣʷ 298,15 K, ʢʨʫʞʢʠ ï ʜʣʷ 3000 K. ʊʦʯʝʯʥʘʷ ʣʠʥʠʷ 3 ʥʘ 

ʠʥʪʝʨʚʘʣʝ P = 0  1000 ʢʙʘʨ ï ʨʝʟʫʣʴʪʘʪ ʠʟ [9]. ʂʚʘʜʨʘʪʘʤʠ ʦʢʦʣʦ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ ʧʦʢʘʟʘʥʘ ʦʙʣʘʩʪʴ ʨʘʟʙʨʦʩʘ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʠ 300 K ʠ P = 0: ap/[10-6 K-1] = 3,0  3,15 

Fig. 3. Isotherms of the baric dependence of the coefficient of thermal expansion for diamond. 1 And 2 are our calculations at 300 and 

3000 K with the parameters of the potential from (8). Symbols are show the results from [8]: squares ï for 298,15 K, circles ï for 3000 

K. Point line 3 on the interval P = 0-1000 kbar is the result of [9]. Squares near a vertical axis are show the area of the scatter of the 

experimental data at T = 300 K and P = 0: ap/[10-6 K-1] = 3.0-3.15 
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ʈʠʩ. 4. ʀʟʦʪʝʨʤʳ ʙʘʨʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʳʭ ʪʝʧʣʦʝʤʢʦʩʪʝʡ ʘʣʤʘʟʘ. ʉʧʣʦʰʥʳʝ ʣʠʥʠʠ ï ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ 

ʠʟʦʭʦʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ Cv/(NkB): 1 ʜʣʷ 300 K ʠ 2 ʜʣʷ 3000 K. ʇʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ 3 ï ʠʟʦʪʝʨʤʘ ʠʟʦʙʘʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʠ 

Cp/(NkB) ʜʣʷ 3000 K. ʇʨʠ 300 K ʠʟʦʪʝʨʤʳ Cp(P) ʠ Cv(P) ʩʣʠʚʘʶʪʩʷ. ʉʠʤʚʦʣʘʤʠ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʟ [8]: ʥʠʞʥʠʝ ʩʠʤʚʦʣʳ ï 

ʜʣʷ 298.15 K, ʚʝʨʭʥʠʝ ï ʜʣʷ 3000 K; ʢʚʘʜʨʘʪʳ ʠ ʢʨʫʞʢʠ ï ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ Cv/(NkB), ʢʨʝʩʪʠʢʠ ï ʜʣʷ Cp/(NkB) 

Fig. 4. Isotherms of the dependence of the specific heats versus pressure for diamond. Solid lines are the calculated dependencies for 

heat capacity at constant volume Cv/(NkB): 1 ï for 300 K, and 2 ï for 3000 K. Dotted line 3 is the isotherm of heat capacity at constant 

pressure Cp/(NkB) at 3000 K. At 300 K isotherms Cp(P) and Cv(P) are merge. Symbols are show the results from [8]: lower symbols ï 

for 298.15 K, the top symbols ï for 3000 K; squares and circles are show the results for Cv/(NkB), crosses ï for Cp/(NkB) 

 

ʀʟʦʭʦʨʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ ʨʘʩʩʯʠʪʘʝʤ ʠʟ 

(7), ʘ ʠʟʦʙʘʨʥʫʶ ʪʝʧʣʦʝʤʢʦʩʪʴ ʨʘʩʩʯʠʪʘʝʤ ʧʦ 

ʬʦʨʤʫʣʝ [3]: ʉp = ʉv (1 + g ap T). 

ʅʘ ʨʠʩ. 4 ʧʦʢʘʟʘʥʳ ʠʟʦʪʝʨʤʳ ʙʘʨʠʯʝʩʢʠʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʫʜʝʣʴʥʳʭ ʪʝʧʣʦʝʤʢʦʩʪʝʡ ʘʣʤʘʟʘ: 

ʢʘʢ ʜʣʷ Cv/(NkB), ʪʘʢ ʠ ʜʣʷ Cp/(NkB). ʀʟ ʨʠʩ. 4 ʚʠʜ-

ʥʦ, ʯʪʦ ʧʨʠ P  ¤ ʬʫʥʢʮʠʠ Cv(P) ʠ Cp(P) ʩʪʨʝʤʷʪ-

ʩʷ ʢ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʝ, ʘ ʬʫʥʢʮʠʷ Cv¡(P) = 

=(µCv/µP)T ʠ ʨʘʟʥʦʩʪʴ Cp(P) ï Cv(P) ʩʪʨʝʤʷʪʩʷ ʢ 

ʥʫʣʶ. ʅʝʟʘʚʠʩʠʤʦʩʪʴ Cv ʦʪ P ʧʨʠ 3000 K ʝʩʪʴ 

ʩʣʝʜʩʪʚʠʝ ʟʘʢʦʥʘ ɼʶʣʦʥʛʘ-ʇʪʠ: Cv(T >> Q) = 3N kB. 

ɺʓɺʆɼʓ 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ ɼʝʙʘʷ (2) ʠ ʩʘʤʦʩʦʛʣʘ-

ʩʦʚʘʥʥʦ ʦʧʨʝʜʝʣʝʥʥʳʭ ʯʝʪʳʨʝʭ ʧʘʨʘʤʝʪʨʦʚ ʤʝʞ-

ʘʪʦʤʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (8), ʤʦʞʥʦ ʚ ʨʘʤʢʘʭ ʩʨʘʚʥʠ-

ʪʝʣʴʥʦ ʧʨʦʩʪʦʡ ʘʥʘʣʠʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʙʝʟ ʢʘʢʠʭ-

ʣʠʙʦ ʧʦʜʛʦʥʦʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʩʯʠʪʘʪʴ ʫʨʘʚʥʝ-
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ʥʠʝ ʩʦʩʪʦʷʥʠʷ ʠ ʙʘʨʠʯʝʩʢʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʰʝ-

ʪʦʯʥʳʭ ʩʚʦʡʩʪʚ ʘʣʤʘʟʘ.  

ʇʦʣʫʯʝʥʳ ʙʘʨʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣʷ ʩʞʘʪʠʷ, ʠʟʦʭʦʨʥʦʡ ʠ 

ʠʟʦʙʘʨʥʦʡ ʪʝʧʣʦʝʤʢʦʩʪʝʡ, ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦ-

ʛʦ ʨʘʩʰʠʨʝʥʠʷ. ʈʘʩʯʝʪʳ, ʚʳʧʦʣʥʝʥʥʳʝ ʚʜʦʣʴ ʠʟʦ-

ʪʝʨʤ 300 ʠ 3000 K ʚʧʣʦʪʴ ʜʦ P = 10000 kbar, ʧʦʢʘ-

ʟʘʣʠ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ 

ʜʘʥʥʳʤʠ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ P  ¤ ʬʫʥʢʮʠʷ BT(P) 

ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, ʬʫʥʢʮʠʠ 

B¡(P), ap(P), Cv(P), Cp(P) ʩʪʨʝʤʷʪʩʷ ʢ ʧʦʩʪʦʷʥʥʳʤ 

ʚʝʣʠʯʠʥʘʤ, ʘ ʬʫʥʢʮʠʠ ap¡(P), Cv¡(P) ʠ Cp(P) ï Cv(P) 

ʩʪʨʝʤʷʪʩʷ ʢ ʥʫʣʶ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʚ 

ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 16-03-00041_ʘ ʠ ʇʨʦ-

ʛʨʘʤʤʳ ʇʨʝʟʠʜʠʫʤʘ ʈɸʅ (ʧʨʦʛʨʘʤʤʘ ˉ I.11ʇ(1)). 
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ʈɽʅʊɻɽʅʆɼʀʌʈɸʂʎʀʆʅʅʓʁ ʄɽʊʆɼ ʆʇʈɽɼɽʃɽʅʀʗ ʈɸɿʄɽʈʆɺ ʀ ʉʊʈʋʂʊʋʈʅʓʍ 

ʍɸʈɸʂʊɽʈʀʉʊʀʂ ʅɸʅʆɻʈɸʌʀʊʆɺ ɺ ɸʂʊʀɺʀʈʆɺɸʅʅʓʍ ʋɻʃɽʈʆɼʅʓʍ ʄɸʊɽʈʀɸʃɸʍ 

ɺ ʨʘʙʦʪʝ ʨʘʟʚʠʪʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʥʘʥʦʛʨʘʬʠʪʦʚ ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʥʘʭ (ɸʋɺ) ʠʟ ʘʥʘʣʠʟʘ ʠʭ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʭ ʧʨʦʬʠʣʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ɺ ʥʝʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʨʠʚʳʝ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʥʘʙʦʨʘ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʙʝʥʟʦʣʦʧʦ-

ʜʦʙʥʳʭ ʠ ʬʝʥʘʣʝʥʦʧʦʜʦʙʥʳʭ ʥʘʥʦʛʨʘʬʝʥʦʚ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ, ʤʝʞʘʪʦʤʥʳʝ ʠ ʤʝʞ-

ʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ ʢʦʪʦʨʳʭ ʟʘʚʠʩʷʪ ʦʪ ʯʠʩʣʘ ʘʪʦʤʦʚ ʚ ʩʣʦʝ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ 

ʤʝʪʦʜʠʢʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʘʥʘʣʠʟʘ ʧʨʦʬʠʣʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ 

ʜʨʫʛʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʛʨʘʬʠʪʦʚʳʭ ʩʪʨʫʢʪʫʨ. ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʝʜʣʦʞʝʥʥʦʡ 

ʤʝʪʦʜʠʢʦʡ, ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ 

ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦ ʤʦʪʠʚʘʤ ʩʪʨʦʝʥʠʷ ɸʋɺ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʥʘʥʦʛʨʘʬʠʪ, ʥʘʥʦʛʨʘʬʝʥ, ʨʝʥʪʛʝʥʦʚ-

ʩʢʘʷ ʜʠʬʨʘʢʮʠʷ, ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʤʘʣʦʫʛʣʦʚʦʝ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ 
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CHARACTERISTIC S OF NANOGRAPHITES IN ACTIVATED CARBON M ATERIALS  

The method for determination of sizes and structural characteristics of nanographites in 

activated carbon fibers (ACFs) by analyzing their experimental X-ray diffraction profiles has 

been developed in the paper. It uses the curves of X-ray scattering calculated for the set of 
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nanographites consisting of benzene- and phenalene-bazed nanographenes of various sizes, 

which interatomic and interlayer distances depend on the number of atoms in layer. The devel-

oped method can be also applied to analysis of the X-ray diffraction profiles of other nanocrystal-

line graphite structures. The data acquired by the method agree with results of Raman spectros-

copy and small-angle X-ray scattering on ACFs structure motives. 

Key words: activated carbon fibers, nanographite, nanographene, X-ray diffraction, Raman spectros-

copy, small-angle X-ray scattering 

 

ɺɺɽɼɽʅʀɽ 

ʉʪʝʧʝʥʴ ʧʨʦʷʚʣʝʥʠʷ ʨʷʜʘ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ 

ʧʨʦʠʟʚʦʜʥʳʭ ʛʨʘʬʝʥʘ (ʥʘʧʨʠʤʝʨ, ʥʘʥʦʛʨʘʬʠʪʦʚ) 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʭ ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʯʠʩʣʦʤ 

ʠ ʪʠʧʦʤ ʫʧʘʢʦʚʢʠ ʩʣʦʝʚ, ʘ ʪʘʢʞʝ ʛʝʦʤʝʪʨʠʝʡ ʠʭ 

ʢʨʘʝʚ [1-5]. ʇʦʵʪʦʤʫ ʜʘʥʥʳʝ ʦ ʨʘʟʤʝʨʘʭ ʠ ʩʪʨʫʢ-

ʪʫʨʝ ʪʘʢʠʭ ʩʠʩʪʝʤ ʷʚʣʷʶʪʩʷ ʙʘʟʦʚʳʤʠ ʧʨʠ ʘʥʘʣʠʟʝ 

ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠʭ ʩʚʦʡʩʪʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʥʠ 

ʥʝʦʙʭʦʜʠʤʳ ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʠʩʪʠʥ-

ʥʳʭ ʟʥʘʯʝʥʠʡ ʟʘʚʠʩʷʱʠʭ ʦʪ ʨʘʟʤʝʨʦʚ ʩʧʝʢʪʨʦʩʢʦ-

ʧʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʠʟʚʦʜʥʳʭ ʛʨʘʬʝʥʘ, 

ʧʨʘʚʠʣʴʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʠʭ ʧʨʦʠʩʭʦʞʜʝʥʠʷ, ʘ 

ʪʘʢʞʝ ʧʨʠʯʠʥ ʠʭ ʠʟʤʝʥʝʥʠʡ ʧʦʜ ʚʣʠʷʥʠʝʤ ʨʘʟ-

ʣʠʯʥʳʭ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʠ ʩʪʨʫʢʪʫʨʳ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʦʙʲʝʢʪʦʚ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʝʪʦʜ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʆʜʥʘʢʦ ʧʨʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʦʙʲʝʢʪʦʚ ʤʥʦʛʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʠʛʥʦʨʠʨʫʶʪ ʪʦʪ 

ʬʘʢʪ, ʯʪʦ ʠʟ-ʟʘ ʤʘʣʦʡ ʜʣʠʥʳ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʚ ʥʘ-

ʥʦʯʘʩʪʠʮʘʭ ʠ ʦʙʫʩʣʦʚʣʝʥʥʦʛʦ ʵʪʠʤ ʫʰʠʨʝʥʠʷ ʠ 

ʩʤʝʱʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʦʪʨʘʞʝʥʠʡ ʦʙʱʝʧʨʠʥʷ-

ʪʳʝ ʤʝʪʦʜʠʢʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ-

ʨʦʰʢʦʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢ ʥʠʤ ʥʝ ʧʨʠʤʝʥʠʤʳ. 

ʅʘʧʨʠʤʝʨ, ʠʟ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʩʣʝʜʫʝʪ [6], 

ʯʪʦ ʜʣʷ ʥʘʥʦʛʨʘʬʠʪʦʚ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʚ ʠʟʚʝʩʪʥʦʡ ʬʦʨʤʫʣʝ ʐʝʨ-

ʨʝʨʘ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ. ɺ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʤʝʪʦʜʠʢʘʭ ʘʥʘʣʠʟʘ ʩʧʝʢʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠ-

ʬʨʘʢʮʠʠ ʧʦʨʦʰʢʦʚ ʧʨʝʥʝʙʨʝʛʘʶʪ ʠ ʟʘʚʠʩʠʤʦʩʪʴʶ 

ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʥʘʥʦʯʘʩʪʠʮʝ ʦʪ ʝʝ ʨʘʟ-

ʤʝʨʦʚ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʤʝʞʧʣʦʩʢʦʩʪ-

ʥʦʝ ʠ ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ, ʥʘʧʨʠʤʝʨ, ʚ ʥʘʥʦ-

ʛʨʘʬʠʪʘʭ, ʟʘʚʠʩʷʪ ʦʪ ʠʭ ʣʘʪʝʨʘʣʴʥʳʭ ʨʘʟʤʝʨʦʚ [7, 

8]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʨʘʙʦʪʘʭ, ʧʦʩʚʷʱʝʥʥʳʭ ʘʥʘʣʠʟʫ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʧʨʦʬʠʣʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠ-

ʬʨʘʢʮʠʠ ʧʦʨʦʰʢʦʚ ʠ ʘʛʣʦʤʝʨʘʪʦʚ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʩʠʩʪʝʤ, ʥʝ ʚʩʝʛʜʘ ʫʯʠʪʳʚʘʝʪʩʷ ʚʦʟʤʦʞʥʳʡ ʚʢʣʘʜ ʚ 

ʥʝʝ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʬʘʟ. ʀʟ ʚʩʝʛʦ ʩʢʘʟʘʥʥʦʛʦ 

ʦʯʝʚʠʜʥʦ, ʯʪʦ ʨʘʟʨʘʙʦʪʢʘ ʠ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʠʢ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʥʘʥʦʯʘʩʪʠʮ ʠʟ ʧʨʦʬʠʣʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠ-

ʬʨʘʢʮʠʠ ʠʭ ʧʦʨʦʰʢʦʚ ʠ ʘʛʣʦʤʝʨʘʪʦʚ ʠ ʧʦ ʩʝʡ ʜʝʥʴ 

ʦʩʪʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ ʟʘʜʘʯʘʤʠ. ɺ ʥʘʰʝʡ ʧʨʝʜʳ-

ʜʫʱʝʡ ʨʘʙʦʪʝ [9] ʙʳʣʘ ʨʘʩʩʤʦʪʨʝʥʘ ʤʝʪʦʜʠʢʘ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ ʧʫʪʸʤ ʢʦʤ-

ʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʘʢʪʠʚʠʨʦʚʘʥ-

ʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ (ɸʋɺ) ʩ ʧʦʤʦʱʴʶ ʢʨʠ-

ʚr ʭ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦ-

ʛʨʘʬʠʪʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʥʘʥʦʛʨʘʬʝʥʦʚ ʩ ʙʝʥʟʦʣʦ-

ʧʦʜʦʙʥʦʡ ʠ ʧʠʨʝʥʦʧʦʜʦʙʥʦʡ ʬʦʨʤʦʡ. ʇʨʠ ʵʪʦʤ 

ʤʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚʦ ʚʩʝʤ ʥʘʙʦʨʝ ʤʦ-

ʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʘʧʧʨʦʢ-

ʩʠʤʘʮʠʠ, ʩʯʠʪʘʣʠʩʴ ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ, ʘ ʤʝʞʘʪʦʤ-

ʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ ʩʣʦʝ ï ʟʘʚʠʩʷʱʠʤʠ ʦʪ ʝʛʦ ʨʘʟʤʝ-

ʨʘ [8]. ʋʯʠʪʳʚʘʣʩʷ ʪʘʢʞʝ ʚʦʟʤʦʞʥʳʡ ʚʢʣʘʜ ʚ ʨʘʩ-

ʩʝʷʥʠʝ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʬʘʟ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦ-

ʪʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʚʳʰʝʦʧʠ-

ʩʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʥʘʥʦʛʨʘ-

ʬʠʪʦʚ ʚ ɸʋɺ. ɺ ʯʘʩʪʥʦʩʪʠ, ʨʘʩʯʝʪʳ ʢʨʠʚʳʭ ʨʝʥʪ-

ʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʵʪʠʭ ʦʙʲʝʢʪʦʚ ʚʳʧʦʣʥʝʥʳ ʩ 

ʤʦʜʝʣʴʥʳʤʠ ʥʘʥʦʛʨʘʬʠʪʘʤʠ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʙʝʥ-

ʟʦʣʦʧʦʜʦʙʥʳʭ ʠ ʬʝʥʘʣʝʥʦʧʦʜʦʙʥʳʭ ʩʣʦʝʚ, ʯʪʦ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʣʘʪʝʨʘʣʴʥʳʭ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʧʨʝʜ-

ʩʪʘʚʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ ʫʯʠʪʳʚʘʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚ ʥʘʥʦʛʨʘʬʠʪʝ ʦʪ 

ʯʠʩʣʘ ʘʪʦʤʦʚ ʚ ʩʣʦʝ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟ-

ʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʥʝ ʪʦʣʴʢʦ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ ʥʘʥʦ-

ʛʨʘʬʠʪʦʚ ʚ ɸʋɺ, ʥʦ ʠ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʠʭ ʩʪʨʫʢ-

ʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦ ʤʦ-

ʪʠʚʘʭ ʩʪʨʦʝʥʠʷ ʠʟʫʯʝʥʥʳʭ ɸʋɺ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʝʪʦʜʘʤʠ ʩʧʝʢʪʨʦ-

ʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʂʈ) ʠ ʤʘʣʦ-

ʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɺ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʦʤ-

ʤʝʨʯʝʩʢʠʝ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʳʝ ɸʋɺ ʩ ʫʜʝʣʴ-

ʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ å 1400 ʤ2/ʛ. ʇʨʦʬʠʣʠ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ɸʋɺ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ ʧʨʠ-

ʙʦʨʝ ʤʘʨʢʠ çD8 Advanceè (ʬʠʨʤʘ çBrukerè, ɻʝʨ-

ʤʘʥʠʷ) ʚ ʛʝʦʤʝʪʨʠʠ ɹʨʵʛʛ-ɹʨʝʥʪʘʥʦ ʩ ʠʩʪʦʯʥʠʢʦʤ 
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ʠʟʣʫʯʝʥʠʷ Cu KŬ (ɚ = 0,15418 ʥʤ) ʠ ʛʨʘʬʠʪʦʚʳʤ 

ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʫʛʣʦ-

ʚʦʤ ʜʠʘʧʘʟʦʥʝ 2ɗ ʦʪ 5 ʜʦ 90Ü ʩ ʰʘʛʦʤ 0,1Ü ʠ ʚʨʝʤʝ-

ʥʝʤ ʩʯʝʪʘ 40 ʩ ʥʘ ʰʘʛ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʘʣʦʫʛʣʦʚʦ-

ʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠʩʭʦʜʥʦʛʦ ɸʋɺ, ʘ 

ʪʘʢʞʝ ʚʦʣʦʢʦʥ, ʧʦʨʳ ʢʦʪʦʨʳʭ ʙʳʣʠ ʟʘʧʦʣʥʝʥʳ 

ʧʘʣʣʘʜʠʝʤ ʠ ʚʦʜʦʡ, ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ 

çʂʈʄ-1è (ɿɸʆ çʅʘʫʯʧʨʠʙʦʨè, ʈʦʩʩʠʷ) ʩ ʠʩʪʦʯʥʠ-

ʢʦʤ ʠʟʣʫʯʝʥʠʷ Fe KŬ (ɚ = 0,19373 ʥʤ). ʇʦʨʳ ɸʋɺ 

ʟʘʧʦʣʥʷʣʠʩʴ ʧʘʣʣʘʜʠʝʤ ʩ ʧʦʤʦʱʴʶ ʠʟʚʝʩʪʥʦʡ ʚ 

ʣʠʪʝʨʘʪʫʨʝ ʤʝʪʦʜʠʢʠ: ʦʙʨʘʟʝʮ ʚʳʤʘʯʠʚʘʣʩʷ ʚ ʨʘʩ-

ʪʚʦʨʝ ʭʣʦʨʠʩʪʦʛʦ ʧʘʣʣʘʜʠʷ, ʟʘʪʝʤ ʧʦʩʣʝ ʝʛʦ ʧʨʦ-

ʩʫʰʢʠ ʧʨʦʚʦʜʠʣʦʩʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʧʘʣʣʘʜʠʷ ʚ 

ʧʦʪʦʢʝ ʚʦʜʦʨʦʜʘ; ʧʨʦʮʝʜʫʨʘ ʧʦʚʪʦʨʷʣʘʩʴ ʥʝʩʢʦʣʴ-

ʢʦ ʨʘʟ [10]. ʂʈ-ʩʧʝʢʪʨʳ ɸʋɺ ʟʘʧʠʩʳʚʘʣʠʩʴ ʥʘ 

ʢʦʥʬʦʢʘʣʴʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ çalpha 500è (ʬʠʨʤʘ 

çWiTecè, ɻʝʨʤʘʥʠʷ) ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ ʣʘʟʝʨʘ ɚexc = 

=531,8 ʥʤ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʩʧʝʢʪʨ ʙʳʣ ʧʦʣʫ-

ʯʝʥ ʫʩʨʝʜʥʝʥʠʝʤ ʧʦ 1800 ʩʧʝʢʪʨʘʤ ʩʦ ʚʨʝʤʝʥʝʤ 

ʥʘʢʦʧʣʝʥʠʷ 2 ʩ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʜʝʪʝʢʪʦʨʘ 214 K. 

ʉʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ, ʟʘʧʠʩʘʥʥʳʭ ʧʨʠ 100- ʠ 1000-

ʢʨʘʪʥʦʤ ʩʢʘʥʠʨʦʚʘʥʠʠ, ʧʦʟʚʦʣʷʝʪ ʧʨʝʥʝʙʨʝʯʴ 

ʚʣʠʷʥʠʝʤ ʦʙʣʫʯʝʥʠʷ ʥʘ ʠʟʫʯʘʝʤʳʡ ʦʙʲʝʢʪ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʦʩʥʦʚʝ ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ ʨʘʙʦʪʝ ʤʝʪʦʜʠʢʠ 

ʘʥʘʣʠʟʘ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ɸʋɺ 

ʣʝʞʠʪ ʤʦʜʝʣʴ, ʚ ʢʦʪʦʨʦʡ ʦʙʨʘʟʝʮ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʢʘʢ ʘʥʘʣʦʛ ʧʦʨʦʰʢʘ, ʩʦʩʪʦʷʱʠʡ ʠʟ q ʨʘʟʥʦʚʠʜʥʦ-

ʩʪʝʡ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʦʪʣʠʯʘʶʱʠʭʩʷ 

ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʬʦʨʤʦʡ ʥʘʥʦʛʨʘʬʝʥʦʚ, ʯʠʩʣʦʤ ʘʪʦ-

ʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʩʣʦʝ N (ʣʘʪʝʨʘʣʴʥʳʤʠ ʨʘʟʤʝʨʘʤʠ 

ʥʘʥʦʛʨʘʬʝʥʘ La) ʠ ʯʠʩʣʦʤ ʪʘʢʠʭ ʩʣʦʝʚ M (ʪʦʣʱʠ-

ʥʦʡ ʥʘʥʦʛʨʘʬʠʪʘ Lc). ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ʤʝʞ-

ʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ rC-C ʚ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʝ-

ʥʘʭ ʟʘʜʘʶʪʩʷ ʣʠʥʝʡʥʦʡ ʠʥʪʝʨʧʦʣʷʮʠʝʡ ʟʥʘʯʝʥʠʡ ʚ 

ʙʝʥʟʦʣʝ (rC-C = 0,139 ʥʤ, ɖ = 1,5) ʠ ʚ ʛʨʘʬʠʪʝ (rC-C 

= 0,142 ʥʤ, ɖ = 1,33): 

rC-C = A + B ɖ,   (1) 

ʛʜʝ ɖ ï ʩʨʝʜʥʠʡ ʧʦʨʷʜʦʢ ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʠ, ʢʦʪʦ-

ʨʳʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʯʠʩʣʘ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ ʚ ʥʘʥʦʛʨʘʬʝʥʝ ʠ ʤʘʢʩʠʤʘʣʴʥʳʤ ʯʠʩʣʦʤ 

ʘʪʦʤʦʚ ʚʦʜʦʨʦʜʘ ʥʘ ʝʛʦ ʢʨʘʷʭ, ʘ A = 0,1653 ʥʤ ʠ B 

= ï0,0174 ʥʤ ï ʧʘʨʘʤʝʪʨʳ ʠʥʪʝʨʧʦʣʷʮʠʠ. ɺ ʜʦ-

ʧʦʣʥʝʥʠʝ ʢ ʵʪʦʤʫ, ʠʩʧʦʣʴʟʫʷ ʨʝʟʫʣʴʪʘʪʳ ʢʚʘʥʪʦ-

ʚʦ-ʭʠʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʩʪʨʫʢʪʫʨ ʥʘʥʦʛʨʘʬʠʪʦʚ ʩ 

ʨʘʟʣʠʯʥʳʤ ʯʠʩʣʦʤ ʘʪʦʤʦʚ ʚ ʥʘʥʦʛʨʘʬʝʥʝ N [11], 

ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʘʥʘʣʠʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ d: 

d = d0 + C exp(ïD N),     (2) 

ʛʜʝ ʉ = 0,101 ʥʤ ʠ D = 0,0213 ï ʧʘʨʘʤʝʪʨʳ ʘʧʧʨʦʢ-

ʩʠʤʘʮʠʠ, ʘ d0 = 0,3426 ʥʤ ï ʟʥʘʯʝʥʠʝ ʤʝʞʩʣʦʝʚʦʛʦ 

ʨʘʩʩʪʦʷʥʠʷ ʚ ʛʨʘʬʠʪʝ ʩ ʪʫʨʙʦʩʪʨʘʪʥʦʡ ʫʧʘʢʦʚʢʦʡ. 

ʆʧʨʝʜʝʣʝʥʠʝ ʣʘʪʝʨʘʣʴʥʦʛʦ ʨʘʟʤʝʨʘ La ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʦʩʥʦʚʘʥʦ ʥʘ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʧʣʦʱʘʜʴ 

çʜʠʩʢʦʦʙʨʘʟʥʦʛʦè ʥʘʥʦʛʨʘʬʝʥʘ ʩ ʜʠʘʤʝʪʨʦʤ La 

ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʣʦʱʘʜʠ ʝʛʦ ʵʣʝʤʝʥʪʘʨ-

ʥʦʡ ʷʯʝʡʢʠ (2

CC
33

-
r /2) ʠ ʢʦʣʠʯʝʩʪʚʫ ʵʣʝʤʝʥʪʘʨ-

ʥʳʭ ʷʯʝʝʢ ʚ ʥʝʤ (N/2) [12]: 

La = rC-C ˊ/33 N   (3) 

ʈʘʩʯʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ, ʠʩʧʦʣʴʟʫʷ ʙʝʥʟʦʣʦ-

ʧʦʜʦʙʥʳʝ ʠ ʬʝʥʘʣʝʥʦʧʦʜʦʙʥʳʝ ʥʘʥʦʛʨʘʬʝʥʳ, 

ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʥʘʠʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʝ ʟʥʘʯʝʥʠʡ La ʚ ʥʘʙʦʨʝ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘ-

ʬʠʪʦʚ. ʊʦʣʱʠʥʫ M-ʩʣʦʡʥʦʛʦ ʥʘʥʦʛʨʘʬʠʪʘ Lc ʧʨʠ 

ʄ > 1 ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʢʘʢ [13]: 

Lc = (M ï 1)d   (4) 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ʪʘʢʦʛʦ ʧʦʨʦʰʢʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʫʤʤʦʡ ʫʜʝʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʜʠʬʨʘʢʮʠʠ Ji(s) ʦʪʜʝʣʴʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘʥʦʛʨʘʬʠ-

ʪʦʚ i-ʡ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʩ ʙʝʥʟʦʣʦʧʦʜʦʙʥʦʡ ʠʣʠ ʬʝ-

ʥʘʣʝʥʦʧʦʜʦʙʥʦʡ ʬʦʨʤʦʡ ʩʣʦʷ ʩ ʫʯʝʪʦʤ ʠʭ ʦʪʥʦʩʠ-

ʪʝʣʴʥʳʭ ʚʢʣʘʜʦʚ wi, ʛʜʝ i ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʷ ʦʪ 1 

ʜʦ q, s = 2sinɗ/ɚ (ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʩʪʦʯʥʠʢʘ, ɗ ï ʫʛʦʣ ʩʢʦʣʴʞʝʥʠʷ ʧʘʜʘʶʱʝʛʦ ʣʫʯʘ). 

ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʧʦʨʦʰʢʘ ʥʘʥʦʛʨʘʬʠʪʦʚ 

I(s) ʧʨʦʠʟʚʦʜʠʪʩʷ ʢʨʠʚʦʡ 

ä
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=
q

i
ii

sJwsGsI
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ʧʫʪʝʤ ʚʘʨʠʘʮʠʠ ʟʥʘʯʝʥʠʡ wi. ɺ ʚʳʨʘʞʝʥʠʠ (5) 

ʬʫʥʢʮʠʷ G(s) ʫʯʠʪʳʚʘʝʪ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʠ ʜʠʬʨʘʢʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʦʛʣʦʱʝʥʠʝʤ ʠ 

ʧʦʣʷʨʠʟʘʮʠʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʛʝʦʤʝʪʨʠʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʋʜʝʣʴʥʘʷ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʫʤʤʦʡ ʢʦʛʝʨʝʥʪ-

ʥʦʡ ʠ ʥʝʢʦʛʝʨʝʥʪʥʦʡ ʢʦʤʧʦʥʝʥʪ. ʈʘʩʯʝʪ ʢʦʛʝʨʝʥʪ-

ʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʘʭ ʧʨʦ-

ʚʦʜʠʪʩʷ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʪʫʨʙʦʩʪʨʘʪʥʦʡ ʫʧʘʢʦʚʢʠ 

ʠʭ ʩʣʦʝʚ [6, 9, 12]. ʅʝʢʦʛʝʨʝʥʪʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʨʘʩʩʯʠʪʳ-

ʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʠʟʚʝʩʪʥʳʭ ʚ ʣʠʪʝʨʘʪʫʨʝ ʚʳʨʘ-

ʞʝʥʠʡ [6]. 

ʉ ʫʯʝʪʦʤ ʢʘʯʝʩʪʚʝʥʥʦʡ ʩʭʦʞʝʩʪʠ ʧʨʦʬʠ-

ʣʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ 

ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ, ʜʦ ʧʨʠʤʝʥʝʥʠʷ 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ ʩʪʘʪʴʝ ʤʝʪʦʜʠʢʠ ʘʥʘʣʠʟʘ ʧʨʦʬʠʣʷ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ɸʋɺ, ʥʝʢʦʪʦʨʳʝ ʤʦʪʠ-

ʚʳ ʠʭ ʩʪʨʦʝʥʠʷ ʙʳʣʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʠʟʫʯʝʥʳ ʤʝ-

ʪʦʜʘʤʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈ ʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. 

ʂʈ-ʩʧʝʢʪʨ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʚ ɸʋɺ ʩʦʜʝʨ-

ʞʠʪ ʜʚʝ ʠʥʪʝʥʩʠʚʥʳʝ ʥʝ ʧʦʣʥʦʩʪʴʶ ʨʘʟʨʝʰʝʥʥʳʝ 

ʧʦʣʦʩʳ ʩ ʤʘʢʩʠʤʫʤʘʤʠ ʧʨʠ ʟʥʘʯʝʥʠʷʭ ʚʦʣʥʦʚʦʛʦ 

ʯʠʩʣʘ k ~ 1347 ʠ ~1607 ʩʤ-1 (ʨʠʩ. 1). ɺ ʦʙʣʘʩʪʠ 
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ʙʦʣʴʰʠʭ k ʥʘʙʣʶʜʘʶʪʩʷ ʝʱʝ ʥʝʩʢʦʣʴʢʦ ʯʘʩʪʠʯʥʦ 

ʨʘʟʨʝʰʝʥʥʳʭ ʩʣʘʙʦʠʥʪʝʥʩʠʚʥʳʭ ʧʦʣʦʩ (ʨʠʩ. 1, 

ʚʨʝʟʢʘ). ɺ ʠʥʪʝʨʚʘʣʝ ʦʪ 800 ʜʦ 2100 ʩʤ-1 ʩʧʝʢʪʨ 

ʭʦʨʦʰʦ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʩʫʤʤʦʡ ʪʨʝʭ ʣʦʨʝʥʮʠ-

ʘʥʦʚ (G-, D- ʠ DË- ʧʦʣʦʩʳ) ʠ ʜʚʫʭ ʛʘʫʩʩʠʘʥʦʚ (T- ʠ 

DËË- ʧʦʣʦʩʳ) (ʨʠʩ. 1). ʉʧʝʢʪʨ ʦʙʝʨʪʦʥʦʚ, ʥʘʙʣʶʜʘ-

ʝʤʳʡ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 2100 ʜʦ 3600 ʩʤ-1, ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʩʫʤʤʳ ʪʨʝʭ ʣʦʨʝʥʮʠʘʥʦʚ 2D, 

D+G ʠ 2G (ʨʠʩ. 1, ʚʨʝʟʢʘ). ʄʝʥʴʰʘʷ, ʯʝʤ ʫ ʣʠʥʠʠ 

D, ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʠ G ʠ ʙʦʣʴ-

ʠhʝ, ʯʝʤ ʚ ʛʨʘʬʠʪʝ, ʰʠʨʠʥʘ ʠ ʟʥʘʯʝʥʠʝ k ʫ ʵʪʦʡ 

ʣʠʥʠʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʠʟʫʯʝʥʥʳʝ ɸʋɺ ʩʦ-

ʩʪʦʷʪ ʠʟ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ [14]. ʉʦ-

ʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [14], ʣʠʥʠʠ T ʠ DËË 

ʦʪʚʝʯʘʶʪ sp2- ʠ/ʠʣʠ sp3-ʬʨʘʛʤʝʥʪʘʤ ʘʤʦʨʬʥʦʛʦ ʫʛ-

ʣʝʨʦʜʘ. ɺʦʟʤʦʞʥʦʩʪʴ ʦʧʠʩʘʪʴ GË-ʧʦʣʦʩʫ ʩ ʧʦʤʦ-

ʱʴʶ ʪʦʣʴʢʦ ʦʜʥʦʛʦ ʣʦʨʝʥʮʠʘʥʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʫʨ-

ʙʦʩʪʨʘʪʥʫʶ ʫʧʘʢʦʚʢʫ ʩʣʦʝʚ ʚ ʥʘʥʦʛʨʘʬʠʪʘʭ [15]. 

 
ʈʠʩ. 1. ʂʈ-ʩʧʝʢʪʨ ɸʋɺ ʧʦʩʣʝ ʫʯʝʪʘ ʬʦʥʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʩʝ-

ʨʳʝ ʪʦʯʢʠ) ʠ ʝʛʦ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʧʷʪʴ ʩʦʩʪʘʚʣʷʶʱʠʭ (ʩʝʨʳʝ 

ʣʠʥʠʠ). ɺʦ ʚʨʝʟʢʝ ʧʨʝʜʩʪʘʚʣʝʥ ʂʈ-ʩʧʝʢʪʨ ʦʙʝʨʪʦʥʦʚ ʧʦʩʣʝ 

ʫʯʝʪʘ ʬʦʥʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠ ʝʛʦ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʪʨʠ ʣʦʨʝʥʮʠʘ-

ʥʘ. ʏʸʨʥʘʷ ʣʠʥʠʷ ï ʩʫʤʤʘ ʢʦʤʧʦʥʝʥʪ. ɚexc = 531,8 ʥʤ 

Fig. 1. The Raman spectrum of ACFs after background correction 

(gray dots) and its decomposition into five components (gray 

lines). In the inset the overtone spectrum after background correc-

tion (gray dots) and its decomposition into three Lorentzians are 

presented. The black line corresponds to the sum of components. 

ɚexc = 531.8 nm 

 

ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ɸʋɺ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʘʪʤʦ-

ʩʬʝʨʝ, ʘ ʪʘʢʞʝ ɸʋɺ, ʧʦʨʳ ʢʦʪʦʨʳʭ ʟʘʧʦʣʥʝʥʳ ʚʦ-

ʜʦʡ ʠ ʧʘʣʣʘʜʠʝʤ, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʤʘʩʩʦʚʳʝ 

ʬʫʥʢʮʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ D(r) ʧʦ 

ʠʭ ʨʘʟʤʝʨʘʤ r. ɺ ʨʷʜʫ ʠʟʫʯʝʥʥʳʭ ɸʋɺ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʭʘʨʘʢʪʝʨʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʟʘʚʠʩʠʤʦʩʪʠ D(r) 

ʧʨʠ r å 1,2 ʥʤ ʢʦʨʨʝʣʠʨʫʝʪ ʩʦ ʟʥʘʯʝʥʠʝʤ ʢʦʥʪʨʘ-

ʩʪʘ ʤʝʞʜʫ ʥʘʥʦʛʨʘʬʠʪʘʤʠ ʠ ʚʝʱʝʩʪʚʦʤ ʧʦʨ. ʕʪʦʪ 

ʨʝʟʫʣʴʪʘʪ ʧʦʟʚʦʣʷʝʪ ʩʦʦʪʥʝʩʪʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʫʢʘʟʘʥʥʦʛʦ ʨʘʟʤʝʨʘ ʩ ʤʠʢʨʦʧʦʨʘʤʠ ɸʋɺ. 

ʉʪʨʫʢʪʫʨʘ ɸʋɺ ʙʳʣʘ ʠʟʫʯʝʥʘ ʩ ʧʦʤʦʱʴʶ 

ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦ-

ʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ [16]. ɼʣʷ ʵʪʦʛʦ 

ʧʦʣʫʯʝʥʘ ʬʫʥʢʮʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʠ (ʨʠʩ. 2) ʧʫʪʝʤ 

ʢʦʨʨʝʢʮʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢ-

ʮʠʠ ɸʋɺ ʥʘ ʧʦʛʣʦʱʝʥʠʝ ʠ ʧʦʣʷʨʠʟʘʮʠʶ ʠʟʣʫʯʝ-

ʥʠʷ, ʛʝʦʤʝʪʨʠʶ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʘ ʪʘʢʞʝ ʫʛʣʦʚʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʩʩʝʷʥʠʷ ʥʘ ʘʪʦʤʘʭ ʫʛʣʝʨʦʜʘ (ʧʦ-

ʩʣʝʜʥʝʝ ʩ ʧʦʤʦʱʴʶ ʘʪʦʤʥʦʛʦ ʬʦʨʤ-ʬʘʢʪʦʨʘ ʫʛʣʝ-

ʨʦʜʘ). ɼʘʣʝʝ, ʠʩʧʦʣʴʟʫʷ ʰʠʨʠʥʫ ʠ ʧʦʣʦʞʝʥʠʝ ʣʦ-

ʨʝʥʮʠʘʥʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʦʪ-

ʨʘʞʝʥʠʷʤ (ʨʠʩ. 2), ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʟʥʘʯʝʥʠʷ 

ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ ʚ ɸʋɺ. 

ʋʩʨʝʜʥʝʥʥʦʝ ʧʦ ʦʪʨʘʞʝʥʠʷʤ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʘʪʦʤʘʤʠ ʚ ʩʣʦʝ (rC-C = 0,137 ʥʤ) ʥʝʩʢʦʣʴʢʦ ʤʝʥʴ-

ʰʝ, ʘ ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ (d = 0,351 ʥʤ) ʚ 

ʥʠʭ ʟʘʤʝʪʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʛʨʘʬʠʪʝ (rC-C = 0,142 

ʥʤ, d = 0,335 ʥʤ). ʏʘʩʪʠʮʳ ʛʨʘʬʠʪʘ ʚ ʠʟʫʯʝʥʥʳʭ 

ʚʦʣʦʢʥʘʭ ʠʤʝʶʪ ʥʘʥʦʤʝʪʨʠʯʝʩʢʠʝ ʨʘʟʤʝʨʳ ʢʘʢ 

ʚʜʦʣʴ (La = 2,29 ʥʤ), ʪʘʢ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʫʛʣʝ-

ʨʦʜʥʳʤ ʩʣʦʷʤ (Lc = 0,74 ʥʤ) ʠ ʩʦʩʪʦʷʪ ʚ ʩʨʝʜʥʝʤ 

ʠʟ 3 ʥʘʥʦʛʨʘʬʝʥʦʚ. 

 

 
ʈʠʩ. 2. ʌʫʥʢʮʠʷ ʠʥʪʝʨʬʝʨʝʥʮʠʠ ɸʋɺ (ʩʝʨʳʝ ʪʦʯʢʠ) ʠ ʝʝ ʨʘʟ-

ʣʦʞʝʥʠʝ ʥʘ ʧʷʪʴ ʣʦʨʝʥʮʠʘʥʦʚ (ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ), ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʠʭ ʦʪʨʘʞʝʥʠʷʤ (002), (100), (004), (110), (006). 

ʉʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʩʫʤʤʘ ʢʦʤʧʦʥʝʥʪ 

Fig. 2. The interference function for ACFs (gray dots) and its 

decomposition into five Lorentzians (dotted lines) corresponding 

to (002), (100), (004), (110) and (006) reflections. The solid line 

corresponds to the sum of components 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʳʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤ-

ʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠʟʫʯʝʥʥʳʭ ɸʋɺ ʢʦʨʨʝ-

ʣʠʨʫʶʪ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʧʨʦʬʠʣʝʡ ʠʭ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʚʤʝʩʪʝ ʩ 

ʜʘʥʥʳʤʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʥʘʣʠʯʠʠ ʚ ʥʠʭ ʨʘʟʫʧʦʨʷʜʦʯʝʥ-

ʥʦʡ ʩʠʩʪʝʤʳ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʪʫʨʙʦʩʪʨʘʪʥʦ 

ʫʧʘʢʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ, ʢʦʪʦʨʳʝ ʦʪʜʝʣʝʥʳ ʜʨʫʛ ʦʪ 

ʜʨʫʛʘ ʤʠʢʨʦʧʦʨʘʤʠ ʠ, ʚʦʟʤʦʞʥʦ, ʬʨʘʛʤʝʥʪʘʤʠ 

ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ. 

ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ 

ʥʘʥʦʛʨʘʬʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʜʘʥʥʳʭ ʪʨʘʜʠʮʠʦʥ-
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ʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ɸʋɺ, ʘ ʪʘʢʞʝ ʬʦʨʤʫʣʳ (3) ʠ (4), ʚ ʤʦʜʝʣʴ ʧʦʨʦʰ-

ʢʘ ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʙʝʥʟʦʣʦʧʦʜʦʙʥʳʝ ʠ ʬʝʥʘʣʝʥʦ-

ʧʦʜʦʙʥʳʝ ʥʘʥʦʛʨʘʬʠʪʳ ʩ ʧʘʨʘʤʝʪʨʘʤʠ N ʠ M ʠʟ 

ʠʥʪʝʨʚʘʣʦʚ: 6 Ò N Ò 541 ʠ 1 Ò M Ò 4. ɿʘʪʝʤ, ʧʦ ʟʥʘ-

ʯʝʥʠʷʤ wi, ʥʘʡʜʝʥʥʳʤ ʠʟ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢ-

ʮʠʠ ʧʦ ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ ʨʘʙʦʪʝ ʤʝʪʦʜʠʢʝ (ʨʠʩ. 3), 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʥʘʙʦʨʳ ʩʨʝʜʥʠʭ ʘʨʠʬʤʝʪʠʯʝ-

ʩʢʠʭ ʚʟʚʝʰʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪ-

ʨʦʚ ʠ ʨʘʟʤʝʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ ʚ ʠʟʫʯʝʥʥʳʭ ʦʙʲʝʢʪʘʭ. 

ʆʥʠ ʦʢʘʟʘʣʠʩʴ ʨʘʚʥʳ rC-C = 0,141 ʥʤ, d = 0,362 ʥʤ,  

La = 2,11 ʥʤ ʠ Lʩ = 0,721 ʥʤ.  

 

 
ʈʠʩ. 3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʧʨʦʬʠʣʴ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢ-

ʮʠʠ ɸʋɺ (ʩʝʨʳʝ ʪʦʯʢʠ) ʠ ʝʛʦ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʥʘʙʦʨʦʤ ʪʝʦʨʝ-

ʪʠʯʝʩʢʠʭ ʧʨʦʬʠʣʝʡ (ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ) 

Fig. 3. The experimental X-ray diffraction profile of ACFs (gray dots) 

and its approximation by the set of theoretical profiles (solid line) 

 

ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟ-

ʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʚʢʣʘʜʳ ʚ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ʨʘʟʥʳʭ ʥʘʙʦʨʦʚ ʧʦʨʦʰʢʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ (ʚ ʪʦʤ 

ʯʠʩʣʝ ʠʤʝʶʱʠʭ ʦʧʨʝʜʝʣʝʥʥʦʝ ʯʠʩʣʦ ʩʣʦʝʚ), ʪʘʢ ʠ 

ʟʥʘʯʝʥʠʷ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʢʘʞʜʦʤ 

ʥʘʙʦʨʝ. ʍʦʨʦʰʠʝ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʦʬʠʣʝʡ ʨʝʥʪ-

ʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠʟʫʯʝʥʥʳʭ ɸʋɺ ʦʢʘʟʘʣʠʩʴ 

ʚʦʟʤʦʞʥʳ ʩ ʥʫʣʝʚʳʤ ʚʢʣʘʜʦʤ ʚ ʨʝʥʪʛʝʥʦʚʩʢʦʝ 

ʨʘʩʩʝʷʥʠʝ ʘʤʦʨʬʥʦʡ ʬʨʘʢʮʠʠ ʫʛʣʝʨʦʜʘ. ʇʦ-

ʚʠʜʠʤʦʤʫ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʦʬʠʣʠ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʦʪ ʥʘʥʦʛʨʘʬʝʥʦʚ ʠ ʥʘʥʦʛʨʘʬʠ-

ʪʦʚ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʠ ʦʪ sp2-ʬʨʘʛʤʝʥʪʦʚ (ʢʣʘʩʪʝ-

ʨʦʚ) ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ ʩʭʦʞʠʝ, ʘ ʚʢʣʘʜ ʦʪ sp3-

ʬʨʘʛʤʝʥʪʦʚ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ ʚ ʨʝʥʪʛʝʥʦʚʩʢʫʶ 

ʜʠʬʨʘʢʮʠʶ ʥʝʟʥʘʯʠʪʝʣʝʥ. 

ɺʓɺʆɼʓ 

ʇʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʮʝʜʫʨʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟ-

ʤʝʨʦʚ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ ï 

ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ ɸʋɺ ʧʫʪʝʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 

ʠʭ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʢʘʢ ʮʝʣʦʛʦ. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʣʠʰʝʥʘ ʨʷʜʘ ʥʝʜʦʩʪʘʪ-

ʢʦʚ, ʧʨʠʩʫʱʠʭ ʪʨʘʜʠʮʠʦʥʥʦʤʫ ʤʝʪʦʜʫ ʘʥʘʣʠʟʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠ-

ʬʨʘʢʮʠʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʥʝʡ ʫʯʠʪʳʚʘʶʪʩʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʐʝʨʨʝʨʘ ʦʪ ʨʘʟʤʝʨʦʚ ʥʘʥʦ-

ʛʨʘʬʠʪʦʚ, ʨʘʟʙʨʦʩ ʨʘʟʤʝʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʪʫʨ-

ʙʦʩʪʨʘʪʥʘʷ ʫʧʘʢʦʚʢʘ ʥʘʥʦʛʨʘʬʝʥʦʚ ʚ ʥʘʥʦʛʨʘʬʠ-

ʪʘʭ, ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʘʪʦʤʥʳʭ ʠ ʤʝʞʩʣʦʝʚʳʭ ʨʘʩ-

ʩʪʦʷʥʠʡ ʦʪ ʨʘʟʤʝʨʦʚ ʥʘʥʦʛʨʘʬʝʥʦʚ, ʚʦʟʤʦʞʥʳʡ 

ʚʢʣʘʜ ʚ ʦʪʨʘʞʝʥʠʷ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʫʛʣʝʨʦʜʘ, ʘ 

ʪʘʢʞʝ ʚʢʣʘʜ ʥʝʢʦʛʝʨʝʥʪʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩ-

ʩʝʷʥʠʷ. ʇʨʝʜʣʦʞʝʥʥʘʷ ʤʝʪʦʜʠʢʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩ-

ʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʘʥʘʣʠʟʘ ʜʨʫʛʠʭ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʥʘʥʦʛʨʘʬʠʪʦʚ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʌɸʅʆ (ʧʨʦʝʢʪ 0265-2014-0001) ʠ ʯʘ-

ʩʪʠʯʥʦʡ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʧʨʦʛʨʘʤʤʳ 

çɼʘʣʴʥʠʡ ɺʦʩʪʦʢè (ʧʨʦʝʢʪʳ 0265-2015-0002 ʠ 

0265-2015-0032). ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʥʳ ɿʚʝʨʝʚʫ ɻ.ɸ. 

ʟʘ ʟʘʧʠʩʴ ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, 

ɹʝʨʚʝʥʦ ɺ.ʇ. ʟʘ ʜʘʥʥʳʝ ʧʦ ʤʘʣʦʫʛʣʦʚʦʤʫ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʤʫ ʨʘʩʩʝʷʥʠʶ. 
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PROPERTIES OF NITROGEN-DOPED AMORPHOUS CARBON COATINGS OBTAINED  

BY IMPULSE VACUUM -ARC METHOD  

The paper presents results of the research of the structure and properties of nitrogen-

doped amorphous carbon coatings obtained in the vacuum from the flow of pulsed carbon plas-

ma. The doping by nitrogen of carbon coating was determined to lead to increases in electrical 

conductivity, reductions of internal stresses, reduce of density, hardness and modulus, and to the 

change in structure, surface morphology and tribological characteristics. 

Key words: amorphous carbon coatings, nitrogen doping, structure, properties 

 

ɺɺɽɼɽʅʀɽ 

ɸʤʦʨʬʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʧʦʢʨʳʪʠʷ ʩ ʧʨʝʦʙ-

ʣʘʜʘʥʠʝʤ ʥʘ ʫʨʦʚʥʝ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʘʪʦʤʦʚ ʩ 

sp3-ʩʚʷʟʷʤʠ, ʦʙʦʟʥʘʯʘʝʤʳʝ ʢʘʢ ta-C (tetrahedral 

amorphous carbon), ʧʦ ʨʷʜʫ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʬʠʟʠ-

ʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʠʙʣʠʞʘʶʪʩʷ ʢ ʩʚʦʡ-

ʩʪʚʘʤ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʘʣʤʘʟʥʳʭ ʧʣʝʥʦʢ, ʯʪʦ 

ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪ-

ʥʦʛʦ ʧʦʢʨʳʪʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ ʥʘʫʢʠ ʠ ʪʝʭ-

ʥʠʢʠ [1]. ʆʪʣʠʯʠʪʝʣʴʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ta-C ʧʦʢʨʳ-

ʪʠʡ, ʬʦʨʤʠʨʫʝʤʳʭ ʠʤʧʫʣʴʩʥʳʤ ʚʘʢʫʫʤʥʦ-ʜʫʛʦ-

ʚʳʤ ʤʝʪʦʜʦʤ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʦʜʣʦʞʢʠ (Ò80 Áʉ) ʠ ʵʥʝʨʛʠʠ ʠʦʥʦʚ ʫʛʣʝʨʦʜʘ, ʜʦ-

ʩʪʘʪʦʯʥʦʡ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ sp3-ʩʚʷʟʠ ʙʝʟ ʧʨʠʣʦ-

ʞʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʢʦʨʷʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ 

ʰʠʨʦʢʠʡ ʨʷʜ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ, ʜʠʵʣʝʢʪʨʠ-

ʢʠ. ʃʝʛʠʨʦʚʘʥʠʝ ʘʟʦʪʦʤ ʘʤʦʨʬʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʧʦʢʨʳʪʠʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ 

ʧʦʟʚʦʣʷʝʪ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʠʟʤʝʥʷʪʴ ʠʭ 

ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ 

ʧʦʣʫʯʝʥʠʷ ʥʦʚʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʧʦʢʨʳʪʠʡ. 

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʘʟʦʪ ʚʚʦʜʷʪ ʚ ʘʤʦʨʬʥʫʶ ʫʛʣʝʨʦʜ-

ʥʫʶ ʤʘʪʨʠʮʫ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʶ ʵʣʝʢʪʨʦʧʨʦ-

ʚʦʜʥʦʩʪʠ [2, 3] ʠ ʵʤʠʩʩʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [4], 

ʥʦ ʧʨʠ ʵʪʦʤ ʠʟʤʝʥʷʶʪʩʷ ʠ ʚʩʝ ʦʩʪʘʣʴʥʳʝ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʠ ʧʦʢʨʳʪʠʷ (ʤʝʭʘʥʠʯʝʩʢʠʝ, ʪʨʠʙʦʣʦʛʠʯʝ-

ʩʢʠʝ ʠ ʪ.ʜ.). ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ 

ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʟʦʪʦʤ ʘʤʦʨʬ-

ʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʧʦʢʨʳʪʠʡ (a-C:N), ʘ ʪʘʢʞʝ ʘʥʘʣʠʟʫ 

ʠʭ ʦʪʣʠʯʠʪʝʣʴʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʦʪ ta-C ʧʦʢʨʳʪʠʡ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ  

ʇʦʢʨʳʪʠʷ ʪʦʣʱʠʥʦʡ 50-100 ʥʤ ʦʩʘʞʜʘʣʠ 

ʥʘ ʧʦʣʠʨʦʚʘʥʥʳʝ ʧʦʜʣʦʞʢʠ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦ-

ʛʦ ʢʨʝʤʥʠʷ ʂʕʌ-4,5 ʩ ʦʨʠʝʥʪʘʮʠʝʡ (100) ʠ ʩʠʪʘʣ-

ʣʘ ʉʊ50-1-1-0.6 ʠʟ ʧʦʪʦʢʘ ʫʛʣʝʨʦʜʥʦʡ ʧʣʘʟʤʳ, 

ʛʝʥʝʨʠʨʫʝʤʦʡ ʠʤʧʫʣʴʩʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʩ ʨʘʩʭʦ-

ʜʫʝʤʳʤ ʛʨʘʬʠʪʦʚʳʤ ʢʘʪʦʜʦʤ (ʛʨʘʬʠʪ ʤʘʨʢʠ GS-

1900), ʫʩʪʨʦʡʩʪʚʦ ʢʦʪʦʨʦʛʦ ʦʧʠʩʘʥʦ ʚ ʨʘʙʦʪʝ [5]. 

ʃʝʛʠʨʦʚʘʥʥʳʝ ʘʟʦʪʦʤ a-C:N ʧʦʢʨʳʪʠʷ ʧʦʣʫʯʘʣʠ 

ʧʫʪʝʤ ʧʦʜʘʯʠ ʚ ʚʘʢʫʫʤʥʫʶ ʢʘʤʝʨʫ ʘʟʦʪʘ ʩʦʛʣʘʩʥʦ 
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ʩʧʦʩʦʙʫ, ʦʧʠʩʘʥʥʦʤʫ ʚ ʨʘʙʦʪʝ [6]. ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʦʜʣʦʞʢʠ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʧʦʢʨʳʪʠʡ ʥʝ ʧʨʝ-

ʚʳʰʘʣʘ 70 Áʉ. 

ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ta-C ʠ a-C:N ʧʦʢʨʳʪʠʡ 

ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʚʪʦʨʠʯʥʦʡ ʠʦʥʥʦʡ ʤʘʩʩ 

ʩʧʝʢʪʨʦʤʝʪʨʠʠ (ɺʀʄʉ). ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ (ʇʕʄ) Tecnai G2 F20 S-TWIN ʚ ʨʝ-

ʞʠʤʝ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥ-

ʥʦʡ ʜʠʬʨʘʢʮʠʠ ʠ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝ-

ʩʢʠʭ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ (ʉʍʇʕʕ), ʘ ʪʘʢ-

ʞʝ ʥʘ ʩʧʝʢʪʨʦʩʢʦʧʝ ʈʘʤʘʥʘ LabRAM HR Evolution 

(ʜʣʠʥʘ ʚʦʣʥʳ ʣʘʟʝʨʘ 532 ʥʤ, ʤʦʱʥʦʩʪʴ 50 ʤɺʪ).  

ʋʜʝʣʴʥʫʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ a-C:N ʧʦ-

ʢʨʳʪʠʡ ʥʘ ʧʦʜʣʦʞʢʝ ʩʠʪʘʣʣʘ ʨʘʟʤʝʨʦʤ 30Ĭ10 ʤʤ 

ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʨʷʤʳʭ ʠʟʤʝʨʝʥʠʡ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ. ʄʦʨʬʦʣʦʛʠʶ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡ-

ʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʡ ʠʟʫʯʘʣʠ ʧʨʠ ʧʦʤʦʱʠ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʟʦʥʜʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ NTEGRA-

AURA ʚ ʨʝʞʠʤʝ ʢʦʥʪʘʢʪʥʦʡ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʤʠʢ-

ʨʦʩʢʦʧʠʠ (ɸʉʄ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʠʢʠ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʨʘʩʪʝʢʘʥʠʷ. ʀʟʤʝʨʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʠ 

ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠ ʪʘʢʞʝ ʥʘ 

ʩʢʘʥʠʨʫʶʱʝʤ ʟʦʥʜʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ, ʦʩʥʘʱʝʥʥʦʤ 

ʟʦʥʜʦʤ ʩ ʪʨʝʭʛʨʘʥʥʦʡ ʘʣʤʘʟʥʦʡ ʧʠʨʘʤʠʜʢʦʡ ɹʝʨ-

ʢʦʚʠʯʘ, ʧʦ ʤʝʪʦʜʠʢʘʤ, ʦʧʠʩʘʥʥʳʤ ʚ ʨʘʙʦʪʝ [7]. 

ʊʚʝʨʜʦʩʪʴ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʮʘʨʘʧʘʥʠʷ (ʩʢʣʝ-

ʨʦʤʝʪʨʠʠ), ʘ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ï ʤʝʪʦʜʦʤ ʢʨʠʚʳʭ 

ʧʦʜʚʦʜʘ (ʩʠʣʦʚʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ). 

ʇʣʦʪʥʦʩʪʴ ʧʦʢʨʳʪʠʡ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ 

ʵʥʝʨʛʠʠ ʧʣʘʟʤʦʥʘ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʛʣʝʨʦʜʘ ʠ ʘʟʦ-

ʪʘ ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʠʢʝ, ʧʨʠʚʝʜʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [8]. 

ʀʟʤʝʨʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʦʚʦʜʠʣʠ ʧʦ 

ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʙʦʪʝ [9]. ʊʨʠʙʦʣʦʛʠʯʝ-

ʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʢʨʝʤʥʠʷ ʙʝʟ ʧʦʢʨʳʪʠʷ ʠ 

ʢʨʝʤʥʠʷ ʩ ʫʛʣʝʨʦʜʥʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʚʦʟʜʫʭʝ ʚ ʨʝʞʠʤʝ ʩʫʭʦʛʦ ʪʨʝʥʠʷ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ 

ʩʭʝʤʝ çʰʘʨʠʢ-ʜʠʩʢè (ASTM G99 959 ʠ DIN50324). 

ʂʦʥʪʨʪʝʣʦ ï ʰʘʨʠʢ ʠʟ ʩʘʧʬʠʨʘ, ʥʘʛʨʫʟʢʘ 3 ʅ, ʧʫʪʴ 

ʪʨʝʥʠʷ 500 ʤ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʇʦ ʜʘʥʥʳʤ ɺʀʄʉ ʚ ʩʦʩʪʘʚ ta-C ʠ a-C:N 

ʧʦʢʨʳʪʠʡ ʚʭʦʜʷʪ ʫʛʣʝʨʦʜ, ʘʟʦʪ, ʢʠʩʣʦʨʦʜ ʠ ʚʦʜʦ-

ʨʦʜ, ʢʦʪʦʨʳʝ ʨʘʩʧʨʝʜʝʣʝʥʳ ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʪʦʣ-

ʱʠʥʝ ʧʦʢʨʳʪʠʷ. ʉʫʤʤʘʨʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦ-

ʜʘ ʠ ʚʦʜʦʨʦʜʘ ʚʦ ʚʩʝʭ ʦʙʨʘʟʮʘʭ ʤʝʥʴʰʝ 1 ʘʪ.%, ʠ 

ʦʙʫʩʣʦʚʣʝʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦ ʛʣʫʙʦʢʠʤ ʚʘʢʫʫʤʦʤ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʢ ʫʛʣʝʨʦʜʫ 

(N/C) ʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ a-C:N ʣʝʞʠʪ ʚ ʜʠʘʧʘ-

ʟʦʥʝ 0,06-0,13. ɺ ʧʦʢʨʳʪʠʠ ta-C ʘʟʦʪ ʦʪʩʫʪʩʪʚʫʝʪ, 

N/C = 0,0015, ʯʪʦ ʥʠʞʝ ʧʦʛʨʝʰʥʦʩʪʠ ʠʟʤʝʨʝʥʠʷ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʘ ʇʕʄ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʩʝ 

ʠʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʧʦʢʨʳʪʠʡ ʷʚʣʷʶʪʩʷ ʘʤʦʨʬ-

ʥʳʤʠ, ʙʝʟ ʢʘʢʠʭ-ʣʠʙʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʢʣʶʯʝ-

ʥʠʡ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʉʍʇʕʕ ʫʛʣʝʨʦʜʥʳʭ 

ʧʦʢʨʳʪʠʡ, ʠʟ ʢʦʪʦʨʳʭ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ta-C ʧʦʢʨʳ-

ʪʠʠ ʥʘ ʫʨʦʚʥʝ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 

ʧʨʝʦʙʣʘʜʘʝʪ sp3-ʩʚʷʟʴ, ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʦʜʠʥ ʰʠʨʦʢʠʡ ů*-ʧʠʢ ʩ ʤʘʢʩʠʤʫʤʦʤ ʦʢʦʣʦ 293,5 

ʵɺ. ɺʚʝʜʝʥʠʝ ʚ ʘʤʦʨʬʥʫʶ ʫʛʣʝʨʦʜʥʫʶ ʤʘʪʨʠʮʫ 

ʘʟʦʪʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʚ ʩʧʝʢʪʨʝ ˊ*-ʧʠʢʘ 

(~285,5 ʵɺ), ʧʨʠʩʫʱʝʛʦ sp2-ʩʚʷʟʠ, ʧʨʠʯʝʤ ʩ ʧʦʚʳ-

ʰʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʨʘʩʪʝʪ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʢʦʣʠ-

ʯʝʩʪʚʘ ʘʪʦʤʥʳʭ ʩʚʷʟʝʡ ʫʛʣʝʨʦʜʘ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʟʘ 

ʩʯʝʪ sp2-ʛʠʙʨʠʜʠʟʘʮʠʠ. ɺ ʩʧʝʢʪʨʘʭ a-C:N ʧʦʢʨʳ-

ʪʠʡ ʜʣʷ ʘʟʦʪʘ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʝ ˊ* 

ʠ ů*-ʧʠʢʠ, ʢʦʪʦʨʳʝ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʘʟʦʪ ʩ 

ʫʛʣʝʨʦʜʦʤ ʦʙʨʘʟʫʝʪ ʩʚʷʟʠ ʧʫʪʝʤ ʟʘʤʝʱʝʥʠʷ ʘʪʦ-

ʤʦʚ ʫʛʣʝʨʦʜʘ ʩ sp2 ʠ sp3-ʛʠʙʨʠʜʠʟʘʮʠʝʡ. 

 

 
ʈʠʩ. 1. ʉʍʇʕʕ ʧʦʢʨʳʪʠʡ ta-C (1) ʠ a-C:N, N/C=0,06 (2), 

N/C=0,13 (3) 

Fig. 1. EELS of coatings ta-C(1) and a-C:N, N/C=0.06 (2), 

N/C=0.13 (3) 

 

ʉʧʝʢʪʨʦʩʢʦʧʠʷ ʈʘʤʘʥʘ ʷʚʣʷʝʪʩʷ ʦʙʱʝʧʨʠ-

ʥʷʪʳʤ ʤʝʪʦʜʦʤ ʦʪʩʣʝʞʠʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʫʧʦʨʷʜʦ-

ʯʠʚʘʥʠʷ ʠ ʨʘʟʫʧʦʨʷʜʦʯʠʚʘʥʠʷ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʩ 

sp2-ʩʚʷʟʴʶ ʧʦ ʧʦʣʦʞʝʥʠʶ G ʠ D ʧʠʢʦʚ. G-ʧʠʢ 

ʦʙʫʩʣʦʚʣʝʥ ʢʦʣʝʙʘʥʠʷʤʠ ʣʶʙʳʭ ʧʘʨ ʫʛʣʝʨʦʜʥʳʭ 

ʘʪʦʤʦʚ ʩ sp2-ʛʠʙʨʠʜʠʟʘʮʠʝʡ ʠ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ 

1500-1600 ʩʤ-1. ʇʦʷʚʣʝʥʠʝ D-ʧʠʢʘ ʚ ʦʢʨʝʩʪʥʦʩʪʠ 

1360 ʩʤ-1 ʚ ʛʨʘʬʠʪʝ ʩʚʷʟʘʥʦ ʩ ʧʨʦʮʝʩʩʦʤ ʨʘʟʫʧʦ-

ʨʷʜʦʯʝʥʠʷ, ʘ ʚ ʘʤʦʨʬʥʦʤ ʫʛʣʝʨʦʜʝ ʥʘʦʙʦʨʦʪ ʫʢʘ-

ʟʳʚʘʝʪ ʥʘ ʧʨʦʮʝʩʩ ʫʧʦʨʷʜʦʯʝʥʠʷ. ʅʘ ʨʠʩ. 2 ʧʨʝʜ-
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ʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʈʘʤʘʥʘ ʦʙʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ 

ʧʦʢʨʳʪʠʡ ʥʘ ʢʨʝʤʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ. ʇʠʢʠ ʥʘ 

ʩʧʝʢʪʨʘʭ ʚ ʦʙʣʘʩʪʠ 960 ʩʤ-1 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʠʥʠʠ 

Si 2-ʛʦ ʧʦʨʷʜʢʘ. ʉʭʦʜʩʪʚʦ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʯʘʩʪʦʪ 

ʉʉ, CN ʠ NN ʤʦʜ ʧʨʠʚʦʜʠʪ ʢ ʩʣʦʞʥʦʩʪʷʤ ʚ ʠʥ-

ʪʝʨʧʨʝʪʘʮʠʠ ʩʧʝʢʪʨʦʚ ʈʘʤʘʥʘ ʧʦʢʨʳʪʠʡ a-C:N. ɺ 

ʨʘʙʦʪʝ [10] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʧʝʢʪʨʳ ʈʘʤʘʥʘ a-C:N 

ʧʦʢʨʳʪʠʡ ʪʘʢʞʝ ʢʘʢ ʠ ta-C ʤʦʛʫʪ ʙʳʪʴ ʧʨʦʘʥʘʣʠʟʠ-

ʨʦʚʘʥʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʦʜʝʣʠ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ 

ʧʫʪʝʤ ʨʘʟʣʦʞʝʥʠʷ ʥʘ G- ʠ D-ʧʠʢʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʠʢʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ CN ʠ NN 

ʤʦʜʘʤʠ. ʀʥʬʦʨʤʘʮʠʷ ʦ ʧʦʣʦʞʝʥʠʷʭ G ʠ D ʧʠʢʦʚ 

ʧʦʣʫʯʝʥʘ ʧʫʪʝʤ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʣʫʯʝʥʥʳʭ ʩʧʝʢʪʨʦʚ ʈʘʤʘʥʘ ʚ ʦʙʣʘʩʪʠ 1050-1850 

ʩʤ-1 ʜʚʫʤʷ ʢʨʠʚʳʤʠ ɻʘʫʩʩʘ, ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʚ ʪʘʙʣʠʮʝ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ N/C 

ʧʦʣʦʞʝʥʠʝ G-ʧʠʢʘ ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʥʠʟ-

ʢʠʭ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ, ʝʛʦ ʧʦʣʥʘʷ ʰʠʨʠʥʘ ʥʘ ʫʨʦʚʥʝ 

ʧʦʣʦʚʠʥʥʦʡ ʘʤʧʣʠʪʫʜʳ (FWHM) ʫʤʝʥʴʰʘʝʪʩʷ, ʘ 

ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ I(D)/I(G) ʚʦʟʨʘʩ-

ʪʘʝʪ. ʇʦʜʦʙʥʳʝ ʠʟʤʝʥʝʥʠʷ ʩʧʝʢʪʨʦʚ ʷʚʣʷʶʪʩʷ ʦʙ-

ʱʠʤ ʧʨʠʟʥʘʢʦʤ ʧʨʦʮʝʩʩʘ ʢʣʘʩʪʝʨʠʟʘʮʠʠ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ, ʠʤʝʶʱʠʭ sp2-ʛʠʙʨʠʜʠʟʘʮʠʶ. 

 

 
ʈʠʩ. 2. ʉʧʝʢʪʨʳ ʈʘʤʘʥʘ ʧʦʢʨʳʪʠʡ ta-C (1) ʠ a-C:N, N/C=0,06 

(2), N/C=0,13 (3) 

Fig. 2. Raman spectra of coatings ta-C (1) and a-C:N, N/C=0.06 

(2), N/C=0.13 (3) 

 

ʋʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ta-

C ʧʦʢʨʳʪʠʷ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ 108-109 ʆʤĿʩʤ [2]. 

ʋʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʢʨʳʪʠʷ 

a-C:N ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ ʩʠʪʘʣʣʘ ʩʦ-

ʩʪʘʚʣʷʝʪ 16 ʆʤĿʩʤ ʧʨʠ N/C = 0,06. ʇʦʚʳʰʝʥʠʝ 

N/C ʜʦ 0,1 ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʫʜʝʣʴʥʦʛʦ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʜʦ 2 ʆʤĿʩʤ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠ-

ʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ 

ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʦ 4 ʆʤĿʩʤ ʧʨʠ N/C = 

0,13. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ 

ʥʝʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ a-C:N ʧʦʢʨʳʪʠʡ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ, ʯʪʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʨʦʚʝʜʝʥʥʳʤʠ ʥʘʤʠ ʨʘʥʝʝ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷʤʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ a-C:N ʧʦʢʨʳʪʠʡ 

ʥʘ ʧʦʜʣʦʞʢʘʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʨʝʤʥʠʷ  

n-ʪʠʧʘ [3]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʧʦʚʝʨʭʥʦʩʪʠ a-C:N ʧʦʢʨʳʪʠʡ, ʚʳʧʦʣʥʝʥʥʳʝ ʥʘ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ ʧʦ ʤʝʪʦʜʠʢʝ ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʷ ʨʘʩʪʝʢʘʥʠʷ, ʢʘʯʝʩʪʚʝʥʥʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚʳʰʝ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʟʤʝʨʝʥʠʷ 

ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʘ ʪʘʢʞʝ ʫʢʘʟʳʚʘʶʪ ʥʘ 

ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ 

ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʥʠʞʝʥʠʝ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʷ a-C:N ʧʦʢʨʳʪʠʡ ʧʦ ʤʝʨʝ ʧʦʚʳʰʝʥʠʷ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʫʚʝʣʠʯʝʥʠʝʤ 

ʜʦʣʠ ʬʘʟʳ ʩ sp2-ʛʠʙʨʠʜʠʟʘʮʠʝʡ ʚʘʣʝʥʪʥʳʭ ʵʣʝʢ-

ʪʨʦʥʦʚ, ʘ ʵʬʬʝʢʪ ʧʦʚʳʰʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʷ ʩʚʷʟʘʥ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʩ ʧʨʦʮʝʩʩʘʤʠ ʢʣʘ-

ʩʪʝʨʠʟʘʮʠʠ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ. 

 
ʊʘʙʣʠʮʘ 

ʈʝʟʫʣʴʪʘʪʳ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʩʧʝʢʪʨʦʚ ʈʘʤʘʥʘ ʫʛʣʝ-

ʨʦʜʥʳʭ ʧʦʢʨʳʪʠʡ 

Table. Results of approximation of Raman spectra of 

carbon coatings 

 

ʎʝʥʪʨ, ʩʤ-1 FWHM, ʩʤ-1 ID/IG 

G D G D 
 

ta-C 1561 1370 231 367 0,28 

a-C:N  

(N/C = 0,06) 
1552 1378 217 388 0,59 

a-C:N 

(N/C = 0,13) 
1550 1376 174 374 1,25 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʢʨʳʪʠʡ ʩ ʧʦʤʦʱʴʶ ɸʉʄ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʣʝʛʠʨʦ-

ʚʘʥʠʝ ʘʟʦʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʙʦʣʝʝ 

ʨʘʟʚʠʪʦʛʦ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʨʝʜʥʝʢʚʘʜʨʘʪʠ-

ʯʝʩʢʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ a-C:N ʧʦʢʨʳʪʠʷ 

ʨʘʚʥʘ 4,2 ʥʤ ʧʨʠ N/C = 0,06 ʠ 5,1 ʥʤ ʧʨʠ N/C = 

0,13, ʯʪʦ ʚ ʜʚʘ ʠ ʙʦʣʝʝ ʨʘʟ ʚʳʰʝ, ʯʝʤ ʫ ta-C ʧʦ-

ʢʨʳʪʠʷ. ʀʩʭʦʜʥʘʷ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʩʠʪʘʣʣʦʚʦʡ ʧʦʜ-

ʣʦʞʢʠ ï 1,0 ʥʤ. 

ʇʦʢʨʳʪʠʷ ta-C ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʠʤ 

ʫʨʦʚʥʝʤ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʩʞʘʪʠʷ 10 ɻʇʘ, 

ʣʝʛʠʨʦʚʘʥʠʝ ʘʟʦʪʦʤ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʚʝ-

ʣʠʯʠʥʳ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʩʞʘʪʠʷ ʜʦ 6 ɻʇʘ 

ʧʨʠ N/C = 0,06 ʠ 3 ɻʇʘ ʧʨʠ N/C = 0,13. ʋʤʝʥʴʰʝ-

ʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ a-C:N ʧʦʢʨʳʪʠʷʭ 
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ʩʚʷʟʘʥʦ ʩʦ ʩʥʠʞʝʥʠʝʤ ʵʬʬʝʢʪʘ ʨʘʜʠʘʮʠʦʥʥʦ-

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʫʧʣʦʪʥʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠ-

ʯʝʥʠʶ ʜʦʣʠ ʘʪʦʤʥʳʭ ʩʚʷʟʝʡ ʩ sp2-ʛʠʙʨʠʜʠʟʘʮʠʝʡ ʠ 

ʧʨʦʮʝʩʩʘʤ ʠʭ ʢʣʘʩʪʝʨʠʟʘʮʠʠ.  

ʊʚʝʨʜʦʩʪʴ, ʠʟʤʝʨʝʥʥʘʷ ʤʝʪʦʜʦʤ ʩʢʣʝʨʦ-

ʤʝʪʨʠʠ ʧʦʢʨʳʪʠʡ a-C:N, ʨʘʚʥʘ 9 ɻʇʘ, ʘ ta-C ʧʦ-

ʢʨʳʪʠʡ ï 23 ɻʇʘ. ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ta-C ʧʦʢʨʳ-

ʪʠʷ ʩʦʩʪʘʚʣʷʝʪ 460 ɻʇʘ ʠ ʧʘʜʘʝʪ ʜʦ 254 ɻʇʘ ʠ 146 

ɻʇʘ ʜʣʷ ʧʦʢʨʳʪʠʡ a-C:N ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʘʟʦʪʘ N/C 

= 0,06 ʠ N/C = 0,13 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʥʘʯʝʥʠʷ 

ʪʚʝʨʜʦʩʪʠ ʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʤʦʛʫʪ ʙʳʪʴ ʟʘʥʠ-

ʞʝʥʥʳʤʠ ʠʟ-ʟʘ ʚʣʠʷʥʠʷ ʧʦʜʣʦʞʢʠ ʚʚʠʜʫ ʤʘʣʦʡ 

ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʷ (Ò100 ʥʤ). ʇʦʢʨʳʪʠʷ a-C:N 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʩʪʫʧʘʶʪ ʧʦʢʨʳʪʠʷʤ ta-C ʚ ʟʥʘʯʝʥʠ-

ʷʭ ʪʚʝʨʜʦʩʪʠ ʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ, ʥʦ ʧʨʠ ʵʪʦʤ ʦʥʠ 

ʙʦʣʝʝ ʵʣʘʩʪʠʯʥʳʝ ʠ ʥʝ ʧʦʜʚʝʨʞʝʥʳ ʭʨʫʧʢʦʤʫ ʨʘʟ-

ʨʫʰʝʥʠʶ ʚ ʚʠʜʝ ʪʨʝʱʠʥ ʠ ʩʢʦʣʦʚ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʠʩʧʳʪʘ-

ʥʠʡ ʩʨʝʜʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ Si ʙʝʟ ʧʦʢʨʳʪʠʷ 

ʠ ʩ ʧʦʢʨʳʪʠʷʤʠ a-C:N ʠ ta-C ʨʘʚʝʥ 0,49, 0,23 ʠ 

0,21 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʣʥʳʡ ʠʟʥʦʩ ʧʦʢʨʳʪʠʷ a-

C:N ʟʘʬʠʢʩʠʨʦʚʘʥ ʥʘ ʧʫʪʠ ʪʨʝʥʠʷ 108 ʤ, ʧʦʢʨʳʪʠʝ 

ta-C ʚʳʜʝʨʞʘʣʦ ʧʦʣʥʳʡ ʮʠʢʣ ʠʩʧʳʪʘʥʠʡ ʙʝʟ ʷʚ-

ʥʳʭ ʩʣʝʜʦʚ ʠʟʥʦʩʘ. ʇʦʩʣʝ 500 ʤ ʪʨʝʥʠʷ ʠʟʥʦʩ Si 

ʙʝʟ ʧʦʢʨʳʪʠʷ ʠ ʩʠʩʪʝʤ çSi+a-C:Nè, çSi+ta-Cè ʩʦ-

ʩʪʘʚʠʣ 3900Ö10-7, 2290Ö10-7 ʠ 2,5Ö10-7 ʤʤ3/ʅ/ʤ. ʅʘʥʝ-

ʩʝʥʠʝ ʥʘ ʢʨʝʤʥʠʡ ʫʛʣʝʨʦʜʥʦʛʦ ʧʦʢʨʳʪʠʷ ʧʦʟʚʦʣʷʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʠ ʫʨʦ-

ʚʝʥʴ ʝʛʦ ʦʩʮʠʣʣʷʮʠʡ. ɺ ʥʘʰʠʭ ʠʩʧʳʪʘʥʠʷʭ ʠʟʥʦʩʦ-

ʩʪʦʡʢʦʩʪʴ a-C:N ʧʦʢʨʳʪʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ta-C 

ʧʦʢʨʳʪʠʷ, ʥʦ, ʫʯʠʪʳʚʘʷ ʙʦʣʴʰʫʶ ʠʩʧʳʪʘʪʝʣʴʥʫʶ 

ʥʘʛʨʫʟʢʫ (3 ʅ), ʚʧʦʣʥʝ ʜʦʩʪʘʪʦʯʥʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʵʬʬʝʢʪʠʚʥʦʡ ʟʘʱʠʪʳ ʢʨʝʤʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʪʨʝʥʠʷ. 

ʂʨʦʤʝ ʪʦʛʦ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʫʙʣʠʢʘʮʠʡ ʧʨʠ ʥʝʢʦ-

ʪʦʨʳʭ ʫʩʣʦʚʠʷʭ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ, 

ʥʘʧʨʠʤʝʨ ʚ ʩʫʭʦʡ ʩʨʝʜʝ, a-C:N ʧʦʢʨʳʪʠʷ ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʪ ʦʯʝʥʴ ʥʠʟʢʠʡ (ʦʢʦʣʦ 0,03) ʢʦʵʬʬʠʮʠʝʥʪ 

ʪʨʝʥʠʷ ʠ ʚʳʩʦʢʫʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ [11]. 

ɺʓɺʆɼʓ 

ɺ ʭʦʜʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʘ-

ʥʦʚʣʝʥʦ, ʯʪʦ ʣʝʛʠʨʦʚʘʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʧʦʢʨʳʪʠʡ 

ʘʟʦʪʦʤ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʫʛʣʝ-

ʨʦʜʥʳʭ ʩʚʷʟʝʡ ʩ sp2-ʛʠʙʨʠʜʠʟʘʮʠʝʡ ʠ ʧʨʦʮʝʩʩʘʤ 

ʠʭ ʢʣʘʩʪʝʨʠʟʘʮʠʠ. ʆʜʥʘʢʦ ʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʟʮʦʚ a-C:N ʧʦʢʨʳʪʠʡ ʦʩʪʘʝʪʩʷ ʘʤʦʨʬʥʦʡ ʙʝʟ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ. ʃʝʛʠʨʦʚʘʥʠʝ ʘʟʦʪʦʤ 

ʫʛʣʝʨʦʜʥʦʛʦ ʧʦʢʨʳʪʠʷ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʠʟ ʧʦʪʦʢʘ ʠʤʧʫʣʴʩʥʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʣʘʟʤʳ 

ʧʨʠʚʦʜʠʪ: ʢ ʫʚʝʣʠʯʝʥʠʶ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ; 

ʩʥʠʞʝʥʠʶ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ; ʫʤʝʥʴʰʝʥʠʶ 

ʧʣʦʪʥʦʩʪʠ, ʪʚʝʨʜʦʩʪʠ ʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ; ʠʟʤʝ-

ʥʝʥʠʶ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʪʨʠʙʦʣʦʛʠʯʝ-

ʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʘʟʦʪʘ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ a-C:N ʧʦ-

ʢʨʳʪʠʡ.  

ʕʣʝʢʪʨʠʯʝʩʢʠʝ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦ-

ʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ a-C:N ʧʦʢʨʳʪʠʡ ʧʦʟʚʦ-

ʣʷʶʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʠʭ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʤʘʪʝ-

ʨʠʘʣ ʜʣʷ ʪʦʯʥʦʛʦ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ ʠ ʤʠʢʨʦʵʣʝʢ-

ʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ (ʄʕʄʉ). ʀʥʪʝʨʝʩʥʳʤ 

ʚʠʜʠʪʩʷ ʥʘʧʨʘʚʣʝʥʠʝ, ʩʚʷʟʘʥʥʦʝ ʩ ʦʙʲʝʜʠʥʝʥʠʝʤ 

ʩʚʦʡʩʪʚ ta-C ʠ a-C:N ʚ ʤʥʦʛʦʩʣʦʡʥʦʤ ʧʦʢʨʳʪʠʠ. 

ʅʘʧʨʠʤʝʨ, ʥʘ ʦʩʥʦʚʝ ʩʣʦʝʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʧʦ-

ʢʨʳʪʠʷ, ʚ ʢʦʪʦʨʦʤ ʩʦʯʝʪʘʝʪʩʷ ʚʳʩʦʢʘʷ ʪʚʝʨʜʦʩʪʴ ʠ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ta-C ʠ ʚʳʩʦʢʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜ-

ʥʦʩʪʴ a-C:N, ʩʦʟʜʘʥ ʢʘʥʪʠʣʝʚʝʨ (ʤʠʢʨʦʟʦʥʜ), ʧʨʠ-

ʤʝʥʷʝʤʳʡ ʚ ʩʢʘʥʠʨʫʶʱʝʡ ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʜʣʷ ʪʦʢʦʚʦʡ ʥʘʥʦʣʠʪʦʛʨʘʬʠʠ [12].  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ 

ʈʌʌʀ ˉ 15-48-03072 çɿʘʢʦʥʦʤʝʨʥʦʩʪʠ ʬʦʨʤʠ-

ʨʦʚʘʥʠʷ ʠ ʩʚʦʡʩʪʚʘ ʘʤʦʨʬʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʧʦ-

ʢʨʳʪʠʡ ʩ ʣʝʛʠʨʫʶʱʠʤʠ ʜʦʙʘʚʢʘʤʠ W, N, Ag, ʧʦʣʫ-

ʯʘʝʤʳʭ ʠʤʧʫʣʴʩʥʳʤ ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤè. 
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CHANGES IN PHYSICAL PROPERTIES OF SUPER LONG CARBON NANOTUBE S  

AFTER DIFFERENT METHODS O F PURIFICATION  

The results of carbon nanotubes purification with various methods are presented. Meth-

ods providing residual impurities content less than 1% were revealed. Carbon nanotubes were in-

vestigated by Raman spectroscopy, TEM, SEM and TGA. Their electrical conductivity was meas-

ured as well. 

Key words: carbon nanotubes, purification, chemical treatment, electrical conductivity, electron microscopy 

 

ɺɺɽɼɽʅʀɽ 

ʋʅʊ ʠʟʚʝʩʪʥʳ ʩʚʦʠʤʠ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝ-

ʩʢʠʤʠ, ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ, ʪʝʨʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʘʤʠ, ʩʚʝʨʭʤʠʥʠʘʪʶʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʠ ʨʘʟʥʦ-

ʦʙʨʘʟʥʳʤʠ ʬʦʨʤʘʤʠ. ʆʜʥʘʢʦ ʰʠʨʦʢʦʤʫ ʧʨʘʢʪʠʯʝ-

ʩʢʦʤʫ ʧʨʠʤʝʥʝʥʠʶ ʋʅʊ ʧʨʝʧʷʪʩʪʚʫʝʪ ʧʨʠʩʫʪʩʪʚʠʝ 

ʧʨʠʤʝʩʝʡ ʚ ʫʛʣʝʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ. ʀʟʚʝʩʪʥʦ ʙʦʣʴ-

ʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʦʚ ʦʯʠʩʪʢʠ ʋʅʊ 

ʦʪ ʧʨʠʤʝʩʝʡ [1-13]. 

ʆʜʥʠʤ ʠʟ ʧʝʨʚʳʭ ʧʨʠʤʝʥʝʥʥʳʭ ʩʧʦʩʦʙʦʚ 

ʙʳʣʘ ʤʝʪʦʜʠʢʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʠʥʪʝʨʢʘʣʷʪʦʚ, ʘ 

ʠʤʝʥʥʦ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʠʝ ʧʨʦʜʫʢʪʘ ʭʣʦʨʠʜʦʤ ʤʝ-

ʜʠ [1]. ɺ ʨʘʙʦʪʝ [2] ʜʣʷ ʦʯʠʩʪʢʠ ʋʅʊ ʧʨʝʜʣʘʛʘʣʦʩʴ 

ʦʯʠʱʘʪʴ ʠ ʜʘʞʝ ʨʘʟʜʝʣʷʪʴ ʧʦ ʨʘʟʤʝʨʘʤ ʋʅʊ ʚ ʚʦʜ-

ʥʦʤ ʨʘʩʪʚʦʨʝ ʇɸɺ ʜʦʜʝʢʘʮʠʢʣʦʩʫʣʴʬʘʪʘ ʥʘʪʨʠʷ 

(ʉɼʅ). ʊʘʢʞʝ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʣʦʥʦʯʥʫʶ 

ʭʨʦʤʘʪʦʛʨʘʬʠʶ ʠ ʚʘʢʫʫʤʥʫʶ ʬʠʣʴʪʨʘʮʠʶ [3]. 

ɺ ʨʷʜʝ ʨʘʙʦʪ ʧʨʠʤʝʥʷʣʠ ʦʙʨʘʙʦʪʢʫ ʤʠʢʨʦ-

ʚʦʣʥʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ. ʊʘʢ, ʚ ʨʘʙʦʪʝ [4] ʧʨʝʜʣʦ-

ʞʝʥ ʤʝʪʦʜ ʦʯʠʩʪʢʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʦʩʥʦ-

ʚʘʥʥʳʡ ʥʘ ʩʝʣʝʢʪʠʚʥʦʤ ʥʘʛʨʝʚʝ ʯʘʩʪʠʮ ʦʩʪʘʪʦʯʥʦ-

ʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʢʦʪʦʨʳʝ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʟʘʢʘʧʩʫ-

ʣʠʨʦʚʘʥʳ ʚ ʫʛʣʝʨʦʜʥʳʝ ʤʥʦʛʦʩʣʦʡʥʳʝ ʦʙʦʣʦʯʢʠ. 

ɺ ʩʪʘʪʴʝ [5] ʦʧʠʩʘʥ ʙʦʣʝʝ ʩʣʦʞʥʳʡ, ʜʚʫʭʩʪʫʧʝʥʯʘ-

ʪʳʡ ʩʧʦʩʦʙ ʦʯʠʩʪʢʠ ʋʅʊ, ʚʢʣʶʯʘʶʱʠʡ ʦʙʨʘʙʦʪʢʫ 

ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʭʣʦ-

ʨʠʨʦʚʘʥʠʝʤ.  

ɺ ʩʪʘʪʴʝ [6] ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʦʯʠʩʪʢʠ, ʚ 

ʢʦʪʦʨʦʡ ʫʩʧʝʰʥʦ ʫʜʘʣʷʶʪʩʷ ~99% ʬʝʨʨʦʤʘʛʥʠʪ-

ʥʳʭ ʧʨʠʤʝʩʝʡ. ʄʝʪʦʜ ʩʦʯʝʪʘʝʪ ʚ ʩʝʙʝ ʪʨʘʜʠʮʠʦʥ-

ʥʦʝ ʦʢʠʩʣʝʥʠʝ ʥʘ ʚʦʟʜʫʭʝ, ʭʠʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ 

ʠ ʬʠʣʴʪʨʘʮʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʩʝ-

ʧʘʨʘʪʦʨʘ. 

ʆʙʱʝʧʨʠʥʷʪʳʤ ʷʚʣʷʝʪʩʷ ʦʯʠʱʝʥʠʝ ʋʅʊ 

ʦʪ ʧʨʠʤʝʩʝʡ ʦʢʠʩʣʝʥʠʝʤ ʠʭ ʢʠʩʣʦʨʦʜʦʤ, ʫʣʫʯ-

ʰʝʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʪʦʜʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʨʘ-

ʙʦʪʘʭ [7, 8]. ʇʦʤʠʤʦ ʦʢʠʩʣʝʥʠʷ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ 

ʧʨʝʜʧʨʠʥʠʤʘʣʠʩʴ ʧʦʧʳʪʢʠ ʦʯʠʩʪʢʠ ʋʅʊ ʚ ʨʘʩʪʚʦ-

ʨʘʭ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ [9, 10], ʩʦʣʷʥʦʡ [11] ʠ ʧʣʘʚʠ-

ʢʦʚʦʡ[12] ʢʠʩʣʦʪ. ʉʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʨʷʜ ʤʝʪʦʜʦʚ, 

ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʦʪʞʠʛʝ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʋʅʊ ʚ 

ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 1000 Üʉ [13].  

ʂʘʞʜʳʡ ʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʤʝʪʦʜʦʚ ʠʤʝʝʪ 

ʢʘʢ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʪʘʢ ʠ ʥʝʜʦʩʪʘʪʢʠ ï ʪʨʫʜʦʝʤ-

ʢʦʩʪʴ, ʤʥʦʛʦʩʪʘʜʠʡʥʦʩʪʴ, ʜʣʠʪʝʣʴʥʦʩʪʴ, ʟʘʛʨʷʟʥʝ-

ʥʠʝ ʧʨʦʜʫʢʪʘ, ʧʦʪʝʨʠ ʩʘʤʠʭ ʋʅʊ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʧʦʠʩʢ ʦʧ-

ʪʠʤʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʦʯʠʩʪʢʠ ʋʅʊ ʦʪ ʯʘʩʪʠʮ ʞʝʣʝʟʘ 

ʠ ʜʨʫʛʠʭ ʧʨʠʤʝʩʝʡ (ʩʨʝʜʠ ʠʥʳʭ ʧʨʠʤʝʩʝʡ ʦʩʥʦʚ-

ʥʦʝ ʤʝʩʪʦ ʧʨʠʥʘʜʣʝʞʠʪ ʥʝʪʨʫʙʦʯʥʦʤʫ ʫʛʣʝʨʦʜʥʦ-

ʤʫ ʜʝʧʦʟʠʪʫ), ʢʦʥʪʨʦʣʴ ʯʠʩʪʦʪʳ ʋʅʊ ʠ ʧʦʩʣʝʜʫ-

ʶʱʝʝ ʠʟʤʝʨʝʥʠʝ ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʠʩʴ ʦʙʨʘʟʮʳ 

ʤʘʣʦ- ʠ ʤʥʦʛʦʩʣʦʡʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ 

ʜʠʘʤʝʪʨʦʤ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 2 ʜʦ 30 ʥʤ, ʩʠʥʪʝʟʠʨʦ-

ʚʘʥʥʳʝ ʠʟ ʩʤʝʩʠ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʝʛʦ ʩʳʨʴʷ ï 

ʵʪʘʥʦʣʘ ʠ ʪʠʦʬʝʥʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʞʝʣʝʟʦʦʨʛʘʥʠʯʝ-

ʩʢʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1150 Üʉ ʤʝ-

ʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘ 

ʦʧʳʪʥʦ-ʧʨʦʤʳʰʣʝʥʥʦʡ ʫʩʪʘʥʦʚʢʝ ɻɸʋʏʆ ʆʆʆ 

çʀʅʌʈɸ ʊʝʭʥʦʣʦʛʠʠè ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʠʢʝ [14]. 

ʆʯʠʩʪʢʫ ʧʨʦʚʦʜʠʣʠ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ: 

- ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʚ ʚʘʢʫʫʤʝ: ʦʪʞʠʛ 

ʦʙʨʘʟʮʘ ʋʅʊ ʚ ʚʘʢʫʫʤʥʦʡ ʧʝʯʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1600 Üʉ ʚ ʪʝʯʝʥʠʝ 1 ʯ; 

- ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʥʘ ʚʦʟʜʫʭʝ (ʊ/ʆ): 

ʦʪʞʠʛ ʦʙʨʘʟʮʘ ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ ʥʘ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʯʘʰʢʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 380-440 Üʉ ʚ ʪʝʯʝʥʠʝ 3 ʯ; 

- ʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʚ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ 

(ʭ/ʦ HCl): ʢʠʧʷʯʝʥʠʝ ʦʙʨʘʟʮʘ ʚ ʪʝʯʝʥʠʝ 3 ʯ ʚ ʩʦʣʷ-

ʥʦʡ ʢʠʩʣʦʪʝ (37% HCl), ʧʨʦʤʳʚʢʘ ʠ ʩʫʰʢʘ; 

- ʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʚ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ ʚ 

ʤʷʛʢʦʤ ʨʝʞʠʤʝ (ʭ/ʦ HCl ʄʈ): ʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʘ ʚ 

ʪʝʯʝʥʠʝ 72 ʯ ʚ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ (37% HCl) ʧʨʠ ʪʝʤ-

ʧʝʨʘʪʫʨʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʧʨʦʤʳʚʢʘ ʠ ʩʫʰʢʘ; 

- ʦʢʠʩʣʝʥʠʝ ʚ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʝ (ʭ/ʦ HNO3): 

ʢʠʧʷʯʝʥʠʝ ʦʙʨʘʟʮʘ ʚ ʪʝʯʝʥʠʝ 3 ʯ ʚ ʘʟʦʪʥʦʡ ʢʠʩʣʦ-

ʪʝ (65% HNO3), ʧʨʦʤʳʚʢʘ ʠ ʩʫʰʢʘ; 
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- ʦʢʠʩʣʝʥʠʝ ʚ çʮʘʨʩʢʦʡ ʚʦʜʢʝè (ʭ/ʦ 

extreme): ʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʘ ʚ ʪʝʯʝʥʠʝ 20 ʯ ʚ ʩʤʝ-

ʩʠ ʩʦʣʷʥʦʡ (37% HCl) ʠ ʘʟʦʪʥʦʡ (65% HNO3) ʢʠʩ-

ʣʦʪ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 3:1 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʨʫʞʘ-

ʶʱʝʡ ʩʨʝʜʳ, ʧʨʦʤʳʚʢʘ ʠ ʩʫʰʢʘ; 

- ʉɺʏ-ʦʙʣʫʯʝʥʠʝ (ʉɺʏ): ʦʙʨʘʟʝʮ ʚ ʢʚʘʨʮʝ-

ʚʦʡ ʣʦʜʦʯʢʝ ʧʦʤʝʱʘʝʪʩʷ ʚ ʢʚʘʨʮʝʚʫʶ ʪʨʫʙʫ ʠ ʦʙ-

ʣʫʯʘʝʪʩʷ ʩ ʯʘʩʪʦʪʦʡ ʠʟʣʫʯʝʥʠʷ ï 2,45 ɻɻʮ ʠ ʤʦʱ-

ʥʦʩʪʴʶ 500 ɺʪ ʚ ʧʦʪʦʢʝ ʛʝʣʠʷ ʚ ʪʝʯʝʥʠʝ 60 ï 300ʩ. 

ʆʙʨʘʟʮʳ ʠʩʩʣʝʜʦʚʘʣʠ ʨʘʟʣʠʯʥʳʤʠ ʠʥ-

ʩʪʨʫʤʝʥʪʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʠ ʵʣʝʤʝʥʪʥʳʡ 

ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʨʠʙʦʨʝ JEOL JSM-7600F ʩ 

ʪʝʨʤʦʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ, ʩ ʫʩʢʦʨʷʶʱʠʤ ʥʘʧʨʷʞʝ-

ʥʠʝʤ 15 ʢɺ ʠ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 1 ʥʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʋʅʊ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ JEM-

2010 ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 160 ʢɺ. 

ɼʣʷ ʢʦʥʪʨʦʣʷ ʩʦʜʝʨʞʘʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ ʢʘ-

ʪʘʣʠʟʘʪʦʨʘ ʧʨʦʚʦʜʠʣʩʷ ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ 

ʘʥʘʣʠʟ ʥʘ ʧʨʠʙʦʨʝ ʩʠʥʭʨʦʥʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘ-

ʣʠʟʘ NETZSCH (ɼʉʂ/ɼʊɸ/ʊɻ) STA Jupiter 449 F1. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ) ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʫʩʪʘʥʦʚʢʘ ʩ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʧʨʠʩʪʘʚʢʦʡ ʥʘ ʙʘʟʝ ʩʧʝʢʪʨʦʤʝʪ-

ʨʘ TRIAX 552 (Jobin Yvon) ʠ ʜʝʪʝʢʪʦʨʘ CCD Spec-10, 

2KBUV (2048x512) (Princeton Instruments). 

ʕʣʝʢʪʨʠʯʝʩʢʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠʟʤʝʨʷʣʠ 

ʧʨʠ ʧʦʤʦʱʠ ʩʠʩʪʝʤʳ ʜʣʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ LakeShore HMS 7700. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʦʯʠʩʪʢʠ ʋʅʊ ʷʚʣʷʝʪʩʷ 

ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

380-440 ʉ̄. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʚʳʰʝ 350 ʉ̄ ʧʨʠʤʝ-

ʩʠ, ʪʘʢʠʝ ʢʘʢ ʘʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ ʠ ʥʘʥʦʯʘʩʪʠʮʳ 

ʛʨʘʬʠʪʘ (ʨʠʩ. 1ʘ), ʚʳʛʦʨʘʶʪ, ʢʦʣʠʯʝʩʪʚʦ ʜʝʬʝʢʪʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʋʅʊ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ (ʨʠʩ. 

1ʙ). ʆʯʝʚʠʜʥʦ, ʚʩʣʝʜʩʪʚʠʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, 

ʧʦʚʝʨʭʥʦʩʪʴ ʋʅʊ ʦʯʠʱʘʝʪʩʷ ʠ ʩʛʣʘʞʠʚʘʝʪʩʷ, ʘ ʯʘ-

ʩʪʠʮʳ ʤʝʪʘʣʣʘ ʩʪʘʥʦʚʷʪʩʷ ʣʝʛʢʦʜʦʩʪʫʧʥʳʤʠ.  

ʇʨʠ ʪʝʨʤʠʯʝʩʢʦʡ ʞʝ ʦʙʨʘʙʦʪʢʝ ʚ ʚʘʢʫʫʤʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1600 Üʉ ʠʩʭʦʜʥʳʝ ʋʅʊ (ʨʠʩ. 2ʘ) ʧʦ 

ʙʦʣʴʰʝʡ ʯʘʩʪʠ ʨʘʟʨʫʰʠʣʠʩʴ, ʧʨʦʠʟʦʰʣʦ "ʚʩʢʨʳʪʠʝ" 

ʥʝ ʪʦʣʴʢʦ ʢʦʥʮʦʚ ʋʅʊ. ɼʝʩʪʨʫʢʮʠʠ ʧʦʜʚʝʨʛʣʠʩʴ ʠ 

ʚʥʝʰʥʠʝ ʩʪʝʥʢʠ ʋʅʊ. ʊʘʢʞʝ ʚʠʜʥʳ ʦʪʜʝʣʴʥʳʝ ʫʛ-

ʣʝʨʦʜʥʳʝ ʬʨʘʛʤʝʥʪʳ (ʨʠʩ. 2ʙ). ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʳʩʦ-

ʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʦʙʨʘʙʦʪʢʘ ʚ ʚʘʢʫʫʤʝ ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʟʨʫʰʝʥʠʶ ʋʅʊ. ʇʦʵʪʦʤʫ ʚ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷʭ ʦʪʞʠʛ ʚ ʚʘʢʫʫʤʝ ʥʝ ʧʨʠʤʝʥʷʣʩʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ʥʝ-

ʩʢʦʣʴʢʦ ʩʧʦʩʦʙʦʚ ʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʊʘʢ, ʦʙ-

ʨʘʙʦʪʢʘ ʚ ʮʘʨʩʢʦʡ ʚʦʜʢʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

 
ʘ 

 
ʙ 

ʈʠʩ. 1. SEM-ʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʘ ʋʅʊ: ʘ) ʜʦ ʠ ʙ) ʧʦʩʣʝ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 440 Áʉ 

Fig. 1. SEM of samples of CNT: a) before and ʙ) after heat treat-

ment in air at 440 ÁC 

 

 
ʘ 

 
ʙ 

ʈʠʩ. 2. SEM-ʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʘ ʋʅʊ: ʘ) ʜʦ ʠ ʙ) ʧʦʩʣʝ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚ ʚʘʢʫʫʤʝ ʧʨʠ 1600 Áʉ 

Fig. 2. SEM of samples of CNT: a) before and ʙ) after heat treat-

ment in vacuum at 1600 ÁC 
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ʈʠʩ. 3. SEM-ʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʦʚ ʋʅʊ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʚ: 

ʘ - ʮʘʨʩʢʦʡ ʚʦʜʢʝ; ʙ - ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ ʩ ʢʠʧʷʯʝʥʠʝʤ; ʚ - ʘʟʦʪ-

ʥʦʡ ʢʠʩʣʦʪʝ; ʛ - ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ ʙʝʟ ʢʠʧʷʯʝʥʠʷ 

Fig. 3. SEM of samples of CNT after treatment by: a - aqua regia; 

ʙ - hydrochloric acid with boiling; ʚ - nitric acid; ʛ - hydrochloric 

acid without boiling 

çʫʟʝʣʢʦʚè (ʨʠʩ. 3ʘ). ʇʦʩʣʝ ʢʠʧʷʯʝʥʠʷ ʚ ʩʦʣʷʥʦʡ 

ʢʠʩʣʦʪʝ ʯʘʩʪʴ ʋʅʊ ʩʙʠʚʘʶʪʩʷ ʚ çʢʫʯʢʠè (ʨʠʩ. 3ʙ), 

ʘ ʧʦʩʣʝ ʢʠʧʷʯʝʥʠʷ ʚ ʘʟʦʪʥʦʡ ʋʅʊ ʩʪʘʥʦʚʷʪʩʷ 

ʛʣʘʜʢʠʤʠ ʠ ʩʦʝʜʠʥʝʥʥʳʤʠ ʚ ʧʫʯʢʠ (ʨʠʩ. 3ʚ), ʪʦʛʜʘ 

ʢʘʢ ʧʦʩʣʝ ʤʷʛʢʦʛʦ ʨʝʞʠʤʘ ʚ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ ʧʫʯ-

ʢʠ ʋʅʊ ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ çʨʘʟʨʦʟʥʝʥʥʳʤʠè (ʨʠʩ. 

3ʛ). ʅʦ ʝʩʪʴ ʦʙʱʘʷ ʪʝʥʜʝʥʮʠʷ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʞʝ-

ʣʝʟʘ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʨʘʟʳ.  

ʇʦʩʣʝ ʉɺʏ-ʦʙʣʫʯʝʥʠʷ ʯʘʩʪʠʮʳ ʞʝʣʝʟʘ 

ʩʣʠʚʘʶʪʩʷ ʚ ʢʨʫʧʥʳʝ ʩʬʝʨʠʯʝʩʢʠʝ ʘʛʣʦʤʝʨʘʪʳ 

(ʨʠʩ.4), ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 29% 

ʜʦ 4%. ʇʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʯʪʦ ʉɺʏ-ʦʙʣʫʯʝʥʠʝ 

ʥʘʛʨʝʚʘʝʪ ʦʢʩʠʜ ʜʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʠʟʙʘʚʣʷʷ 

ʝʛʦ ʦʪ ʢʠʩʣʦʨʦʜʘ, ʠ çʩʣʝʧʣʷʝʪè ʯʘʩʪʠʯʢʠ ʞʝʣʝʟʘ, 

ʢʦʪʦʨʳʝ ʫʞʝ ʥʝ ʨʝʘʛʠʨʫʶʪ ʩ ʢʠʩʣʦʪʦʡ ʠ ʥʝ ʚʳʤʳ-

ʚʘʶʪʩʷ ʠʟ ʦʙʨʘʟʮʘ. 

 

 

ʈʠʩ. 4. SEM-ʬʦʪʦʛʨʘʬʠʷ ʦʙʨʘʟʮʘ ʋʅʊ ʧʦʩʣʝ ʉɺʏ-ʦʙʣʫʯʝʥʠʷ 

Fig. 4. SEM of sample of CNT after microwave radiation 

 

ɸʥʘʣʠʟʠʨʫʷ ʨʝʟʫʣʴʪʘʪʳ ʊɽʄ-ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ, ʯʘʩʪʠʮʳ ʞʝʣʝʟʘ, ʧʨʠʩʫʪʩʪʚʦʚʘʚʰʠʝ ʚ ʠʩʭʦʜ-

ʥʦʤ ʦʙʨʘʟʮʝ, ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʙʦʣʝʝ 

ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ. ʋʅʊ ʜʚʫʩʪʝʥʥʳʝ, ʤʥʦʛʠʝ çʩʣʝʧ-

ʣʝʥʳè ʚ ʧʫʯʢʠ ʧʦ 5-10 ʰʪʫʢ. ɺ ʢʘʤʝʨʝ ʵʣʝʢʪʨʦʥ-

ʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʣʫʯʘ ʧʨʦʠʩʭʦʜʠʪ çʟʘʨʘʩʪʘʥʠʝè ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦ-

ʪʨʫʙʦʢ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʤ ʩʣʦʝʤ, ʢʦʪʦʨʳʡ 

ʫʩʣʦʚʥʦ ʥʘʟʚʘʣʠ çʰʫʙʦʡè. ʊʘʢ, ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ, 

ʪʦʣʱʠʥʘ ʵʪʦʡ ʰʫʙʳ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ. ɼʣʷ 

ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʚʦʟʜʫʭʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 440 Üʉ, ʢʠʧʷʯʝʥʠʷ ʚ ʘʟʦʪʥʦʡ ʢʠʩ-

ʣʦʪʝ, ʘ ʟʘʪʝʤ ʚ ʩʦʣʷʥʦʡ, çʰʫʙʘè ʩʦʚʩʝʤ ʥʝ ʥʘʙʣʶ-

ʜʘʝʪʩʷ (ʨʠʩ. 5). 

ʆʙʨʘʟʮʳ ʋʅʊ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʦʤ 

ʂʈʉ. ʅʘʣʠʯʠʝ ʣʠʥʠʡ ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ ʦʙʣʘʩʪʠ 120-

160 ʩʤ-1 ʧʦʜʪʚʝʨʜʠʣʦ ʧʨʠʩʫʪʩʪʚʠʝ ʤʥʦʛʦʩʪʝʥʥʳʭ ʠ 

ʜʚʫʩʪʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʩ ʜʠʘʤʝʪʨʦʤ 

ʚ ʜʠʘʧʘʟʦʥʝ ʙʦʣʝʝ 2 ʥʤ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʩʦʜʝʨʞʘʥʠʶ 

ʞʝʣʝʟʘ ʚ ʦʯʠʱʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʦʙ-

ʨʘʟʮʘʭ ʋʅʊ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʠʞʝ ʚ ʪʘʙʣ. 1. 



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 9 

 

78   ʀʟʚ. ʚʫʟʦʚ. ʍʠʤʠʷ ʠ ʭʠʤ. ʪʝʭʥʦʣʦʛʠʷ. 2016. ʊ. 59. ɺʳʧ. 9 

 

 

  

ʈʠʩ. 5. TEM-ʬʦʪʦʛʨʘʬʠʷ ʦʙʨʘʟʮʘ ʋʅʊ ʧʦʩʣʝ ʢʠʧʷʯʝʥʠʷ ʚ 

ʘʟʦʪʥʦʡ, ʘ ʟʘʪʝʤ ʚ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʘʭ. 

Fig. 5. SEM of sample of CNT after boiling in nitric and hydro-

chloric acids 

 
ʊʘʙʣʠʮʘ 1 

ʄʘʩʩʦʚʦʝ ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ ʚ ʦʙʨʘʙʦʪʘʥʥʳʭ ʨʘʟ-

ʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ ʦʙʨʘʟʮʘʭ ʋʅʊ 

Table 1. Weight iron content in samples treated by dif-

ferent methods 

ˉ ʆʙʨʘʟʝʮ 
EDX Fe, 

% ʚʝʩ 

ʊɻɸ Fe, 

% ʚʝʩ 

1 ʋʅʊ ʠʩʭ 32,5 37,8 

2 ʋʅʊ ʊ/ʆ 27,5 30,8 

3 ʋʅʊ ʊ/ʆ ʭ/ʦ HCl 4,0 17,5 

4 ʋʅʊ ʊ/ʆ ʭ/ʦ HNO3 6,0 8,4 

5 ʋʅʊ ʊ/ʆ ʉɺʏ 48,0 39,0 

6 ʋʅʊ ʊ/ʆ ʉɺʏ ʭ/ʦ HCl 14,0 15,4 

7 ʋʅʊ ʊ/ʆ ʉɺʏ ʭ/ʦ HNO3 33,0 30,3 

8 ʋʅʊ ʊ/ʆ x/o HCl ʉɺʏ 4,0 14,3 

9 ʋʅʊ ʊ/ʆ x/o HNO3 ʉɺʏ 6,0 4,5 

10 ʋʅʊ ʊ/ʆ x/o HNO3 x/o HCl 0,5 4,2 

11 ʋʅʊ ʊ/ʆ x/o HCl ʭ/ʦ HNO3 1,0 1,8 

12 ʋʅʊ ʊ/ʆ x/o extreme 2,0 6,7 

13 ʋʅʊ ʊ/ʆ x/o HCl ʄʈ 1,0 4,4 

 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʯʝʪʳʨʝʭʢʦʥʪʘʢʪʥʳʤ 

ʤʝʪʦʜʦʤ ʜʦ ʠ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝ-

ʨʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʙʣ. 2.  

ʀʟ ʪʘʙʣ. 2 ʚʠʜʥʦ, ʯʪʦ ʧʦʩʣʝ ʦʯʠʩʪʢʠ ʵʣʝʢ-

ʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʚ 7-12 ʨʘʟ. 

ɼʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʚʳʷʩʥʠʪʴ, ʢʘʢʘʷ ʩʪʘʜʠʷ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦ-

ʩʪʠ, ʪʘʢʞʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦ, ʧʦʩʣʝ ʢʘʞʜʦʡ ʩʪʘʜʠʠ ʦʯʠʩʪʢʠ. ʈʝʟʫʣʴʪʘʪʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʫʶ ʨʦʣʴ ʚ ʧʦʚʳʰʝʥʠʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠʛʨʘʝʪ ʠʤʝʥʥʦ ʭʠʤʠʯʝʩʢʘʷ 

ʦʙʨʘʙʦʪʢʘ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʧʦʥʠʞʘʝʪʩʷ ʢʦʥʪʘʢʪʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʋʅʊ. 

 

ʊʘʙʣʠʮʘ 2 

ʋʜʝʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʚʦʜʠʤʦʩʪʴ ʦʙʨʘʟʮʦʚ ʜʦ 

ʠ ʧʦʩʣʝ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʦʚ ʦʯʠʩʪʢʠ 

Table 2. The specific electrical conductivity of the sam-

ples of CNT before and after various purification methods 

ˉ ʄʘʨʢʠʨʦʚʢʘ 

ʋʜʝʣʴʥʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ, ʉʤĿ10-3 
ůʢʦʥ/

ůʠʩʭ 

 ʀʩʭʦʜʥʳʡ 
ʇʦʩʣʝ  

ʦʙʨʘʙʦʪʢʠ 

1 
ʋʅʊ ʊ/ʆ ʉɺʏ 

ʭ/ʦ HCl 
0,7 5 7 

2 
ʋʅʊ ʊ/ʆ ʭ/ʦ 

HCl ʉɺʏ 
0,7 5 7 

3 
ʋʅʊ ʊ/ʆ ʭ/ʦ 

extreme 
1,1 11 10 

4 
ʋʅʊ ʊ/ʆ ʭ/ʦ 

HNO3 ʭ/ʦ HCl 
0,9 11 12 

5 
ʋʅʊ ʊ/ʆ ʭ/ʦ 

HCl ʭ/ʦ HNO3 
1,7 14 9 

ɺʓɺʆɼʓ 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʪʝʨʤʠ-

ʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

380-440 Üʉ ʥʝʦʙʭʦʜʠʤʘ ʧʨʠ ʣʶʙʦʤ ʠʟ ʠʩʧʦʣʴʟʫʝ-

ʤʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʧʦʩʦʙʦʚ ʦʯʠʩʪʢʠ, ʧʦʩʢʦʣʴʢʫ 

ʦʢʠʩʣʝʥʠʝ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠʚʦʜʠʪ ʢ ʧʨʝʠʤʫʱʝʩʪʚʝʥ-

ʥʦʤʫ ʦʢʠʩʣʝʥʠʶ ʫʛʣʝʨʦʜʥʳʭ ʦʙʦʣʦʯʝʢ ʟʘʢʘʧʩʫʣʠ-

ʨʦʚʘʥʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʠʮʳ ʠ ʚʳʛʦʨʘʥʠʶ 

ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ. ʅʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʤʠ 

ʩʧʦʩʦʙʘʤʠ ʦʯʠʩʪʢʠ ʋʅʊ ʷʚʣʷʶʪʩʷ: ʭʠʤʠʯʝʩʢʘʷ 

ʦʙʨʘʙʦʪʢʘ ʚ 37% ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ ʙʝʟ ʢʠʧʷʯʝʥʠʷ ʚ 

ʪʝʯʝʥʠʝ 3 ʩʫʪ ʠ ʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʩ ʢʠʧʷʯʝʥʠ-

ʝʤ ʚ ʪʝʯʝʥʠʝ 3 ʯ ʩʥʘʯʘʣʘ ʚ 65% ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʝ, ʘ 

ʟʘʪʝʤ 37% ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʝ. ʇʨʠ ʵʪʦʤ ʩʦʜʝʨʞʘʥʠʝ 

ʞʝʣʝʟʥʳʭ ʯʘʩʪʠʮ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 0,5-1,0 %, ʫʜʘ-

ʣʷʶʪʩʷ ʜʝʬʝʢʪʥʳʝ ʩʣʦʠ ʠ ʩʛʣʘʞʠʚʘʝʪʩʷ ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʋʅʊ, ʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʦʯʠʱʝʥʥʳʭ 

ʋʅʊ ʧʦʚʳʰʘʝʪʩʷ ʚ 7-12 ʨʘʟ. 

ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʄʠʥʠ-

ʩʪʝʨʩʪʚʫ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝ-

ʨʘʮʠʠ ʟʘ ʧʦʜʜʝʨʞʢʫ ʊʀʉʅʋʄ ʧʦ ɻʦʩʫʜʘʨʩʪʚʝʥ-

ʥʦʤʫ ʟʘʜʘʥʠʶ 3553. 
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CAVITATIONAL SYNTHES IS OF CARBON NANOFORMS BY WATER HAMMER  

We consider features of the carbon composite nano-particles formation at cavitation by 

means of the hydro impact. The comparison of given method with existing methods of synthesis 

in nanotechnology was carried out. The crystal structure of the various carbon nanoforms syn-

thesized by hydrodynamic cavitation in a mixture of water and isopropyl alcohol was investigated 

using the methods of electron diffraction. Such polymorphs of carbon as the nano-diamond, 

nanographite and composites were revealed. The lattices characteristics of the synthesized carbon 

nano forms were analyzed. Applications of results for microelectronics were considered. 

Key words: diamond, graphite, hydro impact, cavitation, microelectronics 

 

ɺɺɽɼɽʅʀɽ 

ʅʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʯʝʨʝ-

ʜʫʶʱʠʭʩʷ ʩʣʦʝʚ ʜʠʵʣʝʢʪʨʠʢʘ ʠ (ʧʦʣʫ)ʧʨʦʚʦʜʥʠʢʘ 

ʥʘʥʦʤʝʪʨʦʚʦʡ ʪʦʣʱʠʥʳ ʩʪʘʥʦʚʷʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʥʘʫʯʥʳʭ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ ʙʣʘʛʦʜʘʨʷ ʠʭ ʫʥʠʢʘʣʴʥʳʤ ʦʧʪʠʯʝ-

ʩʢʠʤ, ʤʘʛʥʠʪʥʳʤ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ [1]. 

ʀʥʪʝʨʝʩ ʚʳʟʳʚʘʝʪ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʛʠʛʘʥʪʩʢʠʡ 

ʤʘʛʥʠʪʦʨʝʟʠʩʪʠʚʥʳʡ ʵʬʬʝʢʪ (ɻʄʈʕ). ʌʠʟʠʯʝʩʢʘʷ 

ʧʨʠʨʦʜʘ ʵʪʦʛʦ ʵʬʬʝʢʪʘ ʚ ʧʨʦʚʦʜʷʱʠʭ ʩʣʦʠʩʪʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʭ ʦʙʫʩʣʦʚʣʝʥʘ ʩʠʣʴʥʳʤ ʨʘʟʣʠʯʠʝʤ 

ʚʝʨʦʷʪʥʦʩʪʠ ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʩ ʨʘʟʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʩʧʠʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʢ-

ʪʦʨʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʳʭ ʩʣʦʝʚ. ʊʘʢʦʛʦ 

ʪʠʧʘ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨʳ ʷʚʣʷʶʪʩʷ ʫʥʠʢʘʣʴʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝ-

ʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʚʢʣʘʜʘ ʩʧʠʥʘ ʵʣʝʢʪʨʦʥʦʚ ʚ ʪʨʘʥʩ-

ʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ.  

ʉʨʝʜʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʠʩ-

ʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʩʦʟʜʘʥʠʠ ʤʫʣʴʪʠʩʣʦʡʥʳʭ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨ, ʚʝʩʴʤʘ ʵʬʬʝʢʪʠʚʥʳʤʠ ʦʢʘʟʘʣʠʩʴ ʤʝʪʦ-

ʜʳ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ ʠ ʭʠʤʠʯʝʩʢʦ-

ʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (CVD). ʆʥʠ ʧʦʟʚʦ-

ʣʷʶʪ, ʥʘʧʨʠʤʝʨ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʦ ʩʦʟʜʘʚʘʪʴ 

ʘʪʦʤʘʨʥʳʝ ʩʣʦʠ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʬʠʢʩʠʨʦʚʘʥ-

ʥʦʡ ʪʦʣʱʠʥʳ, ʠʟʤʝʥʷʷ ʫʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ ʥʘ ʧʦʜ-

ʣʦʞʢʝ [2]. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʜʘʥʥʳʝ ʤʝʪʦʜʳ ʪʨʝʙʫʶʪ 

ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ, ʪʦʯʥʦʛʦ ʢʦʥʪʨʦʣʷ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢ ʨʘʙʦʯʝʡ ʩʨʝʜʳ ʠ ʬʦʨʤʠʨʫʶʪ ʚ ʦʩʥʦʚʥʦʤ 

ʪʦʥʢʠʝ ʧʣʝʥʢʠ, ʯʪʦ ʨʝʟʢʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʦʙʣʘʩʪʠ ʠʭ 

ʧʨʠʤʝʥʝʥʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 
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ʥʘʥʦʪʝʭʥʦʣʦʛʠ ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʘʣʴʪʝʨʥʘ-

ʪʠʚʥʳʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʫʪʫʨ, ʧʦʟ-

ʚʦʣʷʶʱʠʝ ʧʦʣʫʯʘʪʴ ʛʨʘʥʫʣʠʨʦʚʘʥʥʳʝ ʧʦʨʦʰʢʠ ʠ 

ʜʨʫʛʠʝ (ʥʝʧʣʝʥʦʯʥʳʝ) ʬʦʨʤʳ. 

ɼʣʷ ʩʠʥʪʝʟʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʥʘʥʦʩʪʨʫʢ-

ʪʫʨ ʢʨʝʤʥʠʷ, ʫʛʣʝʨʦʜʘ ʠ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʦʝʜʠ-

ʥʝʥʠʡ ʨʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ, ʚʢʣʶʯʘʷ 

ʜʝʪʦʥʘʮʠʦʥʥʳʡ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ, 

ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ ʠ ʜʨʫʛʠʝ. ʇʦʣʫʯʘʝʤʳʝ ʦʙʨʘʟʮʳ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʚʝʨʜʫʶ ʧʦʨʠ-

ʩʪʫʶ ʤʘʩʩʫ ʯʝʨʥʦʛʦ ʮʚʝʪʘ, ʪʨʝʙʫʶʱʫʶ ʪʨʫʜʦʝʤ-

ʢʦʡ ʠ ʵʥʝʨʛʦʟʘʪʨʘʪʥʦʡ ʦʙʨʘʙʦʪʢʠ ʪʨʘʚʣʝʥʠʷ ʠ ʦʪ-

ʞʠʛʘ [3]. ʇʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴ ʥʘʥʦʘʣʤʘʟʳ (ʅɸ) ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ 

ʜʣʷ ʩʠʥʪʝʟʘ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʙʳ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʘʪʦʤʘʨʥʳʝ ʩʣʦʠ ʛʨʘʬʠʪʘ ʩʦʚʤʝʩʪʥʦ 

ʩ ʘʣʤʘʟʥʳʤʠ ʠ ʵʬʬʝʢʪʠʚʥʦ ʧʨʦʚʝʩʪʠ ʠʭ ʣʝʛʠʨʦʚʘ-

ʥʠʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʩʪʨʫʢʪʫʨ p-n ʧʝ-

ʨʝʭʦʜʦʚ ʚ ʫʧʨʘʚʣʷʶʱʠʭ ʵʣʝʤʝʥʪʘʭ ʤʠʢʨʦʵʣʝʢʪʨʦ-

ʥʠʢʠ. ʂ ʩʦʞʘʣʝʥʠʶ, ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʥʘ 

ʨʳʥʢʝ ʧʨʦʤʳʰʣʝʥʥʳʝ ʜʝʪʦʥʘʮʠʦʥʥʳʝ ʥʘʥʦʘʣʤʘ-

ʟʳ (ɼʅɸ) [4] ʚ ʩʠʣʫ ʭʘʨʘʢʪʝʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʚʟʨʳʚʥʦʛʦ ʩʠʥʪʝʟʘ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʥʝʜʦʩʪʘʪʢʦʚ: ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝʩʝʡ ʘʟʦʪʘ 

ʠ ʞʝʣʝʟʘ (ʜʦʭʦʜʷʱʠʝ ʜʦ 5 ʤʘʩʩ. %), ʜʝʬʝʢʪʳ ʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʜʨ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʤʳ ʨʘʩʩʤʦʪʨʠʤ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʟʘʤʝʥʳ ʥʘ ʪʝʭʥʦ-

ʣʦʛʠʯʝʩʢʠ ʙʦʣʝʝ ʫʜʦʙʥʳʡ ʤʘʪʝʨʠʘʣ. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ʆʜʥʠʤ ʠʟ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ 

ʥʘʥʦʯʘʩʪʠʮ ʷʚʣʷʝʪʩʷ ʨʘʟʚʠʚʘʝʤʳʡ ʚ ɻɽʆʍʀ ʈɸʅ 

ʧʦʜʭʦʜ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʢʘ-

ʚʠʪʘʮʠʠ ʚ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʞʠʜʢʦʩʪʷʭ. ʌʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʢʘʚʠʪʘʮʠ-

ʦʥʥʦʤ ʧʫʟʳʨʴʢʝ ʥʘ ʧʦʩʣʝʜʥʝʡ ʩʪʘʜʠʠ ʝʛʦ ʩʞʘʪʠʷ, 

ʚʝʩʴʤʘ ʩʭʦʞʠ ʩ ʧʨʦʮʝʩʩʘʤʠ, ʧʨʦʠʩʭʦʜʷʱʠʤʠ ʚʦ 

ʚʟʨʳʚʥʦʡ ʢʘʤʝʨʝ. ɼʦʩʪʠʛʘʝʤʳʝ ʧʨʠ ʵʪʦʤ ʜʘʚʣʝʥʠʝ 

ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʩʠʥʪʝʟ ʥʘʥʦʘʣʤʘʟʘ ʠʟ ʚʦʟʥʠʢʘʶʱʝʡ 

ʛʘʟʦʦʙʨʘʟʥʦʡ ʩʤʝʩʠ ʢʣʘʩʪʝʨʦʚ ʫʛʣʝʨʦʜʘ ʠ ʚʦʜʦʨʦʜʘ,  

ʯʪʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʠʦʥʝʨʩʢʠʤʠ ʨʘʙʦʪʘʤʠ ʘʢʘʜ. 

ʕ.ʄ. ɻʘʣʠʤʦʚʘ [5]. ʂʦʥʪʨʦʣʠʨʫʝʤʦʝ ʜʦʙʘʚʣʝʥʠʝ 

ʙʦʨ/ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʛʘʟʦʚ ʠʣʠ ʞʠʜʢʦʩʪʝʡ, ʠʟ-

ʤʝʥʝʥʠʝ ʫʩʣʦʚʠʡ ʩʞʘʪʠʷ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴ-

ʢʦʚ ʧʦʟʚʦʣʠʣʠ ʙʳ ʫʧʨʘʚʣʷʪʴ ʧʨʦʮʝʩʩʦʤ ʩʠʥʪʝʟʘ 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʥʘʥʦ ʛʝʪʝʨʦʩʪʨʫʢʪʫʨ ʫʛʣʝʨʦʜʘ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʧʨʦʜʦʣʞʝʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʢʘʚʠʪʘʮʠʦʥʥʦʤʫ ʩʠʥʪʝʟʫ ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʨʠ ʙʦʣʴʰʦʤ ʩʢʘʯʢʝ ʚʥʝʰ-

ʥʝʛʦ ʜʘʚʣʝʥʠʷ [6, 7]. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʚʦʩʧʨʦʠʟʚʝʜʝʥʠʷ 

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1. 

ʀʩʭʦʜʥʫʶ ʞʠʜʢʦʩʪʴ ʧʦʤʝʱʘʣʠ ʚ ʢʘʤʝʨʫ (2). ɺ 

ʢʘʤʝʨʳ (1) ʠ (3) ʟʘʢʣʘʜʳʚʘʣʠ ʧʦʨʦʭʦʚʦʡ ʟʘʨʷʜ 

(ʇɸɼ), ʟʘʞʠʛʘʥʠʝ ʢʦʪʦʨʦʛʦ ʧʦʟʚʦʣʷʣʦ ʨʝʟʢʦ ʩʤʝ-

ʱʘʪʴ ʧʦʨʰʥʠ (q), ʚʳʪʘʣʢʠʚʘʷ ʨʘʙʦʯʫʶ ʞʠʜʢʦʩʪʴ ʠʟ 

ʦʜʥʦʡ ʢʘʤʝʨʳ (2) ʚ ʜʨʫʛʫʶ (3). ɼʘʚʣʝʥʠʝ ʚʦ ʚʩʝʭ 

ʢʘʤʝʨʘʭ ʫʩʪʘʥʦʚʢʠ ʬʠʢʩʠʨʦʚʘʣʠ ʜʘʪʯʠʢʠ ʜʘʚʣʝʥʠʷ 

(ɼɼ). ʇʨʠ ʙʳʩʪʨʦʤ ʜʚʠʞʝʥʠʠ ʫʛʣʝʚʦʜʦʨʦʜʥʦʡ 

ʞʠʜʢʦʩʪʠ ʧʦ ʧʨʦʬʠʣʠʨʦʚʘʥʥʦʤʫ ʢʘʥʘʣʫ ʚ ʚʠʜʝ 

ʩʦʧʣʘ ɺʝʥʪʫʨʠ, ʚ ʞʠʜʢʦʩʪʠ ʬʦʨʤʠʨʫʶʪʩʷ ʢʘʚʠʪʘ-

ʮʠʦʥʥʳʝ ʧʦʣʦʩʪʠ, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʩʞʠʤʘʶʪʩʷ ʚ ʨʘ-

ʙʦʯʝʡ ʢʘʤʝʨʝ (3), ʛʜʝ ʩʦʟʜʘʝʪʩʷ ʨʝʟʢʠʡ ʩʢʘʯʦʢ ʜʘʚ-

ʣʝʥʠʷ. ɼʘʚʣʝʥʠʝ ʚ ʫʜʘʨʥʦʡ ʚʦʣʥʝ, ʜʦʩʪʠʛʘʶʱʝʝ 

ʟʥʘʯʝʥʠʡ 80-90 ʄʇʘ, ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʣʠʟʢʠʡ ʢ ʘʜʠʘ-

ʙʘʪʠʯʝʩʢʦʤʫ ʩʞʘʪʠʶ ʢʦʣʣʘʧʩ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫ-

ʟʳʨʴʢʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʷʜʘ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠʩʧʘʨʝʥʠʷ, ʥʘʛʨʝʚʘ 

ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʜʠʩʩʦʮʠʘʮʠʠ ʧʘʨʦʚ, ʚ ʧʦʣʦʩʪʠ ʩʠʥ-

ʪʝʟʠʨʫʝʪʩʷ ʪʚʝʨʜʘʷ ʫʛʣʝʨʦʜʥʘʷ ʬʘʟʘ, ʢʦʪʦʨʘʷ ʟʘʪʝʤ 

ʧʦʜʚʝʨʛʘʝʪʩʷ ʩʧʝʮʠʘʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʭʠʤʠʯʝʩʢʠ 

ʯʠʩʪʳʭ ʞʠʜʢʦʩʪʷʭ ʨʘʟʥʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫ-

ʨʳ: ʙʝʥʟʦʣ (ʉ6H6), ʪʦʣʫʦʣ (ʉ6H5CH3) ʠ ʵʪʠʣʦʚʳʡ 

ʩʧʠʨʪ (ʉ2H5OH). ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʥʘʥʦʘʣʤʘʟʳ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ: 20-30 ʥʤ (ʙʝʥ-

ʟʦʣ), 10-15 ʥʤ (ʪʦʣʫʦʣ), 5-10 ʥʤ (ʵʪʘʥʦʣ). ʇʨʝ-

ʠʤʫʱʝʩʪʚʦʤ ʙʝʥʟʦʣʘ ʷʚʣʷʝʪʩʷ ʥʘʠʣʫʯʰʝʝ ʩʦʦʪʥʦ-

ʰʝʥʠʝ ʫʛʣʝʨʦʜʘ ʠ ʚʦʜʦʨʦʜʘ, ʥʦ ʙʝʥʟʦʣ ï ʵʪʦ ʚʝʱʝ-

ʩʪʚʦ ʧʦʚʳʰʝʥʥʦʛʦ ʢʣʘʩʩʘ ʦʧʘʩʥʦʩʪʠ ʠ ʨʘʙʦʪʘʪʴ ʩ 

ʥʠʤ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʙʳʣʦ ʙʳ ʧʨʦʙʣʝ- 

 

 
ʈʠʩ. 1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ 

Fig. 1. The scheme of the hydrodynamic cavitation setup 
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ʤʘʪʠʯʥʦ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʪʦʣʫʦʣʘ ʷʚʣʷʝʪʩʷ ʥʘʣʠ-

ʯʠʝ ʮʠʢʣʘ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʝʪʠʣʴʥʳʭ ʛʨʫʧʧ, 

ʯʪʦ ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ ʙʦʣʴʰʝ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥ-

ʪʦʚ (ʟʘʪʨʘʚʦʢ)ʜʣʷ ʘʣʤʘʟʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪ-

ʢʠ ʠ, ʪʝʤ ʩʘʤʳʤ, ʙʦʣʴʰʠʡ ʚʳʭʦʜ ʩʠʥʪʝʟʠʨʫʝʤʳʭ 

ʥʘʥʦʯʘʩʪʠʮ. ʅʘʠʤʝʥʴʰʠʝ ʧʦ ʨʘʟʤʝʨʫ ʥʘʥʦʘʣʤʘʟʳ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ ʵʪʘʥʦʣʘ, ʯʪʦ ʧʦʜʯʝʨʢʠʚʘʝʪ ʦʩʦ-

ʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʨʦʜʳʰʘ ʅɸ ʠʟ ʤʦʣʝʢʫ-

ʣʷʨʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, ʘ ʥʝ ʠʟ ʧʘʨʘ ʫʛʣʝʨʦʜʘ. 

ɺʝʩʴ ʧʦʣʫʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʠʩʩʣʝʜʦʚʘʣʠ 

ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 

JEM100Cʍ11 ʚ ʀʌʊʊ ʈɸʅ. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʳ 

ʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʦʚ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʥʘʥʦʘʣʤʘʟʦʚ 

ʠʟ ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʙʝʥʟʦʣʘ, ʪʦʣʫʦʣʘ ʠ ʵʪʘʥʦʣʘ.  

ʄʦʜʠʬʠʢʘʮʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘ-

ʥʦʚʢʠ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩ ʮʝʣʴʶ ʧʨʠʙʣʠʞʝʥʠʷ ʤʝ-

ʪʦʜʘ ʢ ʧʨʦʤʳʰʣʝʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʠʥʪʝʟʘ ʥʘʥʦ-

ʯʘʩʪʠʮ. ɼʣʷ ʵʪʦʛʦ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʧʦʪʨʝʙʦʚʘ-

ʣʦʩʴ ʜʦʙʠʪʴʩʷ ʥʝʧʨʝʨʳʚʥʦʛʦ ʮʠʢʣʘ ʠ ʦʙʝʩʧʝʯʠʪʴ 

ʩʢʘʯʦʢ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ, ʜʦʩʪʘʪʦʯʥʳʡ ʜʣʷ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʢʦʣʣʘʧʩʘ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴ-

ʢʦʚ. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 3. ɺ ʥʝʡ ʛʣʘʚʥʳʤ ʫʧʨʘʚʣʷʶʱʠʤ ʵʣʝʤʝʥʪʦʤ 

(ʧʦʤʠʤʦ ʩʦʧʣʘ) ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʟʘʧʠ-

ʨʘʶʱʠʡ ʢʣʘʧʘʥ ʩ ʧʥʝʚʤʦʧʨʠʚʦʜʦʤ, ʧʦʟʚʦʣʷʶʱʠʡ 

ʟʘ ʜʦʣʠ ʩʝʢʫʥʜʳ ʧʦʣʥʦʩʪʴʶ ʧʝʨʝʢʨʳʪʴ ʧʦʪʦʢ 

ʞʠʜʢʦʩʪʠ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʩʢʘʯʦʢ 

ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ ʜʦ 15 ʘʪʤ, ʠʟʚʝʩʪʥʳʡ ʠʟ ʨʘʙʦʪ 

ʘʢʘʜ. ʅ.ɽ. ɾʫʢʦʚʩʢʦʛʦ ʢʘʢ ʛʠʜʨʦʫʜʘʨ [9]. 
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ʈʠʩ. 2. ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʘʣʤʘʟʦʚ: 

ʘ) ʙʝʥʟʦʣ; ʙ) ʪʦʣʫʦʣ; ʚ) ʵʪʘʥʦʣ 

Fig. 2. SEM images of the nanodiamond samples obtained from  

a) benzene; ʙ) toluene; ʚ) ethanol 

 

 

  
ʈʠʩ. 3. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʦʡ ʢʘʚʠʪʘʮʠʠ 

Fig. 3. The scheme of the modified hydrodynamic setup 

 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʇʨʠ ʩʨʘʚʥʝʥʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʩʝ ʚʠʜʳ ʘʣʤʘʟʦʚ, ʧʦ-

ʣʫʯʝʥʥʳʝ ʥʘ ʫʩʪʘʥʦʚʢʝ ɻɼ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʘʛʣʦʤʝʨʘʪʳ ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ 

ʦʢʦʣʦ 10-20 ʥʤ. ʈʘʩʯʝʪʳ ʧʘʨʘʤʝʪʨʦʚ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘʤ, ʧʦʜʪʚʝʨʞʜʘ-

ʶ ʠɦʝ ʩʭʦʜʩʪʚʦ ʩʪʨʦʝʥʠʷ ʘʣʤʘʟʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʞʠʜʢʦʩʪʝʡ, ʧʨʠʚʝʜʝ-

ʥʳ ʚ ʪʘʙʣʠʮʝ. 

ʇʨʠ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ ʩ ʪʘʙ-

ʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷ-

ʥʠʡ ʜʣʷ ʯʘʩʪʠʮ ʥʘʥʦʘʣʤʘʟʘ ʚʩʝʭ ʪʠʧʦʚ ʥʘʙʣʶʜʘʝʪ-

ʩʷ ʦʯʝʥʴ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʜʣʷ ʚʩʝʭ ʘʣʤʘʟʥʳʭ 

ʣʠʥʠʡ. ʅʦ, ʥʘʙʣʶʜʘʶʪʩʷ ʪʘʢʞʝ ʣʠʥʠʠ (ʧʦʤʝʯʝʥ-

ʥʳʝ ʚ ʪʘʙʣʠʮʝ ʟʚʝʟʜʦʯʢʦʡ) ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʝʞ-
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ʧʣʦʩʢʦʩʪʥʳʤ ʨʘʩʩʪʦʷʥʠʷʤ 1,79-1,78 ɸ ʠ 0,796 ɸ, 

ʢʦʪʦʨʳʝ ʟʘʧʨʝʱʝʥʳ ʜʣʷ ʨʝʰʝʪʢʠ ʘʣʤʘʟʘ (ʧʨʦ-

ʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ Fd3m), ʥʦ ʨʘʟʨʝʰʝʥʳ ʜʣʷ 

ɻʎʂ ʨʝʰʝʪʢʠ (ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʛʨʫʧʧʘ Fm3m). 

ɿʘʧʨʝʱʝʥʥʳʝ ʣʠʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʪʨʘʞʝʥʠʷʤ ʦʪ 

ʧʣʦʩʢʦʩʪʝʡ  (200) ʠ (240) ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩ ʪʦʡ 

ʞʝ ʧʦʩʪʦʷʥʥʦʡ, ʯʪʦ ʠ ʚ ʨʝʰʝʪʢʝ ʘʣʤʘʟʘ ʘ = 3,563 ɸ. 

ʕʪʠ ʣʠʥʠʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʘ ʤʥʦʛʠʭ ʵʣʝʢʪʨʦʥʦ-

ʛʨʘʤʤʘʭ ʠ ʦʯʝʥʴ ʭʦʨʦʰʦ ʚʠʜʥʳ ʪʘʢʞʝ ʥʘ ʵʣʝʢʪʨʦ-

ʥʦʛʨʘʤʤʘʭ ʥʘʥʦʘʣʤʘʟʦʚ ʠʟ ʙʝʥʟʦʣʘ. ʊʘʢʘʷ ʘʣʤʘʟʦ-

ʧʦʜʦʙʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘʙʣʶʜʘʣʘʩʴ ʨʘʥʝʝ ʚ ʦʙʨʘʟʮʘʭ 

ʛʨʘʬʠʪʘ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʫʜʘʨʥʦʤʫ ʩʞʘʪʠʶ ʤʝʞʜʫ 

ʜʚʫʤʷ ʤʝʜʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ 

ʙʳʩʪʨʳʡ ʪʝʧʣʦʦʪʚʦʜ [8]. 

 
ʊʘʙʣʠʮʘ 

ʄʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʙʨʘ-

ʙʦʪʢʠ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤ. ʅʦʨʤʠʨʦʚʢʘ ʢ ʧʣʦʩʢʦʩʪʠ 111 

Table. The interplanar spaces corresponding to the elec-

tron diffraction pattern. Normalization to the 111 plane 

ʇʣʦʩʢʦʩʪʴ 

(hkl) 

ʅɸ ʠʟ 

ʙʝʥʟʦʣʘ, 

ɸ 

ʅɸ ʠʟ 

ʪʦʣʫʦʣʘ, 

ɸ 

ʅɸ ʠʟ 

ʵʪʘʥʦʣʘ, 

ɸ 

ɻʎʂ ʨʝʰʝʪʢʘ 

ʘʣʤʘʟʘ, ɸ 

111 2,06 2,06 2,06 2,06 

200* 1,79 1,85 1,74-1,78 1,783 

220 1,26 1,26 1,25-1,28 1,261 

311 1,08 1,076 1,08-1,11 1,0754 

331 0,821 0,814 - 0,8182 

 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ 

ʫʩʪʘʥʦʚʢʝ ɻɼ ʢʘʚʠʪʘʮʠʠ ʙʳʣ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ ʛʠʜ-

ʨʦʫʜʘʨʘ ʧʦ ʢʘʚʠʪʘʮʠʦʥʥʳʤ ʧʫʟʳʨʴʢʘʤ ʚ ʠʟʦʧʨʦ-

ʧʠʣʦʚʦʤ ʩʧʠʨʪʝ (ʀʇʉ), ʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ (ʨʘ-

ʮʠʦʥʘʣʴʥʘʷ) ï CH3CH(OH)CH3. ʀʟʦʧʨʦʧʘʥʦʣ ʥʝ 

ʪʦʢʩʠʯʝʥ ʠ ʩʦʜʝʨʞʠʪ ʤʝʪʠʣʴʥʳʝ ʛʨʫʧʧʳ, ʢʦʪʦʨʳʝ 

ʜʦʣʞʥʳ ʦʙʣʝʛʯʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʟʘʨʦʜʳʰʘ 

ʥʘʥʦʘʣʤʘʟʘ. ʉʢʘʯʦʢ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ ʧʨʠ ʛʠʜ-

ʨʦʫʜʘʨʝ ʩʦʩʪʘʚʣʷʣ 10-15 ʘʪʤ, ʯʪʦ ʧʦ ʯʠʩʣʝʥʥʳʤ 

ʨʘʩʯʝʪʘʤ ʜʦʣʞʥʦ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʬʦʨʤʠ-

ʨʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩʣʦ-

ʚʠʡ (ʜʘʚʣʝʥʠʝ, ʪʝʤʧʝʨʘʪʫʨʘ) ʚʥʫʪʨʠ ʢʦʣʣʘʧʩʠʨʫ-

ʶʱʝʛʦ ʢʘʚʠʪʘʮʠʦʥʦʛʦ ʧʫʟʳʨʴʢʘ. 

ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙ-

ʨʘʟʮʦʚ ʧʦʣʫʯʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. ʂʘʢ 

ʧʨʘʚʠʣʦ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʩʤʝʩʴ ʬʘʟ ʩ ʤʘʣʳʤ ʩʦʜʝʨ-

ʞʘʥʠʝʤ ʯʠʩʪʦʛʦ ʘʣʤʘʟʘ. ʇʨʠʚʝʜʝʥ ʪʠʧʠʯʥʳʡ ʧʨʠ-

ʤʝʨ ʢʦʤʧʦʟʠʪʘ ï ʛʨʘʬʠʪ ʩ ʘʣʤʘʟʦʤ, ʧʨʠʯʝʤ ʥʘ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ ʚʥʫʪʨʝʥʥʝʝ ʢʦʣʴʮʦ ʦʪʥʦʩʠʪʩʷ ʢ 

ʛʨʘʬʠʪʫ, ʘ ʚʥʝʰʥʠʝ ʢʦʣʴʮʘ - ʢ ʘʣʤʘʟʫ ʠ ʘʣʤʘʟʦʧʦ-

ʜʦʙʥʦʡ ɻʎʂ-ʨʝʰʝʪʢʝ. ʅʘ ʥʝʢʦʪʦʨʳʭ ʠʟʦʙʨʘʞʝʥʠ-

ʷʭ ʚʠʜʥʦ ʧʣʘʩʪʠʥʯʘʪʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʘʣʤʘʟʘ. ʅʘ 

ʥʝʢʦʪʦʨʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʘʣʤʘʟ-

ʥʳʝ ʣʠʥʠʠ ʨʘʩʱʝʧʣʷʶʪʩʷ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʠʟʤʝʥʝ-

ʥʠʠ ʧʘʨʘʤʝʪʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʩʢʦʨʝʝ 

ʚʩʝʛʦ, ʠʟ-ʟʘ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ. 
 

 
ʘ 

 
ʙ 

ʈʠʩ. 4. ɺʥʝʰʥʠʡ ʚʠʜ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ ʠʟ ʀʇʉ ʠ ʵʣʝʢʪʨʦʥ-

ʥʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ 

Fig. 4. The image of the products of cavitation synthesis from 

isopropanol and electron diffraction pattern  

ɺʓɺʆɼʓ 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʢʘʚʠʪʘʮʠʦʥʥʦʤʫ ʩʠʥʪʝʟʫ 

ʚ ʩʘʤʳʭ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʞʠʜʢʦ-

ʩʪʷʭ (ʙʝʥʟʦʣ, ʪʦʣʫʦʣ, ʵʪʘʥʦʣ, ʠʟʦʧʨʦʧʘʥʦʣ) ʧʦʢʘʟʘ-

ʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʘʢʠʭ ʥʘʥʦʬʦʨʤ 

ʫʛʣʝʨʦʜʘ ʢʘʢ ʛʨʘʬʠʪ, ʘʣʤʘʟ ʠ ʠʭ ʢʦʤʧʦʟʠʪʳ. ʆʙʥʘ-

ʨʫʞʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʨʘʟʤʝʨʦʚ ʥʘʥʦʯʘʩʪʠʮ ʦʪ ʤʦʣʝ-

ʢʫʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʞʠʜʢʦʩʪʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫ-

ʝʪ ʦ ʤʝʭʘʥʠʟʤʝ ʩʠʥʪʝʟʘ ʠʟ ʬʨʘʛʤʝʥʪʦʚ ʤʦʣʝʢʫʣ. 

ʕʪʦ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʣʝʛʠʨʦʚʘʥʠʷ 

ʥʘʥʦʘʣʤʘʟʦʚ ʧʫʪʝʤ ʚʩʪʨʘʠʚʘʥʠʷ ʧʨʠʤʝʩʥʳʭ ʘʪʦʤʦʚ 

(N, Si, Bʠ ʜʨ.) ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʩʝʛʤʝʥʪʦʚ ʜʦʧʠ-

ʨʫʁʱʠʭ ʞʠʜʢʦʩʪʝʡ ʠʣʠ ʛʘʟʦʚ. ʊʘʢʞʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʤʝʪʠʣʴʥʳʝ ʛʨʫʧʧʳ, ʠʤʝʶʱʠʝ sp3 ʛʠʙʨʠʜʠʟʘʮʠʶ, 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʥʠʞʘʶʪ ʧʦʨʦʛ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ 

ʜʣʷ ʢʘʚʠʪʘʮʠʦʥʦʛʦ ʩʠʥʪʝʟʘ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʜʣʷ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʧʣʘʩʪʠʥʯʘʪʳʝ 

ʢʦʤʧʦʟʠʪʳ ʘʣʤʘʟʘ ʠ ʛʨʘʬʠʪʘ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʧʦʟʚʦ-

ʣʷʪ ʧʦʣʫʯʠʪʴ ʥʦʚʳʡ ʚʠʜ ʥʘʥʦʛʝʪʝʨʦʩʪʨʫʢʪʫʨ. 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʛʨʘʥʪʦʤ ʈʌʌʀ 14-

03-00625ɸʠ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ʧʦ ʩʦ-

ʛʣʘʰʝʥʠʶ ˉ14-17-00792. 
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ʘʣʶʤʠʥʠʷ ʩ ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʘ. ʆʧʨʝʜʝʣʝʥʳ ʩʝʣʝʢʪʠʚʥʦʩʪʠ 

ʦʢʩʠʜʘ ʠ ʥʠʪʨʠʜʘ ʘʣʶʤʠʥʠʷ ʢ ʪʨʘʚʣʝʥʠʶ. ʈʘʟʨʘʙʦʪʘʥʘ ʤʝʪʦʜʠʢʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʘ ʨʝʣʴʝʬʥʳʭ ʩʪʨʫʢʪʫʨ ï ʛʨʝʙʝʥʦʢ ʚʳʩʪʦʡ ʙʦʣʝʝ 2 ʤʢʤ, ʧʝʨʠʦʜʦʤ 5 ʤʢʤ, 

ʢʨʫʪʠʟʥʦʡ ʩʪʝʥʦʢ 45Á, ʫʚʝʣʠʯʠʚʘʶʱʠʭ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʳʭ ʧʣʘʩʪʠʥ ʚ 1,3 ʨʘʟʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʘʣʤʘʟ, ʘʥʠʟʦʪʨʦʧʥʦʝ ʪʨʘʚʣʝʥʠʝ, ʨʝʘʢʪʠʚʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ 
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FABRICATION OF WELL -DEVELOPED SURFACE OF SYNTHETIC DIAMOND S INGLE 

CRYSTALS FOR INCREASING IN SPECIFIC  POWER OF BETAVOLTAI C POWER SUPPLIES  

ON THEIR BASE  

The process of the reactive ion etching of synthetic monocrystalline diamond with thick 

aluminum oxide and aluminum nitride protective masks for increasing the surface of diamond was 

studied. The etching selectivity of aluminum oxide and aluminum nitride were determined. The re-

lief structures in a shape of ribs with more than 2 Õm height, 5 Õm period and 45Á profile slope 

were fabricated on diamond surface. These structures increase the effective surface area 1.3 times. 

Key words: synthetic diamond, anisotropic etching, reactive ion etching 

 

ɺɺɽɼɽʅʀɽ 

ɺ ʵʣʝʢʪʨʦʥʠʢʝ, ʢʦʩʤʠʯʝʩʢʦʡ, ʤʝʜʠʮʠʥʩʢʦʡ 

ʠ ʜʨʫʛʠʭ ʦʪʨʘʩʣʷʭ ʪʨʝʙʫʶʪʩʷ ʢʦʤʧʘʢʪʥʳʝ, ʣʝʛʢʠʝ 

ʧʦʣʥʦʩʪʴʶ ʘʚʪʦʥʦʤʥʳʝ ʠʩʪʦʯʥʠʢʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʧʠʪʘʥʠʷ, ʜʝʡʩʪʚʫʶʱʠʝ ʚ ʪʝʯʝʥʠʝ 5-10 ʠ ʙʦʣʝʝ ʣʝʪ. 

ʂ ʪʘʢʠʤ ʠʩʪʦʯʥʠʢʘʤ ʦʪʥʦʩʷʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦ-

ʚʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ 

ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʠʟʦʪʦʧʦʚ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨ-

ʛʠʶ. ʇʦ ʤʝʭʘʥʠʟʤʫ ʨʘʙʦʪʳ ʧʨʷʤʦʡ ʧʨʝʦʙʨʘʟʦʚʘ-

ʪʝʣʴ ʵʥʝʨʛʠʠ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʵʣʝʢ-

ʪʨʠʯʝʩʢʫʶ ʧʦʭʦʞ ʥʘ ʬʦʪʦʵʣʝʤʝʥʪ: ʚʳʩʦʢʦʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ, ʧʨʦʭʦʜʷ ʯʝʨʝʟ ʧʦʣʫʧʨʦʚʦʜʥʠ-

ʢʦʚʳʡ ʤʘʪʝʨʠʘʣ, ʧʦʨʦʞʜʘʶʪ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯ-

ʥʳʝ ʧʘʨʳ, ʢʦʪʦʨʳʝ ʨʘʩʪʷʛʠʚʘʶʪʩʷ ʧʦʣʝʤ ʦʙʝʜʥʝʥ-

ʥʦʛʦ ʩʣʦʷ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʧʨʠ ʥʘʣʠʯʠʠ ʙʘʨʴʝʨʘ 
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ʐʦʪʪʢʠ ʥʘ ʛʨʘʥʠʮʝ ʤʝʪʘʣʣ-ʧʦʣʫʧʨʦʚʦʜʥʠʢ. ɺ ʨʘ-

ʙʦʪʝ [1] ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟʥʳʭ ʜʠʦʜʦʚ ʐʦʪʪʢʠ ʥʘʤʠ 

ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʧʨʦʪʦʪʠʧ ʷʜʝʨʥʦʡ ʤʠʢʨʦʙʘʪʘʨʝʡ-

ʢʠ, ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʨʘʜʠʦʘʢʪʠʚʥʦʤ ʠʩʪʦʯʥʠʢʝ ʙʝ-

ʪʘ-ʠʟʣʫʯʝʥʠʷ. ɸʣʤʘʟ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʨʘ-

ʜʠʘʮʠʦʥʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʘʣ-

ʤʘʟʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʙʝʪʘ-ʠʟʣʫʯʝʥʠʷ ʚ ʵʣʝʢ-

ʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʦʪʣʠʯʘʶʪʩʷ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴ-

ʥʦʩʪʴʶ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴʶ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʫʜʝʣʴ-

ʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ ʪʘʢʦʛʦ ʧʝʨʚʠʯʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ ʨʘʩʯʝʪʝ ʥʘ ʝʜʠ-

ʥʠʮʫ ʤʘʩʩʳ ʘʣʤʘʟʘ ʥʝʦʙʭʦʜʠʤʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ 

ʪʦʣʱʠʥʫ ʘʣʤʘʟʥʦʛʦ ʩʣʦʷ ʠ ʫʚʝʣʠʯʠʪʴ ʧʣʦʱʘʜʴ 

ʢʦʥʪʘʢʪʘ ʩ ʨʘʜʠʦʘʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ. 

ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʘʣʤʘʟʦʚ, ʧʨʦ-

ʠʟʚʦʜʠʤʳʭ ʚ ʌɻɹʅʋ ʊʀʉʅʋʄ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʜʠʦʜʦʚ ʐʦʪʪʢʠ, ʥʦʩʠʪʝʣʠ ʟʘʨʷʜʘ ʚ ʥʠʭ ʠʤʝʶʪ ʚʳ-

ʩʦʢʫʶ ʧʦʜʚʠʞʥʦʩʪʴ [2]. ʊʘʢ ʢʘʢ ʘʣʤʘʟ ï ʥʝʧʨʷʤʦ-

ʟʦʥʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʩʚʦʙʦʜʥʳʝ ʥʦʩʠʪʝʣʠ ʟʘ-

ʨʷʜʘ ʚ ʥʝʤ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʠʤ ʚʨʝʤʝʥʝʤ ʞʠʟʥʠ 

[3]. ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʵʪʠ ʷʚʣʝʥʠʷ ʜʘʶʪ ʚʳʩʦʢʫʶ 

ʜʠʬʬʫʟʠʦʥʥʫʶ ʜʣʠʥʫ, ʢʦʪʦʨʘʷ ʜʣʷ ʩʠʥʪʝʪʠʯʝʩʢʦ-

ʛʦ ʘʣʤʘʟʘ ʩʦʩʪʘʚʣʷʝʪ 10-100 ʤʢʤ [4]. ʇʨʝʦʙʨʘʟʦʚʘ-

ʪʝʣʠ ʠʦʥʠʟʠʨʫʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟʘ 

ʩʧʦʩʦʙʥʳ ʢ ʨʘʟʜʝʣʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʭ 

ʧʘʨ, ʨʦʞʜʝʥʥʳʭ ʚ ʛʣʫʙʠʥʝ ʤʘʪʝʨʠʘʣʘ, ʠ ʜʝʤʦʥ-

ʩʪʨʠʨʫʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʙʦʨʘ ʟʘʨʷʜʘ, ʙʣʠʟʢʫʶ ʢ 

100% [5]. ʊʘʢʞʝ ʚ [5] ʥʘʤʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʢʩʠ-

ʤʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʠ 

ʥʘʧʨʷʞʝʥʠʝ ʦʪʢʨʳʪʠʷ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʠ ʧʣʘʪʠʥʦʚʦʛʦ ʢʦʥʪʘʢʪʘ ʐʦʪʪʢʠ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʡ ʤʦʱʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʘ ʦʩʥʦʚʝ ʘʣʤʘʟ-

ʥʦʛʦ ʜʠʦʜʘ ʐʦʪʪʢʠ ʦʧʪʠʤʘʣʴʥʦʡ ʪʦʣʱʠʥʳ ʩ ʧʣʘ-

ʪʠʥʦʚʳʤ ʙʘʨʴʝʨʦʤ ʐʦʪʪʢʠ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʧʫ-

ʪʝʤ ʩʦʟʜʘʥʠʷ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʘʢʪʠʚʥʦʛʦ 

ʩʣʦʷ, ʥʘ ʢʦʪʦʨʳʡ ʥʘʥʦʩʠʪʩʷ ʨʘʜʠʦʘʢʪʠʚʥʳʡ ʠʟʦ-

ʪʦʧ ï ʠʩʪʦʯʥʠʢ ʙʝʪʘ-ʠʟʣʫʯʝʥʠʷ.  

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ɸʣʤʘʟ ʧʣʦʭʦ ʧʦʜʜʘʝʪʩʷ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʠ 

ʭʠʤʠʯʝʩʢʦʤʫ ʧʨʦʬʠʣʠʨʦʚʘʥʠʶ, ʧʦʵʪʦʤʫ ʨʘʟʚʠʪʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʬʦʨʤʠʨʫʝʪʩʷ ʩʦʟʜʘʥʠʝʤ ʩʪʨʫʢʪʫʨ ʩ 

ʙʦʣʴʰʠʤ ʘʩʧʝʢʪʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʧʨʠ ʧʦʤʦʱʠ 

ʛʣʫʙʦʢʦʛʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʚʣʝʥʠʷ [6, 7]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩʪʘʚʠʣʘʩʴ 

ʟʘʜʘʯʘ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʠʢʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʚʠ-

ʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʳʭ ʧʦʜʣʦʞʝʢ, ʩʦʩʪʦʷʱʝʡ 

ʠʟ ʪʦʥʢʠʭ ʧʨʦʪʷʞʝʥʥʳʭ ʨʝʣʴʝʬʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʦʡ ʠ ʘʩʧʝʢʪʥʳʤ ʩʦʦʪʥʦʰʝ-

ʥʠʝʤ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʧʣʦʱʘʜʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʘʣʤʘʟʘ. ɼʣʷ ʵʪʦʛʦ ʥʘʤʠ ʙʳʣ ʫʩʦʚʝʨʰʝʥʩʪʚʦ-

ʚʘʥ ʧʨʦʮʝʩʩ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʘʣʤʘ-

ʟʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʥʪʘʢʪʥʳʭ ʟʘʱʠʪʥʳʭ ʤʘʩʦʢ.  

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʜʣʦʞʢʠ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʪʠʧʘ IIb ʠ IIa, ʧʦʣʫʯʝʥ-

ʥʳʝ ʢʘʢ ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʥʘ 

ʟʘʪʨʘʚʢʝ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 

(HPHT), ʪʘʢ ʠ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ (CVD) ʥʘ HPHT ʘʣʤʘʟʥʳʭ ʧʦʜʣʦʞ-

ʢʘʭ. ʀʟʚʝʩʪʥʦ [8], ʯʪʦ ʪʠʧ ʠ ʤʝʪʦʜ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʘʣʤʘʟʘ ʥʝ ʚʣʠʷʶʪ 

ʥʘ ʧʨʦʮʝʩʩ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ, ʚ ʦʪʣʠ-

ʯʠʝ ʦʪ ʧʨʠʩʫʱʠʭ ʝʤʫ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ. ʄʝ-

ʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʙʳʣʠ 

ʚʳʨʝʟʘʥʳ ʧʣʘʩʪʠʥʳ ʨʘʟʤʝʨʦʤ 4³4 ʤʤ2 ʪʦʣʱʠʥʦʡ 

200-400 ʤʢʤ. ʇʣʘʩʪʠʥʳ ʙʳʣʠ ʤʝʭʘʥʠʯʝʩʢʠ ʦʪʧʦ-

ʣʠʨʦʚʘʥʳ ʪʘʢ, ʯʪʦ ʦʪʢʣʦʥʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʨʘʙʦ-

ʯʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩ-

ʢʦʩʪʠ (001), ʧʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦ-

ʤʝʪʨʠʠ, ʥʝ ʧʨʝʚʳʰʘʣʦ 5". ʄʝʪʦʜʘʤʠ ʩʦʩʪʘʚʣʝʥʠʷ 

ʢʘʨʪ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ ʠ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʧʦʛʨʘʬʠʠ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʧʦʜ-

ʣʦʞʢʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʜʝʬʝʢʪʦʚ. 

ɸʣʤʘʟʥʳʝ ʧʣʘʩʪʠʥʳ ʦʪʤʳʚʘʣʠʩʴ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʚ ʨʘʩʪʚʦʨʝ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʛʦ ʚʝʱʝʩʪʚʘ, 

ʘʮʝʪʦʥʝ ʠ ʠʟʦʧʨʦʧʠʣʦʚʦʤ ʩʧʠʨʪʝ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 

ʫʣʴʪʨʘʟʚʫʢʦʤ. ɿʘʪʝʤ ʧʣʘʩʪʠʥʳ ʧʨʦʤʳʚʘʣʠʩʴ ʜʝ-

ʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʦʪʞʠʛʘʣʠʩʴ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 680 ÁC ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ. ɺʦ ʠʟʙʝʞʘ-

ʥʠʝ ʟʘʛʨʷʟʥʝʥʠʷ ʨʘʙʦʪʘ ʩ ʧʦʜʣʦʞʢʘʤʠ ʚʝʣʘʩʴ ʚ 

ʫʩʣʦʚʠʷʭ ʯʠʩʪʦʛʦ ʧʦʤʝʱʝʥʠʷ ʢʣʘʩʩʘ 5 ISO. 

ʇʨʦʮʝʩʩʳ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʘʪʤʦʩʬʝʨʝ SF6 ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʦʤ ʨʝʘʢʪʦʨʝ ʩ ɺʏ ʛʝʥʝʨʘʪʦʨʦʤ ʠ ʝʤʢʦʩʪʥʦʡ ʩʚʷ-

ʟʴʶ ʧʣʘʟʤʳ, ʩʦʟʜʘʥʥʦʤ ʥʘ ʙʘʟʝ ʰʣʶʟʘ ʥʘʧʳʣʠ-

ʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ AJA ORION8 (ʩʭʝʤʘ ʠ ʧʨʠʥʮʠʧ 

ʨʘʙʦʪʳ ʨʝʘʢʪʦʨʘ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ [9]). ʇʘʨʘ-

ʤʝʪʨʳ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʚ ʪʘʙʣ. 1. ʂʦʥʪʘʢʪʥʳʝ ʟʘʱʠʪʥʳʝ ʤʘʩʢʠ ʥʘʥʦ-

ʩʠʣʠʩʴ ʤʝʪʦʜʦʤ ʨʝʘʢʪʠʚʥʦʛʦ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʥʘʧʳʣʝʥʠʷ ʥʘ ʫʩʪʘʥʦʚʢʝ AJA ORION8. ɺ ʢʘʯʝʩʪʚʝ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʤʘʩʦʢ ʙʳʣʠ ʚʳʙʨʘʥʳ Al2O3 ʠ AlN, 

ʦʙʣʘʜʘʶʱʠʝ ʚʳʩʦʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʥʘʛʨʝʚʫ ʠ ʬʠ-

ʟʠʯʝʩʢʦʤʫ ʨʘʩʧʳʣʝʥʠʶ. ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʵʪʠ ʤʘʪʝ-

ʨʠʘʣʳ ʬʦʨʤʠʨʫʶʪ ʪʦʣʩʪʫʶ (ʜʦ 1 ʤʢʤ ʠ ʙʦʣʴʰʝ) 

ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʫʶ ʧʣʝʥʢʫ [10]. ʉʪʨʫʢʪʫʨʘ ʤʘʩʦʢ 

ʬʦʨʤʠʨʦʚʘʣʘʩʴ ʧʦ ʤʝʪʦʜʫ ʚʟʨʳʚʥʦʡ ʬʦʪʦʣʠʪʦʛʨʘ-

ʬʠʠ ʥʘ ʫʩʪʘʥʦʚʢʝ Heidelberg mPG 101 ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ImageReversal ʬʦʪʦʨʝʟʠʩʪʘ AZ5214E, 

ʫʜʦʙʥʦʛʦ ʜʣʷ ʨʘʙʦʪʳ ʩ ʪʦʣʩʪʳʤʠ ʧʣʝʥʢʘʤʠ. ʇʦʩʣʝ 

ʦʙʨʘʙʦʪʢʠ ʧʣʘʟʤʦʡ ʦʩʪʘʪʢʠ ʤʘʩʦʢ ʭʠʤʠʯʝʩʢʠ ʫʜʘ-

ʣʷʣʘʩʴ.  

ʈʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʳʭ ʦʙʨʘʟʮʦʚ ʠ 

ʟʘʱʠʪʥʳʭ ʤʘʩʦʢ ʠʩʩʣʝʜʦʚʘʣʩʷ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢ-
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ʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ Vega 3 Tescan ʠ ʘʪʦʤʥʦ-

ʩʠʣʦʚʦʤ ʤʠʢʨʦʩʢʦʧʝ Ntegra Prima ʜʦ ʠ ʧʦʩʣʝ ʦʙ-

ʨʘʙʦʪʢʠ ʧʣʘʟʤʦʡ. ʉʢʦʨʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʨʘʩʩʯʠʪʳ-

ʚʘʣʘʩʴ ʧʦ ʚʳʩʦʪʝ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʚʟʷʪʦʡ ʠʟ ʘʥʘʣʠʟʘ ɸʉʄ-ʩʢʘʥʦʚ. ʉʝʣʝʢʪʠʚʥʦʩʪʴ 

ʪʨʘʚʣʝʥʠʷ ʦʮʝʥʠʚʘʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ 

,
ʤʘʩʢʠ

ʩʪʨʫʢʪʫʨʳ

l

h
S²

 

ʛʜʝ hʩʪʨʫʢʪʫʨʳ ï ʚʳʩʦʪʘ ʩʪʨʫʢʪʫʨʳ, lʤʘʩʢʠ ï ʪʦʣʱʠʥʘ 

ʟʘʱʠʪʥʦʡ ʤʘʩʢʠ. 
 

ʊʘʙʣʠʮʘ 1 

ʇʘʨʘʤʝʪʨʳ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʠʥʪʝ-

ʪʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ 

Table 1. Parameters of reactive ion etching of synthetic 

diamond  

ɻʘʟ SF6 SF6 

ʄʘʪʝʨʠʘʣ ʤʘʩʢʠ Al 2O3 AlN  

N, ɺʪ 30 30 

P, ʤʪʦʨʨ 45 45 

U, ɺ 190 190 

Vetch, ʥʤ/ʯ 3000 3000 

S >3 >3,2 

ʂʨʫʪʠʟʥʘ ʧʨʦʬʠʣʷ, Á 30-50 45 
ʇʨʠʤʝʯʘʥʠʝ: N ï ʤʦʱʥʦʩʪʴ ɺʏ ʠʩʪʦʯʥʠʢʘ ʧʣʘʟʤʳ, P ï 

ʜʘʚʣʝʥʠʝ, U ï ʥʘʧʨʷʞʝʥʠʝ, ʫʩʢʦʨʷʶʱʝʝ ʠʦʥʳ, vetch - ʩʢʦ-

ʨʦʩʪʴ ʪʨʘʚʣʝʥʠʷ, S ï ʩʝʣʝʢʪʠʚʥʦʩʪʴ 

Note: N ï RF plasma source power, P ï pressure, U ï ions ac-

celerating voltage, vetch - etching rate, S - selectivity 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʅʘ ʨʠʩ. 1, 2 ʧʨʠʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʟʘʱʠʪ-

ʥʦʡ ʤʘʩʢʠ ʩ ʨʝʣʴʝʬʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʘʣʤʘʟʥʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ, ʧʦʣʫʯʝʥʥʦʡ ʪʨʘʚʣʝʥʠʝʤ. ɺ ʪʘʙʣ. 1 ʧʨʠ-

ʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ ʩʢʦʨʦʩʪʷʤ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʷʤ 

ʪʨʘʚʣʝʥʠʷ. ʄʘʩʢʠ ʠʤʝʶʪ ʧʦʣʦʛʠʝ ʛʨʘʥʠʮʳ, ʦʙʫ-

ʩʣʦʚʣʝʥʥʳʝ ʤʝʪʦʜʠʢʦʡ ʬʦʨʤʠʨʦʚʘʥʠʷ. ɸʣʤʘʟ, ʩ 

ʫʯʝʪʦʤ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ ʢ ʦʢʩʠʜʫ ʠ ʥʠʪʨʠ-

ʜʫ ʘʣʶʤʠʥʠʷ 3:1, ʧʦʚʪʦʨʷʝʪ ʵʪʠ ʛʨʘʥʠʮʳ (ʨʠʩ. 2). 

ʊʦʣʱʠʥʘ ʟʘʱʠʪʥʳʭ ʤʘʩʦʢ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʚ 

ʧʣʘʟʤʝ ʩʪʨʫʢʪʫʨʳ ʛʣʫʙʠʥʦʡ ʜʦ 3 ʤʢʤ, ʧʨʠ ʵʪʦʤ 

ʢʨʫʪʠʟʥʘ ʩʪʝʥʦʢ ʩʪʨʫʢʪʫʨ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʝʦʤʝʪʨʠ-

ʝʡ ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟ-

ʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʨʝʣʴʝʬʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʨʫʪʠʟʥʦʡ 

45Á, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʩʚʷʟʴ ʤʝʞʜʫ ʧʦʧʝʨʝʯʥʳʤ ʨʘʟ-

ʤʝʨʦʤ ʩʪʨʫʢʪʫʨʳ ʠ ʝʝ ʚʳʩʦʪʦʡ.  

ʅʘʤʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦ-

ʩʪʠ ʪʨʘʚʣʝʥʠʷ ʚ ʧʣʘʟʤʝ SF6 ʦʪ ʥʘʧʨʷʞʝʥʠʷ, ʫʩʢʦ-

ʨʷʶʱʝʛʦ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʠʦʥʳ, ʥʦʩʠʪ ʧʦʨʦʛʦʚʳʡ 

ʭʘʨʘʢʪʝʨ. ʈʝʘʢʪʠʚʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ ʧʨʝʜʩʪʘʚ-

ʣʷʝʪ ʠʟ ʩʝʙʷ ʢʦʤʙʠʥʘʮʠʶ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʠ ʬʠʟʠʯʝʩʢʦʝ ʨʘʩʧʳʣʝʥʠʝ 

ʝʝ ʪʷʞʝʣʳʤʠ ʠʦʥʘʤʠ. ʇʨʠ ʧʨʝʚʳʰʝʥʠʠ ʧʦʨʦʛʦʚʦ-

ʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʩʦʩʪʘʚʣʷʶʱʝʛʦ ʧʨʠʤʝʨʥʦ 100 ɺ, 

ʬʠʟʠʯʝʩʢʦʝ ʨʘʩʧʳʣʝʥʠʝ ʚʥʦʩʠʪ ʦʧʨʝʜʝʣʷʶʱʠʡ 

ʚʢʣʘʜ ʚ ʤʝʭʘʥʠʟʤ ʪʨʘʚʣʝʥʠʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʢʦ-

ʨʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʙʳʩʪʨʦ ʨʘʩʪʝʪ ʩ ʥʘʧʨʷʞʝʥʠʝʤ. ʆʧ-

ʪʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʩʦʩʪʘʚʠʣʘ 3 ʤʢʤ/ʯ, 

ʯʪʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʙʳʩʪʨʦ ʠ ʧʨʠ 

ʵʪʦʤ ʢʦʥʪʨʦʣʠʨʫʝʤʦ ʬʦʨʤʠʨʦʚʘʪʴ ʨʝʣʴʝʬʥʳʝ ʩʪʨʫʢ-

ʪʫʨʳ ʚʳʩʦʪʦʡ ʜʦ 3 ʤʢʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʘ. 

 

 
ʘ 

 
ʙ 

ʈʠʩ. 1. ʈʕʄ-ʬʦʪʦʛʨʘʬʠʷ ʘʣʤʘʟʥʦʛʦ ʦʙʨʘʟʮʘ ʘ - ʟʘʱʠʪʥʘʷ ʤʘʩ-

ʢʘ ʠʟ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʙ - ʘʣʤʘʟʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʣʝ ʨʝʘʢ-

ʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

Fig. 1. SEM-image of diamond sample ʘ - aluminum oxide pro-

tective mask, ʙ - diamond surface after reactive ion etching 

 

 

ʈʠʩ. 2. ɸʉʄ-ʧʨʦʬʠʣʴ ʩʪʨʫʢʪʫʨʳ, ʠʟʦʙʨʘʞʝʥʥʦʡ ʥʘ ʨʠʩ. 1:  

1- ʟʘʱʠʪʥʘʷ ʤʘʩʢʘ ʠʟ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, 2 - ʘʣʤʘʟʥʘʷ ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʧʦʩʣʝ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

Fig. 2. AFM-profile of the surface shown in Fig.1: 1- aluminum oxide 

protective mask, 2 - diamond surface after reactive ion etching 
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ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʘ ʈʕʄ-ʬʦʪʦʛʨʘʬʠʷ 

ʧʦʜʣʦʞʢʠ ʠʟ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʘʣʤʘ-

ʟʘ ʩ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚ ʚʠʜʝ ʛʨʝʙʝʥʢʠ ʠ ʢʦ-

ʥʫʩʦʚ ʚʳʩʦʪʦʡ 2,1 ʤʢʤ ʠ ʧʝʨʠʦʜʦʤ 5 ʤʢʤ. ʊʘʢʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʜʭʦʜʠʪ ʢʘʢ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʥʪʘʢʪʦʚ, ʪʘʢ ʠ ʜʣʷ ʦʩʘʞʜʝʥʠʷ 

ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʠʟʦʪʦʧʦʚ.  
 

 
ʈʠʩ. 3. ʈʕʄ-ʬʦʪʦʛʨʘʬʠʷ ʧʦʜʣʦʞʢʠ ʠʟ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʘ ʘʣʤʘʟʘ ʩ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚ ʚʠʜʝ ʛʨʝʙʝʥʢʠ ʠ 

ʢʦʥʫʩʦʚ 

Fig. 3. SEM-image of synthetic diamond wafer with well-

developed surface in the shape of ribs and cones 

 

 
ʘ 

 
ʙ 

ʈʠʩ. 4. ɸʉʄ-ʩʢʘʥʳ ʧʦʜʣʦʞʢʠ ʠʟ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʤʦʥʦʢʨʠ-

ʩʪʘʣʣʘ ʘʣʤʘʟʘ ʩ ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʚ ʚʠʜʝ: ʘ - ʢʦʥʫʩʦʚ,  

ʙ - ʛʨʝʙʝʥʢʠ 

Fig. 4. AFM- images of synthetic diamond wafer with well-

developed surface in the shape of ʘ - cones, ʙ - ribs 
 

ɸʉʄ-ʩʢʘʥʳ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʳʭ ʧʦʜ-

ʣʦʞʝʢ ʨʘʟʤʝʨʦʤ 10Ĭ10 ʤʢʤ2 (ʨʠʩ. 4) ʠʩʧʦʣʴʟʦʚʘ-

ʣʠʩʴ ʜʣʷ ʪʦʯʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʧʨʦʬʠʣʷ ʩʬʦʨʤʠʨʦ-

ʚʘʥʥʳʭ ʪʨʘʚʣʝʥʠʝʤ ʩʪʨʫʢʪʫʨ, ʘ ʩʢʘʥʳ ʙʦʣʴʰʦʡ 

ʧʣʦʱʘʜʠ (100Ĭ100 ʤʢʤ) ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʨʘʩ-

ʯʝʪʘ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ Sʧʦʚ ʧʦ ʬʦʨʤʫʣʝ 
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ʛʜʝ zij(x,y) ï ʬʫʥʢʮʠʷ ʚʳʩʦʪʳ ʨʝʣʴʝʬʘ ɸʉʄ-ʩʢʘʥʘ; 

ȹx, ȹy ï ʰʘʛʠ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʡ x, 

y; Lx, Ly ï ʧʦʧʝʨʝʯʥʳʝ ʨʘʟʤʝʨʳ ʩʢʘʥʘ. K ï ʢʦʵʬ-

ʬʠʮʠʝʥʪ, ʧʦʢʘʟʳʚʘʶʱʠʡ, ʚʦ ʩʢʦʣʴʢʦ ʨʘʟ ʫʚʝʣʠʯʠ-

ʣʘʩʴ ʵʬʬʝʢʪʠʚʥʘʷ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʦʡ 

ʧʦʜʣʦʞʢʠ. ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠ-

ʮʠʝʥʪʘ K, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨ, 

ʩʦʟʜʘʥʥʳʭ ʚ ʭʦʜʝ ʨʘʙʦʪʳ. ɺʳʩʦʪʘ ʩʪʨʫʢʪʫʨ ʩʦ-

ʩʪʘʚʣʷʝʪ 2,1 ʤʢʤ. 
 

ʊʘʙʣʠʮʘ 2 

ʂʦʵʬʬʠʮʠʝʥʪ ʫʚʝʣʠʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʧʣʦʱʘʜʠ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʝʣʴ-

ʝʬʥʳʭ ʩʪʨʫʢʪʫʨ 

Table 2. Coefficient of effective surface area increasing 

calculated for different relief structure types 

ʊʠʧ ʩʪʨʫʢʪʫʨʳ ʇʝʨʠʦʜ ʩʪʨʫʢʪʫʨʳ, ʤʢʤ K 

ɻʨʝʙʝʥʢʘ  5 1,30 

ɻʨʝʙʝʥʢʘ 6 1,26 

ʂʦʥʫʩʳ 5 1,11 

 

ʀʟ ʪʘʙʣʠʮʳ ʚʠʜʥʦ, ʯʪʦ ʚʳʠʛʨʳʰ ʧʣʦʱʘʜʠ, 

ʢʦʪʦʨʳʡ ʜʘʝʪ ʩʪʨʫʢʪʫʨʘ ʛʨʝʙʝʥʢʠ, ʙʣʠʟʦʢ ʢ ʪʝʦʨʝ-

ʪʠʯʝʩʢʦʤʫ ʟʥʘʯʝʥʠʶ 21/2. ʆʥʦ ʥʝ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ 

ʧʦʪʦʤʫ, ʯʪʦ ʦʩʪʨʳʝ ʚʝʨʰʠʥʢʠ ʩʪʨʫʢʪʫʨ ʪʨʘʚʷʪʩʷ ʚ 

ʧʣʘʟʤʝ ʙʳʩʪʨʝʝ, ʯʝʤ ʛʨʘʥʠ, ʠʟ-ʟʘ ʵʬʬʝʢʪʘ ʫʩʠʣʝ-

ʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ɺʨʝʤʷ ʪʨʘʚʣʝʥʠʷ ʙʳʣʦ 

ʟʘʚʳʰʝʥʦ, ʠ ʩʪʨʫʢʪʫʨʘ ʥʘʯʘʣʘ "ʩʛʣʘʞʠʚʘʪʴʩʷ" ʚ 

ʧʣʘʟʤʝ [9]. ʌʦʨʤʠʨʦʚʘʥʠʝ ʢʦʥʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ 

ʩʣʦʞʥʝʝ ʚ ʠʩʧʦʣʥʝʥʠʠ ʠ ʥʝ ʜʘʝʪ ʙʦʣʴʰʦʛʦ ʚʳʠʛ-

ʨʳʰʘ ʚ ʧʣʦʱʘʜʠ ʠ ʧʦʪʦʤʫ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝ-

ʨʝʩʘ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ ʵʥʝʨ-

ʛʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʛʨʝʙʝʥʢʘ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʠʪʴ 

ʩʙʦʨʢʫ ʠʟ ʜʚʫʭ ʧʦʜʣʦʞʝʢ-ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, ʚʣʦ-

ʞʝʥʥʳʭ ʜʨʫʛ ʚ ʜʨʫʛʘ, ʫʜʚʘʠʚʘʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʴ ʠʭ ʨʘʙʦʪʳ.  

ɺʓɺʆɼʓ 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʧʦʜʣʦʞʢʘʭ ʩʠʥʪʝʪʠ-

ʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʛʣʫʙʦʢʠʭ ʨʝʣʴʝʬʥʳʭ ʩʪʨʫʢʪʫʨ, ʦʙ-

ʨʘʟʫʶʱʠʭ ʨʘʟʚʠʪʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʨʘʟʨʘʙʦʪʘʥʘ ʤʝ-

ʪʦʜʠʢʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʨʝʘʢʪʠʚʥʦʤ ʠʦʥʥʦʤ ʪʨʘʚ-

ʣʝʥʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʣʩʪʳʭ ʢʦʥʪʘʢʪʥʳʭ ʟʘ-

ʱʠʪʥʳʭ ʤʘʩʦʢ ʠʟ ʦʢʩʠʜʘ ʠ ʥʠʪʨʠʜʘ ʘʣʶʤʠʥʠʷ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʚʟʨʳʚʥʦʡ ʬʦʪʦʣʠʪʦʛʨʘʬʠʝʡ. ʄʝ-
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ʪʦʜʠʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ ʛʣʫ-

ʙʠʥʦʡ ʜʦ 3 ʤʢʤ ʠ ʢʨʫʪʠʟʥʦʡ ʩʪʝʥʦʢ 45Á ʧʨʠ ʩʢʦʨʦ-

ʩʪʠ ʪʨʘʚʣʝʥʠʷ 3 ʤʢʤ/ʯ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʤʘʩʦʢ, 

ʧʨʝʚʳʰʘʶʱʝʡ 3. 

ɺʳʙʨʘʥʘ ʦʧʪʠʤʘʣʴʥʘʷ ʬʦʨʤʘ ʨʘʟʚʠʪʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ - ʛʨʝʙʝʥʢʘ ʚʳʩʦʪʦʡ ʙʦʣʝʝ 2 ʤʢʤ ʧʝʨʠʦ-

ʜʦʤ 5 ʤʢʤ, ʫʚʝʣʠʯʠʚʘʶʱʘʷ ʵʬʬʝʢʪʠʚʥʫʶ ʧʣʦ-

ʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʦʡ ʧʦʣʦʞʢʠ ʚ 1,3 ʨʘʟʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦ-

ʙʨʥʘʫʢʠ ʈʌ, ʧʨʦʝʢʪ ˉ3556 "ʩʦʟʜʘʥʠʝ ʥʘʫʯʥʳʭ 

ʦʩʥʦʚ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʵʣʝʤʝʥʪʦʚ ʵʢʩ-

ʪʨʝʤʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʥʘ ʦʩʥʦʚʝ ʤʦʥʦʢʨʠʩʪʘʣ-

ʣʦʚ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʩ ʘʢʪʠʚʥʦʡ ʧʣʦʱʘʜʴʶ 

ʦʪ 100 ʤʤ2" ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ɻʦʩʫʜʘʨʩʪʚʝʥ-

ʥʦʛʦ ɿʘʜʘʥʠʷ ʌɻɹʅʋ ʊʀʉʅʋʄ.  
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LIGNIN, ITS GRAPHITI ZED AND FLUORINATED DERIVATIVES. PROSPECTS  

OF APPLICATION AS AC TIVE COMPONENT OF LI THIUM BATTERIES  

In this paper the data on fluorination of hydrolytic lignin as well as its graphitized deriva-

tives are presented and discussed. The morphology, chemical bonds and structure of materials 

was investigated by means of the methods of SEM, XPS, Raman spectroscopy, and XRD. In order 

to evaluate of practical application of synthesized samples the parameters of primary lithium bat-

teries were investigated. 

Key words: lithium batteries, organic electrode material, fluorinated lignin, XPS 

 

ʉʦʚʨʝʤʝʥʥʦʝ ʦʙʱʝʩʪʚʦ ʥʝʤʳʩʣʠʤʦ ʙʝʟ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʧʦʚʩʝʜʥʝʚʥʦʡ 

ʞʠʟʥʠ ʰʠʨʦʢʦʛʦ ʢʨʫʛʘ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ 

ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. ʉʨʝʜʠ ʥʠʭ ʚʘʞʥʦʝ ʤʝʩʪʦ 

ʟʘʥʠʤʘʶʪ ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʥʘʷ ʘʧʧʘʨʘʪʫʨʘ ʨʘʟʥʦʛʦ 

ʧʨʠʤʝʥʝʥʠʷ, ʠ ʙʳʪʦʚʳʝ ʧʦʨʪʘʪʠʚʥʳʝ ʛʘʜʞʝʪʳ, 

ʪʨʝʙʫʶʱʠʝ ʥʝʟʘʚʠʩʠʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ, ʚ 

ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʚʳʩʪʫʧʘʶʪ ʣʠʪʠʝʚʳʝ ʠʩʪʦʯʥʠʢʠ 

ʪʦʢʘ (ʃʀʊ) ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ, ʢʘʢ ʧʝʨʚʠʯʥʳʝ, ʪʘʢ ʠ 

ʚʪʦʨʠʯʥʳʝ. ʊʠʧʠʯʥʳʤʠ ʢʘʪʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ 

ʃʀʊ ʷʚʣʷʶʪʩʷ ʦʢʩʠʜʳ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ 

(MnO2, Ag2O, CuO) [1, 2]. ʐʠʨʦʢʦ ʵʢʩʧʣʫʘʪʠʨʫ-

ʶʪʩʷ ʣʠʪʠʝʚʳʝ ʠʩʪʦʯʥʠʢʠ ʪʦʢʘ ʥʘ ʦʩʥʦʚʝ ʥʝʦʨʛʘ-

ʥʠʯʝʩʢʠʭ ʬʪʦʨʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [3]. 

ʅʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʨʘʩʰʠ-

ʨʝʥʠʝʤ ʟʦʥʳ ʧʦʠʩʢʘ ʥʦʚʳʭ ʘʢʪʠʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

ʵʣʝʢʪʨʦʜʦʚ ʭʠʤʠʯʝʩʢʠʭ ʠʩʪʦʯʥʠʢʦʚ ʪʦʢʘ, ʧʦʣʫʯʘ-

ʝʤʳʭ ʠʟ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʧʨʠʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʨʘʩʪʠʪʝʣʴʥʦʛʦ ʧʨʦʠʩʭʦʞʜʝʥʠʷ [4, 5]. 

ʆʜʥʠʤ ʠʟ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʣʠʛʥʠʥ ï ʧʦ-

ʙʦʯʥʳʡ ʧʨʦʜʫʢʪ ʛʣʫʙʦʢʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʨʘʩʪʠʪʝʣʴ-

ʥʦʛʦ ʩʳʨʴʷ. ɼʦʩʪʦʠʥʩʪʚʦʤ ʣʠʛʥʠʥʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʧʨʦʯʠʤʠ ʵʣʝʢʪʨʦʜʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʷʚʣʷʝʪʩʷ 

ʦʛʨʦʤʥʳʡ ʠ ʥʝʚʦʩʪʨʝʙʦʚʘʥʥʳʡ ʤʠʨʦʚʦʡ ʟʘʧʘʩ, 

ʧʦʩʪʦʷʥʥʦʝ ʝʛʦ ʧʦʧʦʣʥʝʥʠʝ (ʙʦʣʝʝ 70 ʤʣʥ. ʪ ʚ ʛʦʜ 

[6]) ʠ ʥʠʟʢʘʷ ʩʝʙʝʩʪʦʠʤʦʩʪʴ. ɻʠʜʨʦʣʠʟʥʳʡ ʣʠʛʥʠʥ 

(ɻʃ), ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ 

ʢʦʣʠʯʝʩʪʚʝ ʥʝ ʙʦʣʝʝ 5% ʦʪ ʝʞʝʛʦʜʥʦ ʦʙʨʘʟʫʶʱʝ-

ʛʦʩʷ ʦʙʲʝʤʘ [7], ʷʚʣʷʝʪʩʷ ʩʪʦʡʢʠʤ, ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʜʝʩʪʨʫʢʪʫʨʠʨʫʝʤʳʤ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ 

ʩʣʦʞʥʳʤ ʧʨʠʨʦʜʥʳʤ ʧʦʣʠʤʝʨʦʤ ʩ ʨʘʟʚʝʪʚʣʝʥʥʳ-

ʤʠ ʤʘʢʨʦʤʦʣʝʢʫʣʘʤʠ ʥʝʨʝʛʫʣʷʨʥʦʡ ʢʦʥʬʠʛʫʨʘ-

ʮʠʠ. ʕʪʦ ʞʝʣʪʦ-ʢʦʨʠʯʥʝʚʦʝ ʚʝʱʝʩʪʚʦ ʩ ʤʦʣʝʢʫ-

ʣʷʨʥʦʡ ʤʘʩʩʦʡ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 102 ʜʦ 106. ɺ ʤʦʣʝʢʫ-

ʣʘʭ ɻʃ ʧʨʠʩʫʪʩʪʚʫʶʪ ʘʨʦʤʘʪʠʯʝʩʢʠʝ ʠ ʘʣʠʬʘʪʠʯʝ-

ʩʢʠʝ ʫʛʣʝʨʦʜʥʳʝ ʬʨʘʛʤʝʥʪʳ ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤʠ 

ʨʘʟʣʠʯʥʳʝ ʢʠʩʣʦʨʦʜʥʳʝ ʛʨʫʧʧʳ (ʛʠʜʨʦʢʩʠʣʴʥʳʝ, 

ʢʘʨʙʦʥʠʣʴʥʳʝ, ʵʬʠʨʥʳʝ) [7, 8]. ʈʘʥʝʝ ʙʳʣ ʧʦʣʫʯʝʥ 

ʠ ʠʩʩʣʝʜʦʚʘʥ ʛʠʜʨʦʣʠʟʥʳʡ ʣʠʛʥʠʥ, ʬʪʦʨʠʨʦʚʘʥ-

ʥʳʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ ï20 ʜʦ +19ʉ̄ ʚ ʞʠʜʢʦʡ 

ʬʘʟʝ BrF3 [9]. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚ-

ʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʈʌʕʉ) 



Izv. Vyssh. Uchebn. Zaved. Khim. Khim. Tekhnol. 2016. V. 59. N 9 

 

94   ʀʟʚ. ʚʫʟʦʚ. ʍʠʤʠʷ ʠ ʭʠʤ. ʪʝʭʥʦʣʦʛʠʷ. 2016. ʊ. 59. ɺʳʧ. 9 

 

 

ʧʦʢʘʟʘʣʦ ʥʘʣʠʯʠʝ ʚ ʦʙʨʘʟʮʝ ʨʘʟʣʠʯʥʳʭ ʬʪʦʨ-

ʫʛʣʝʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʚʷʟʝʡ ʧʦʣʫ-

ʠʦʥʥʦʛʦ ʪʠʧʘ [10]. ʅʝʜʘʚʥʦ ʚ [11, 12] ʙʳʣʦ ʧʦʢʘ-

ʟʘʥʦ, ʯʪʦ ʣʠʛʥʠʥ, ʦʙʨʘʟʫʶʱʠʡʩʷ ʧʨʠ ʩʫʣʴʬʠʪʥʦʤ 

ʩʧʦʩʦʙʝ ʜʝʣʠʛʥʠʬʠʢʘʮʠʠ ʜʨʝʚʝʩʠʥʳ, ʤʦʞʝʪ ʙʳʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʢʘʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʵʣʝʢʪʨʦʭʠʤʠ-

ʯʝʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ. ʇʨʠʤʝʥʝʥʠʝ ʚ ʃʀʊ ʛʠʜʨʦ-

ʣʠʟʥʦʛʦ ʣʠʛʥʠʥʘ ʧʨʝʜʣʦʞʝʥʦ ʚ ʨʘʙʦʪʘʭ [5, 13]. ɺ ʪʦ 

ʞʝ ʚʨʝʤʷ ʜʦʩʪʠʛʥʫʪʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚʳʷʚʠʣʠ ʧʨʦ-

ʙʣʝʤʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʩʦʟʜʘʥʠʠ ʃʀʊ ʥʘ ʦʩʥʦʚʝ 

ɻʃ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʠʟʢʘʷ ʫʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ ʚʩʣʝʜ-

ʩʪʚʠʝ ʥʝʚʳʩʦʢʦʛʦ ʜʝʡʩʪʚʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʃʀʊ.  

 ʎʝʣʴ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ï 

ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʃʀʊ ʛʨʘ-

ʬʠʪʠʟʠʨʦʚʘʥʳʭ ʧʨʦʠʟʚʦʜʥʳʭ ɻʃ, ʧʦʣʫʯʝʥʥʳʭ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʦʪʞʠʛʘ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʊʦʪʞ). ʊʘʢʞʝ ʨʘʩ-

ʩʤʘʪʨʠʚʘʶʪʩʷ ʧʫʪʠ ʦʧʪʠʤʠʟʘʮʠʠ ʩʧʦʩʦʙʦʚ ʬʫʥʢ-

ʮʠʦʥʘʣʠʟʘʮʠʠ ʛʠʜʨʦʣʠʟʥʦʛʦ ʣʠʛʥʠʥʘ ʬʪʦʨʦʤ, ʘʢ-

ʪʠʚʥʳʤ ʢ ʠʦʥʘʤ Li+ ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ 

ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʃʀʊ.  

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɺ ʢʘʯʝʩʪʚʝ ʢʘʪʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʠʟʛʦ-

ʪʦʚʣʝʥʠʠ ʃʀʊ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʱʘʪʝʣʴʥʦ ʦʪʤʳʪʳʡ 

ʠ ʤʝʭʘʥʠʯʝʩʢʠ ʠʟʤʝʣʴʯʝʥʥʳʡ ɻʃ, ʧʨʦʜʫʢʪʳ ʝʛʦ 

ʦʪʞʠʛʘ (ʆɻʃ) ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʊʦʪʞ. (ʜʘʣʝʝ ʆɻʃ-ʊʦʪʞ.) ʠ ʧʨʦʜʫʢʪʳ ʠʭ 

ʬʪʦʨʠʨʦʚʘʥʠʷ. 

ʌʪʦʨʠʨʦʚʘʥʠʝ ɻʃ ʠ ʆɻʃ ʧʨʦʚʦʜʠʣʠ ʚ ʛʝʨ-

ʤʝʪʠʯʥʦʤ ʥʠʢʝʣʝʚʦʤ ʢʦʥʪʝʡʥʝʨʝ ʤʝʪʦʜʦʤ ʦʜʥʦ-

ʟʦʥʥʦʛʦ ʛʘʟʦʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʠʥʪʝʟʘ ʚ ʛʘʟʦʚʦʡ ʬʘʟʝ 

ʪʨʠʬʪʦʨʠʜʘ ʙʨʦʤʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(ʊʩʠʥʪ.). ʇʦʣʫʯʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʦʙʦʟʥʘʯʝʥʳ ʜʘʣʝʝ 

ɻʃ-ʌ-ʊʩʠʥʪ. ʠ ʆɻʃ-ʊʦʪʞ.-ʌ-ʊʩʠʥʪ., ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ (ʈʌɸ) ʧʦʣʫʯʝʥ-

ʥʳʭ ʚʝʱʝʩʪʚ ʠ ʦʙʨʘʟʮʦʚ ʩʨʘʚʥʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʨʘʢʪʦʤʝʪʨʘ Bruker D8 Advance 

(ɻʝʨʤʘʥʠʷ) ʩ ʬʦʢʫʩʠʨʦʚʢʦʡ ʠʟʣʫʯʝʥʠʷ CuKŬ (ɚ = 

=0,15417 ʥʤ) ʚ ʫʩʪʘʥʦʚʢʝ ɹʨʝʛʛʘ-ɹʨʝʥʪʘʥʦ. ʄʠʢ-

ʨʦʠʟʦʙʨʘʞʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʚʝʱʝʩʪʚ ʧʦʣʫʯʘʣʠ ʥʘ 

ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ (ʉʕʄ) 

Hitahci S5500 (ʗʧʦʥʠʷ). ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦ-

ʛʦ ʨʘʩʩʝʷʥʠʷ (ʂʈ) ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʥʘ ʩʧʝʢʪʨʦʤʝʪ-

ʨʝ Bruker RFS 100/S (ɚ = 1064 ʥʤ), (ɻʝʨʤʘʥʠʷ). 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʬʦʪʦʵʣʝʢʪʨʦʥʥʳʝ (ʈʌʕ) ʩʧʝʢʪʨʳ 

ʟʘʧʠʩʳʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ SPECS 

(ɻʝʨʤʘʥʠʷ) ʩ ʚʦʟʙʫʞʜʝʥʠʝʤ ʵʣʝʢʪʨʦʥʦʚ MgKŬ ʠʟ-

ʣʫʯʝʥʠʝʤ (1253,6 ʵɺ).  

ʀʟʛʦʪʦʚʣʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʪʦʢʘ ʧʨʦʠʟʚʦʜʠʣʠ 

ʚ ʩʫʭʦʤ ʙʦʢʩʝ Plas-Labs 890-NB (ʉʐɸ) ʚ ʘʪʤʦ-

ʩʬʝʨʝ ʘʨʛʦʥʘ. ɺ ʢʘʯʝʩʪʚʝ ʷʯʝʡʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʜʚʫʭʵʣʝʢʪʨʦʜʥʦʝ ʫʩʪʨʦʡʩʪʚʦ MTI STC-19 (ʉʐɸ), 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʩʪʘʥʜʘʨʪʥʦʤʫ ʪʠʧʦʨʘʟʤʝʨʫ 

CR2025. ɸʥʦʜʦʤ ʵʣʝʤʝʥʪʘ ʩʣʫʞʠʣ ʜʠʩʢ ʤʝʪʘʣʣʠ-

ʯʝʩʢʦʛʦ ʣʠʪʠʷ ʪʦʣʱʠʥʦʡ 0,1 ʤʤ. ʂʘʪʦʜʥʳʡ ʤʘʪʝ-

ʨʠʘʣ ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʩʤʝʩʴ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦ-

ʥʝʥʪʘ (55 ʤʘʩ.%), ʩʚʷʟʫʶʱʝʛʦ ʚʝʱʝʩʪʚʘ (15 ʤʘʩ.%) 

ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʡ ʜʦʙʘʚʢʠ (30 ʤʘʩ.%), ʚ ʢʘʯʝ-

ʩʪʚʝ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦ-

ʨʠʜ ʚ N-ʤʝʪʠʣʧʠʨʨʦʣʠʜʦʥʝ ʠ ʘʮʝʪʠʣʝʥʦʚʘʷ ʩʘʞʘ 

Super P, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʤʧʦʥʝʥʪʳ ʢʘʪʦʜʥʦʡ 

ʩʤʝʩʠ ʜʦʟʠʨʦʚʘʣʠ ʥʘ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ 

Shimadzu AUW120D (ʗʧʦʥʠʷ), ʧʦʩʣʝ ʯʝʛʦ ʧʝʨʝ-

ʤʝʰʠʚʘʣʠ. ɻʦʪʦʚʫʶ ʢʘʪʦʜʥʫʶ ʧʘʩʪʫ ʥʘʥʦʩʠʣʠ ʥʘ 

ʤʝʜʥʳʡ ʪʦʢʦʩʲʝʤʥʠʢ. ʀʟʛʦʪʦʚʣʝʥʥʳʡ ʪʘʢʠʤ ʦʙʨʘ-

ʟʦʤ ʵʣʝʢʪʨʦʜ ʧʦʜʚʝʨʛʘʣʠ ʩʫʰʢʝ ʚ ʧʝʯʠ MTI DZF-

6020-110P (ʉʐɸ) ʧʨʠ 60 ʉ̄ ʚ ʪʝʯʝʥʠʝ 10 ʯ. ɺ ʢʘ-

ʯʝʩʪʚʝ ʵʣʝʢʪʨʦʣʠʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ 1 ʄ ʨʘʩʪʚʦʨ 

LiBF4 ʚ ʩʤʝʩʠ ʧʨʦʧʠʣʝʥʢʘʨʙʦʥʘʪʘ ʠ ʜʠʤʝʪʦʢʩʠ-

ʵʪʘʥʘ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 3:1. ʉʝʧʘʨʘʪʦʨ, ʠʟʛʦʪʦʚʣʝʥ-

ʥʳʡ ʠʟ ʧʦʣʠʧʨʦʧʠʣʝʥʦʚʦʛʦ ʥʝʪʢʘʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʧʨʦʢʣʘʜʳʚʘʣʠ ʤʝʞʜʫ ʣʠʪʠʝʚʳʤ ʘʥʦʜʦʤ ʠ ʢʘʪʦʜʦʤ 

ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʢʦʨʦʪʢʦʛʦ ʟʘʤʳʢʘʥʠʷ. ʈʝʣʘʢ-

ʩʘʮʠʷ ʃʀʊ ʧʦʩʣʝ ʩʙʦʨʢʠ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʘʧʨʷ-

ʞʝʥʠʷ ʨʘʟʦʤʢʥʫʪʦʡ ʮʝʧʠ ʵʣʝʤʝʥʪʘ ʩʦʩʪʘʚʣʷʣʘ ʥʝ 

ʤʝʥʝʝ 12 ʯ. 

ʀʩʧʳʪʘʥʠʝ ʃʀʊ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʩʪʘʥʜʘʨʪ-

ʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʪʝʥʮʠʦʩʪʘʪʘ/ʛʘʣʴʚʘʥʦʩʪʘʪʘ Solartron 1470E (ɺʝ-

ʣʠʢʦʙʨʠʪʘʥʠʷ). ʈʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʵʣʝʢʪʨʦʭʠʤʠ-

ʯʝʩʢʠʭ ʩʠʩʪʝʤ ʦʮʝʥʠʚʘʣʠ ʧʦʩʨʝʜʩʪʚʦʤ ʛʘʣʴʚʘʥʦ-

ʩʪʘʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ ʜʦ 0,5 ɺ ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

100 ʤʢɸ/ʩʤ2. ɿʘ ʦʩʥʦʚʥʳʝ ʢʨʠʪʝʨʠʠ ʢʘʯʝʩʪʚʘ ʢʘ-

ʪʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʙʳʣʠ ʧʨʠʥʷʪʳ ʫʜʝʣʴʥʘʷ ʝʤ-

ʢʦʩʪʴ ʠ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦ-

ʩʪʦʚʝʨʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ  

6 ʦʜʥʦʪʠʧʥʳʭ ʷʯʝʡʢʘʭ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʄʠʢʨʦʠʟʦʙʨʘʞʝʥʠʷ, ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʠ 

ʈʌʕ ʩʧʝʢʪʨʳ ʠʩʭʦʜʥʦʛʦ ɻʃ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ 1ʘ, 

2(1), 4(1), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʪʨʫʢʪʫʨʥʘʷ ʦʨʛʘʥʠʟʘ-

ʮʠʷ ʠ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠʩʭʦʜʥʦʛʦ ɻʃ ʤʝʥʷʶʪʩʷ 

ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʥʝʛʦ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʚʘʢʫʫʤʘ. ʅʘ ʨʠʩ. 2(2-4) ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦ-

ʛʨʘʤʤʳ ʆɻʃ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʝ ʵʪʠ ʠʟʤʝʥʝʥʠʷ. 

ʇʨʠ ʊʦʪʞ. å 1000̄ʉ ʧʨʦʠʩʭʦʜʠʪ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣ-

ʥʘʷ ʛʨʘʬʠʪʠʟʘʮʠʷ ʤʘʪʝʨʠʘʣʘ. ʄʠʢʨʦʠʟʦʙʨʘʞʝʥʠʷ 

ʧʦʢʘʟʳʚʘʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʦʙʨʘʟʮʝ ʩʣʦʠʩʪʦʡ 

ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 1ʙ). ʃʠʥʠʷ C1s ʈʌʕ ʩʧʝʢʪʨʘ 

ʆɻʃ-1000 ʧʨʠʥʠʤʘʝʪ ʘʩʠʤʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ, ʭʘ-

ʨʘʢʪʝʨʥʫʶ ʜʣʷ ʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʨʠʩ. 

4(2)). ʇʨʠ ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʦ ʢʠʩʣʦʨʦʜʘ ʚ ʦʙʨʘʟʮʝ 

ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʘ ʧʦʨʷʜʦʢ.  
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ʈʠʩ. 1. ʉʕʄ ʠʟʦʙʨʘʞʝʥʠʷ (ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʩʰʪʘʙʘʭ): ʘ ï ɻʃ,  

ʙ ï ʆɻʃ-1000 

Fig.1. SEM images (at different magnification) of hydrolytic lig-

nin (a) and GL treated at 1000 ÜC (ʙ) 

 

ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʆɻʃ, ʧʦʣʫʯʘʝʤʳʭ ʧʨʠ 

ʊʦʪʞ. Ó 900 ʉ̄ ʩʭʦʞʠ ʩ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʤʠ, ʥʘʙʣʶ-

ʜʘʚʰʠʤʠʩʷ ʨʘʥʝʝ ʦʪ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʚʦʣʦʢʦʥ (ʨʠʩ. 2(5)), ʩʦʩʪʦʷʱʠʭ ʠʟ ʥʘʥʦʛʨʘʬʠʪʦʚ 

[14], ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ ʚʦʟʤʦʞʥʦʝ ʧʨʠ-

ʩʫʪʩʪʚʠʝ ʚ ʆɻʃ ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʝʜʠʥʠʮ. 

ʊʘʢ, ʩʧʝʢʪʨʳ ʂʈ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ 

ʚʦʣʦʢʥʘ (ɸʋɺ) ʠ ʆɻʃ-1000 ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 

900-2000 ʩʤ-1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘʙʦʨʦʤ ʨʷʜʘ ʭʘʨʘʢ-

ʪʝʨʥʳʭ ʣʠʥʠʡ (ʨʠʩ. 3). ʇʠʢ, ʥʘʙʣʶʜʘʝʤʳʡ ʚ ʦʙ-

ʨʘʟʮʘʭ ʧʨʠ 1598 Ñ 2 ʩʤï1, ʧʦ-ʚʠʜʠʤʦʤʫ, ʧʨʝʜʩʪʘʚ-

ʣʷʝʪ ʩʦʙʦʡ ʥʝʨʘʟʨʝʰʝʥʥʫʶ ʩʫʧʝʨʧʦʟʠʮʠʶ ʛʨʘʬʠ-

ʪʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ G ʠ ʠʥʠʮʠʠʨʦʚʘʥʥʦʡ ʚʥʫʪ-

ʨʠʩʣʦʝʚʳʤʠ ʜʝʬʝʢʪʘʤʠ ʢʦʤʧʦʥʝʥʪʳ Dǋ. ʇʠʢ D 

(å1300 ʩʤï1) ʦʙʫʩʣʦʚʣʝʥ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʴʶ ʠ 

ʜʝʬʝʢʪʥʦʩʪʴʶ ʛʨʘʬʠʪʦʚʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʠʢ Dǌ 

(å1520 ʩʤï1) ʠʥʠʮʠʠʨʦʚʘʥ ʧʨʠʩʫʪʩʪʚʫʶʱʠʤ ʚ ʠʩ-

ʩʣʝʜʦʚʘʥʥʳʭ ʦʙʲʝʢʪʘʭ ʘʤʦʨʬʥʳʤ ʫʛʣʝʨʦʜʦʤ [15]. 

ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ [16], ʯʪʦ ʧʠʢ ʚ ʦʙʣʘʩʪʠ å1200 ʩʤï1 

ʠʥʠʮʠʠʨʫʝʪʩʷ ʥʘʨʫʰʝʥʠʝʤ ʧʣʘʥʘʨʥʦʩʪʠ ʛʨʘʬʝʥʦ-

ʚʳʭ ʩʣʦʝʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʟ-ʟʘ ʠʟʤʝʥʝʥʠʷ ʪʠʧʘ ʛʠ-

ʙʨʠʜʠʟʘʮʠʠ ʚʘʣʝʥʪʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʢʨʘʝʚʳʭ ʘʪʦ-

ʤʦʚ ʫʛʣʝʨʦʜʥʳʭ ʧʣʦʩʢʦʩʪʝʡ.  

ʋʩʪʘʥʦʚʣʝʥʦ [17], ʯʪʦ ʣʘʪʝʨʘʣʴʥʳʡ ʨʘʟʤʝʨ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ʛʨʘʬʠʪʘ La ʦʙʨʘʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʩʦʦʪʥʦʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ D ʠ G ʧʦʣʦʩ (ID/IG) 

ʩʧʝʢʪʨʦʚ ʂʈ. ʉʨʘʚʥʝʥʠʝ ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥ-

ʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ɸʋɺ ʠ ʆɻʃ-1000 (ʨʠʩ. 3) ʧʦʢʘʟʳ-

ʚʘʝʪ, ʯʪʦ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ ID/IG > 1. ʇʨʠʥʠʤʘʷ 

ʚʦ ʚʥʠʤʘʥʠʝ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʈʌɸ ʜʣʷ 

ʠʩʭʦʜʥʦʛʦ Aʋɺ [14], ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚ 

ʩʪʨʫʢʪʫʨʝ ʆɻʃ-1000, ʪʘʢ ʞʝ ʢʘʢ ʠ ʚ ɸʋɺ, ʤʦʛʫʪ 

ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʩʭʦʞʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʙʣʦʢʠ ʥʘʥʦ-

ʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ. 

 

 

ʈʠʩ. 2. ʉʧʝʢʪʨʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ: 1 ï ɻʃ, 2 ï ʆɻʃ-350, 

3 ï ʆɻʃ-600, 4 ï ʆɻʃ-1000, 5 ï ʘʢʪʠʚʠʨʦʚʘʥʥʦʝ ʫʛʣʝʨʦʜʥʦʝ 

ʚʦʣʦʢʥʦ, 6 ï ʆɻʃ-350-ʌ-300, 7 ïʆɻʃ-1000-ʌ-300 

Fig. 2. XRD patterns of GL (1) and GL treated at 350 ÜC (2), 

600 ÜC (3), 1000 ÜC (4), activated carbon fibers (5), GL treated at 

350 ÜC and fluorinated at 300 ÜC (6), GL treated at 1000 ÜC and 

fluorinated at 300 ÜC (7)  
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ʈʠʩ. 3. ʂʈ ʩʧʝʢʪʨʳ: ʘ ï ʆɻʃ-1000, ʙ ï ʘʢʪʠʚʠʨʦʚʘʥʥʦʝ ʫʛʣʝ-

ʨʦʜʥʦʝ ʚʦʣʦʢʥʦ 

Fig. 3. Raman spectra of GL treated at 1000 ÜC (a), activated car-

bon fibers (ʙ) 

 

ʅʘ ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʳ ʧʨʠʤʝʨʳ ʘʧʧʨʦʢʩʠ-

ʤʘʮʠʠ ʈʌʕ ʩʧʝʢʪʨʦʚ ʫʛʣʝʨʦʜʘ ɻʃ ʠ ʆɻʃ-1000 ʠ 

ʥʝʢʦʪʦʨʳʭ ʬʪʦʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦ-

ʚʘʥʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʊʩʠʥʪ.. ɺ ʧʦʣʦʩʝ C1s ʥʘʙʣʶ-

ʜʘʶʪʩʷ ʣʠʥʠʠ ʫʛʣʝʨʦʜʘ, ʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʦʛʦ ʩ 

ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʘʪʦʤʦʚ ʬʪʦʨʘ. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʩʪʝʧʝʥʴ ʬʪʦʨʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʟʘʚʠʩʠʪ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʨʝʤʝʥʠ ʩʠʥʪʝʟʘ. ʇʨʠʤʝʯʘʪʝʣʴʥʦ, 

ʯʪʦ ʆʞʝ-ʧʘʨʘʤʝʪʨ Ŭǋ ʩʧʝʢʪʨʘ ʬʪʦʨʘ ʆɻʃ-1000-ʌ-

300 (1342,3 Ñ 0,1 ʵɺ) ʦʪʣʠʯʘʝʪʩʷ ʦʪ Ŭǋ ʜʨʫʛʠʭ ʧʨʠ-

ʚʝʜʝʥʥʳʭ ʦʙʨʘʟʮʦʚ (1341,4 Ñ 0,3 ʵɺ). ʆʩʥʦʚʥʘʷ 

ʣʠʥʠʷ ʩʧʝʢʪʨʘ C1s ʵʪʦʛʦ ʦʙʨʘʟʮʘ ʩʦʭʨʘʥʷʝʪ ʘʩʠʤ-

ʤʝʪʨʠʯʥʫʶ ʬʦʨʤʫ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʦʭʨʘʥʝʥʠʝ 

sp2-ʛʠʙʨʠʜʠʟʘʮʠʠ ʫʛʣʝʨʦʜʘ (ʨʠʩ. 4(ʙ)). ʄʦʞʥʦ ʧʨʝʜ-

ʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʠ ʚʳʙʨʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʘ ʚ 

ʵʪʦʤ ʦʙʨʘʟʮʝ ʬʪʦʨʦʤ ʜʝʢʦʨʠʨʦʚʘʥʳ ʧʨʦʪʷʞʝʥʥʳʝ 

ʦʪʢʨʳʪʳʝ ʢʨʘʷ ʫʛʣʝʨʦʜʥʳʭ ʧʣʦʩʢʦʩʪʝʡ, ʘ ʩʚʷʟʴ ʤʝʞ-

ʜʫ ʫʛʣʝʨʦʜʦʤ ʠ ʬʪʦʨʦʤ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʧʦʣʫ-

ʠʦʥʥʦʤʫ ʪʠʧʫ (CĿĿĿF). ɺ ʜʨʫʛʠʭ ʬʪʦʨʠʨʦʚʘʥʥʳʭ 

ʧʨʦʜʫʢʪʘʭ ʩʚʷʟʴ CïF ʷʚʣʷʝʪʩʷ ʢʦʚʘʣʝʥʪʥʦʡ. ʉʦʛʣʘʩ-

ʥʦ ʜʘʥʥʳʤ ʈʌɸ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʠʣʴʥʦ ʬʪʦʨʠʨʦʚʘʥ-

ʥʦʛʦ ʆɻʃ-350-ʌ-300 (ʨʠʩ. 2(6)), ʚ ʆɻʃ-1000-ʌ-300 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʬʘʟʳ 

ʬʪʦʨʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʘ (ʨʠʩ. 2(7)).  

ʈʝʟʫʣʴʪʘʪʳ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʣʠʪʠʝʚʳʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ 

ɻʃ ʠ ʆɻʃ (ʨʠʩ. 5) ʧʦʢʘʟʳʚʘʶʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʣʠʛʥʠʥʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʜʠʘʧʘ-

ʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ 3-0,5 ɺ ʫʜʝʣʴʥʘʷ ʝʤʢʦʩʪʴ ʚʦʟ-

ʨʘʩʪʘʝʪ ʩʦ 190 ʤɸĿʯ/ʛ (ɻʃ) ʜʦ 265 ʤɸĿʯ/ʛ (ʆɻʃ-

350), 465 ʤɸĿʯ/ʛ (ʆɻʃ-600) ʠ 845 ʤɸĿʯ/ʛ (ʆɻʃ-

1000). ʂʨʦʤʝ ʪʦʛʦ, ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʷʯʝʡʢʠ ʥʘ 

ʦʩʥʦʚʝ ʆɻʃ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʩʠ-

ʩʪʝʤʳ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ. ʇʦʚʳʰʝʥʠʝ ʨʘʟʨʷʜʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʆɻʃ ʩ ʨʦʩʪʦʤ ʊʦʪʞ. ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʩʭʦʜʥʳʤ ɻʃ ʦʙʫʩʣʦʚʣʝʥʦ, ʚʝʨʦʷʪʥʦ, ʧʦʚʳʰʝʥʠ-

ʝʤ ʛʨʘʬʠʪʠʟʘʮʠʠ ʤʘʪʝʨʠʘʣʘ, ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʚʝ-

ʣʠʯʝʥʠʝʤ ʝʛʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ.  
 

 

ʈʠʩ. 4. ʉʧʝʢʪʨʳ C1s: 1 ï ʠʩʭʦʜʥʳʡ ɻʃ, 2 ï ʆɻʃ-1000, 3 ï ɻʃ-ʌ-50, 

4 ï ɻʃ-ʌ-150, 5 ï ʆɻʃ-350-ʌ-300, 6 ï ʆɻʃ-1000-ʌ-300;  

ʉ* ï ʘʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ, R ï ʫʛʣʝʚʦʜʦʨʦʜʥʳʡ ʨʘʜʠʢʘʣ ʠʣʠ ʅ 

Fig. 4. XPS(C1s) spectra of initial GL (1), GL treated at 1000 ÜC 

(2), GL fluorinated at 50 ÜC (3) and 150 ÜC (4); GL treated at 

350 ÜC and fluorinated at 300 ÜC (5), GL treated at 1000 ÜC and 

fluorinated at 300 ÜC (6). C* ï amorphous carbons, R ï hydro-

carbon radical or H 

 

ʅʘ ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ ʩʠʩʪʝʤ Li/ɻʃ ʠ Li/ʆɻʃ 

ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʥʘʢʣʦʥʫ 

ʫʯʘʩʪʢʘ. ʇʦʜʦʙʥʳʡ ʭʘʨʘʢʪʝʨ ʨʘʟʨʷʜʥʳʭ ʢʨʠʚʳʭ, 
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ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʡ ʦ ʩʪʘʜʠʡʥʦʩʪʠ ʪʦʢʦʦʙʨʘʟʫʶ-

ʱʝʛʦ ʧʨʦʮʝʩʩʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʥʘʯʝʥʠʷʤʠ ʧʦʪʝʥ-

ʮʠʘʣʘ ʨʝʘʢʮʠʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʦʥʦʚ ʣʠʪʠʷ ʩ ʢʠʩ-

ʣʦʨʦʜʦʤ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ, ʚʭʦ-

ʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʣʠʛʥʠʥʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʠʘʧʘʟʦʥ 

ʥʘʧʨʷʞʝʥʠʡ 2,1-1,7 ɺ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʦʪʝʢʘʥʠʶ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʢʘʪʠʦʥʘʤʠ Li+ 

ʠ ʉ=O ʛʨʫʧʧʘʤʠ (1) [18], ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ 

ʥʘʧʨʷʞʝʥʠʷʭ, ʙʣʠʟʢʠʭ ʢ 1 ɺ, ʥʘʙʣʶʜʘʝʪʩʷ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʝ Li + ʩ ʢʠʩʣʦʨʦʜʦʤ ʛʠʜʨʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ 

(2) [18]. ɺ ʜʠʘʧʘʟʦʥʝ ʥʠʞʝ 0,7 ɺ ʚʦʟʤʦʞʥʦ ʧʨʦʪʝ-

ʢʘʥʠʝ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʢʘʪʠʦʥʘʤʠ Li+ ʠ ʢʠʩʣʦʨʦʜʦʤ 

ʉïOïC ʛʨʫʧʧ (3) [19].  
|

+

| |
ʉ O + Li e C O Li-- = + - - -

  
(1)

 
+

6 3 6 3 22ʉ ʉ OH+2Li +2e 2ʉ ʉ O Li+H-- -  - - - (2)
 

* + *

6 3 6 3ʉ ʉ O R  + 2Li + 2e ʉ ʉ O Li+R Li-- - -  - - - -.(3) 
ʛʜʝ ʉ6ïʉ3 ï ʬʝʥʠʣʧʨʦʧʘʥʦʚʘʷ ʩʪʨʫʢʪʫʨʥʘʷ ʝʜʠʥʠ-

ʮʘ ʣʠʛʥʠʥʘ, R*: ʉ6ïʉ3; CH3. 
 

 
ʈʠʩ. 5. ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ɻʃ (1), ʆɻʃ-350 (2), 

ʆɻʃ-600 (3), ʆɻʃ-1000 (4) ʦʪʥʦʩʠʪʝʣʴʥʦ Li+/Li  

Fig. 5. Electrochemical behavior (vs. Li+/Li) of hydrolytic lignin 

(1), GL treated at 350 ÜC (2), 600 ÜC (3), 1000 ÜC (4) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

ʫʜʝʣʴʥʦʡ ʨʘʟʨʷʜʥʦʡ ʝʤʢʦʩʪʠ ʩʠʩʪʝʤʳ Li/ʆɻʃ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʥʝʧʨʝʨʳʚʥʦʛʦ ʛʘʣʴʚʘʥʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʨʘʟʨʷʜʘ ʜʦ 0,9 ɺ (ʪʠʧʠʯʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʥʝʯʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʧʝʨʚʠʯʥʳʭ 1,5-ʚʦʣʴʪʦʚʳʭ ʵʣʝʤʝʥʪʦʚ 

[1, 2]) ʧʨʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 100 ʤʢɸ/ʩʤ2 ʩʦʩʪʘʚʠʣʦ 

560 ʤɸĀʯ/ʛ. ʈʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʃʀʊ ï ʦʢʦʣʦ 1,7 ɺ. 

ʕʥʝʨʛʦʝʤʢʦʩʪʴ ï 950 ɺʪĀʯ/ʢʛ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʧʦʟʚʦʣʷʶʪ ʩʫʜʠʪʴ ʦʙ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʨʤʦʦʙʨʘ-

ʙʦʪʢʠ ʣʠʛʥʠʥʘ ʧʨʠ 1000 ʉ̄ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ 

ʵʥʝʨʛʦʝʤʢʠʭ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʃʀʊ. 

ɺ ʨʷʜʫ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʬʪʦʨʠʨʦʚʘʥʥʳʭ ʦʙ-

ʨʘʟʮʦʚ ʪʦʣʴʢʦ ʆɻʃ-1000-ʌ-300 ʧʦʢʘʟʘʣ ʧʝʨʩʧʝʢ-

ʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʃʀʊ. 

ʇʨʠ ʩʦʭʨʘʥʝʥʠʠ ʦʙʱʝʡ ʧʨʘʢʪʠʯʝʩʢʦʡ ʝʤʢʦʩʪʠ, 

ʬʪʦʨʠʨʦʚʘʥʥʳʡ ʆɻʃ-1000 ʧʦʢʘʟʳʚʘʝʪ ʙʦʣʝʝ ʚʳ-

ʩʦʢʦʝ ʥʘʧʨʷʞʝʥʠʝ (å2,4 ɺ) ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ 

ʨʘʟʨʷʜʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʦʟʤʦʞʥʦʝ ʧʨʦʪʝʢʘʥʠʝ ʚ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʢʘ-

ʪʠʦʥʘʤʠ Li+ ʠ ʉïF ʛʨʫʧʧʘʤʠ, ʢʦʣʠʯʝʩʪʚʦ ʢʦʪʦʨʳʭ 

ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʦʙʨʘʟʮʝ ʦʢʘʟʘʣʦʩʴ ʥʝʚʝʣʠʢʦ.  

ɺʓɺʆɼʓ 

ɺ ʨʘʙʦʪʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʧʨʦʠʟʚʦʜʥʳʝ ʛʠʜ-

ʨʦʣʠʟʥʦʛʦ ʣʠʛʥʠʥʘ ʧʦʩʨʝʜʩʪʚʦʤ ʝʛʦ ʪʝʨʤʦʦʙʨʘ-

ʙʦʪʢʠ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ ʧʨʠ 350 ʉ̄, 

600 ʉ̄ ʠ 1000 ʉ̄. ɼʘʥʥʳʝ ʈʌɸ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ 

ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʡ ʛʨʘʬʠʪʠʟʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʧʨʠ 

1000 ʉ̄. ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʂʈ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦ-

ʣʦʞʠʪʴ, ʯʪʦ ʚ ʥʝʤ ʧʨʠʩʫʪʩʪʚʫʶʪ ʩʪʨʫʢʪʫʨʥʳʝ 

ʙʣʦʢʠ ʥʘʥʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ. ɺ ʈʌʕ ʩʧʝʢ-

ʪʨʘʭ C1s ʬʪʦʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʨʝʛʠʩʪʨʠʨʫʶʪ-

ʩʷ ʣʠʥʠʠ ʫʛʣʝʨʦʜʘ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʨʘʟʥʳʤ ʢʦʣʠʯʝ-

ʩʪʚʦʤ ʘʪʦʤʦʚ ʬʪʦʨʘ. ɿʥʘʯʝʥʠʝ ʆʞʝ-ʧʘʨʘʤʝʪʨʘ Ŭǋ 

(1342,3 Ñ 0,1 ʵɺ) ʩʧʝʢʪʨʘ ʬʪʦʨʘ ʣʠʛʥʠʥʘ, ʛʨʘʬʠʪʠ-

ʟʠʨʦʚʘʥʥʦʛʦ ʧʨʠ 1000 ʉ̄, ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʣʫ-

ʠʦʥʥʳʡ ʪʠʧ ʩʚʷʟʠ CïF.  

ʇʦʣʫʯʝʥʳ ʜʘʥʥʳʝ, ʧʦʢʘʟʳʚʘʶʱʠʝ ʧʝʨ-

ʩʧʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʣʝʤʝʥʪʘ Li/ʆɻʃ ʜʣʷ 

ʧʠʪʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʫʩʪʨʦʡʩʪʚ ʤʘʣʦʡ ʤʦʱʥʦʩʪʠ. ɺ 

ʯʘʩʪʥʦʩʪʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʝʤʢʦʩʪʴ ʛʨʘʬʠʪʠʟʠʨʦ-

ʚʘʥʥʦʛʦ ʛʠʜʨʦʣʠʟʥʦʛʦ ʣʠʛʥʠʥʘ ʧʦʩʣʝ ʝʛʦ ʦʙʨʘʙʦʪ-

ʢʠ ʧʨʠ 1000 ʉ̄ ʜʦʩʪʠʛʘʝʪ 560 ʤɸĀʯ/ʛ (ʦʪʥʦʩʠʪʝʣʴ-

ʥʦ Li+/Li), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʝʤʢʦʩʪʴ ʠʩʭʦʜʥʦʛʦ ʦʙ-

ʨʘʟʮʘ ʣʠʰʴ 190 ʤɸĀʯ/ʛ. ʇʨʠ ʵʪʦʤ ʥʘʧʨʷʞʝʥʠʝ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʚʦʟʨʘʩʪʘʝʪ ʜʦ 1,7 ɺ, 

ʵʥʝʨʛʠʷ ʜʦ 950 ɺʪĀʯ/ʢʛ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʃʀʊ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʬʪʦʨʠʨʦʚʘʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʧʦʢʘʟʘʣʦ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʢ ʪʠʧʫ ʬʪʦʨ-ʫʛʣʝʨʦʜʥʦʡ ʩʚʷʟʠ. 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣ-

ʥʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ 

ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʛʨʘʥʪ ˉ 

14-29-04072). ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʧʨʠʟʥʘʪʝʣʴ-

ʥʦʩʪʴ ʩʦʪʨʫʜʥʠʢʘʤ ʀʥʩʪʠʪʫʪʘ ʭʠʤʠʠ ɼɺʆ ʈɸʅ 

ʟʘ ʫʯʘʩʪʠʝ ʚ ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʘ ʠʤʝʥʥʦ 

ʜ.ʬ.-ʤ.ʥ. ɸ.ʖ. ʋʩʪʠʥʦʚʫ, ʢ.ʭ.ʥ. ɺ.ɻ. ʂʫʨʷʚʦʤʫ, 

ʖ.ɺ. ʉʫʰʢʦʚʫ, ʃ.ɸ. ʄʘʪʚʝʝʥʢʦ.  
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COMPARISON OF EFFECTIVENESS OF CARBON NANO- AND MICROFIBERS  

FOR FORMATION OF PHY SICAL -MECHANICAL AND  TRIBOLOTECHNICAL PA RAMETERS 

OF POLYMER COMPOSITE S BASED ON HIGH MOLECUL AR WEIGHT MATRIX  

The mechanical and tribo-technical parameters of composite materials of mix-

tures on the bases of super- molecular polyethylene (SMPE) at conditions of dry friction 

and abrasive wear were studied for comparative estimation of solid- grease properties of 

nano and micro fibers of carbon. It was shown that wear resistance of polymer composi-

tions of SMPE+0.5 weight% the percent of C(nano) increases by a factor 6.6 and for  

SMPE+5 weight% the percent of C(micro) increases by a factor 2.5 at conditions of dry 

friction of slip. At conditions of abrasive wear the resistance of composites mentioned 

above increases by a factor about 2 for both types of fillers. The role of nano and micro 

fibers of carbon is discussed as solid grease in tribo- conjugated polymer compositions 

based on SMPE for application at various conditions of operation. 

Key words: ultrahigh moleculat polyethylene, filer, gtaphite, wear resistance, supramolecular structure 

 

ɺɺɽɼɽʅʀɽ 

ʉʚʝʨʭʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʳʡ ʧʦʣʠʵʪʠʣʝʥ 

(ʉɺʄʇʕ) ʚ ʨʷʜʫ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʦʙʣʘʜʘ-

ʝʪ ʧʨʠʝʤʣʝʤʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʨʦʯʥʦʩʪʠ, ʘ 

ʪʘʢʞʝ ʥʠʟʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʨʝʥʠʷ, ʚʳʩʦʢʦʡ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ ʠ ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʚ 

ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜʘʭ, ʚʳʩʦʢʦʡ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʴʶ, 

ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʦʭʨʫʧʯʠʚʘʥʠʷ. ʕʪʦ ʦʙʝʩʧʝ-

ʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ, ʚʢʣʶʯʘʷ ʵʢʩʪʨʝ-

ʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʵʢʩʧʣʫʘʪʘʮʠʠ: ʥʘʧʨʘʚʣʷʶʱʠʝ 

ʨʫʜʦʩʧʫʩʢʦʚ, ʬʫʪʝʨʦʚʢʠ ʫʛʦʣʴʥʳʭ ʠ ʮʝʤʝʥʪʥʳʭ 

ʚʘʛʦʥʦʚ ʠ ʢʫʟʦʚʦʚ ʢʨʫʧʥʦʪʦʥʥʘʞʥʦʛʦ ʘʚʪʦʪʨʘʥʩ-

ʧʦʨʪʘ, ʫʟʣʳ ʪʨʝʥʠʷ ʤʘʰʠʥ ʤʝʭʘʥʠʟʤʦʚ ʠ ʜʨ. ʇʨʠ-

ʤʝʥʝʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʉɺʄʇʕ ʧʦʟʚʦʣʷʝʪ ʢʨʘʪʥʦ ʧʦʚʳʩʠʪʴ ʠʟʥʦʩʦʩʪʦʡ-
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ʢʦʩʪʴ ʪʷʞʝʣʦ ʥʘʛʨʫʞʝʥʥʳʭ ʠʟʜʝʣʠʡ [1-4]. ɺ ʧʦ-

ʩʣʝʜʥʝʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ [5-10]. ʊʠʧ ʠ 

ʨʘʟʤʝʨ ʥʘʧʦʣʥʠʪʝʣʝʡ ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʙʣʘʩʪʴʶ 

ʧʨʠʤʝʥʝʥʠʷ ʠ ʩʨʝʜʦʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʧʦʟʠʮʠʡ 

(ʚʘʢʫʫʤ, ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʘʷ ʠ ʠʥʝʨʪʥʘʷ ʩʨʝʜʘ, 

ʥʠʟʢʠʝ ʣʠʙʦ ʧʦʚʳʰʝʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ).  

ɼʠʩʧʝʨʩʥʳʡ ʛʨʘʬʠʪ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʚ ʢʘʯʝʩʪʚʝ ʩʤʘʟʢʠ (ʜʦʙʘʚʢʠ ʚ ʤʘʩʣʘ), ʘ ʪʘʢʞʝ ʘʥʪʠ-

ʬʨʠʢʮʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʚ ʰʠʨʦʢʦʤ ʪʝʤʧʝʨʘʪʫʨ-

ʥʦʤ ʨʝʞʠʤʝ (-45 ʜʦ +400 Üʉ). ɹʣʘʛʦʜʘʨʷ ʩʣʦʠʩʪʦʤʫ 

ʩʪʨʦʝʥʠʶ ʨʝʰʝʪʢʠ, ʛʨʘʬʠʪ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʘʜʛʝ-

ʟʠʶ ʢ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʙʳʩʪʨʦ ʬʦʨ-

ʤʠʨʫʷ ʤʠʢʨʦʩʣʦʡ (ʟʘʱʠʪʥʫʶ ʧʣʝʥʢʫ), ʟʘʣʝʯʠʚʘ-

ʶʱʠʡ ʤʠʢʨʦʪʨʝʱʠʥʳ ʠ ʟʘʟʦʨʳ, ʚʳʨʘʚʥʠʚʘʷ ʧʦ-

ʚʝʨʭʥʦʩʪʴ ʪʨʝʥʠʷ [5]. ɼʘʥʥʳʡ ʩʣʦʡ ʠʤʝʝʪ ʚʳʩʦ-

ʢʫʶ ʧʨʦʯʥʦʩʪʴ, ʠ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʪʨʠ-

ʙʦʩʦʧʨʷʞʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚʟʘʠʤʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ 

ʧʣʘʩʪʠʥʦʢ (ʯʝʰʫʝʢ) ʛʨʘʬʠʪʘ, ʪʝʤ ʩʘʤʳʤ ʩʥʠʞʘʝʪʩʷ 

ʪʨʝʥʠʝ ʠ ʠʟʥʘʰʠʚʘʥʠʝ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʠ ʠʟʜʝʣʠʡ.  

ɼʣʷ ʪʨʠʙʦʩʦʧʨʷʞʝʥʠʡ çʤʝʪʘʣʣ ï ʉɺʄʇʕè 

ʛʨʘʬʠʪ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʢʘʢ ʪʚʝʨʜʘʷ ʩʤʘʟ-

ʢʘ ʧʨʠ ʥʝʜʦʩʪʘʪʢʝ ʣʠʙʦ ʚ ʦʪʩʫʪʩʪʚʠʠ ʩʤʘʟʦʯʥʦʡ 

ʩʨʝʜʳ [6]. ʆʪʤʝʪʠʤ, ʯʪʦ ʪʚʝʨʜʘʷ ʩʤʘʟʢʘ ʤʦʞʝʪ 

ʙʳʪʴ ʵʬʬʝʢʪʠʚʥʘ ʧʨʠ ʦʯʝʥʴ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

(ʥʘʧʨʠʤʝʨ, ʢʨʠʦʛʝʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ), ʢʦʛʜʘ ʞʠʜ-

ʢʠʝ ʣʠʙʦ ʧʘʩʪʦʦʙʨʘʟʥʳʝ ʩʤʘʟʢʠ ʥʝ ʚʳʜʝʨʞʠʚʘʶʪ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ.  

ʉ ʮʝʣʴʶ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʥʘʧʦʣʥʠʪʝʣʷ ʠ ʚ ʨʦʣʠ ʪʚʝʨʜʦʡ ʩʤʘʟʢʠ ʠʩʩʣʝʜʦʚʘ-

ʥʳ ʪʨʠʙʦʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠ-

ʪʦʚ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʩ ʫʛʣʝʨʦʜʥʳʤʠ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʚʦʣʦʢʥʘʤʠ ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ ʪʨʝʥʠʷ ʠ ʘʙʨʘ-

ʟʠʚʥʦʛʦ ʠʟʥʘʰʠʚʘʥʠʷ. ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ 

ʘʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦ- ʠ ʤʠʢʨʦ-

ʚʦʣʦʢʦʥ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʪʨʠʙʦʪʝʭʥʠʯʝʩʢʠʭ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ 

ʩʚʝʨʭʚʳʩʦʢʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʣʠʵʪʠʣʝʥʘ. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʉɺʄʇʕ ʬʠʨʤʳ 

Ticona (GUR-2122) ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʦʡ 4,0 ʤʣʥ 

ʠ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ 5-15 ʤʢʤ, ʫʛ-

ʣʝʨʦʜʥʳʝ ʤʠʢʨʦʚʦʣʦʢʥʘ ʩʨʝʜʥʝʡ ʜʣʠʥʦʡ ~65 ʤʢʤ 

(Å 7,5 ʤʢʤ), ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʚʦʣʦʢʥʘ çʊʘʫʥʠʪè 

(Å 10 ʥʤ) ʧʨʦʠʟʚʦʜʩʪʚʘ ʆʆʆ "ʅʘʥʦʊʝʭʎʝʥʪʨ"  

(ʛ. ʊʘʤʙʦʚ). ʆʙʨʘʟʮʳ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʧʦ-

ʣʫʯʘʣʠ ʢʦʤʧʨʝʩʩʠʦʥʥʳʤ ʩʧʝʢʘʥʠʝʤ ʧʨʠ ʜʘʚʣʝʥʠʠ 

10 ʄʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 200 Üʉ ʩʦ ʩʢʦʨʦʩʪʴʶ ʧʦ-

ʩʣʝʜʫʶʱʝʛʦ ʦʭʣʘʞʜʝʥʠʷ 5 Üʉ/ʤʠʥ.  

ʄʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʧʨʝʜʝʣʷʣʠ 

ʧʨʠ ʨʘʟʨʳʚʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝ-

ʩʢʦʡ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ Instron 5582 ʧʨʠ ʨʘʩ-

ʪʷʞʝʥʠʠ ʦʙʨʘʟʮʦʚ ʚ ʬʦʨʤʝ ʜʚʦʡʥʦʡ ʣʦʧʘʪʢʠ ʧʨʠ 

ʢʦʣʠʯʝʩʪʚʝ ʦʙʨʘʟʮʦʚ ʦʜʥʦʛʦ ʪʠʧʘ ʥʝ ʤʝʥʝʝ 5 

(ɻʆʉʊ 11262-80). 

ʀʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʝʞʠʤʝ ʩʫ-

ʭʦʛʦ ʪʨʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʩʭʝʤʝ çʚʘʣ-ʢʦʣʦʜʢʘè 

ʧʨʠ ʥʘʛʨʫʟʢʝ ʥʘ ʧʘʨʫ ʦʙʨʘʟʮʦʚ 160 ʅ ʠ ʩʢʦʨʦʩʪʠ 

ʚʨʘʱʝʥʠʷ ʚʘʣʘ 100 ʦʙ/ʤʠʥ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ASTM 

G99 ʥʘ ʤʘʰʠʥʝ ʪʨʝʥʠʷ ʉʄʊ-1 (ʩʢʦʨʦʩʪʴ ʩʢʦʣʴʞʝ-

ʥʠʷ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʣʷʝʪ 0,32 ʤ/ʩʝʢ). ʈʘʟʤʝʨ ʦʙ-

ʨʘʟʮʦʚ ʨʘʚʥʷʣʩʷ ɺĬʐĬɼ = 7Ĭ7Ĭ10 ʤʤ. ɼʠʘʤʝʪʨ 

ʢʦʥʪʨʪʝʣʘ ʠʟ ʩʪʘʣʠ ʐʍ15 ʩʦʩʪʘʚʣʷʣ 62 ʤʤ. ʇʦ-

ʚʝʨʭʥʦʩʪʠ ʪʨʝʥʠʷ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʠ ʥʘ ʦʧʪʠ-

ʯʝʩʢʦʤ ʧʨʦʬʠʣʦʤʝʪʨʝ Zygo New View 6200. 
ʀʩʧʳʪʘʥʠʷ ʥʘ ʘʙʨʘʟʠʚʥʳʡ ʠʟʥʦʩ ʧʨʦʚʦʜʠ-

ʣʠ ʥʘ ʤʘʰʠʥʝ ʜʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ ʨʝʟʠʥʳ ʥʘ ʠʩʪʠʨʘ-

ʝʤʦʩʪʴ ʄʀ-2 (ɻʆʉʊ 426). ʊʨʠʙʦʪʝʭʥʠʯʝʩʢʠʝ ʠʩ-

ʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʥʘʛʨʫʟʢʝ 0,15 ʄʇʘ ʠ ʩʢʦ-

ʨʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ ʚʘʣʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʘʨʳ ʦʙʨʘʟ-

ʮʦʚ 17,0 ʤ/ʤʠʥ. ʀʩʧʦʣʴʟʦʚʘʣʠ ʯʘʩʪʠʮʳ ʟʘʢʨʝʧʣʝʥ-

ʥʦʛʦ ʘʙʨʘʟʠʚʘ ʈ 240 (ʥʘ ʙʫʤʘʞʥʦʡ ʦʩʥʦʚʝ) ʩ ʨʘʟ-

ʤʝʨʦʤ ʟʝʨʥʘ 58,5 ʤʢʤ.  

ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ 

ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

LEO EVO 50 ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20 ʢɺ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʷʭ ʩʢʦʣʘ ʦʙʨʘʟʮʦʚ ʩ ʥʘʜʨʝʟʦʤ, ʤʝʭʘʥʠʯʝ-

ʩʢʠ ʨʘʟʨʫʰʝʥʥʳʭ ʧʦʩʣʝ ʚʳʜʝʨʞʢʠ ʚ ʞʠʜʢʦʤ ʘʟʦʪʝ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʪʘʙʣ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʩ ʫʛʣʝ-

ʨʦʜʥʳʤʠ ʥʘʥʦ- ʠ ʤʠʢʨʦʚʦʣʦʢʥʘʤʠ. ʇʨʦʯʥʦʩʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʮʠʡ ʩ ʤʠʢʨʦʚʦʣʦʢʥʘʤʠ (ʪʚʝʨ-

ʜʦʩʪʴ, ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ) ʚʦʟʨʘʩʪʘʶʪ ʧʨʠ ʥʘʧʦʣ-

ʥʝʥʠʠ ʤʘʪʨʠʮʳ, ʪʦʛʜʘ ʢʘʢ ʥʘʥʦʚʦʣʦʢʥʘ ʥʝʩʫʱʝ-

ʩʪʚʝʥʥʦ ʠʟʤʝʥʷʶʪ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʉɺʄʇʕ (ůɺ = 32,7 ʧʨʦʪʠʚ 32,3 ʄʇʘ ʧʨʠ ʦʧʪʠʤʘʣʴ-

ʥʦʤ ʩʦʜʝʨʞʘʥʠʠ 0,5 ʤʘʩʩ.% ʥʘʥʦʥʘʧʦʣʥʠʪʝʣʷ). 

ʊʨʠʙʦʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʴ ʠʟʥʦʩʘ, ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ) ʟʥʘʯʠʪʝʣʴ-

ʥʦ ʠʟʤʝʥʷʶʪʩʷ ʧʨʠ ʥʘʧʦʣʥʝʥʠʠ ʉɺʄʇʕ ʥʘʥʦ- ʠ 

ʤʠʢʨʦʚʦʣʦʢʥʘʤʠ ʫʛʣʝʨʦʜʘ. ʂʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ 

ʢʦʤʧʦʟʠʮʠʡ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ ʜʚʫʭ ʨʘʟ (ʪʘʙʣ. 1). ʅʘ 

ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʘʛʨʘʤʤʘ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʠʟʥʘʰʠʚʘʥʠʷ ʧʨʠ ʩʫʭʦʤ ʪʨʝʥʠʠ ʩʢʦʣʴʞʝʥʠʷ ʢʦʤʧʦ-

ʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʩ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦ- ʠ 

ʤʠʢʨʦʚʦʣʦʢʥʘʤʠ. ʀʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʠʟʥʦʩʘ ʉɺʄʇʕ ʫʤʝʥʴʰʘʝʪʩʷ ʚ 6,6 ʨʘʟ ʧʨʠ 

ʩʦʜʝʨʞʘʥʠʠ ʥʘʥʦʚʦʣʦʢʦʥ 0,5 ʤʘʩʩ. %, ʘ ʧʨʠ ʥʘʧʦʣ-

ʥʝʥʠʠ ʤʠʢʨʦʚʦʣʦʢʥʘʤʠ ï ʚ 2,5 ʨʘʟʘ ʧʨʠ ʠʭ ʩʦʜʝʨ-

ʞʘʥʠʠ 5 ʤʘʩʩ. %. ʅʘ ʵʪʦʤ ʦʩʥʦʚʘʥʠʠ ʫʢʘʟʘʥʥʦʝ ʩʦ-

ʜʝʨʞʘʥʠʝ ʥʘʧʦʣʥʠʪʝʣʝʡ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʜʣʷ 

ʜʘʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʩ ʧʦʟʠʮʠʡ 

ʜʦʩʪʠʞʝʥʠʷ ʠʭ ʤʘʢʩʠʤʘʣʴʥʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ. 
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ʊʘʙʣʠʮʘ 1 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʮʠʡ ʉɺʄʇʕ ʩ ʥʘʥʦ 

ʠ ʤʠʢʨʦ ʫʛʣʝʨʦʜʥʳʤʠ ʚʦʣʦʢʥʘʤʠ 

Table 1. Mechanical properties of UHMWPE compo-

sites filled with carbon micro- and nano- fibers 

ʉʦʜʝʨ-

ʞʘʥʠʝ 

ʥʘʧʦʣ-

ʥʠʪʝʣʷ, 

ʤʘʩʩ.% 

ʇʣʦʪ-

ʥʦʩʪʴ r, 

ʛ/ʩʤ3 

ʊʚʝʨ-

ʜʦʩʪʴ ʧʦ 

ʐʦʨʫ D 

ʇʨʝʜʝʣ 

ʧʨʦʯʥʦ-

ʩʪʠ ůɺ, 

ʄʇʘ 

ʋʜʣʠʥʝ-

ʥʠʝ ʜʦ 

ʨʘʟʨʫʰ. 

Ů, % 

ʂʦʵʬ-

ʬʠʮʠʝʥʪ 

ʪʨʝʥʠʷ f 

0 0,934 57,7 32,3 485 0,120 

0,1 0,929 57,6 34,1 426 0,086 

0,3 0,931 57,7 33,2 386 0,075 

0,5 0,933 58 32,7 384 0,071 

1 0,936 57,9 29,9 353 0,086 

3 0,938 58,3 35,7 417 0,079 

5 0,947 58,5 35,3 412 0,061 

10 0,969 58,7 34,8 369 0,061 

20 1,017 60,4 30,9 293 0,088 

 

 
ʈʠʩ. 1. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʥʘʰʠʚʘʥʠʷ (I) ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʜʦʨʦʞʢʠ ʪʨʝʥʠʷ (Ra) ʉɺʄʇʕ (1), ʉɺʄʇʕ+0,1 ʤʘʩʩ. % ʉ 

(ʥʘʥʦ,2), ʉɺʄʇʕ + 0,3 ʤʘʩʩ. % ʉ (ʥʘʥʦ,3), ʉɺʄʇʕ +0,5 ʤʘʩʩ. % ʉ (ʥʘ-

ʥʦ,4), ʉɺʄʇʕ + 1 ʤʘʩʩ. % ʉ (ʥʘʥʦ,5), ʉɺʄʇʕ + 3 ʤʘʩʩ. % ʉ 

(ʤʠʢʨʦ,6), ʉɺʄʇʕ + 5 ʤʘʩʩ. % ʉ (ʤʠʢʨʦ,7), ʉɺʄʇʕ +  

+10 ʤʘʩʩ. % ʉ (ʤʠʢʨʦ,8), ʉɺʄʇʕ + 20 ʤʘʩʩ. % ʉ (ʤʠʢʨʦ,9) ʥʘ 

ʩʪʘʜʠʠ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʠʟʥʦʩʘ ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ ʪʨʝʥʠʷ 

ʩʢʦʣʴʞʝʥʠʷ 

Fig. 1. Wear intensity (I) and surface roughness of a friction track 

(Ra) UHMWPE (1), UHMWPE+0.1 wt. % ʉ (nano-,2), UHMWPE + 

+0.3 wt. % ʉ (nano-, 3), UHMWPE + 0.5 wt. % ʉ (nano-,4), 

UHMWPE + 1 wt. % ʉ (nano-,5), UHMWPE + 3 wt. % ʉ (micro-, 6), 

UHMWPE + 5 wt. % ʉ (micro-, 7), UHMWPE + 10 wt. % ʉ 

(micro-, 8), UHMWPE + 20 wt. % ʉ (micro-, 9) at the state 

steady step of wear under dry sliding friction 

 

ɿʘʚʠʩʠʤʦʩʪʴ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʠʟʥʘʰʠʚʘʥʠʷ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ ʠʜʝʥ-

ʪʠʯʥʘ ʪʘʢʦʚʦʡ ʜʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʥʦʩʘ (ʨʠʩ. 1). 

ʈʠʩ. 2 a-ʠ ʠʣʣʶʩʪʨʠʨʫʶʪ ʧʦʚʝʨʭʥʦʩʪʴ ʠʟʥʘʰʠʚʘ-

ʥʠʷ ʠ ʥʘʜʤʦʣʝʢʫʣʷʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʢʦʤʧʦʟʠʪʦʚ ʩ 

ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʠʢʨʦ- ʠ ʥʘʥʦʚʦʣʦʢʦʥ 

ʫʛʣʝʨʦʜʘ. ɺʠʜʥʦ, ʯʪʦ ʚ ʤʠʢʨʦ- ʠ ʥʘʥʦʢʦʤʧʦʟʠʪʘʭ 

ʉɺʄʇʕ ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʥʘʧʦʣʥʠʪʝ-

ʣʷ ʩʬʦʨʤʠʨʦʚʘʥʘ ʩʬʝʨʦʣʠʪʥʘʷ ʥʘʜʤʦʣʝʢʫʣʷʨʥʘʷ 

ʩʪʨʫʢʪʫʨʘ [10].  

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʘʙʨʘʟʠʚʥʦʝ ʠʟʥʘʰʠ-

ʚʘʥʠʝ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʩ ʥʘʥʦ- ʠ 

ʤʠʢʨʦʚʦʣʦʢʥʘʤʠ. ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʘ ʜʠʘʛʨʘʤʤʘ 

ʘʙʨʘʟʠʚʥʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦ-

ʚʝ ʉɺʄʇʕ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʥʳʭ 

ʤʠʢʨʦ- ʠ ʥʘʥʦʚʦʣʦʢʦʥ. ʀʟ ʨʠʩ. 3 ʩʣʝʜʫʝʪ, ʯʪʦ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʴ ʘʙʨʘʟʠʚʥʦʛʦ ʠʟʥʘʰʠʚʘʥʠʷ ʥʘʥʦ- ʠ 

ʤʠʢʨʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʩ ʫʛʣʝʨʦʜ-

ʥʳʤʠ ʚʦʣʦʢʥʘʤʠ ʙʣʠʟʢʠ: ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʥʘʥʦ-

ʢʦʤʧʦʟʠʪʦʚ ʧʦʚʳʰʘʝʪʩʷ ʧʨʠʤʝʨʥʦ ʚ 1,7 ʨʘʟ ʜʣʷ 

ʚʩʝʭ ʩʦʩʪʘʚʦʚ, ʘ ʚ ʤʠʢʨʦʢʦʤʧʦʟʠʪʘʭ ʧʨʠʤʝʨʥʦ ʚ 2 

ʨʘʟʘ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʵʪʦʤʫ 

ʩʣʫʞʘʪ ʧʨʠʚʝʜʝʥʥʳʝ ʥʘ ʨʠʩ. 4 ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʠʟʥʦʩʘ ʥʘʥʦ- ʠ ʤʠʢʨʦʢʦʤʧʦʟʠʪʦʚ ʥʘ 

ʦʩʥʦʚʝ ʉɺʄʇʕ. 
 

         
          ʘ              ʙ 

    
ʚ             ʛ 

    
            ʜ            ʝ 

    
ʞ             ʠ 

ʈʠʩ. 2. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠʟʥʦʩʘ ʠ ʥʘʜʤʦʣʝʢʫ-

ʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ ʉɺʄʇʕ (a, ʙ), ʉɺʄʇʕ + 0,5 ʤʘʩʩ. % ʉ 

(ʥʘʥʦ, ʚ ʠ ʛ), ʉɺʄʇʕ + 5 ʤʘʩʩ. % C (ʤʠʢʨʦ, ʜ ʠ ʝ), ʉɺʄʇʕ + 

5 ʤʘʩʩ. % C, ʥʘʥʦ + 5 ʤʘʩʩ. % C, ʤʠʢʨʦ (ʞ, ʠ) ʥʘ ʩʪʘʜʠʠ ʫʩʪʘ-

ʥʦʚʠʚʰʝʛʦʩʷ ʠʟʥʦʩʘ ʚ ʨʝʞʠʤʝ ʩʫʭʦʛʦ ʪʨʝʥʠʷ 

Fig. 2. The microimages of wear surfaces and supramolecular 

structure of UHMWPE (a, ʙ), UHMWPE + 0.5 wt. % C nano-

fibers (ʚ, ʛ), UHMWPE + 5 wt. % C microfibers (ʜ, ʝ), 

UHMWPE + 5 wt. % C, nano + 5 wt. % C, micro (ʞ, ʠ) at the 

steady state stage of wear in a mode of dry friction 
 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʦʣʠ ʫʛʣʝʨʦʜʥʳʭ 

ʤʠʢʨʦ- ʠ ʥʘʥʦʚʦʣʦʢʦʥ ʚ ʦʙʝʩʧʝʯʝʥʠʠ ʠʟʥʦʩʦʩʪʦʡ-

ʢʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʚ ʫʩʣʦʚʠʷʭ 

ʩʫʭʦʛʦ ʪʨʝʥʠʷ ʩʢʦʣʴʞʝʥʠʷ ʠ ʧʨʠ ʘʙʨʘʟʠʚʥʦʤ  
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ʈʠʩ. 3. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʥʘʰʠʚʘʥʠʷ (I) ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʜʦʨʦʞʢʠ ʪʨʝʥʠʷ (Ra) ʉɺʄʇʕ (1), ʉɺʄʇʕ+0,1 ʤʘʩʩ. % ʉ 

(ʥʘʥʦ,2), ʉɺʄʇʕ + 0,3 ʤʘʩʩ. % ʉ (ʥʘʥʦ,3), ʉɺʄʇʕ + 0,5 ʤʘʩʩ. 

% ʉ (ʥʘʥʦ,4), ʉɺʄʇʕ + 1 ʤʘʩʩ. % ʉ (ʥʘʥʦ,5), ʉɺʄʇʕ + 3 ʤʘʩʩ. 

% ʉ (ʤʠʢʨʦ,6), ʉɺʄʇʕ + 5 ʤʘʩʩ. % ʉ (ʤʠʢʨʦ,7), ʉɺʄʇʕ + 10 

ʤʘʩʩ. % ʉ (ʤʠʢʨʦ,8), ʉɺʄʇʕ + 20 ʤʘʩʩ. % ʉ (ʤʠʢʨʦ, 9) ʧʨʠ 

ʘʙʨʘʟʠʚʥʦʤ ʠʟʥʘʰʠʚʘʥʠʠ. ʈ 240 

Fig. 3. Wear intensity (I) and surface roughness of a friction track 

(Ra) UHMWPE (1), UHMWPE + 0.1 wt. % C (nano-, 2), 

UHMWPE + 0.3 wt. % C (nano-, 3), UHMWPE + 0.5 wt. % C 

(nano-, 4), UHMWPE + 1 wt. % C (nano-, 5), UHMWPE + 3 wt. 

% C (micro-, 6), UHMWPE + 5 wt. % C (micro-, 7), UHMWPE + 

+10 wt. % C (micro-, 8), UHMWPE + 20 wt. % C (micro-, 9) 

under abrasive wear. P 240 
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ʈʠʩ. 4. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠʟʥʦʩʘ ʧʨʠ ʘʙʨʘʟʠʚ-

ʥʦʤ ʠʟʥʦʩʝ ʉɺʄʇʕ (a), ʉɺʄʇʕ + 0,5 ʤʘʩʩ. % C (ʥʘʥʦ) (ʙ), 

ʉɺʄʇʕ + 5 ʤʘʩʩ. % C (ʤʠʢʨʦ) (ʚ) 

Fig. 4. Micro-images of wear surfaces under abrasive wear: 

UHMWPE (a), UHMWPE + 0.5 wt. % C (nano-, ʙ), UHMWPE + 

+5 wt. % C (micro-, ʚ) 

 

ʠʟʥʘʰʠʚʘʥʠʠ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʚʦ-

ʣʦʢʥʘ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 0,5 ʤʘʩʩ. % ʦʢʘʟʳʚʘʶʪʩʷ ʚ 

2,6 ʨʘʟ ʵʬʬʝʢʪʠʚʥʝʝ ʤʠʢʨʦʚʦʣʦʢʦʥ (ʧʨʠ ʠʭ ʦʧʪʠ-

ʤʘʣʴʥʦʤ ʩʦʜʝʨʞʘʥʠʠ 5 ʤʘʩʩ. %) ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ 

ʪʨʝʥʠʷ ʩʢʦʣʴʞʝʥʠʷ. ʅʘʥʦʚʦʣʦʢʥʘ, ʙʫʜʫʯʠ ʜʠʩʧʝʨ-

ʛʠʨʦʚʘʥʳ ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ, ʧʨʠ ʪʨʠʙʦʥʘ-

ʛʨʫʞʝʥʠʠ ʦʢʘʟʳʚʘʶʪʩʷ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦ ʥʘʛʨʫ-

ʞʝʥʳʤʠ. ʇʝʨʝʜʘʯʘ ʥʘ ʥʠʭ ʤʝʭʘʥʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ 

ʦʪ ʩʪʘʣʴʥʦʛʦ ʚʨʘʱʘʶʱʝʛʦʩʷ ʢʦʥʪʨʪʝʣʘ ʚ ʫʩʣʦʚʠʷʭ 

ʠʭ çʟʘʧʨʝʩʩʦʚʢʠè ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ ʜʦʣʞʥʘ 

ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʠʭ çʦʩʮʠʣʣʷʮʠʝʡè ʚ ʩʣʦʝ ʪʨʠʙʦ-

ʢʦʥʪʘʢʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʤʠʤʦ ʩʢʦʣʴʞʝʥʠʷ ʧʦ 

ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝ, ʥʘʥʦʚʦʣʦʢʥʘ ʤʦʛʫʪ ʚʳʩʪʫ-

ʧʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʧʦʩʪʦʷʥʥʦʡ ʪʚʝʨʜʦʩʤʘʟʦʯʥʦʡ ʩʨʝ-

ʜʳ ʚ ʤʝʪʘʣʣ-ʧʦʣʠʤʝʨʥʦʤ ʩʦʧʨʷʞʝʥʠʠ ʠ, ʪʝʤ ʩʘ-

ʤʳʤ, ʵʬʬʝʢʪʠʚʥʦ ʩʥʠʞʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʥʘʰʠ-

ʚʘʥʠʷ ʧʦʣʠʤʝʨʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʫʟʣʘ ʪʨʝʥʠʷ ʚ 

ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ ʩʢʦʣʴʞʝʥʠʷ.  

ʇʨʠ ʚʚʝʜʝʥʠʠ ʤʠʢʨʦʚʦʣʦʢʦʥ ʚ ʢʦʣʠʯʝʩʪʚʝ 

5 ʤʘʩʩ. % ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʥʠʷ ʚ ʷʚʥʦʤ ʚʠʜʝ 

ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʰʴ ʦʪʜʝʣʴʥʳʝ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʚʦʣʦʢʥʘ (ʨʠʩ. 2, ʜ). ʉ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʘʨʤʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭ-

ʥʦʩʪʥʦʛʦ ʩʣʦʷ (ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ ʤʝ-

ʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ), ʯʪʦ ʪʘʢʞʝ ʜʦʣʞʥʦ ʙʣʘʛʦ-

ʧʨʠʷʪʥʦ ʩʢʘʟʳʚʘʪʴʩʷ ʥʘ ʧʦʚʳʰʝʥʠʠ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ ʠʟʥʘʰʠʚʘʥʠʶ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʦʥʠ ʥʝ ʤʦ-

ʛʫʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʤʘʟʳʚʘʶʱʝʛʦ 

ʵʬʬʝʢʪʘ. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʦʥʠ ʚ ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʦʚʳʰʝʥʠʶ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʠʟʥʘʰʠʚʘʥʠʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʥʦ-

ʚʦʣʦʢʥʘʤʠ. ɺʦʟʤʦʞʥʦ, ʤʠʢʨʦʚʦʣʦʢʥʘ ʦʢʘʟʳʚʘʶʪ-

ʩʷ ʵʬʬʝʢʪʠʚʥʳʤʠ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʪʝʧʣʦʦʪʚʦʜʘ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʥʠʷ. ʆʜʥʘʢʦ ʜʘʥ-

ʥʳʡ ʵʬʬʝʢʪ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ. 

ɺ ʫʩʣʦʚʠʷʭ ʞʝ ʘʙʨʘʟʠʚʥʦʛʦ ʠʟʥʦʩʘ ʠʤʝʝʪ 

ʤʝʩʪʦ ʨʝʟʘʥʠʝ ʤʘʪʨʠʮʳ ʯʘʩʪʠʮʘʤʠ ʟʘʢʨʝʧʣʝʥʥʦʛʦ 

ʘʙʨʘʟʠʚʘ, ʢʦʛʜʘ ʥʘʧʦʣʥʠʪʝʣʴ (ʥʘʥʦ- ʠ ʤʠʢʨʦ) ʥʝ 

ʩʧʦʩʦʙʝʥ ʦʢʘʟʳʚʘʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʝʛʦ ʜʝʩʪʨʫʢ-

ʪʠʚʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʚʩʣʝʜʩʪʚʠʝ ʥʝʩʦʠʟʤʝʨʠʤʦ-

ʩʪʠ ʨʘʟʤʝʨʦʚ ʥʘʧʦʣʥʠʪʝʣʷ ʠ ʟʝʨʥʘ ʘʙʨʘʟʠʚʘ (ʈ 240 ï 

58,5 ʤʢʤ) [7, 9]. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʘʙʨʘʟʠʚʥʘʷ ʠʟ-

ʥʦʩʦʩʪʦʡʢʦʩʪʴ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʳʰʝ ʢʦʤʧʦʟʠʪʦʚ 

ʦʧʨʝʜʝʣʷʝʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ ʘʙʨʘʟʠ-

ʚʘ ʠ ʧʨʦʯʥʦʩʪʴʶ ʩʬʦʨʤʠʨʦʚʘʚʰʝʡʩʷ ʥʘʜʤʦʣʝʢʫ-

ʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ.  

 
ʊʘʙʣʠʮʘ 2 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʮʠʡ ʉɺʄʇʕ ʩ ʥʘʥʦ 

ʠ ʤʠʢʨʦ ʫʛʣʝʨʦʜʥʳʤʠ ʚʦʣʦʢʥʘʤʠ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʩʦʩʪʘʚʘ 

Table 2. Mechanical properties of UHMWPE compo-

sites filled with optimal content of carbon micro- and 

nano- fibers 

ʉʦʜʝʨ-

ʞʘʥʠʝ 

ʥʘʧʦʣ-

ʥʠʪʝʣʷ, 

ʤʘʩʩ. % 

ʇʣʦʪ-

ʥʦʩʪʴ r, 

ʛ/ʩʤ3 

ʊʚʝʨ-

ʜʦʩʪʴ ʧʦ 

ʐʦʨʫ D 

ʇʨʝʜʝʣ 

ʧʨʦʯʥʦ-

ʩʪʠ ůɺ, 

ʄʇʘ 

ʋʜʣʠʥʝ-

ʥʠʝ ʜʦ 

ʨʘʟʨʫʰ. 

Ů, % 

ʂʦʵʬ-

ʬʠʮʠʝʥʪ 

ʪʨʝʥʠʷ f 

0 0,934 57,7 32,3 485 0,120 

0,5 0,933 58 32,7 384 0,071 

5 0,947 58,5 35,3 412 0,061 

0,5+5 0,954 58,6 35,1 402 0,058 
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ɼʣʷ ʦʮʝʥʢʠ ʢʦʥʢʫʨʠʨʫʶʱʝʛʦ ʚʢʣʘʜʘ ʥʘʥʦ- 

ʠ ʤʠʢʨʦʚʦʣʦʢʦʥ ʫʛʣʝʨʦʜʘ ʚ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠ-

ʙʦʪʝʭʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ 

ʉɺʄʇʕ ʠʩʩʣʝʜʦʚʘʥʳ ʩʚʦʡʩʪʚʘ ʪʨʦʡʥʦʛʦ ʢʦʤʧʦ-

ʟʠʪʘ ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʥʘʥʦ- ʠ ʤʠʢʨʦ-

ʚʦʣʦʢʥʘ (ʉɺʄʇʕ+0,5 ʤʘʩʩ. % ʉ, ʥʘʥʦ- ʠ 

ʉɺʄʇʕ+5 ʤʘʩʩ. % ʉ, ʤʠʢʨʦ-). ɺ ʪʘʙʣ. 2 ʜʣʷ ʮʝʣʝʡ 

ʩʨʘʚʥʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʯʠʩʪʦʛʦ ʉɺʄʇʕ, ʘ ʪʘʢʞʝ ʢʦʤʧʦ-

ʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ- ʠ ʪʨʝʭʢʦʤʦʧʦʥʝʥʪʥʦʡ ʩʤʝʩʠ 

ʩ ʦʧʪʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʥʘʧʦʣʥʠʪʝʣʝʡ. ɺʠʜ-

ʥʦ, ʯʪʦ ʪʚʝʨʜʦʩʪʴ, ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʠ ʫʜʣʠʥʝʥʠʝ 

ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʦʩʪʘʶʪʩʷ ʥʘ ʫʨʦʚʥʝ ʜʚʫʭʢʦʤʧʦ-

ʥʝʥʪʥʳʭ ʩʤʝʩʝʡ. ʂʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ f ʩʥʠʟʠʣʩʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ. 

 

 
ʈʠʩ. 5. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʥʘʰʠʚʘʥʠʷ (I) ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʦʨʦʞʢʠ ʪʨʝʥʠʷ (Ra) ʉɺʄʇʕ (1), ʉɺʄʇʕ+ 

0,5 ʤʘʩʩ. % ʉ (ʥʘʥʦ, 2), ʉɺʄʇʕ+5 ʤʘʩʩ. % ʉ (ʤʠʢʨʦ, 3), 

ʉɺʄʇʕ +0,5 ʤʘʩʩ. % ʉ +5 ʤʘʩʩ. % ʉ (ʤʠʢʨʦ, 4) ʥʘ ʩʪʘʜʠʠ 

ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʠʟʥʦʩʘ ʚ ʨʝʞʠʤʝ ʩʫʭʦʛʦ ʪʨʝʥʠʷ 

Fig. 5. Wear intensity (I) and surface roughness of a friction 

tracks (Ra) UHMWPE (1), UHMWPE+0,5 wt. % C (nano-, 2), 

UHMWPE +5 wt. % C (micro-, 3), UHMWPE+0,5 wt. % C+ 

5 wt. % C (micro-, 4) at the steady state stage of wear in a mode 

of dry friction 
 

ɼʘʥʥʳʝ ʦʙ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʥʘʰʠʚʘʥʠʷ 

ʪʨʦʡʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʥʘ ʨʠʩ. 5 (ʩʪʦʣʙʝʮ 4). ɺʠʜʥʦ, ʯʪʦ ʠʟʥʦʩʦ-

ʩʪʦʡʢʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ ʪʨʝʭʢʦʤʧʦʥʝʥʪʥʦʡ 

ʩʤʝʩʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʪʘʢʦʚʫʶ ʜʣʷ 

ʜʚʦʡʥʦʛʦ ʤʠʢʨʦʢʦʤʧʦʟʠʪʘ (ʩʪʦʣʙʝʮ 3), ʥʦ ʥʠʞʝ 

ʯʝʤ ʜʣʷ ʥʘʥʦʢʦʤʧʦʟʠʪʘ (ʩʪʦʣʙʝʮ 2), ʪ.ʝ. ʘʜʜʠʪʠʚ-

ʥʦʛʦ ʵʬʬʝʢʪʘ ʦʪ ʩʤʝʰʝʥʠʡ ʨʘʟʥʦʤʘʩʰʪʘʙʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʥʝ ʧʨʦʠʩʭʦʜʠʪ.ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲ-

ʷʩʥʝʥʦ ʪʝʤ, ʯʪʦ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʚʦʣʦʢʦʥ ʢʘʢ ʧʦʩʪʦʷʥʥʦʡ ʪʚʝʨʜʦʡ ʩʤʘʟʢʠ ʚ 

çʤʝʪʘʣʣ-ʧʦʣʠʤʝʨʥʳʭè ʪʨʠʙʦʩʦʧʨʷʞʝʥʠʷʭ ʚ ʦʧʨʝ-

ʜʝʣʝʥʥʦʡ ʩʪʝʧʝʥʠ ʥʠʚʝʣʠʨʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʚ ʧʦʣʠ-

ʤʝʨʥʦʡ ʤʘʪʨʠʮʝ ʤʠʢʨʦʚʦʣʦʢʦʥ, ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ 

ʨʘʚʥʦʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʧʝʨʚʳʭ ʠ ʠʭ ʨʦʣʠ ʚ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʠ ʥʘʛʨʫʟʢʠ ʦʪ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪ-

ʨʠʮʳ ʢ ʥʘʧʦʣʥʠʪʝʣʶ (ʨʠʩ. 2, ʞ, ʠ). 

ɺʓɺʆɼʓ 

ʂʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʩʚʝʨʭʚʳʩʦʢʦʤʦʣʝʢʫ-

ʣʷʨʥʦʛʦ ʧʦʣʠʵʪʠʣʝʥʘ ʩ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʚʦʣʦʢ-

ʥʘʤʠ ʵʬʬʝʢʪʠʚʥʳ ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ ʪʨʝʥʠʷ 

ʩʢʦʣʴʞʝʥʠʷ ʤʝʪʘʣʣ-ʧʦʣʠʤʝʨʥʳʭ ʪʨʠʙʦʩʦʧʨʷʞʝ-

ʥʠʡ, ʧʦʚʳʰʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʉɺʄʇʕ ʜʦ 6,6 

ʨʘʟʘ. ʋʛʣʝʨʦʜʥʳʝ ʤʠʢʨʦʚʦʣʦʢʥʘ ʧʦʚʳʰʘʶʪ ʧʨʦʯ-

ʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʉɺʄʇʕ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ 

ʧʦʚʳʰʝʥʠʠ ʝʛʦ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʥʝ ʙʦʣʝʝ, ʯʝʤ ʚ 

2,5 ʨʘʟʘ. 

ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦ- ʠ ʤʠʢʨʦʚʦʣʦʢʥʘ ʚʳʧʦʣ-

ʥʷʶʪ ʨʦʣʴ ʪʚʝʨʜʦʡ ʩʤʘʟʢʠ ʧʨʠ ʪʨʠʙʦʩʦʧʨʷʞʝʥʠʠ 

ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʉɺʄʇʕ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʚr ʩʦʢʫʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʦʚ ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ (ʥʘʧʨʠʤʝʨ, 

ʥʠʟʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʘʛʨʝʩʩʠʚʥʳʝ ʩʨʝʜʳ ʠ ʧʨ.). 

ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʘʜʛʝʟʠʠ ʤʝʞʜʫ ʥʘʧʦʣʥʠʪʝ-

ʣʝʤ ʠ ʉɺʄʇʕ-ʤʘʪʨʠʮʝʡ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʤʠʢʨʦ 

(ʉɺʄʇʕ+5,0 ʤʘʩʩ.% ʋʄɺ) ʠ ʥʘʥʦʢʦʤʧʦʟʠʪʳ 

(ʉɺʄʇʕ+0,5 ʤʘʩʩ.% ʋʅɺ) ʩ ʧʦʚʳʰʝʥʥʦʡ ʠʟʥʦ-

ʩʦʩʪʦʡʢʦʩʪʴʶ ʜʣʷ ʨʘʙʦʪʳ ʫʟʣʦʚ ʪʨʝʥʠʷ ʚ ʦʪʩʫʪ-

ʩʪʚʠʠ ʩʤʘʟʦʯʥʦʡ ʩʨʝʜʳ. 
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OPTIMIZATION OF STRU CTURE OF CARBON-CARBON COMPOSITE MATERIA LS FOR 

IMPROVING OXIDATIVE RESISTANCE FOR USE IN HIGH -TEMPERATURE D ESIGNS 

Constructional graphite including carbon-carbon composite materials has developed bulk 

porous structure, which renders a significant impact on all physical-mechanical, thermal and 

chemical properties of parts of them. At the oxidation of carbon materials it defines the influence 

of activity of oxidizing agent (oxygen, carbon dioxide or water vapor), temperature process condi-

tions and the development of a real surface of burning. So in the process of oxidation of ʉʉʉM 

samples at keeping fairly constant of external geometry up to the oxidation rate (up to ~ 30% of 

weight loss) the increase in current rate of mass loss by a factor of 1.5 order of magnitude is usu-

ally pointed out. This is a result of the internal porous reacting and development of heterogene-

ous surface of oxidation. Such a significant change in the oxidation rate is commensurate with 

the influence of oxidation temperature change of process on 70é 150 ʉ̄. In this work for a 

number of industrial ʉʉʉM the limiting the absolute rate of oxidation of carbon material was 

considered taking into account the structure of the pore space. 

Key words: structural graphite, carbon-carbon composite materials (ʩʩʩʤ), oxidation rate, pore size 

distribution, their radii, diffusion coefficient, real burning surface, nominal burning surface 

 

ɺɺɽɼɽʅʀɽ 

ʉʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ ʋʋʂʄ ʪʨʝʭʤʝʨʥʦʡ 

ʩʭʝʤʳ ʘʨʤʠʨʦʚʘʥʠʷ ʧʦʩʣʝ ʯʘʩʪʠʯʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʚ 

ʩʢʦʨʦʩʪʥʦʤ ʚʦʟʜʫʰʥʦʤ ʧʦʪʦʢʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 1. ʆʙʱʘʷ ʧʦʪʝʨʷ ʤʘʩʩʳ ʦʙʨʘʟʮʦʤ ʩʦʩʪʘʚʣʷʣʘ 

ʥʝ ʙʦʣʝʝ 5% ʠ ʧʦʵʪʦʤʫ ʝʛʦ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʩʪʘʚʠ-

ʪʝʣʴʥʘ ʠ ʜʣʷ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ.  

çʊʦʤʦʛʨʘʬʠʯʝʩʢʠʡ ʩʨʝʟè ʠʣʣʶʩʪʨʠʨʫʝʪ 

ʩʦʩʪʦʷʥʠʝ ʚʥʫʪʨʝʥʥʝʛʦ ʦʙʲʝʤʘ ʙʝʟ ʨʘʟʨʫʰʝʥʠʷ 

ʦʙʨʘʟʮʘ. ɺʥʝʰʥʷʷ ʧʦʜʚʝʪʨʝʥʥʘʷ ʯʘʩʪʴ ʦʙʨʘʟʮʘ 

ʠʤʝʣʘ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ. ɺ ʧʦʣʝ ʨʠʩʫʥʢʘ ʤʦʞʥʦ 

ʚʠʜʝʪʴ ʦʙʚʦʜ ʩʬʝʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (1). 

ɺʥʝʰʥʠʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʦʙʚʦʜ (2) ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʢʦʥʪʫʨ ʥʦʤʠʥʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʠʷ. 

ʂʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʘʨʤʠʨʦʚʘʥ ʩʪʝʨʞʥʷʤʠ 

(3) ʢʘʞʜʳʡ ʜʠʘʤʝʪʨʦʤ ~1,2 ʤʤ. ʉʪʝʨʞʝʥʴ ʠʟ 

15000 ʬʠʣʘʤʝʥʪʦʚ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ (ʢʘʞʜʳʡ 

ʜʠʘʤʝʪʨʦʤ ~8 ʤʢʤ) ʠ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʳ (ʢʦʢʩ 

ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ ʧʝʢʘ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜ- 

 

ʈʠʩ. 1. ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʩʪʨʫʢʪʫʨʳ ʪʨʸʭʤʝʨ-

ʥʦ ʘʨʤʠʨʦʚʘʥʥʦʛʦ ʋʋʂʄ. ʊʦʣʱʠʥʘ ʩʪʝʨʞʥʷ å 1.2 ʤʤ 

Fig. 1. X-ray three dimensional structure of UUKM reinforced 

fibres. Rod thickness is 1.2 mm 
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ʥʦʤʝʨʥʦ ʘʨʤʠʨʦʚʘʥʥʳʡ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʡ ʢʦʤ-

ʧʦʟʠʪ. ɺ ʧʦʣʝ ʥʘʙʣʶʜʝʥʠʷ ʤʦʞʥʦ ʚʠʜʝʪʴ ʨʘʟʥʦ-

ʚʠʜʥʳʝ ʧʦʨʳ (4). ʅʘʠʙʦʣʝʝ ʢʨʫʧʥʳʝ (5) ʨʘʟʤʝʱʝ-

ʥʳ ʚ ʤʝʞʜʫʩʪʝʨʞʥʝʚʳʭ ʦʙʲʝʤʘʭ ʠ ʷʚʣʷʶʪʩʷ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʤʠ ʜʝʬʝʢʪʘʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʠʩʭʦʜʥʦʛʦ 

ʧʝʢʘ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʳ. ʇʦ-

ʨʳ ʩʨʝʜʥʠʭ ʨʘʟʤʝʨʦʚ (6), ʠʤʝʶʱʠʝ ʥʝʢʦʝ ʩʠʩʪʝ-

ʤʘʪʠʯʝʩʢʦʝ ʯʝʨʝʜʦʚʘʥʠʝ ʨʘʟʤʝʱʝʥʠʷ ʥʘʭʦʜʷʪʩʷ ʚ 

ʤʝʞʜʫʩʪʝʨʞʥʝʚʦʤ ʦʙʲʝʤʝ, ʟʘʥʠʤʘʝʤʦʤ ʫʛʣʝʨʦʜ-

ʥʦʡ ʤʘʪʨʠʮʝʡ. ʅʘ ʚʥʝʰʥʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʩʪʝʨʞ-

ʥʝʡ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʩʨʝʟʘ ʧʨʦʪʷʥʫʣʠʩʴ ʢʘʧʠʣʣʷʨʥʳʝ 

ʧʦʨʳ (7), ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨ-

ʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ. ʇʦʨʳ ʚ ʤʝʞʜʫ-

ʬʠʣʘʤʝʥʪʥʳʭ ʦʙʲʝʤʘʭ ʧʨʠ ʥʘʩʪʦʷʱʝʤ ʫʚʝʣʠʯʝʥʠʠ 

ʥʝ ʚʠʜʥʳ. ɺ ʠʪʦʛʝ ʤʦʞʥʦ ʩʯʠʪʘʪʴ, ʯʪʦ ʪʨʘʥʩʧʦʨʪ-

ʥʳʤʠ ʧʦʨʘʤʠ, ʧʦ ʢʦʪʦʨʳʤ ʦʢʠʩʣʠʪʝʣʴ ʤʦʞʝʪ ʜʦ-

ʩʪʘʚʣʷʪʴʩʷ ʚ ʦʙʲʝʤ ʤʘʪʝʨʠʘʣʘ, ʷʚʣʷʶʪʩʷ ʧʦʨʦʚʘʷ 

ʢʘʧʠʣʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ (7), ʩʦʩʪʦʷʱʘʷ ʠʟ ʚʟʘʠʤʥʦ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʢʘʥʘʣʦʚ ʨʘʟʤʝʨʦʤ ʦʪ 10 ʜʦ 20 

ʤʢʤ. ʀʭ ʧʦʚʝʨʭʥʦʩʪʴ (Fʜʦʩʪʫʧʥʳʭ ʧʦʨ) ʤʦʞʝʪ ʙʳʪʴ 

ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʚʝʣʠʯʠʥʳ ʥʦʤʠʥʘʣʴʥʦʡ 

ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ (FO).  

ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʨʷʜʘ ʪʝʭʥʠʯʝʩʢʠʭ ʢʦʥ-

ʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʨʪʫʪʥʦʡ ʧʦ-

ʨʦʤʝʪʨʠʠʠ [1]. ʄʦʞʥʦ ʦʪʤʝʪʠʪʴ ʙʦʣʝʝ ʫʟʢʦʝ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʝ ʧʦʨ ʧʦ ʨʘʟʤʝʨʘʤ ʠʭ ʨʘʜʠʫʩʦʚ ʜʣʷ ʢʦʥ-

ʩʪʨʫʢʮʠʦʥʥʳʭ ʛʨʘʬʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʰʢʦʦʙʨʘʟ-

ʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ. ʈʘʟʤʝʨʳ ʧʦʨ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʯʘ-

ʩʪʠʮ ʥʘʧʦʣʥʠʪʝʣʷ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ 

ʫʧʘʢʦʚʢʠ ʯʘʩʪʠʮ ʤʘʢʩʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʧʦʨ ʦʧʨʝ-

ʜʝʣʷʝʪʩʷ ʧʨʠʤʝʨʥʦ ʜʝʩʷʪʦʡ ʜʦʣʝʡ ʨʘʟʤʝʨʘ ʯʘʩʪʠ-

ʮʳ. ɼʣʷ ʤʝʣʢʦʟʝʨʥʠʩʪʦʛʦ ʛʨʘʬʠʪʘ ʪʠʧʘ ʄʇɻ ʩʦ 

ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʥʘʧʦʣʥʠʪʝʣʷ å40Ŀ10-6 ʤ 

ʵʪʦ ~12Ŀ10-6 ʤ.  

ʋʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʝ ʢʦʤʧʦʟʠʪʳ ʘʨʤʠʨʫ-

ʶʪʩʷ ʥʠʪʷʤʠ ʠ ʧʨʷʜʷʤʠ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ, ʦʙʲ-

ʝʜʠʥʝʥʥʤʠ ʚ ʩʪʝʨʞʥʠ, ʚʥʫʪʨʠ ʢʦʪʦʨʳʭ, ʢʘʢ ʧʦʢʘ-

ʟʘʥʦ ʥʘ ʨʠʩ. 1, ʨʘʟʤʝʱʝʥʳ ʧʦʨʳ. ʇʨʠ ʛʝʢʩʘʛʦʥʘʣʴ-

ʥʦʡ ʫʧʘʢʦʚʢʝ ʘʨʤʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʧʦʨʳ ʤʦʛʫʪ 

ʠʤʝʪʴ ʰʠʨʦʢʠʡ ʠʥʪʝʨʚʘʣ ʟʥʘʯʝʥʠʡ ʦʪ ʜʝʩʷʪʦʡ ʜʦ-

ʣʠ ʬʠʣʘʤʝʥʪʘ (~0,8 ʤʢʤ) ʜʦ ʜʝʩʷʪʦʡ ʜʦʣʠ ʧʨʷʜʠ 

ʠʣʠ ʞʛʫʪʘ (~120 ʤʢʤ). ʌʦʨʤʠʨʦʚʘʥʠʝ ʫʛʣʝʨʦʜʥʦʡ 

ʤʘʪʨʠʮʳ ʚ ʫʛʣʝʨʦʜʥʳʭ ʪʝʭʥʦʣʦʛʠʷʭ ʦʩʫʱʝʩʪʚʣʷ-

ʝʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʞʠʜʢʠʭ ʠʣʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʤʦ-

ʣʝʢʫʣʷʨʥʳʭ ʧʨʦʜʫʢʪʦʚ, ʠ ʧʦʵʪʦʤʫ ʤʠʥʠʤʘʣʴʥʳʝ 

ʨʘʟʤʝʨʳ ʧʦʨ ʥʝ ʠʤʝʶʪ ʬʠʟʠʯʝʩʢʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ.  
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ʈʠʩ. 2. ʀʥʪʝʛʨʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʙʲʸʤʘ ʧʦʨ ʧʦ ʨʘʟʤʝʨʘʤ ʠʭ ʜʠʘʤʝʪʨʦʚ ʜʣʷ ʦʙʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ: 

ʪʨʸʭʤʝʨʥʦ ʘʨʤʠʨʦʚʘʥʥʳʡ ʋʋʂʄ çɼʝʩʥʘ ʊ-1è ʩ ʫʨʦʚʥʝʤ ʢʘʞʫʱʝʡʩʷ ʧʣʦʪʥʦʩʪʠ, ʛ/ʩʤ3 1 ï 1,15; 2 ï 1,39; 3 ï 1,60; 4 ï 1,74;  

5 ï 1,84; 6 ï 1,93; 7 - ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʡ ʛʨʘʬʠʪ (ʧʣʦʪʥʦʩʪʴ 1,76 ʛ/ʩʤ3); 8 ï ʪʦ ʞʝ ʧʦʩʣʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʦʧʠʪʢʠ ʧʝ-

ʢʦʤ ʠ ʢʘʨʙʦʥʠʟʘʮʠʠ; 9 ï ʧʨʷʜʠ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ɺʄʅ-4 (ʠʩʪʠʥʥʘʷ ʧʣʦʪʥʦʩʪʴ 1,8 ʛ/ʩʤ3, ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʙʦʪʢʠ 2900 Üʉ);  

10 ï ʪʦ ʞʝ (ʠʩʪʠʥʥʘʷ ʧʣʦʪʥʦʩʪʴ 1,76 ʛ/ʩʤ3, ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʙʦʪʢʠ 800 Üʉ); 11 ï ʣʝʛʢʦʚʝʩʥʳʡ ʋʋʂʄ (ʧʣʦʪʥʦʩʪʴ 0,25 ʛ/ʩʤ3);  

12 ï ʜʚʫʤʝʨʥʦ ʘʨʤʠʨʦʚʘʥʥʳʡ ʋʋʂʄ çʂʋʇ-ɺʄ-ʇʋè (ʧʣʦʪʥʦʩʪʴ 1,35 ʛ/ʩʤ3) 

Fig. 2. Integral dependences of the distribution of pores volume on size of their diameters for samples of carbon materials: three dimensional 

fiber reinforced with ʉʉʉM çDesna t-1è with the level of apparent density, g/cm3 1-1.15; 2-1.39; 3-1.60; 4-1.74; 5-1.84; 6-1.93;  

7-structural graphite (density is 1.76 g/cm3); 8-the same after an additional impregnation process with Peck and carbonation; 9-carbon fiber 

strands VMN-4 (apparent density is 1.8 g/cm3, processing temperature is 2900 ÁC); 10-the same (true density is 1.76 g/cm3, processing tem-

perature is 800Á c); 11-ʉʉʉM lightweight (density is 0.25 g/cm3); 12-two dimensional reinforced "ʂUʈ-VM-PUè (density is 1.35 g/cm3) 
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ɼʣʷ ʛʝʪʝʨʦʛʝʥʥʦʡ ʨʝʘʢʮʠʠ ʩ ʛʘʟʦʚʳʤʠ ʩʨʝ-

ʜʘʤʠ ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʚ ʧʨʦʮʝʩʩʝ ʪʨʘʥʩʧʦʨʪʘ 

ʦʢʠʩʣʠʪʝʣʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʛʠʨʦʚʘʥʠʷ ʠʤʝʝʪ 

ʟʥʘʯʝʥʠʝ ʚʝʣʠʯʠʥʘ ʢʨʠʪʝʨʠʷ ʂʥʫʜʩʝʥʘ. ʇʨʠʚʝʜʝʥ-

ʥʳʝ ʠʥʪʝʨʚʘʣʳ ʟʥʘʯʝʥʠʡ ʨʘʟʤʝʨʦʚ ʧʦʨ ʩʦʠʟʤʝʨʠ-

ʤʳ ʩ ʜʣʠʥʘʤʠ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʤʦʣʝʢʫʣ ʪʨʘʜʠ-

ʮʠʦʥʥʳʭ ʦʢʠʩʣʷʶʱʠʭ ʘʛʝʥʪʦʚ (ʆ2, ʉʆ2 ʠ ʅ2ʆ). ɺ 

ʜʠʘʧʘʟʦʥʝ ʩʨʝʜʥʠʭ ʧʦ ʨʘʟʤʝʨʫ ʧʦʨ ʯʠʩʣʦ ʂʥʫʜʩʝ-

ʥʘ ʩʦʠʟʤʝʨʠʤʦ ʩ ʜʣʠʥʦʡ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʤʦ-

ʣʝʢʫʣ ʛʘʟʘ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʚʦʟʜʫʭʘ ʧʨʠ 773 ʂ ʠ 

ʜʘʚʣʝʥʠʠ 0,1 ʄʇʘ ~7Ŀ10-8 ʤ. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʜʘʚʣʝʥʠʷ ʩʨʝʜʳ ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ. ʇʦʵʪʦʤʫ ʤʦʞʥʦ ʦʞʠʜʘʪʴ 

ʜʠʬʬʫʟʠʦʥʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʦʮʝʩʩʘ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʷ ʠ ʢʘʯʝʩʪʚʝʥʥʳʝ ʧʝʨʝʭʦʜʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ.  

ɼʣʷ ʦʧʠʩʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʦʡ ʢʠʥʝʪʠʢʠ 

ʦʢʠʩʣʝʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʦʙʱʝʤ ʚʠʜʝ 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʚʳʨʘʞʝʥʠʝ ɸʨʨʝʥʠʫʩʘ. ɺ 

ʵʪʦʤ ʚʳʨʘʞʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʴ ʛʦʨʝʥʠʷ ʪʚʝʨʜʦʛʦ 

ʚʢʣʶʯʘʝʪ ʥʦʤʠʥʘʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʜʝʪʘʣʠ ʠ ʧʦ-

ʚʝʨʭʥʦʩʪʴ ʧʦʨ, ʜʦʩʪʫʧʥʫʶ ʧʦʪʦʢʫ ʦʢʠʩʣʠʪʝʣʷ. 

ä += ;ʦʨʜʦʩʪʫʧʥʳʭʧO FFF
      (1) 

Fʆ ï ʥʦʤʠʥʘʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʜʝʪʘʣʠ ʩʦ ʩʪʦʨʦʥʳ 

ʧʦʪʦʢʘ ʦʢʠʩʣʠʪʝʣʷ, ʤ2; Fʜʦʩʪʫʧʥʳʭ ʧʦʨ ï ʜʦʩʪʫʧʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʚ ʤ2 ʚ ʦʙʲʝʤʝ ʧʦʨʦʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ 

ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ʉ ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʠʢʠ ɸʆ çʅʀʀʛʨʘ-

ʬʠʪè (ʄʀ 00200851-330-2010) ʦʧʨʝʜʝʣʷʣʠ ʩʢʦ-

ʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʚ ʪʦʢʝ ʢʠʩʣʦʨʦʜʘ ʚʦʟʜʫʭʘ ʠ ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ ʚ 

ʧʨʦʪʦʯʥʦʡ ʫʩʪʘʥʦʚʢʝ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ. 

ʉʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʦʢʠʩʣʠʪʝʣʷ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ ʢʚʘʨ-

ʮʝʚʦʛʦ ʨʝʘʢʪʦʨʘ ~10 ʤ/ʩ. ʂʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʤʘʩ-

ʩʦʦʙʤʝʥʘ ʜʣʷ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʡ ʨʝʢʦʤʝʥʜʫʝʪ-

ʩʷ ʧʨʠʥʠʤʘʪʴ ~0,12 ʢʛ/ʤ2Ŀʩ [2]. ʉʢʦʨʦʩʪʴ ʦʢʠʩʣʝ-

ʥʠʷ ʦʮʝʥʠʚʘʣʠ ʧʦ ʧʦʪʝʨʝ ʤʘʩʩʳ ʚ ʨʘʟʤʝʨʥʦʩʪʠ 

(ʛ/ʛĿʩ). ʀʟʤʝʥʝʥʠʝ ʤʘʩʩʳ ʦʧʨʝʜʝʣʷʣʠ ʚʟʚʝʰʠʚʘʥʠ-

ʝʤ ʥʘʚʝʩʢʠ ʚ ʬʦʨʤʝ ʢʨʫʧʢʠ ʯʘʩʪʠʮ ʙʘʟʦʚʳʭ ʨʘʟʤʝ-

ʨʦʚ 3Ĭ3Ĭ3 ʤʤ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ 0,001 ʛ. ʆʙʱʘʷ 

ʤʘʩʩʘ ʥʘʚʝʩʢʠ ʩʦʩʪʘʚʣʷʣʘ ~1 ʛ. ʇʨʦʚʝʜʝʥʦ ʪʘʢʞʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʦʚ ʠʩʧʳʪʫʝʤʦʛʦ ʦʙ-

ʨʘʟʮʘ ʥʘ ʤʘʩʩʦʚʫʶ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ.  

ʂʦʥʪʨʦʣʴ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʝʘʢʪʦʨʝ ʧʨʦʚʦ-

ʜʠʣʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʝʨʤʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩ ʧʦ-

ʛʨʝʰʥʦʩʪʴʶ Ñ7 Üʉ. ʄʘʩʩʘ ʠʩʩʣʝʜʫʝʤʦʡ ʥʘʚʝʩʢʠ ʩʦ-

ʩʪʘʚʣʷʣʘ ʤʘʣʫʶ ʯʘʩʪʴ ʚʩʝʛʦ ʨʝʘʢʪʦʨʘ, ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʦʜʥʦʛʦ ʦʧʳʪʘ ʩʦʩʪʘʚʣʷʣʘ ʜʦ 2 ʯ, ʧʦʵʪʦʤʫ ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʩʦ-

ʦʪʚʝʪʩʪʚʫʝʪ ʨʝʛʠʩʪʨʠʨʫʝʤʦʡ ʪʝʨʤʦʧʨʝʦʙʨʘʟʦʚʘʪʝ-

ʣʝʤ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ, ʥʝ ʙʦʣʴʰʝʡ ʧʦʛʨʝʰʥʦʩʪʠ 

ʢʦʤʧʣʝʢʩʘ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ~7%.  

ʀʩʩʣʝʜʫʝʤʳʝ ʤʘʪʝʨʠʘʣ  r

ʋʛʣʝʨʦʜʥʳʝ ʧʨʷʜʠ ʠʟ ʚʳʩʦʢʦʤʦʜʫʣʴʥʳʭ 

ʚʦʣʦʢʦʥ ʠʟ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʘ ʋʂʅ-5000, ɺʄʅ-4 

ʠʤʝʶʪ ʧʨʝʜʝʣʴʥʫʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ 

ʦʙʨʘʙʦʪʢʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ~1600 ʠ ~2400 Üʉ. ʕʪʠ 

ʚʦʣʦʢʥʘ ʷʚʣʷʶʪʩʷ ʘʨʤʠʨʫʶʱʠʤʠ ʥʘʧʦʣʥʠʪʝʣʷʤʠ 

ʜʣʷ ʤʘʪʝʨʠʘʣʦʚ ʊʂʄ [3], ʂʄ-ɺʄ-4ɼ ʠ çɼʝʩʥʘ ʊ-1è 

[4, 5]. ʇʨʦʤʳʰʣʝʥʥʦ ʚʳʧʫʩʢʘʝʤʳʝ ʦʙʲʝʤʥʦ ʘʨʤʠ-

ʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʂʄ-ɺʄ-4ɼ (ʯʝʪʳʨʝʭʤʝʨʥʦʛʦ ʘʨʤʠʨʦ-

ʚʘʥʠʷ), çɼʝʩʥʘ ʊ-1è (ʪʨʝʭʤʝʨʥʦʛʦ ʘʨʤʠʨʦʚʘʥʠʷ) 

ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʳ ʠʤʝʶʪ 

ʧʨʝʜʝʣʴʥʫʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʦʙʨʘ-

ʙʦʪʢʠ 2170 Üʉ. ʋʨʦʚʝʥʴ ʢʘʞʫʱʝʡʩʷ ʧʣʦʪʥʦʩʪʠ ʜʣʷ 

ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʫʩʪʘʥʦʚʣʝʥ ï ʥʝ ʤʝʥʝʝ 1,9 ʛ/ʩʤ3. 

ʂʦʥʩʪʨʫʢʮʠʦʥʥʳʡ ʤʝʣʢʦʟʝʨʥʠʩʪʳʡ ʛʨʘʬʠʪ ʄʇɻ-7 

[6] ʠʤʝʝʪ ʧʨʝʜʝʣʴʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʦʙʨʘʙʦʪʢʠ 

~2600 Üʉ. ʀʟ ʛʨʫʧʧʳ ʧʠʨʦʣʠʪʠʯʝʩʢʠʭ ʛʨʘʬʠʪʦʚ 

ʠʩʧʳʪʘʥʳ ʫʛʣʝʨʦʜ ʧʠʨʦʣʠʪʠʯʝʩʢʠʡ ʚʳʩʦʢʦʪʝʤʧʝ-

ʨʘʪʫʨʥʳʡ ï ʋʇɺ-1 [6] ʩ ʧʨʝʜʝʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʦʙʨʘʙʦʪʢʠ ~2200 Üʉ ʠ ʠʟʦ-

ʪʨʦʧʥʳʡ ʧʠʨʦʛʨʘʬʠʪ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʣʫʯʝʥʠʷ 

~1300 Üʉ. ʆʙʘ ʚʠʜʘ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʠʟ 

ʩʦʚʦʢʫʧʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤʝʶʪ ʤʘʢ-

ʩʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʢʘʞʫʱʝʡʩʷ ʧʣʦʪʥʦʩʪʠ ï ʥʝ 

ʤʝʥʝʝ 2,18 ʛ/ʩʤ3.  

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʠʩʧʳʪʘʥʳ ʜʚʘ ʪʠʧʘ ʣʝʛʢʦ-

ʚʝʩʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʪʝʧʣʦʠʟʦʣʷʮʠʦʥʥʦʛʦ ʥʘʟʥʘʯʝ-

ʥʠʷ ʊʂʄ-0,25 (ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʦʛʦ 

ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ) ʠ ʫʛʣʝʨʦʜʥʳʡ ʚʦʡʣʦʢ ʠʟ ʫʛ-

ʣʝʨʦʜʥʦʛʦ ʚʠʩʢʦʟʥʦʛʦ ʚʦʣʦʢʥʘ. ʂʘʞʫʱʘʷʩʷ ʧʣʦʪ-

ʥʦʩʪʴ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʙʦʣʝʝ 0,25 ʛ/ʩʤ3.  

ʀʩʩʣʝʜʦʚʘʣʠ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʦʢʠʩ-

ʣʝʥʠʷ ʦʪ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʦʚ. 

ʏʘʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠʚʝʜʝʥʘ ʚ ʪʘʙʣ. 1.  

ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʤʘʣʦ ʠʟʤʝʥʯʠʚʘ ʚ ʧʨʝʜʝʣʘʭ ʦʜʥʦʛʦ ʧʦ-

ʨʷʜʢʘ ʚʝʣʠʯʠʥ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣ. 1, ʧʨʠ ʠʟʤʝʥʝ-

ʥʠʠ ʢʨʫʧʥʦʩʪʠ ʯʘʩʪʠʮ ʚ 3,3 ʨʘʟʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʤʝʥʷʝʪʩʷ ʚʥʝʰʥʷʷ ʧʦʚʝʨʭʥʦʩʪʴ 1 ʛ ʚʝʱʝʩʪʚʘ. ɺ ʪʦ 

ʞʝ ʚʨʝʤʷ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʠʟʤʝʥʷʝʪʩʷ ʚ ~8 ʨʘʟ. 

ʋʚʝʣʠʯʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʧʦʨʠʩʪʦʩʪʠ ʚ ~1,5 ʨʘʟʘ 

(ʦʙʨʘʟʮʳ ʄʇɻ-7) ʧʨʠʚʝʣʦ ʢ ʨʦʩʪʫ ʩʢʦʨʦʩʪʠ ʦʢʠʩ-

ʣʝʥʠʷ ʚ ~2,6 ʨʘʟʘ. ʉʚʷʟʴ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʩ 

ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʠ ʠʭ ʧʦʨʠʩʪʦʩʪʠ, ʢʘʢ ʠʟʚʝʩʪʥʦ, 

ʷʚʣʷʝʪʩʷ ʧʨʦʷʚʣʝʥʠʝʤ ʚʢʣʘʜʘ ʜʠʬʬʫʟʠʦʥʥʳʭ ʷʚ-

ʣʝʥʠʡ ʠ, ʦʯʝʚʠʜʥʦ, ʫʯʘʩʪʠʷ ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʧʦʨ ʚ ʦʙʱʝʤ ʧʨʦʮʝʩʩʝ.  

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝ-

ʥʠʷ ʧʨʠ 500, 600 ʠ 700 Üʉ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠ-

ʝʤ ɸʨʨʝʥʠʫʩʘ ʨʘʩʩʯʠʪʳʚʘʣʠ ʫʨʦʚʥʠ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘ-

ʮʠʠ. ɼʣʷ ʧʣʦʪʥʳʭ ʋʋʂʄ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ (ɽ) 

ʥʘʡʜʝʥʘ ʥʘ ʫʨʦʚʥʝ ~41000 ʢʘʣ/ʤʦʣʴ (170 ʢɼʞ/ʢʤʦʣʴ). 
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ʊʘʙʣʠʮʘ 1 

ʈʝʟʫʣʴʪʘʪʳ ʦʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʠ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

(ʪʝʤʧʝʨʘʪʫʨʘ 500 Üʉ; ʚʦʟʜʫʭ; ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ~ 10 ʤ/ʩ) 

Table 1. Results of determination of oxidation rate and specific surfaces of samples of carbon materials (tempera-

ture is 500 Üʉ; air; flow rate is 10m/s) 

ˉ 

ʧ.ʧ. 
ʊʠʧ ʦʙʨʘʟʮʘ 

ʆʙʲʝʤ ʦʙʨʘʟ-

ʮʘ, 10-3 ʤ3 

ʉʢʦʨʦʩʪʴ ʦʢʠʩ-

ʣʝʥʠʷ, 10-7 ʛ/ʛ.ʩ 

ʋʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ, 

ʤ2/ʛ 

ʅʦʤʠʥʘʣʴ-

ʥʘʷ ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʯʘʩʪʠ-

ʮʳ, 10-2 ʤ2 

ʅʦʤʠʥʘʣʴʥʘʷ ʧʦ-

ʚʝʨʭʥʦʩʪʴ 1-ʛʦ ʛ 

ʚʝʱʝʩʪʚʘ, 10-2 ʤ2 

1 2 3 4 5 6 8 

1 

ʂʄ-ɺʄ-4ɼ 

(ɔʢʘʞ = 1940; ɔʠʩʪ. = 2090 

ʢʛ/ʤ3; ʇ = 0,082) 

1,01 

0,5122 

0,1253 

0,027
4
 

0,4 

0,76 

1,39 

3,22 

0,575 

6,00 

3,84 

1,50 

0,54 

3,09 

3,866 

6,186 

10,305 

2 

ɼʝʩʥʘ-1 

(ɔʢʘʞ = 1930; ɔʠʩʪ. = 2100 

ʢʛ/ʤ3; ʇ = 0,081) 

0,512 

0,125 

0,027 

0,76 

2,35 

3,60 

0,626 

3,84 

1,50 

0,54 

3,886 

6,219 

10,36 

3 

ʋʇɺ-1 

(ɔʢʘʞ = 2200; ɔʠʩʪ. = 2220 

ʢʛ/ʤ3; ʇ = 0,01) 

0,512 

0,125 

0,027 

0,34 

1,15 

2,82 

0,22 

0,25 

3,84 

1,50 

0,54 

3,409 

6,219 

9,091 

4 

ʄʇɻ-7 

(ɔʢʘʞ = 1910; ɔʠʩʪ. = 2200 

ʢʛ/ʤ3; ʇ = 0,13) 

(ɔʢʘʞ = 1860; ɔʠʩʪ. = 

2200 ʢʛ/ʤ3; ʇ = 0,15) 

(ɔʢʘʞ = 1790; ɔʠʩʪ. = 2200 

ʢʛ/ʤ3; ʇ = 0,19) 

0,512 

0,125 

0,027 

 

 

ʪʦ ʞʝ 

- ç - 

0,61 

1,26 

3,31 

 

 

5,59 

8,49 

0,47 

0,42 

0,54 

3,84 

1,50 

0,54 

0,54 

0,54 

3,927 

6,284 

10,465 

10,757 

11,180 

ʇʨʠʤʝʯʘʥʠʷ: ʈʘʟʤʝʨ ʦʙʨʘʟʮʘ, ʤʤ: 1 - 10³10³10; 2 - 8³8³8; 3 - 5³5³5; 4 - 3³3³3; ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ:  

5 - 0,37; 0,68; 0,54; 0,82; 0,63; 0,70; 6 - 0,54; 0,82; 0,70; 0,21; 0,51 

Note: Sample sizes are, mm: 1 - 10³10³10; 2 - 8³8³8; 3 - 5³5³5; 4 - 3³3³3; results of indifidual measurements: 5 - 0.37; 0.68; 

0.54; 0.82; 0.63; 0.70; 6 - 0.54; 0.82; 0.70; 0.21; 0.51 
 

ʇʨʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ 

ʧʨʷʜʝʡ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ɺʄʅ-4 (ʫʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ 1,69 ʤ2/ʛ; ʠʩʪʠʥʥʘʷ ʧʣʦʪʥʦʩʪʴ 1,82 

ʛ/ʩʤ3) ï 81,5Ŀ10-7 ʛ/ʛĿʩ; ɽ = ~30000 ʢʘʣ/ʤʦʣʴ. ʉʢʦ-

ʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʧʨʷʜʝʡ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ 

ʋʂʅ-5000 (ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 0,96 ʤ2/ʛ; ʠʩ-

ʪʠʥʥʘʷ ʧʣʦʪʥʦʩʪʴ 1,74 ʛ/ʩʤ3) ï 2800,10-7 ʛ/ʛĿʩ; ɽ = 

~14000 ʢʘʣ/ʤʦʣʴ. ʉʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʙʦʣʝʝ ʧʣʦʪ-

ʥʳʭ ʚʦʣʦʢʥʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ï ʪʢʘʥʝʡ ʠʟ ʫʛʣʝʨʦʜʥʦ-

ʛʦ ʚʦʣʦʢʥʘ (ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʧʣʦʪʥʦʩʪʴ ~330 ʢʛ/ʤ2, 

ʤʘʨʢʠ ʊɻʅ-2ʄ, ʪʨʠʢʦʪʘʞ) 210Ŀ10-7é260Ŀ10-7 ʛ/ʛĿʩ. 

ʋʨʦʚʝʥʴ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ~25000 ʢʘʣ/ʤʦʣʴ.  

ʉʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʣʝʛʢʦʚʝʩʥʦʛʦ ʋʋʂʄ 

ʊʂʄ-0,25 ʠʟ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ (ʢʘʞʫʱʘʷʩʷ 

ʧʣʦʪʥʦʩʪʴ ~250 ʢʛ/ʤ2) 760Ŀ10-7 ʛ/ʛĿʩ. ʋʨʦʚʝʥʴ ʵʥʝʨ-

ʛʠʠ ʘʢʪʠʚʘʮʠʠ ~23000 ʢʘʣ/ʤʦʣʴ. ʅʠʟʢʠʝ ʫʨʦʚʥʠ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʜʣʷ ʚʳʩʦʢʦʧʦʨʠʩʪʳʭ ʫʛʣʝʚʦʣʦʢ-

ʥʠʩʪʳʭ ʩʪʨʫʢʪʫʨ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʧʦʢʘʟʘʪʝʣʝʤ ʚʢʣʘ-

ʜʘ ʜʠʬʬʫʟʠʦʥʥʳʭ ʷʚʣʝʥʠʡ ʠ, ʦʯʝʚʠʜʥʦ, ʫʯʘʩʪʠʷ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨ ʚ ʦʙʱʝʤ ʧʨʦʮʝʩʩʝ. 

ʋʩʪʦʡʯʠʚʦʩʪʴ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʛʘ-

ʟʦʚʳʭ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʩʨʝʜʘʭ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʜʘʚʣʝʥʠʷʭ ʠʩʩʣʝʜʦʚʘʣʠ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʫʛʣʝʢʠʩʣʳʤ 

ʛʘʟʦʤ, ʢʦʪʦʨʳʡ (ʚ ʩʤʝʩʠ ʩ ʚʦʟʜʫʭʦʤ) ʤʦʞʝʪ ʤʦʜʝ-

ʣʠʨʦʚʘʪʴ ʦʩʥʦʚʥʦʡ ʩʦʩʪʘʚ ʜʳʤʦʚʳʭ ʛʘʟʦʚ. ʀʩʧʳʪʘ-

ʪʝʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʙʘʨʦʢʘʤʝʨʫ 

ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʩʦʩʪʘʚʦʤ, ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʜʘʚʣʝ-

ʥʠʝʤ ʛʘʟʦʚʦʡ ʩʨʝʜʳ. ʉʭʝʤʘ ʙʘʨʦʢʘʤʝʨʳ (ʙʘʨʦʢʘʤʝ-

ʨʘ ʨʘʟʨʘʙʦʪʘʥʘ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʀ.ɸ. ʗʚʦʨʩʢʦʛʦ, 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʦʩʥʦʚ ʧʝʨʝʨʘʙʦʪʢʠ 

ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʉʠʙ. ʦʪʜʝʣʝʥʠʝ ʈɸʅ) ʩ ʩʠʩʪʝ-

ʤʘʤʠ ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʦʮʝʩʩʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ.3.  

ʋʩʪʘʥʦʚʢʘ ʚʢʣʶʯʘʣʘ ʩʠʩʪʝʤʫ ʛʘʟʦʦʙʝʩʧʝ-

ʯʝʥʠʷ ʦʪ ʙʘʣʣʦʥʦʚ. ʄʝʭʘʥʠʟʤ ʧʦʜʲʝʤʘ ʠ ʦʧʫʩʢʘ-

ʥʠʷ ʦʙʨʘʟʮʘ ʧʦʟʚʦʣʷʣ ʠʟʚʣʝʢʘʪʴ ʠ ʟʘʛʨʫʞʘʪʴ ʠʩ-

ʧʳʪʳʚʘʝʤʳʝ ʦʙʨʘʟʮʳ ʙʝʟ ʧʨʝʨʳʚʘʥʠʷ ʪʝʤʧʝʨʘ-

ʪʫʨʥʦʛʦ ʨʝʞʠʤʘ ʠ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʛʘʟʦʚʦʡ ʩʤʝ-

ʩʠ. ʅʘʛʨʝʚʘʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ ʠʟ ʩʠʣʠʮʠʨʦʚʘʥʥʦʛʦ 

ʛʨʘʬʠʪʘ ʧʨʠʩʦʝʜʠʥʷʣʩʷ ʢ ʚʪʦʨʠʯʥʦʡ ʦʙʤʦʪʢʝ ʧʦ-

ʥʠʞʘʶʱʝʛʦ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʩ ʧʦʤʦʱʴʶ ʢʦʥʪʘʢ-

ʪʦʚ ʦʭʣʘʞʜʘʝʤʳʭ ʚʦʜʦʡ. ʅʘʛʨʝʚʘʪʝʣʴʥʘʷ ʢʘʤʝʨʘ 

ʩʥʘʙʞʝʥʘ ʘʣʫʥʜʦʚʳʤ ʵʢʨʘʥʦʤ ʠ ʪʝʧʣʦʠʟʦʣʷʮʠʝʡ. 

ʊʝʤʧʝʨʘʪʫʨʫ ʦʙʨʘʟʮʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʧʣʘʪʠʥʦʨʦ-

ʜʠʡ-ʧʣʘʪʠʥʦʚʳʤ ʪʝʨʤʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ. ʈʘʙʦʯʠʡ 

ʛʘʟ ʧʝʨʝʜ ʧʦʜʘʯʝʡ ʚ ʧʝʯʴ ʧʨʦʭʦʜʠʣ ʠʟ ʙʘʣʣʦʥʘ ʯʝ-

ʨʝʟ ʦʩʫʰʠʪʝʣʴ. ʇʦʜʘʯʘ ʛʘʟʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʪʘʢʠʭ 

ʢʦʣʠʯʝʩʪʚʘʭ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ ʨʝʘʛʠʨʦʚʘʥʠʷ ʥʝ ʟʘ-

ʚʠʩʝʣʘ ʦʪ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ. ʆʪʩʯʝʪ ʚʨʝʤʝʥʠ ʵʢʩʧʦ-
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ʟʠʮʠʠ ʧʨʦʠʟʚʦʜʠʣʠ ʧʦ ʩʝʢʫʥʜʦʤʝʨʫ, ʥʘʯʠʥʘʷ ʩ 

ʤʦʤʝʥʪʘ ʧʦʣʥʦʛʦ ʦʧʫʩʢʘʥʠʷ ʦʙʨʘʟʮʘ ʚ ʠʟʦʪʝʨʤʠ-

ʯʝʩʢʫʶ ʟʦʥʫ ʧʝʯʠ. ʈʘʙʦʯʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʜʝʨ-

ʞʠʚʘʣʘʩʴ ʩ ʪʦʯʥʦʩʪʴʶ Ñ3-5 Üʉ, ʨʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ 

ʛʘʟʘ ʧʦʜʜʝʨʞʠʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʢʨʘʥʦʚ ʪʦʥʢʦʡ 

ʨʝʛʫʣʠʨʦʚʢʠ ʩ ʪʦʯʥʦʩʪʴʶ Ñ0,02 ʄʇʘ. ʆʢʠʩʣʠ-

ʪʝʣʴʥʫʶ ʩʪʦʡʢʦʩʪʴ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʩʣʝ-

ʜʦʚʘʣʠ ʧʦ ʧʦʪʝʨʝ ʤʘʩʩʳ ʩ ʪʦʯʥʦʩʪʴʶ Ñ0,0002 ʛ. 

ʈʘʟʤʝʨ ʠʩʧʳʪʫʝʤʳʭ ʦʙʨʘʟʮʦʚ å60Ĭ10Ĭ3 ʤʤ.  

ʈʘʩʭʦʜ ʉʆ2 ʧʦ ʭʦʣʦʜʥʦʤʫ ʛʘʟʫ ʧʦʜʜʝʨʞʠ-

ʚʘʣʠ ʥʘ ʫʨʦʚʥʝ 3 ʣ/ʤʠʥ. ɼʠʘʧʘʟʦʥ ʜʘʚʣʝʥʠʡ, ʧʨʠ 

ʢʦʪʦʨʳʭ ʠʩʧʳʪʳʚʘʣʠ ʦʙʨʘʟʮʳ, ʩʦʩʪʘʚʣʷʣ ʦʪ 0,1 ʜʦ 

2,0 ʄʇʘ. ɼʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 550 ʜʦ 

1300 Üʉ. ʇʨʠ ʨʘʩʯʝʪʝ ʜʦʧʫʩʪʠʤʦʡ ʜʦʣʛʦʚʝʯʥʦʩʪʠ 

ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚʝʣʠʯʠʥ ʧʦʪʝʨʴ 

ʤʘʩʩʳ ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠʥʠ-

ʤʘʣʠ ʜʦʧʫʩʪʠʤʦʡ ʦʙʱʫʶ ʧʦʪʝʨʶ ʤʘʩʩʳ ʚ 5% ʧʨʠ 

ʩʪʝʧʝʥʠ ʚʳʛʦʨʘʥʠʷ ʢ ʵʪʦʤʫ ʤʦʤʝʥʪʫ ï ʥʝ ʙʦʣʝʝ 

2%. ʈʘʩʯʝʪ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʨʘʟ-

ʤʝʨʥʦʩʪʠ ʛ/ʛĿʩ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʪʦʡʢʦʩʪʠ ʚ 

ʙʘʨʦʢʘʤʝʨʝ ʧʨʦʚʦʜʠʣʠ ʥʘ ʦʙʨʘʟʮʘʭ ʫʛʣʝʨʦʜ-ʫʛʣʝ-

ʨʦʜʥʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʤʘʨʢʠ ʂʋʇ-

ɺʄ-ʇʋ[5]. ʅʘʩʪʦʷʱʠʡ ʤʘʪʝʨʠʘʣ ʜʚʫʤʝʨʥʦʛʦ ʘʨʤʠ-

ʨʦʚʘʥʠʷ ʩ ʢʦʤʧʦʟʠʪʥʦʡ ʤʘʪʨʠʮʝʡ ʠʟ ʢʦʢʩʘ ʬʝʥʦʣ-

ʬʦʨʤʘʣʴʜʝʛʠʜʥʦʡ ʩʤʦʣʳ ʠ ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʫʛʣʝ-

ʨʦʜʘ. ʂʘʞʫʱʘʷʩʷ ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ 1350 ʢʛ/ʤ3, 

ʠʩʪʠʥʥʘʷ ʧʣʦʪʥʦʩʪʴ 1640 ʢʛ/ʤ3, ʦʪʢʨʳʪʘʷ ʧʦʨʠ-

ʩʪʦʩʪʴ 0,177. ʏʘʩʪʴ ʦʙʨʘʟʮʦʚ ʠʤʝʣʘ ʧʦʢʨʳʪʠʝ ʠʟ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʂʘʞʫʱʘʷʩʷ ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ 

ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʷ ʩʦʩʪʘʚʠʣʘ 1550 ʢʛ/ʤ3.  

ʇʦʣʫʯʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝ-

ʥʠʷ ʦʪ ʫʨʦʚʥʷ ʜʘʚʣʝʥʠʷ ʛʘʟʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4. 

ʂʘʢ ʚʠʜʥʦ, ʧʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʦʪ 

ʜʘʚʣʝʥʠʷ ʛʘʟʘ ʜʣʷ ʦʙʦʠʭ ʪʠʧʦʚ ʦʙʨʘʟʮʦʚ ʦʜʠʥʘʢʦ-

ʚʦ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʢʠʩʣʦʨʦʜʦʤ ʦʧʠʩʳʚʘʝʪʩʷ ʦʙʱʠʤ 

ʫʨʘʚʥʝʥʠʝʤ ɸʨʨʝʥʠʫʩʘ, ʛʜʝ ʚʢʣʘʜ ʢʦʥʮʝʥʪʨʘʮʠʠ 

(ʧʘʨʮʠʘʣʴʥʦʝ ʜʘʚʣʝʥʠʝ) ʦʢʠʩʣʠʪʝʣʷ ʠʤʝʝʪ ʩʪʝʧʝʥ-

ʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʩʪʝʧʝʥʠ (ʧʦʨʷʜʦʢ 

ʨʝʘʢʮʠʠ), ʢʘʢ ʧʨʘʚʠʣʦ, ʨʘʚʥʳʤ 0,8. ʆʙʨʘʙʦʪʢʘ ʨʝ-

ʟʫʣʴʪʘʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 4, ʚ ʬʦʨʤʝ ʩʪʝ-

ʧʝʥʥʦʡ ʬʫʥʢʮʠʠ ʧʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʧʘʨʥʦʡ ʢʦʨ-

ʨʝʣʷʮʠʠ R2 = 0,8324 ʧʦʣʫʯʝʥʘ ʢʘʢ ʩʨʝʜʥʷʷ ʜʣʷ 

ʚʩʝʭ ʢʨʠʚʳʭ ʚ ʚʠʜʝ. 
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ʇʦʢʘʟʘʪʝʣʴ ʩʪʝʧʝʥʠ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ 

ʦʞʠʜʘʝʤʦʛʦ (~0,8) ʠ ʵʪʦ ʪʘʢʞʝ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʦ 

ʷʚʣʝʥʠʝ ʜʠʬʬʫʟʠʦʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʦʙʱʝʤ 

ʧʨʦʮʝʩʩʝ ʦʢʠʩʣʝʥʠʷ. ʅʘʣʠʯʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʧʦ-

ʢʨʳʪʠʷ ʥʝ ʠʟʤʝʥʠʣʦ ʦʙʱʝʛʦ ʨʝʟʫʣʴʪʘʪʘ. ʅʘʠʙʦʣʝʝ 

 
ʈʠʩ. 3. ʉʭʝʤʘ ʙʘʨʦʢʘʤʝʨʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʢʠʩʣʠʪʝʣʴʥʦʡ 

ʩʪʦʡʢʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ ʧʨʠ ʧʦ-

ʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʨʘʙʦʯʝʡ ʩʨʝʜʳ. ʈʘʙʦʯʠʝ ʧʘʨʘʤʝʪʨʳ: 

ʊʝʤʧʝʨʘʪʫʨʘ ʜʦ 1500 ʂ, ʜʘʚʣʝʥʠʝ ʜʦ 5 ʄʇʘ, 1 ï ʢʦʨʧʫʩ ʙʘʨʦ-

ʢʘʤʝʨʳ, 2 ï ʢʦʥʪʨʦʣʴʥʳʡ ʪʝʨʤʦʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, 3 ï ʪʝʧʣʦ-

ʠʟʦʣʷʮʠʷ, 4 ïʥʘʛʨʝʚʘʪʝʣʴ ʠʟ ʩʠʣʠʮʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ,  

5 ï ʠʩʧʳʪʳʚʘʝʤʳʡ ʦʙʨʘʟʝʮ, 6 ï ʧʦʜʚʝʩʢʘ ʦʙʨʘʟʮʘ, 7 ï ʨʝʘʢʮʠ-

ʦʥʥʘʷ ʪʨʫʙʢʘ, 8 ï ʚʝʨʭʥʷʷ ʢʨʳʰʢʘ ʙʘʨʦʢʘʤʝʨʳ, 9 ï ʟʘʜʚʠʞʢʘ, 

10 ï ʩʦʝʜʠʥʠʪʝʣʴʥʘʷ ʪʨʫʙʢʘ, 11 ï ʤʝʭʘʥʠʟʤ ʧʦʜʲʸʤʘ,  

12 ï ʙʣʦʢ ʫʧʨʘʚʣʝʥʠʷ ʠ ʠʥʜʠʢʘʮʠʠ, 13 ʠ 15 -  ʩʤʦʪʨʦʚʳʝ ʦʢʥʘ, 

14 ï ʜʚʠʛʘʪʝʣʴ ʩʠʩʪʝʤʳ ʦʧʫʩʢʘʥʠʷ ʦʙʨʘʟʮʘ, 16 ï ʦʩʫʰʠʪʝʣʴ, 

17 ï ʙʘʣʣʦʥ ʩ ʛʘʟʦʤ, 18 ï ʢʨʘʥ ʪʦʥʢʦʡ ʨʝʛʫʣʠʨʦʚʢʠ ʜʘʚʣʝʥʠʷ 

ʛʘʟʘ, 19 ï ʨʦʪʘʤʝʪʨ, 20 - ʨʝʜʫʢʪʦʨ, 21 ï ʢʦʥʪʨʦʣʴʥʳʡ ʤʘʥʦ-

ʤʝʪʨ, 22 ï ʚʝʨʭʥʠʡ ʮʠʣʠʥʜʨ 

Fig. 3. Scheme of hyperbaric chamber for study of the oxidative 

resistance of carbon materials in the gas media at elevated pres-

sure. Operating parameters: temperature -up to 1500 K, pressures 

-up to 5 Mpa, 1-pressure chambers, 2-control thermotransformer, 

3- heat insulation, 4-heat heater from siliconized graphite 5-test 

sample, 6- sample suspension, 7-reaction tube, 8-upper cover of 

hyperbaric chamber, 9- valve, 10-connecting tube, 11-lift mecha-

nism, 12-control unit, 13 and 15-viewing windows, 14-lowering 

engine of sample 16-dehumidifier , 17- gas vessel, 18-valveof fine 

adjustment of gas pressure, 19-rotameter, 20-reductor, 21- control 

manometer, 22-upper cylinder 

 

ʚʝʨʦʷʪʥʦʡ ʧʨʠʯʠʥʦʡ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʧʦ-

ʚʝʨʭʥʦʩʪʥʳʭ ʪʨʝʱʠʥ, ʥʝ ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ ʜʠʬʬʫ-

ʟʠʠ ʦʢʠʩʣʠʪʝʣʷ ʚ ʦʙʲʝʤ ʋʋʂʄ. ɸʥʘʣʦʛʠʯʥʳʝ ʨʝ-

ʟʫʣʴʪʘʪʳ ʦʪʤʝʯʝʥʳ ʚ ʨʘʙʦʪʝ [7], ʛʜʝ ʪʘʢ ʞʝ ʠʩʩʣʝ-

ʜʦʚʘʣʠ ʦʙʨʘʟʮʳ ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ RCC ʩ 

ʧʦʢʨʳʪʠʷʤʠ SiC.  
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ ʉʆ2 ʦʙʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʙʘʨʦʢʘʤʝʨʝ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠ ʜʘʚʣʝʥʠʷ ʩʨʝʜʳ. 1 ï ʋʋʂʄ, ʊ = 1173 ʂ; 2 ï ʋʂʂʄ ʩ ʟʘʱʠʪʥʳʤ ʧʦʢʨʳʪʠʝʤ SiC, ʊ = 1173 ʂ, 3 ï ʋʋʂʄ, ʊ = 1123 ʂ, 4 ï ʋʋʂʄ 

ʩ ʟʘʱʠʪʥʳʤ ʧʦʢʨʳʪʠʝʤ SiC, ʊ = 1123 ʂ, 5 ï ʋʋʂʄ, ʊ = 773 ʂ 

Fig. 4. The dependence of oxidation rate of CO2 of carbon samples of composite materials in the pressure chamber on temperature and 

medium pressure. 1 ï UUKM; 2 ï UKKM with protective coating of SiC, 3 ï UUʂʄ, ʊ = 1123 ʂ, 4 ï UKKM with protective coating 

of SiC, ʊ = 1123 ʂ, 5 ï UUʂʄ, ʊ = 773 ʂ 

 
ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺʳʷʚʣʝʥʠʝ ʩʚʷʟʠ ʧʦʪʝʨʠ ʤʘʩʩʳ ʫʛʣʝʨʦʜʥʦ-

ʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʦʢʠʩʣʝʥʠʠ ʩ ʵʬʬʝʢʪʠʚʥʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʴʶ ʛʦʨʝʥʠʷ. 

ʇʦʚʝʨʭʥʦʩʪʴ ʛʦʨʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʤʝ-

ʨʘʤʠ ʧʦʨ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʦʢʠʩʣʝʥʠʠ. ʄʦʜʝʣʠʨʦ-

ʚʘʥʠʝ ʪʘʢʠʭ ʧʦʨ ʧʨʠʥʷʪʦ ʧʨʦʚʦʜʠʪʴ ʮʠʣʠʥʜʨʠʯʝ-

ʩʢʠʤʠ ʦʪʨʝʟʢʘʤʠ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ (ʵʬ-

ʬʝʢʪʠʚʥʘʷ ʜʣʠʥʘ ʠ ʜʠʘʤʝʪʨ) ʠ ʯʠʩʣʦʤ ʧʦʨ.  

ɼʠʘʤʝʪʨ ʧʦʨ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʤʝʪʦʜʦʤ 

ʨʪʫʪʥʦʡ ʧʦʨʦʤʝʪʨʠʠ (ʨʠʩ. 1). ɿʘʧʦʣʥʝʥʠʝ ʨʪʫʪʴʶ 

(ʞʠʜʢʦʩʪʴ, ʥʝ ʩʤʘʯʠʚʘʶʱʘʷ ʫʛʣʝʨʦʜʥʳʝ ʧʦʚʝʨʭ-

ʥʦʩʪʠ) ʧʨʦʚʦʜʷʪ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʧʦʚʳʰʝ-

ʥʠʠ ʜʘʚʣʝʥʠʷ ʜʦ 100 ʄʇʘ. ʇʨʠ ʵʪʦʤ ʚ ʩʦʦʪʚʝʪ-

ʩʪʚʠʠ ʩ ʫʨʘʚʥʝʥʠʝʤ ɾʶʨʝʥʘ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘʧʦʣʥʝ-

ʥʠʝ ʦʯʝʨʝʜʥʦʛʦ ʨʷʜʘ ʧʦʨ ʦʧʨʝʜʝʣʸʥʥʦʛʦ ʜʠʘʤʝʪʨʘ. 

çɿʘʢʨʳʪʘʷè ʧʦʨʠʩʪʦʩʪʴ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʨʘʩʩʯʠ-

ʪʘʪʴ ʠʟ ʨʘʟʣʠʯʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʠ ʠʩʪʠʥʥʦʡ 

(ʠʟʤʝʨʷʝʤʦʡ ʧʠʢʥʦʤʝʪʨʠʯʝʩʢʠ) ʧʣʦʪʥʦʩʪʠ, ʧʨʠ 

ʜʘʥʥʦʤ ʤʝʪʦʜʝ ʚʳʧʘʜʘʝʪ ʠʟ ʘʥʘʣʠʟʘ. ʆʜʥʘʢʦ, ʝʝ 

ʜʦʣʷ ~ 0,06 ʦʙʳʯʥʦ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ çʦʪʢʨʳ-

ʪʦʡè (ʜʦʩʪʫʧʥʦʡ ʧʨʦʥʠʢʥʦʚʝʥʠʶ ʞʠʜʢʦʩʪʠ) ʧʦʨʠ-

ʩʪʦʩʪʠ ~ 0,15. ɺ ʩʠʣʫ ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʨʦʪʝʢʘʶʱʠʭ 

ʪʝʨʤʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʢʘʨʙʦʥʠʟʘʮʠʠ ʠ ʤʝ-

ʭʘʥʠʢʠ ʧʦʨʦʦʙʨʘʟʦʚʘʥʠʷ ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʚʝʩʴ 

ʦʙʲʝʤ ʧʦʨ ʠʤʝʝʪ ʧʦʜʦʙʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʦʣʝʚʦ-

ʛʦ ʦʙʲʝʤʘ ʧʦ ʠʭ ʨʘʟʤʝʨʘʤ. 

ʇʦʜ ʵʬʬʝʢʪʠʚʥʦʡ ʛʣʫʙʠʥʦʡ ʧʦʨʳ, ʜʦʩʪʫʧ-

ʥʦʡ ʦʢʠʩʣʝʥʠʶ (ʚ ʥʘʩʪʦʷʱʝʤ ʨʘʩʩʤʦʪʨʝʥʠʠ ʜʣʠ-

ʥʦʡ), ʧʦʥʠʤʘʶʪ ʛʣʫʙʠʥʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ 

ʦʢʠʩʣʝʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʦʥʢʫʨʠʨʫʶʱʝʛʦ ʧʨʦʮʝʩ-

ʩʘ ʜʠʬʬʫʟʠʠ ʨʝʘʛʝʥʪʘ ʠ ʝʛʦ ʠʩʯʝʨʧʘʥʠʷ ʛʣʫʙʠʥʘ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʬʨʦʥʪʘ ʨʝʘʢʮʠʠ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚ 

ʜʠʥʘʤʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. ɻʣʫʙʠʥʫ ʧʨʦʥʠʢʥʦʚʝʥʠʷ 

ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʚ ʦʙʲʝʤʝ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘ-

ʣʘ (L, ʤ), ʢʘʢ ʧʨʝʜʣʦʞʝʥʦ ʚ ʨʘʙʦʪʝ [8], ʦʙʳʯʥʦ ʦʧʠ-

ʩʳʚʘʶʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʫʣʷ ʊʠʣʝ ʚ ʬʦʨʤʝ  

         (3) 

ʛʜʝ  ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʦʢʠʩ-

ʣʝʥʠʷ ʙʝʩʧʦʨʠʩʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘ-

ʪʝʨʠʘʣʘ, ʤ/ʩ; ʄ, ȹʄ ï ʤʘʩʩʘ ʦʙʨʘʟʮʘ ʠ ʝʝ ʠʟʤʝʥʝ-

ʥʠʝ, ʢʛ; ȹŰ ï ʚʨʝʤʷ, ʩ; Rʧʦʨʳ ï ʨʘʜʠʫʩ ʪʨʘʥʩʧʦʨʪʥʦʡ 

ʧʦʨʳ, ʤ; Dʵʬʬ. ï ʵʬʬʝʢʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʛʘʟʦ-

ʚʦʡ ʜʠʬʬʫʟʠʠ ʚ ʧʦʨʝ, ʤ2/ʩ; ʉʆ2 ï ʜʦʣʝʚʦʝ ʩʦʜʝʨ-

ʞʘʥʠʝ ʦʢʠʩʣʠʪʝʣʷ (ʥʘʧʨʠʤʝʨ, ʢʠʩʣʦʨʦʜʘ) ʚ ʛʘʟʦ-

ʚʦʡ ʩʨʝʜʝ, Sʫʜ. ï ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ, ʤ2/ʢʛ; ɔ ï 

ʠʩʪʠʥʥʘʷ ʧʣʦʪʥʦʩʪʴ, ʢʛ/ʤ3. 

ɼʣʷ ʦʮʝʥʢʠ ʩʢʦʨʦʩʪʠ ʦʢʠʩʣʝʥʠʷ (W) ʚ ʚʳ-

ʨʘʞʝʥʠʠ (3) ʧʨʠʥʷʣʠ ʩʢʦʨʦʩʪʴ ʦʢʠʩʣʝʥʠʷ ʧʫʯʢʦʚ 

ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ɺʄʅ-4, ʷʚʣʷʶʱʠʭʩʷ ʘʨʤʠʨʫ-

ʶʱʠʤ ʥʘʧʦʣʥʠʪʝʣʝʤ ʦʙʲʝʤʥʦ ʘʨʤʠʨʦʚʘʥʥʳʭ ʢʦʤ-

ʧʦʟʠʪʦʚ ʠ ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʦʙʲʸʤʥʦʡ ʜʦʣʝ ~ 50%. 

ʇʨʝʜʝʣʴʥʘʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʙʦʪ-

ʢʠ ʵʪʦʡ ʤʘʨʢʠ ʚʦʣʦʢʥʘ ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʢʦʤʧʦʟʠʪʫ ʚ ʮʝʣʦʤ. ʉʪʝʧʝʥʴ ʛʨʘʬʠʪʘʮʠʠ ʜʘʥʥʦʛʦ 

ʚʦʣʦʢʥʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʝ ʠʟ ʢʘ-

ʤʝʥʥʦʫʛʦʣʴʥʦʛʦ ʧʝʢʘ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʧʨʠ 
 

 


