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Abstract. First-principles study to investigate the effect of substitutional Si doping in the amorphous calcium-

phosphate (aHA) structure on the work of adhesion, integral charge transfer, charge density difference (CDD) 

and theoretical tensile strengths between an aHA coating and amorphous titanium dioxide (aTiO2) substrate will 

be presented. Our calculations demonstrate that substitution of a P atom by a Si atom in each of the six PO4 

groups in aHA with the creation of OH-vacancies as charge compensation results in a significant increase of the 

bonding strength of the coating to the substrate. The work of adhesion of the optimized Si-doped interfaces 

reaches a value of up to −2.52 J·m−2
, which is significantly higher than for the stoichiometric aHA / aTiO2. CDD 

analysis indicates that the dominant interactions at the interface have significant covalent character. Thus, our 

calculations therefore demonstrate that the presence of Si in the aHA structure strongly alters not only the 

bioactivity and resorption rates, but also the mechanical properties of the aHA/ɚTiO2 interface. 

 

ȼвɟɞɟɧɢɟ. ɂɡɜɟɫɬɧɨ, ɱɬɨ ɤɟɪɚɦɢɤɚ ɧɚ ɨɫɧɨɜɟ ɝɢɞɪɨɤɫɢɚɩɚɬɢɬɚ [Ca10(PO4)6(OH)2, ȽȺ] ɡɚɧɢɦɚɟɬ 

ɥɢɞɢɪɭɸɳɟɟ ɦɟɫɬɨ ɫɪɟɞɢ ɦɚɬɟɪɢɚɥɨɜ ɞɥɹ ɩɨɥɭɱɟɧɢɹ ɛɢɨɫɨɜɦɟɫɬɢɦɵɯ ɩɨɤɪɵɬɢɣ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ 

ɜɧɭɬɪɢɤɨɫɬɧɵɯ ɢɦɩɥɚɧɬɚɬɨɜ ɡɚ ɫɱёɬ ɟɝɨ ɛɥɢɡɤɨɝɨ ɯɢɦɢɱɟɫɤɨɝɨ ɢ ɤɪɢɫɬɚɥɥɢɱɟɫɤɨɝɨ ɫɯɨɞɫɬɜɚ ɫ 

ɟɫɬɟɫɬɜɟɧɧɵɦ ɦɢɧɟɪɚɥɶɧɵɦ ɫɨɫɬɚɜɨɦ ɤɨɫɬɧɨɣ ɬɤɚɧɢ [1]. ȼ ɤɚɱɟɫɬɜɟ ɦɚɬɟɪɢɚɥɚ-ɨɫɧɨɜɵ ɞɥɹ 

ɮɨɪɦɢɪɨɜɚɧɢɣ ɛɢɨɫɨɜɦɟɫɬɢɦɵɯ ɩɨɤɪɵɬɢɣ ɲɢɪɨɤɨ ɩɪɢɦɟɧɹɸɬɫɹ ɬɢɬɚɧ (Ti) ɢ ɫɩɥɚɜɵ ɧɚ ɟɝɨ ɨɫɧɨɜɟ. Ti 

ɢɦɩɥɚɧɬɚɬɵ ɫ ȽȺ ɩɨɤɪɵɬɢɟɦ ɞɨ ɫɢɯ ɩɨɪ ɨɫɬɚɸɬɫɹ ɨɞɧɢɦɢ ɢɡ ɫɚɦɵɯ ɷɮɮɟɤɬɢɜɧɵɯ ɞɥɹ ɨɪɬɨɩɟɞɢɢ ɢ 

ɫɬɨɦɚɬɨɥɨɝɢɢ ɢ ɩɨɤɚɡɵɜɚɸɬ ɨɬɥɢɱɧɭɸ ɛɢɨɫɨɜɦɟɫɬɢɦɨɫɬɶ ɢ ɭɞɨɜɥɟɬɜɨɪɢɬɟɥɶɧɵɟ ɦɟɯɚɧɢɱɟɫɤɢɟ ɫɜɨɣɫɬɜɚ 

ɩɪɢ ɤɪɚɬɤɨɜɪɟɦɟɧɧɨɣ ɮɢɤɫɚɰɢɢ ɢɦɩɥɚɧɬɚɬɚ ɜ ɤɨɫɬɢ. Ɉɞɧɚɤɨ ɫɮɨɪɦɢɪɨɜɚɧɧɵɦ ɧɚ Ti ɤɚɪɤɚɫɟ ȽȺ 

ɩɨɤɪɵɬɢɹɦ ɩɪɢɫɭɳɢ ɞɟɮɟɤɬɵ ɫɬɪɭɤɬɭɪɵ, ɬɚɤɢɟ ɤɚɤ ɛɨɥɶɲɨɣ ɪɚɡɛɪɨɫ ɩɨɤɚɡɚɬɟɥɟɣ ɮɢɡɢɱɟɫɤɢɯ ɫɜɨɣɫɬɜ, 

ɧɢɡɤɚɹ ɚɞɝɟɡɢɹ ɩɨɤɪɵɬɢɹ ɤ ɩɨɞɥɨɠɤɟ, ɧɢɡɤɚɹ ɩɪɨɱɧɨɫɬɶ ɧɚ ɫɞɜɢɝ, ɬɪɟɳɢɧɵ ɧɚ ɩɨɜɟɪɯɧɨɫɬɢ ɝɪɚɧɢɰɵ 

ɪɚɡɞɟɥɚ, ɤɨɬɨɪɵɟ ɨɝɪɚɧɢɱɢɜɚɸɬ ɢɯ ɞɨɥɝɨɜɪɟɦɟɧɧɭɸ ɫɬɨɣɤɨɫɬɶ ɜ ɩɪɨɰɟɫɫɟ ɷɤɫɩɥɭɚɬɚɰɢɢ [2]. 

Ʉɪɢɬɢɱɟɫɤɢɦ ɮɚɤɬɨɪɨɦ ɩɪɨɞɥɟɧɢɹ ɫɪɨɤɚ ɫɥɭɠɛɵ ɬɚɤɢɯ ɦɟɬɚɥɥɨɤɟɪɚɦɢɱɟɫɤɢɯ ɦɟɞɢɰɢɧɫɤɢɯ ɢɡɞɟɥɢɣ 

ɹɜɥɹɟɬɫɹ ɭɫɢɥɟɧɢɟ ɩɪɨɱɧɨɫɬɢ ɫɰɟɩɥɟɧɢɹ ɦɟɠɞɭ ɩɨɜɟɪɯɧɨɫɬɹɦɢ ȽȺ ɩɨɤɪɵɬɢɹ ɢ Ɍi ɨɫɧɨɜɵ. Ɉɛɡɨɪ 
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  ɥɢɬɟɪɚɬɭɪɧɵɯ ɞɚɧɧɵɯ ɩɨɤɚɡɚɥ, ɱɬɨ ɚɧɢɨɧɧɵɟ ɢ/ɢɥɢ ɤɚɬɢɨɧɧɵɟ ɡɚɦɟɳɟɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ȽȺ ɦɨɝɭɬ ɩɨɜɥɢɹɬɶ 

ɧɟ ɬɨɥɶɤɨ ɧɚ ɬɟɪɦɢɱɟɫɤɭɸ ɫɬɚɛɢɥɶɧɨɫɬɶ, ɩɨɜɟɪɯɧɨɫɬɧɭɸ ɪɟɚɤɬɢɜɧɨɫɬɶ, ɛɢɨɥɨɝɢɱɟɫɤɢɟ ɢ 

ɚɧɬɢɛɚɤɬɟɪɢɚɥɶɧɵɟ ɫɜɨɣɫɬɜɚ, ɧɨ ɬɚɤɠɟ ɢ ɧɚ ɩɪɨɱɧɨɫɬɶ ɫɰɟɩɥɟɧɢɹ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ȽȺ/Ti. Ɍɚɤ ɤɚɤ 

ɤɪɟɦɧɢɣ ɢɝɪɚɟɬ ɜɚɠɧɭɸ ɪɨɥɶ ɜ ɡɞɨɪɨɜɶɟ ɫɨɟɞɢɧɢɬɟɥɶɧɨɣ ɬɤɚɧɢ, ɡɧɚɱɢɬɟɥɶɧɵɣ ɢɧɬɟɪɟɫ ɢɫɫɥɟɞɨɜɚɬɟɥɟɣ ɜ 

ɨɛɥɚɫɬɢ ɚɧɢɨɧɧɵɯ ɡɚɦɟɳɟɧɢɣ ɜɵɡɵɜɚɟɬ ɢɡɭɱɟɧɢɟ ȽȺ, ɞɨɩɢɪɨɜɚɧɧɨɝɨ ɢɨɧɚɦɢ SiO4. ɏɨɬɹ ɜ ɧɚɫɬɨɹɳɟɟ ɜɪɟɦɹ 

ɞɨɫɬɢɝɧɭɬ ɫɭɳɟɫɬɜɟɧɧɵɣ ɩɪɨɝɪɟɫɫ ɤɚɤ ɜ ɷɤɫɩɟɪɢɦɟɧɬɚɥɶɧɨɦ, ɬɚɤ ɢ ɜ ɬɟɨɪɟɬɢɱɟɫɤɨɦ ɢɡɭɱɟɧɢɢ ɮɢɡɢɱɟɫɤɢɯ 

ɩɪɨɰɟɫɫɨɜ, ɨɛɴɹɫɧɹɸɳɢɯ ɦɟɯɚɧɢɡɦɵ ɡɚɦɟɳɟɧɢɹ, ɬɟɦ ɧɟ ɦɟɧɟɟ, ɞɟɬɚɥɶɧɨɟ ɩɨɧɢɦɚɧɢɟ ɯɚɪɚɤɬɟɪɚ ɜɥɢɹɧɢɹ 

ɡɚɦɟɳёɧɧɨɣ ɩɨɞɫɢɫɬɟɦɵ ɧɚ ɩɨɜɟɪɯɧɨɫɬɧɵɟ ɢ ɢɧɬɟɪɮɟɣɫɧɵɟ ɫɜɨɣɫɬɜɚ ɨɫɬɚɟɬɫɹ  ɚɤɬɭɚɥɶɧɨɣ ɡɚɞɚɱɟɣ. Ɍɚɤɢɦ 

ɨɛɪɚɡɨɦ, ɰɟɥɶɸ ɞɚɧɧɨɣ ɪɚɛɨɬɵ ɹɜɥɹɥɨɫɶ ɭɫɬɚɧɨɜɥɟɧɢɟ ɧɚ ɨɫɧɨɜɟ ɩɟɪɜɨɩɪɢɧɰɢɩɧɵɯ ɦɟɬɨɞɨɜ ɢɫɫɥɟɞɨɜɚɧɢɹ 

ɜɥɢɹɧɢɹ ɡɚɦɟɳɟɧɢɹ ɮɨɫɮɚɬɧɵɯ ɝɪɭɩɩ ɚɧɢɨɧɚɦɢ ɤɪɟɦɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ȽȺ ɧɚ ɩɪɨɱɧɨɫɬɶ ɫɰɟɩɥɟɧɢɹ ɧɚ 

ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɚɦɨɪɮɧɨɝɨ ȽȺ (ɚȽȺ) ɢ ɚɦɨɪɮɧɨɝɨ ɞɢɨɤɫɢɞɚ ɬɢɬɚɧɚ (ɚTiO2).  

Ɇɟɬɨɞ ɪɚɫчɟɬɚ. ȼɫɟ ɜɵɱɢɫɥɟɧɢɹ ɩɪɨɜɨɞɢɥɢɫɶ ɜ ɩɪɨɝɪɚɦɦɧɨɦ ɩɚɤɟɬɟ VASP-4.6 ɜ ɪɚɦɤɚɯ 

ɮɭɧɤɰɢɨɧɚɥɨɜ ɦɟɬɨɞɚ ɨɛɨɛɳёɧɧɨɝɨ ɝɪɚɞɢɟɧɬɚ ɜ ɩɚɪɚɦɟɬɪɢɡɚɰɢɢ PBE. ȼ ɤɚɱɟɫɬɜɟ ɛɚɡɢɫɚ ɛɵɥ 

ɢɫɩɨɥɶɡɨɜɚɧ ɦɟɬɨɞ PAW. ȼɟɥɢɱɢɧɚ ɷɧɟɪɝɢɢ ɨɛɪɟɡɚɧɢɹ ɞɥɹ ɢɡɭɱɚɟɦɵɯ ɫɢɫɬɟɦ 

ɢɧɬɟɪɮɟɣɫɨɜ ɛɵɥɚ ɪɚɜɧɚ 500 ɷȼ. Ⱦɥɹ ɜɫɟɯ 

ɢɨɧɨɜ ɛɵɥɢ ɢɫɩɨɥɶɡɨɜɚɧɵ ɫɥɟɞɭɸɳɢɟ 

ɤɨɧɮɢɝɭɪɚɰɢɢ ɜɚɥɟɧɬɧɵɯ ɷɥɟɤɬɪɨɧɨɜ: 1s1
 ɞɥɹ 

ɜɨɞɨɪɨɞɚ, 3s2
3p

3
 ɞɥɹ ɮɨɫɮɨɪɚ, 3s2

3p
6
4s

2
 ɞɥɹ 

ɤɚɥɶɰɢɹ, 2s2
2p

4
 ɞɥɹ ɤɢɫɥɨɪɨɞɚ, 3s2

3p
2
 ɞɥɹ 

ɤɪɟɦɧɢɹ ɢ 3d3
4s

1
 ɞɥɹ ɬɢɬɚɧɚ. ɂɧɬɟɝɪɢɪɨɜɚɧɢɟ 

ɩɨ ɡɨɧɟ Ȼɪɢɥɥɸɷɧɚ ɩɪɨɜɨɞɢɥɨɫɶ ɫ 

ɢɫɩɨɥɶɡɨɜɚɧɢɟɦ ɫɟɬɤɢ k-ɬɨɱɟɤ 6 × 6 × 1, 

ɩɨɥɭɱɟɧɧɨɣ ɩɨ ɫɯɟɦɟ Ɇɨɧɯɨɪɫɬɚ-ɉɚɤɚ. Ⱥɬɨɦɧɵɟ 

ɫɬɪɭɤɬɭɪɵ ɜ ɪɚɛɨɬɟ ɛɵɥɢ ɜɢɡɭɚɥɢɡɢɪɨɜɚɧɵ ɫ 

ɩɨɦɨɳɶɸ ɩɪɨɝɪɚɦɦɵ VESTA-3. 

Ɋɟɡɭлɶɬɚɬɵ. ɇɚ ɪɢɫɭɧɤɟ 1 

ɩɪɟɞɫɬɚɜɥɟɧɵ ɢɡɭɱɚɟɦɵɟ ɦɨɞɟɥɢ ɢɧɬɟɪɮɟɣɫɨɜ 

ɩɨɫɥɟ ɪɟɥɚɤɫɚɰɢɢ ɩɨɡɢɰɢɣ ɚɬɨɦɨɜ. 

ɂɫɫɥɟɞɨɜɚɧɢɟ ɜɥɢɹɧɢɹ ɫɬɟɯɢɨɦɟɬɪɢɢ ɢɧɬɟɪɮɟɣɫɚ ɧɚ ɪɚɛɨɬɭ ɚɞɝɟɡɢɢ ɢ ɚɬɨɦɧɭɸ ɫɬɪɭɤɬɭɪɭ ɜ ɦɟɠɮɚɡɧɨɣ 

ɡɨɧɟ ɩɨɤɚɡɚɥɨ, ɱɬɨ ɡɚɦɟɳɟɧɢɟ ɩɪɢɜɨɞɢɬ ɤ ɫɭɳɟɫɬɜɟɧɧɵɦ ɢɡɦɟɧɟɧɢɹɦ ɜ ɡɧɚɱɟɧɢɹɯ ɪɚɛɨɬɵ ɚɞɝɟɡɢɢ 

(ɬɚɛɥɢɰɚ 1), ɚ ɪɚɡɧɢɰɚ ɜ ɫɪɚɜɧɟɧɢɢ ɫ ɞɚɧɧɵɦɢ ɞɥɹ ɱɢɫɬɨɝɨ ɚȽȺ, ɜ ɫɪɟɞɧɟɦ ɫɨɫɬɚɜɥɹɟɬ 30%.  

 

Тɚɛɥɢɰɚ 1 

Ɋɚɫɫɱɢɬɚɧɧɵɟ ɡɧɚɱɟɧɢɹ ɪɚɛɨɬɵ ɚɞɝɟɡɢɢ ɢ ɢɧɬɟɝɪɚɥɶɧɨɝɨ ɩɟɪɟɧɨɫɚ ɡɚɪɹɞɚ (ɂɉɁ) ɞɥɹ ɢɡɭɱɚɟɦɵɯ ɦɨɞɟɥɟɣ 

ɋɢɫɬɟɦɚ Wad, Ⱦɠ/ɦ2
 ɂɉɁ, ɷɥɟɤɬɪɨɧ 

ɚȽȺ/aTiO2 –2,429 –0,467 

ɚSiȽȺ/aTiO2 ‒2,785 –0,346 

 

ɍɜɟɥɢɱɟɧɢɟ ɪɚɛɨɬɵ ɚɞɝɟɡɢɢ, ɜɟɪɨɹɬɧɨ, ɨɛɭɫɥɨɜɥɟɧɨ ɨɛɪɚɡɨɜɚɧɢɟɦ ɧɨɜɵɯ ɩɪɨɱɧɵɯ ɫɜɹɡɟɣ ɧɚ ɝɪɚɧɢɰɟ 

ɪɚɡɞɟɥɚ ɩɪɢ ɡɚɦɟɳɟɧɢɢ ɫɬɪɭɤɬɭɪɵ ɚȽȺ ɤɪɟɦɧɢɟɦ (ɚSiȽȺ). ɂɡɨɛɪɚɠɟɧɢɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɩɥɨɬɧɨɫɬɢ ɡɚɪɹɞɚ 

 

Ɋɢɫ.1. ȼɢɞ ɫɛɨɤɭ ɩɨɫɥɟ ɪɟɥɚɤɫɚɰɢɢ ɦɨɞɟɥɟɣ 

ɫɨɫɬɵɤɨɜɤɢ ɦɟɠɞɭ ɚTiO2 ɢ ɚȽȺ ɛɟɡ ɡɚɦɟɳɟɧɢɹ (ɚ) ɢ 

ɫ ɡɚɦɟɳɟɧɢɟɦ ɚɧɢɨɧɚɦɢ ɤɪɟɦɧɢɹ (ɛ). Кɪɚɫɧɵɟ 

ɲɚɪɢɤɢ – O, ɝɨɥɭɛɵɟ – Ca, ɛɟɥɵɟ – H, ɮɢɨɥɟɬɨɜɵɟ – 

P, ɨɪɚɧɠɟɜɵɟ – Ti 

ɚ) ɛ) 
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Ɋɨɫɫɢя, Ɍɨɦɫɤ, 23-26 ɚɩɪеɥя 2019 г. Ɍɨɦ 1. Ɏɢɡɢɤɚ  

  

            

Ɋɢɫ.2. Ɋɚɫɩɪɟɞɟɥɟɧɢɟ ɪɚɡɧɨɫɬɢ ɡɚɪɹɞɨɜɵɯ 

ɩɥɨɬɧɨɫɬɟɣ ɞɥɹ ɚȽȺ/ɚTiO2 (a) ɢ ɚSiȽȺ/ɚTiO2 (ɛ). 

Ȼɟɥɵɟ, ɤɪɚɫɧɵɟ, ɫɢɪɟɧɟɜɵɟ, ɮɢɨɥɟɬɨɜɵɟ, ɫɢɧɢɟ ɢ 

ɨɪɚɧɠɟɜɵɟ ɲɚɪɢɤɢ ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ ɩɪɟɞɫɬɚɜɥɹɸɬ 

ɫɥɟɞɭɸɳɢɟ ɚɬɨɦɵ H, O, P, Si, Ca, ɢ Ti 

ɚ) ɛ) 

ɜɚɥɟɧɬɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɫɨ ɡɧɚɱɟɧɢɹɦɢ ɜɟɥɢɱɢɧɵ ɢɡɨɩɨɜɟɪɯɧɨɫɬɢ ±0,005 ɟ/Å3
 ɫɩɨɫɨɛɫɬɜɨɜɚɥɢ ɩɨɧɢɦɚɧɢɸ 

ɦɟɯɚɧɢɡɦɚ ɯɢɦɢɱɟɫɤɢɯ ɫɜɹɡɟɣ ɧɚ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɚSiȽȺ/ɚTiO2 ɢ ɚȽȺ/ɚTiO2 (ɪɢɫ. 2).  

ɍɱɚɫɬɤɢ ɫɢɧɟɝɨ ɢ ɠɟɥɬɨɝɨ ɰɜɟɬɚ ɩɪɟɞɫɬɚɜɥɹɸɬ ɫɨɛɨɣ ɧɚɤɨɩɥɟɧɢɟ ɢ ɢɫɬɨɳɟɧɢɟ ɷɥɟɤɬɪɨɧɨɜ, 

ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ. Ʉɚɤ ɜɢɞɧɨ ɢɡ ɪɢɫɭɧɤɚ 2, ɚ ɢ ɛ 

ɩɟɪɟɪɚɫɩɪɟɞɟɥɟɧɢɟ ɡɚɪɹɞɚ ɜɚɥɟɧɬɧɵɯ 

ɷɥɟɤɬɪɨɧɨɜ ɜ ɨɫɧɨɜɧɨɦ ɩɪɨɢɫɯɨɞɢɬ ɧɚ 

ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɞɜɭɯ ɫɬɪɭɤɬɭɪ. ȼɢɞɧɨ, ɱɬɨ 

ɫɭɳɟɫɬɜɭɟɬ ɢɫɬɨɳɟɧɢɟ ɡɚɪɹɞɚ ɜɛɥɢɡɢ ɚɬɨɦɨɜ 

O ɢɡ ɩɥɚɫɬɢɧɵ ɚTiO2 ɢ ɧɚɤɨɩɥɟɧɢɟ ɡɚɪɹɞɚ 

ɜɛɥɢɡɢ Ca ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɹ Ca‒O. ɗɬɨ 

ɭɤɚɡɵɜɚɟɬ ɧɚ ɬɨ, ɱɬɨ ɩɪɨɢɫɯɨɞɢɬ ɩɟɪɟɧɨɫ 

ɡɚɪɹɞɚ ɨɬ O ɤ Ca, ɱɬɨ ɩɪɢɜɨɞɢɬ, ɜ ɫɜɨɸ 

ɨɱɟɪɟɞɶ, ɤ ɨɛɪɚɡɨɜɚɧɢɸ ɤɨɜɚɥɟɧɬɧɨɣ ɫɜɹɡɢ 

ɦɟɠɞɭ ɞɚɧɧɵɦɢ ɚɬɨɦɚɦɢ. ɋɭɳɟɫɬɜɭɟɬ ɬɨɬ ɠɟ 

ɯɚɪɚɤɬɟɪ ɩɟɪɟɧɨɫɚ ɡɚɪɹɞɚ ɦɟɠɞɭ ɚɬɨɦɚɦɢ O 

ɢɡ ɝɪɭɩɩ PO4 ɢ Ti ɜɞɨɥɶ ɧɚɩɪɚɜɥɟɧɢɹ Ti‒O ɧɚ ɝɪɚɧɢɰɚɯ ɪɚɡɞɟɥɚ. Ɍɚɤɢɦ ɨɛɪɚɡɨɦ ɦɨɠɧɨ ɡɚɤɥɸɱɢɬɶ, ɱɬɨ 

ɚɬɨɦɵ Ti ɞɟɣɫɬɜɭɸɬ ɤɚɤ ɚɤɰɟɩɬɨɪɵ ɷɥɟɤɬɪɨɧɨɜ (ɤɢɫɥɨɬɚ Ʌɶɸɢɫɚ) ɩɨ ɨɬɧɨɲɟɧɢɸ ɤ ɚɬɨɦɚɦ O ɢɡ ɦɨɥɟɤɭɥ 

PO4. ɂɫɫɥɟɞɨɜɚɧɢɟ ɪɚɫɩɪɟɞɟɥɟɧɢɹ ɜɚɥɟɧɬɧɵɯ ɷɥɟɤɬɪɨɧɨɜ ɩɨɦɨɝɥɨ ɨɩɪɟɞɟɥɢɬɶ ɨɛɪɚɡɨɜɚɜɲɢɟɫɹ ɧɚ 

ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɞɜɭɯ ɫɬɪɭɤɬɭɪ ɯɢɦɢɱɟɫɤɢɟ ɫɜɹɡɢ ɢ ɨɰɟɧɢɬɶ ɢɯ ɢɧɬɟɧɫɢɜɧɨɫɬɶ: ɞɜɟ ɤɨɜɚɥɟɧɬɧɵɟ ɫɜɹɡɢ 

Ti‒O (1,90 ɢ 2,22 Å) ɢ ɬɪɢ ɤɨɜɚɥɟɧɬɧɵɟ ɫɜɹɡɢ Ca‒O (2,34, 2,44 ɢ 2,46 Å)) ɞɥɹ ɚSiȽȺ/ɚTiO2, ɚ ɬɚɤɠɟ 3 ɫɜɹɡɢ 

Ca–O (2,43 ± 0,07 Å) ɢ ɨɞɧɚ ɫɢɥɶɧɚɹ ɫɜɹɡɶ Ti–O (1,83 Å) ɜ ɫɥɭɱɚɟ ɚȽȺ/ɚTiO2. ɋɜɹɡɶ Ti‒O ɹɜɥɹɟɬɫɹ 

ɞɨɦɢɧɢɪɭɸɳɟɣ ɢ ɫɚɦɨɣ ɢɧɬɟɧɫɢɜɧɨɣ. Ɂɚɜɟɪɲɚɸɳɢɦ ɚɧɚɥɢɡɨɦ ɛɵɥɨ ɨɩɪɟɞɟɥɟɧɢɟ ɂɉɁ ɦɟɬɨɞɨɦ Ȼɟɣɞɟɪɚ 

(ɬɚɛɥɢɰɚ 1). Ɋɚɫɱёɬ ɂɉɁ ɩɨɤɚɡɚɥ, ɱɬɨ ɧɚ ɚSiȽȺ/aTiO2 ɢɧɬɟɪɮɟɣɫɟ ɚTiO2 ɩɪɢɧɢɦɚɟɬ ɷɥɟɤɬɪɨɧɵ ɨɬ aȽȺ ɜ 

ɤɨɥɢɱɟɫɬɜɟ ɪɚɜɧɨɦ 0,467 ɟ ɢ 0,346 ɟ ɞɥɹ ɱɢɫɬɨɝɨ ɢ ɡɚɦɟɳёɧɧɨɝɨ ɚȽȺ, ɫɨɨɬɜɟɬɫɬɜɟɧɧɨ, ɬ.ɟ ɩɨɜɟɪɯɧɨɫɬɶ 

aȽȺ ɫɬɚɧɨɜɢɬɫɹ ɛɨɥɟɟ ɩɨɥɨɠɢɬɟɥɶɧɨ ɡɚɪɹɠɟɧɧɨɣ ɩɨɫɥɟ ɜɡɚɢɦɨɞɟɣɫɬɜɢɹ ɡɚ ɫɱёɬ ɞɨɧɨɪɫɬɜɚ ɷɥɟɤɬɪɨɧɨɜ 

ɞɢɨɤɫɢɞɭ ɬɢɬɚɧɚ ɞɥɹ ɨɛɟɢɯ ɦɨɞɟɥɟɣ ɢɧɬɟɪɮɟɣɫɨɜ.  

ȼɵвɨɞɵ. ɂɡɭɱɟɧɨ ɜɥɢɹɧɢɟ ɡɚɦɟɳɟɧɢɹ ɜ ɫɬɪɭɤɬɭɪɟ ɚȽȺ ɮɨɫɮɚɬɧɵɯ ɝɪɭɩɩ ɫɢɥɢɤɚɬ-ɢɨɧɚɦɢ ɧɚ 

ɯɢɦɢɱɟɫɤɭɸ ɫɜɹɡɶ ɢ ɚɞɝɟɡɢɸ ɧɚ ɦɟɠɮɚɡɧɨɣ ɝɪɚɧɢɰɟ ɪɚɡɞɟɥɚ ɚȽȺ/aTiO2. ȼɵɹɜɥɟɧɨ, ɱɬɨ ɜɧɟɞɪɟɧɢɟ 

ɛɢɨɫɨɜɦɟɫɬɢɦɵɯ ɫɢɥɢɤɚɬ-ɢɨɧɨɜ ɜ ɤɪɢɫɬɚɥɥɢɱɟɫɤɭɸ ɪɟɲɟɬɤɭ ɚȽȺ ɩɪɢɜɨɞɢɬ ɤ ɪɨɫɬɭ ɚɞɝɟɡɢɢ ɧɚ ~ 13% ɡɚ 

ɫɱёɬ ɭɜɟɥɢɱɟɧɢɹ ɤɨɥɢɱɟɫɬɜɚ ɦɟɠɮɚɡɧɵɯ ɫɜɹɡɟɣ.  

Ɋɚɛɨɬɚ ɜɵɩɨɥɧɟɧɚ ɩɪɢ ɮɢɧɚɧɫɨɜɨɣ ɩɨɞɞɟɪɠɤɟ ɝɪɚɧɬɚ ɩɪɟɡɢɞɟɧɬɚ ɊɎ ɞɥɹ ɩɨɞɞɟɪɠɤɢ ɦɨɥɨɞɵɯ 

ɭɱɟɧɵɯ ɤɚɧɞɢɞɚɬɨɜ ɧɚɭɤ ɆɄ-6287.2018.8. 

 

ɋɉɂɋɈɄ ɅɂɌȿɊАɌɍɊɕ 
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