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ʋɼʂ 658.723:580 

ʈɸʍʓʄɹɽʂʆɺ ɸ.ɾ. 
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ɾʝʪʳʩʫʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʠ ʠʤ. ʀ. ɾʘʥʩʫʛʫʨʦʚʘ, ʛ. ʊʘʣʜʳʢʦʨʛʘʥ   

 

ʉʋʇɽʈʀʆʅʅʓʁ ɼɸʊʏʀʂ ʂʀʉʃʆʈʆɼʅʆɻʆ ʆɹʄɽʅɸ 

 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʫʥʠʢʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʙʤʝʥʘ ʪʚʝʨʜʦʛʦ 

ʦʙʨʘʟʮʘ ʩ ʧʦʤʦʱʴʶ ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʫʧʝʨʠʦʥʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʥʘ ʦʩʥʦʚʝ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ, 

ʦʙʣʘʜʘʶʱʝʛʦ ʬʝʥʦʤʝʥʘʣʴʥʦʡ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʢʠʩʣʦʨʦʜʥʦʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʧʦʣʝ 

ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ.   

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʫʧʝʨʠʦʥʠʢ, ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ, ʦʢʩʠʜ, ʩʢʦʨʦʩʪʴ, ʧʦʣʝ, ʵʣʝʢʪʨʦʜ, ʠʦʥ, ʜʘʚʣʝʥʠʝ, ʷʯʝʡʢʘ, ʧʨʦʙʠʨʢʘ, 

ʘʪʤʦʩʬʝʨʘ. 

ʈʝʟʫʣʴʪʘʪ ʤʥʦʛʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴʶ ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʙʤʝʥʘ 

ʤʝʞʜʫ ʦʙʲʝʢʪʦʤ ʠ ʘʪʤʦʩʬʝʨʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʢʘʤʝʨʳ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ, ʚ ʢʦʥʝʯʥʦʤ ʦʪʯʸʪʝ, ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʪʘʢʠʤʠ ʧʨʦʮʝʩʩʘʤʠ ʥʫʞʥʳ ʧʨʦʩʪʳʝ, ʪʦʯʥʳʝ, ʧʨʠʛʦʜʥʳʝ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʫʩʣʦʚʠʡ ʤʝʪʦʜʳ ʥʝʧʨʝ-

ʨʳʚʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʙʤʝʥʘ, ὨὓὨ†ϳ  ʤʦʣʴ/ʩ. 

ɽʩʣʠ ʩʥʘʙʞʝʥʥʘʷ ʧʣʘʪʠʥʦʚʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ ʧʝʨʝʛʦʨʦʜʢʘ ʠʟ ʧʣʦʪʥʦʛʦ ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʥʦʛʦ ʠʦʥʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ 

(ʊʆʀʇ) ʠʣʠ ʩʫʧʝʨʠʦʥʠʢʘ ʥʘ ʦʩʥʦʚʝ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʡ ʜʚʫʦʢʠʩʠ ʮʠʨʢʦʥʠʷ, ʨʘʟʜʝʣʷʝʪ ʛʘʟʦʚʳʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʩ ʧʘʨʮʠ-

ʘʣʴʥʳʤʠ ʜʘʚʣʝʥʠʷʤʠ ʢʠʩʣʦʨʦʜʘ ʨ
/
 ʠ ʨ, ʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʝʩʢʦʣʴʢʦ ʩʦʪ ʛʨʘʜʫʩʦʚ ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʪʘʢʦʡ ʷʯʝʡʢʠ ʙʳʩʪʨʦ 

ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʢʠʩʣʦʨʦʜʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʘʷ ʵʣʝʢʪʨʦʜʚʠʞʫʱʘʷ ʩʠʣʘ ʵ.ʜ.ʩ.ɽ:                                          

p

p

F

RT
E

'

ln
4
=                                                         (1) 

ʠʟʤʝʨʷʷ, ʢʦʪʦʨʫʶ ʥʝʪʨʫʜʥʦ ʨʘʩcʯʠʪʳʚʘʪʴ ʥʝʠʟʚʝʩʪʥʦʝ ʨ
/ 
[1-2]. ɿʜʝʩʴ R ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ, F ï ʯʠʩʣʦ 

ʌʘʨʘʜʝʷ. ɺ ʥʘʰʝʡ ʨʘʙʦʪʝ ʤʳ ʠʟʤʝʨʷʣʠ ʩʢʦʨʦʩʪʴ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʙʤʝʥʘ, ʠʩʧʦʣʴʟʫʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʫʶ ʷʯʝʡʢʫ ʥʘ ʪʚʸʨ-

ʜʦʤ ʦʢʩʠʜʥʦʤ ʵʣʝʢʪʨʦʣʠʪʝ. ʇʨʝʜʣʘʛʘʝʤ ʤʝʪʦʜ, ʩʦʭʨʘʥʷʶʱʠʡ ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ ʊʆʀʇ ʘʙʩʦʣʶʪʥʫʶ ʠʟʙʠʨʘʪʝʣʴʥʦʩʪʴ ʢ 

ʢʠʩʣʦʨʦʜʫ, ʥʦ ʩʚʦʙʦʜʥʦʡ ʦʪ ʥʝʜʦʩʪʘʪʢʦʚ ʤʝʪʦʜʘ, ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʠʟʤʝʨʝʥʠʠ ʵʣʝʢʪʨʦʜʚʠʞʫʱʝʡ ʩʠʣʳ ɽ. 

ʄʝʪʦʜ ʧʨʠʤʝʥʠʤ ʧʨʠ ʣʶʙʳʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ ʢʠʩʣʦʨʦʜʘ ʠʟ ʜʠʘʧʘʟʦʥʘ, ʚ ʢʦʪʦʨʦʤ ʊʆʀʇ ʩʦʭʨʘʥʷʝʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʠʦʥʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ. ʇʨʦʱʝ ʦʩʫʱʝʩʪʚʣʷʪʴ ʪʘʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʠʩʣʦʨʦʜʘ 

0,21ʘʪʤ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʥʝʰʥʠʡ ʵʣʝʢʪʨʦʜ ʷʯʝʡʢʠ ʥʝ ʥʫʞʥʦ ʠʟʦʣʠʨʦʚʘʪʴ ʦʪ ʦʢʨʫʞʘʶʱʝʡ ʘʪʤʦʩʬʝʨʳ ʠ ʟʘʜʘʯʘ 

ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʩʚʦʜʠʪʩʷ ʢ ʛʝʨʤʘʪʠʟʘʮʠʠ ʦʜʥʦʛʦ ʠʟ ʵʣʝʢʪʨʦʜʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚ.  

 

 

 
ʈʠʩ. 1. ʋʩʪʨʦʡʩʪʚʦ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʢʦʨʦʩʪʠ ʢʠʩʣʦʨʦʜʥʦʛʦ ʦʙʤʝʥʘ. 

ʛʜʝ 1 ï ʧʨʦʙʠʨʢʘ ʠʟ ʩʫʧʝʨʠʦʥʠʢʘ ʥʘ ʦʩʥʦʚʝ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʡ ZrO2; 

2 -  ʪʝʨʤʦʧʘʨʘ; 3 ï ʩʪʝʢʣʷʥʥʘʷ ʯʘʩʪʴ; 4 ï ʟʘʪʚʦʨ; 5 ï ʩʪʝʢʣʷʥʥʳʡ ʢʦʣʧʘʢ; 6 ï ʪʦʢʦʦʪʚʦʜ; 7 ï ʢʦʥʪʝʡʥʝʨ; 8 ï 

ʫʧʣʦʪʥʠʪʝʣʴ; 9 ï ʵʣʝʢʪʨʦʧʝʯʴ. 
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 ʀʤʝʥʥʦ ʜʣʷ ʪʘʢʠʭ ʠʟʤʝʨʝʥʠʡ ʥʘʤʠ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʦ ʠʟʤʝʨʠʪʝʣʴʥʦʝ ʫʩʪʨʦʡʩʪʚʦ, ʧʦʢʘʟʘʥʥʦʝ ʥʘ ʨʠʩ.1. ʆʥʦ 

ʩʦʩʪʦʠʪ ʠʟ ʩʪʘʥʮʠʦʥʘʨʥʦʛʦ ʢʦʨʧʫʩʘ ʠ ʩʲʝʤʥʦʛʦ ʮʝʥʪʨʘʣʴʥʦʛʦ ʫʟʣʘ. ʂʦʨʧʫʩ ʦʙʨʘʟʫʝʪ ʚʥʫʪʨʝʥʥʝʝ ʵʣʝʢʪʨʦʜʥʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʢʦʪʦʨʦʝ ʩʣʫʞʠʪ ʨʝʘʢʮʠʦʥʥʦʡ ʢʘʤʝʨʦʡ. ʎʝʥʪʨʘʣʴʥʳʡ ʫʟʝʣ ʩʣʫʞʠʪ 

ʜʣʷ ʚʥʝʩʝʥʠʷ ʦʙʨʘʟʮʘ ʚʦ ʚʥʫʪʨʝʥʥʝʝ ʵʣʝʢʪʨʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʂʦʨʧʫʩ ʚʢʣʶʯʘʝʪ ʧʨʦʙʠʨʢʫ 1, ʪʝʨʤʦʧʘʨʫ 2, 

ʩʪʝʢʣʷʥʥʫʶ ʯʘʩʪʴ 3 ʠ ʟʘʪʚʦʨ 4.  

ʇʨʦʙʠʨʢʘ 1 ʠʟ ʚʘʢʢʫʫʤʧʣʦʪʥʦʡ ʢʝʨʘʤʠʢʠ ʩʦʩʪʘʚʘ ZrO2 +9 ʤʦʣʴ% Y2O3  ʩʥʘʙʞʝʥʘ ʥʘ ʩʚʦʝʤ ʟʘʢʨʳʪʦʤ ʢʦʥʮʝ ʚʥʫʪ-

ʨʝʥʥʠʤ ʠ ʥʘʨʫʞʥʳʤ ʚʦʞʞʝʥʥʳʤʠ ʧʣʘʪʠʥʦʚʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ. ʇʨʦʙʠʨʢʘ ʦʙʨʘʟʫʝʪ ʩʪʝʥʢʠ ʨʝʘʢʮʠʦʥʥʦʡ ʢʘʤʝʨʳ ʠ 

ʩʣʫʞʠʪ ʪʚʸʨʜʳʤ ʦʢʩʠʜʥʳʤ ʵʣʝʢʪʨʦʣʠʪʦʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʇʣʘʪʠʥʘ - ʧʣʘʪʠʥʦʨʦʜʠʝʚʘʷ ʪʝʨʤʦʧʘʨʘ 2 ʦʪʢʨʳʪʳʤ ʨʘʙʦ-

ʯʠʤ ʢʦʥʮʦʤ ʧʨʠʢʨʝʧʣʝʥʘ ʢ ʥʘʨʫʞʥʦʤʫ ʵʣʝʢʪʨʦʜʫ ʧʨʦʙʠʨʢʠ. ʇʣʘʪʠʥʦʚʘʷ ʚʝʪʚʴ ʪʝʨʤʦʧʘʨʳ ʩʣʫʞʠʪ ʪʦʢʦʦʪʚʦʜʦʤ 

ʚʥʝʰʥʝʛʦ ʵʣʝʢʪʨʦʜʘ.      

ʉʪʝʢʣʷʥʥʘʷ ʜʝʪʘʣʴ 3, ʩʥʘʙʞʝʥʥʘʷ ʦʪʢʨʳʪʳʤ ʦʪʚʝʪʚʣʝʥʠʝʤ ʠ ʟʘʢʘʥʯʠʚʘʶʱʘʷʩʷ ʢʦʣʴʮʝʚʳʤʠ ʧʘʟʦʤ, ʧʨʠʧʘʷʥʘ ʢ ʦʪ-

ʢʨʳʪʦʤʫ ʢʦʥʮʫ ʧʨʦʙʠʨʢʠ. ɿʘʪʚʦʨ 4 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʝʨʝʛʦʨʦʜʢʫ ʠʟ ʨʪʫʪʠ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʦʡ 

ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʦʯʢʝ ï ʦʪʚʝʪʚʣʝʥʠʠ ʜʝʪʘʣʠ 3. ɿʘʪʚʦʨ ʩʣʫʞʠʪ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʟʘʤʢʥʫʪʦʡ 

ʨʝʘʢʮʠʦʥʥʦʡ ʢʘʤʝʨʝ ʧʨʠ ʢʦʨʨʝʢʪʠʨʦʚʘʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʎʝʥʪʨʘʣʴʥʳʡ ʫʟʝʣ ʚʢʣʶʯʘʝʪ ʩʪʝʢʣʷʥʥʳʡ ʢʦʣʧʘʢ 5, ʪʦʢʦʦʪ-

ʚʦʜ 6 ʠ ʢʦʥʪʝʡʥʝʨ 7. ʂʦʣʧʘʢ 5 ʷʚʣʷʝʪʩʷ ʦʪʚʝʪʥʳʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʢʦʣʴʮʝʚʦʤʫ ʧʘʟʫ ʚ ʜʝʪʘʣʠ 3. ʋʧʣʦʪʥʠʪʝʣʝʤ 8 

ʩʣʫʞʠʪ ʞʠʜʢʠʡ ʛʘʣʣʠʡ.  

ʇʣʘʪʠʥʦʚʳʡ ʪʦʢʦʦʪʚʦʜ 6 ʚʥʫʪʨʝʥʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʚʘʢʫʫʤ ʧʣʦʪʥʦ ʚʧʘʷʥ ʚ ʢʦʣʧʘʢ 5. ʊʦʢʦʦʪʚʦʜ 6 ʧʦʜʩʦʝʜʠʥʷʝʪʩʷ ʢ 

ʧʣʘʪʠʥʦʚʦʡ ʚʝʪʚʠ ʪʝʨʤʦʧʘʨʳ 2 ʯʝʨʝʟ ʥʠʟʢʦʦʤʥʳʡ ʤʘʣʦʠʥʝʨʮʠʦʥʥʳʡ ʠʟʤʝʨʠʪʝʣʴ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʈ ï 341. ʋʩʪʨʦʡ-

ʩʪʚʦ ʩʥʘʙʞʝʥʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʝʯʴʶ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 9, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʥʘʛʨʝʚ 

ʨʘʙʦʯʝʡ ʟʦʥʳ, ʚʢʣʶʯʘʶʱʝʡ ʟʘʢʨʳʪʳʡ ʢʦʥʝʮ ʧʨʦʙʠʨʢʠ ʩ ʵʣʝʢʪʨʦʜʘʤʠ ʠ ʢʦʥʪʝʡʥʝʨ ʩ ʦʙʨʘʟʮʦʤ. 

 ʇʦʩʢʦʣʴʢʫ ʪʚʸʨʜʳʡ ʵʣʝʢʪʨʦʣʠʪ ï ʝʜʠʥʩʪʚʝʥʥʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʘʷ ʩʪʝʥʢʘ ʟʘʤʢʥʫʪʦʛʦ ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ, ʤʳ ʠʟʤʝʨʷʝʤ ʧʦʣʥʳʡ ʪʦʢ ʯʝʨʝʟ ʟʘʤʢʥʫʪʫʶ ʧʦʚʝʨʭʥʦʩʪʴ. 
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ʛʜʝ ” ï ʧʣʦʪʥʦʩʪʴ ʟʘʨʷʜʘ, †- ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ. ʊʦʢ ʧʨʦʪʝʢʘʝʪ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʚʳʜʝʣʷʝʪ ʠʣʠ ʧʦʛʣʦʱʘʝʪ ʢʠʩʣʦʨʦʜ, ʝʩʣʠ 
ʥʘ ʵʣʝʢʪʨʦʜʘʭ ʩʫʱʝʩʪʚʫʶʪ ʫʩʣʦʚʠʷ ʜʣʷ ʝʛʦ ʠʦʥʠʟʘʮʠʠ ʠ ʜʝʠʦʥʠʟʘʮʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʝʚʨʘʱʝʥʠʷ 

ʧʦʪʦʢʘ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʢʠʩʣʦʨʦʜʘ ʚ ʧʦʪʦʢ ʠʦʥʦʚ ʯʝʨʝʟ ʪʚʸʨʜʳʡ ʵʣʝʢʪʨʦʣʠʪ ʠ ʜʘʣʝʝ, ʚ ʵʣʝʢʪʨʦʥʥʳʡ ʪʦʢ ʚʥʝʰʥʝʡ ʮʝʧʠ. 

 ʇʦʩʢʦʣʴʢʫ ʥʦʩʠʪʝʣʷʤʠ ʚ ZrO2  ʷʚʣʷʶʪʩʷ ʠʦʥʳ 0
2-
 , ʧʝʨʝʥʦʩ Vd” ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʥʦʩʫ Vd”/4F ʤʦʣʝʡ ʢʠʩ-

ʣʦʨʦʜʘ. ʌʫʥʢʮʠʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʨʘʩʯʝʪʥʘʷ ʬʦʨʤʫʣʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʠʤʝʶʪ ʚʠʜ  
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ʛʜʝ ‏Ⱦ - ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʦʢʘ. ɺʳʛʦʜʥʳʡ ʭʘʨʘʢʪʝʨ ʬʫʥʢʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʦʯʝʚʠʜʝʥ. 

ʆʥʘ ʣʠʥʝʡʥʘ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨ ʠ ʊ, ʧʦʵʪʦʤʫ ʥʠ ʧʦʛʨʝʰʥʦʩʪʴ, ʥʠ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʷʪ 

ʦʪ ʫʩʣʦʚʠʡ ʠʟʤʝʨʝʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʝʪʦʜ ʧʨʠʛʦʜʝʥ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʚʦʜʠʤʳʭ 

ʚ ʦʢʠʩʣʠʪʝʣʴʥʳʭ, ʥʝʡʪʨʘʣʴʥʳʭ ʠ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʘʪʤʦʩʬʝʨʘʭ [3].   

ʇʨʝʜʣʦʞʝʥʥʳʤ ʤʝʪʦʜʦʤ ʠʩʩʣʝʜʦʚʘʣʠ ʦʢʠʩʣʝʥʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ɺʘʊʽʆ3 + 15ʘʪ%Ce, ʤʘʩʩʦʡ 0,005 

ʛ ʧʨʠ ʊ = 900
0
ʉ, ʨ=0,21 ʘʪʤ. ʅʘʙʣʶʜʘʣʠ ʧʦʛʣʦʱʝʥʠʝ ʢʠʩʣʦʨʦʜʘ ʦʙʨʘʟʮʦʤ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ., ʩʦ ʩʢʦʨʦʩʪʴʶ, ʤʦʥʦʪʦʥʥʦ 

ʫʙʳʚʘʶʱʝʡ ʦʪ 2Ŀ10
-10

 ʜʦ 0 ʤʦʣʴ/ʩ. (ʈʘʩʯʝʪʥʘʷ ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 1,5 %, ʩʠʩʪʝʤʘʪʠʯʝʩʢʘʷ ʦʰʠʙʢʘ, 

ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʬʦʥʦʚʳʤ ʪʝʨʤʦʪʦʢʦʤ, ʦʩʪʘʚʘʣʘʩʴ ʚ ʧʨʝʜʝʣʘʭ 10%).                    

ʀʩʩʣʝʜʦʚʘʣʠ ʦʢʠʩʣʝʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʜʦʨʦʜʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ 

ZrO2 + 9 ʤʦʣʴ%Y2O3 ʤʘʩʩʦʡ 0,008ʛ., ʧʨʠ ʊ= 920
0
ʉ, ʨ= 0,21 ʘʪʤ. ʉʢʦʨʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʢʠʩʣʦʨʦʜʘ ʦʙʨʘʟʮʦʤ ʤʦʥʦʪʦʥʥʦ 

ʫʙʳʚʘʣʘ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʦʪ 1,05Ŀ10
-10 
ʜʦ 0 ʤʦʣʴ/ʩ, ʩʫʤʤʘʨʥʦʝ ʧʦʛʣʦʱʝʥʠʝ ʩʦʩʪʘʚʠʣʦ 6,35 Ŀ10

-8
 ʤʦʣʷ. ʈʘʩʩʯʠʪʘʣʠ, ʯʪʦ 

ʠʟʙʳʪʦʯʥʳʝ ʚʘʢʘʥʩʠʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ, ʩʦʩʪʘʚʣʷʣʠ 0,1% ʦʪ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʠʩʣʦʨʦʜʥʳʭ ʫʟʣʦʚ.  
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TECHNOLOGICAL FEATURES OF A NEW DESIGN OF A FACE GRINDING WHEEL  

 

Abstract. In article, addresses the issues connected with the decrease of the thermal impact on detail surface faced gring-

ding wheel. The new design of a face grinding wheel with the faltering cutting and rising parts of a continuous working 

surface, with transition from the hollows to the ledges on an Archimedean spiral (Patent ˉ0183) is developed. The character-

istic of an Archimedean spiral is the sum of two uniform motions of the tool and the detail, and practically provides the 

constancy of an grains attack angle located on all length of a ledge. The method of the parameterization of a new design for 

grinding wheel is developed. Analytical expression about the quantity of the actually working abrasive grains and regularity 

of their distribution on an Archimedean spiral of the cutting ledge are received. It is established that the grinding wheel of a 

new design in comparison with a standard circle promotes considerable (up to 30%) reduction of roughness of a polished 

surface. 

1. Creating breakthrough surface with a new construction side shingle circle. The cutting edge of the working surface was 

interrupted, and the whitening part was made entirely from archway to arched spiral. 

2. Conducting theoretical researches for the parameterization of the new construction side-bye circle. 

3.Theoretical researches of conditions of formation of geometrical parameters of surfaces in curlization with new con-

stricted lateral circle circle 

4. An experimental study of the effectiveness of a flat-blasting operation with a new constructed side-circle circle. Com-

parative determination of contact temperature, shear force and bracedness dependency laws. 

5. New konstruksiyalϸē burnish circle design, develop and prepare proposals for the determination of economic efficiency. 

Conducting experimental testing of new construction side-by-side circle. 

The comparative analysis of graphic dependences shows that at application of a new design of a face circle reduction of 

roughness of a polished surface is observed considerable (up to 30%). 

Key words: the grinding wheel, faltering circle, Archimedean spiral, roughness, cutting force, granularity, waviness. 

 

Introduction . The efficiency of the process for the face grinding is expressed in the high geometrical precision and 

productivity of this process which is tens times surpasses productivity of the flat grinding by the periphery of a circle. There-

fore, a study of the issue on a research and improvement of the process of face grinding, especially to decrease in temperature 

impact on the processed surface, numerous researches have been devoted [31]. Generalizing results of the analysis of the re-

searches in the field of the face grinding, it is possible to concentrate generally on three directions of decrease in the thermal 

impact on the processed surface of the details: 

Å management of the grinding process modes, 

Å application of the lubricant cooling technological means (LCTM), 

Å application of grinding wheels with a faltering surface. 

The most effective method of increasing the efficiency and improvement of the quality of abrasive processing is the appli-

cation of circles with a faltering working surface. At the same time, one of the defining factors influencing course of the 

process of grinding is the sizes of the processed surfaces, more precisely, the contact zone sizes. At flat grinding by the circle 

end, the zone of contact has considerable size in comparison with other types of grinding. This feature leads to essential varie-

ty of the specific characteristics of the process of grinding in different points of contact zone. Numerous efficiency of the face 

grinding process is expressed in the high geometrical precision and productivity of this process which is tens of times surpass-

es productivity of flat grinding by the periphery of a circle. Therefore, a study of the issue and improvement of process of face 

grinding, especially to decrease in temperature impact on the processed surface, numerous researches have been devoted. 

Generalizing results of the analysis of the researches in the field of the face grinding it is possible to concentrate generally on 

three directions of decrease in thermal impact on the processed detail surface: 

Å management of the grinding process modes, 

Å application of the lubricant cooling technological means (LCTM), 

Å application of grinding wheels with a faltering surface.  

The aim of the study. The most effective method of increase the efficiency and improvement of the quality of the abra-

sive processing is the application of circles with a faltering working surface. At the same time, one of the defining factors 

influencing the course of the process of grinding is the sizes of the processed surfaces, more precisely, the contact zone sizes. 

At flat grinding by a circle end, the zone of contact has the considerable size in comparison with other types of grinding. This 

feature leads to the essential variety of the specific characteristics of the grinding process in the different points of the contact 

zone. The numerous factors leading to uneven abrasive impact on the processed surface especially brightly are expressed at 

the big areas of contact.  

It should be noted that process of face grinding by circles with a faltering working surface is followed by vibrations. The 

most significant sources of fluctuations when grinding are: imbalance of a faltering grinding wheel which is caused by errors 

of its form and sizes, the sizes of the cutting ledges and their number, uneven density of the structure of the tool and shock 

impact of a faltering part of a grinding wheel on the processed detail surface. Vibration in the MTDI system in turn leads to 

deterioration micro and macro-profiles of polished surfaces and limits scales of application of faltering grinding [31]. 

Generalizing results of the carried-out analysis we establish the fact that each of above-mentioned ways of decrease in 

thermal impact on the processed surface has the positive and negative moments. Among considered, an effective way is falter-
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ing grindings. Improving the grinding wheel design  with a faltering working surface, defining it optimum parameters and 

operating conditions, including the modes of grinding and a way of cooling it is possible to increase efficiency of process of 

face grinding in addition. 

Proceeding from the above it is possible to come to a conclusion that process of thermal emission in a contact zone at face 

grinding has difficult character. Except for traditional factors of thermophysics it is necessary to pay attention as well to the 

characteristics of abrasive grains works for working end face of a grinding wheel. Not in view of physical essence of these 

features and without having mathematical model of process of the cutting happening in a zone, it is difficult to define opti-

mum conditions of decrease in thermal impact on the processed surface. 

Subject of study. The idea of the decrease in thermal impact on the processed surface by means of constructive design of 

a grinding wheel has led to the emergence of circles with faltering (segment circles), eccentric, inclined, etc. surfaces (tab. 1). 

These ways through the decrease in thermal impact on the processed surface, however, as it is mentioned above works well, 

they steadily lead to increase in vibration of the technological system because of the shock influence at faltering grinding and 

imbalance, when grinding with excentric and inclined circles. The imbalance of grinding wheels in turn leads to increase of 

the tension in a circle, to deterioration quality of the polished surfaces and occuring on them burning, increasing he impinge-

ment attack of the circle, premature failure spindle and other knots of the machine. Among above-mentioned designs of face 

grinding wheels the greatest distribution has received segment circles which equip serially released flat grinding machines 

with a vertical spindle and a rectangular table. 

Analyzing work of circles with a faltering working surface - segment circles it will easily be convinced that cutting work 

at the same time is performed generally by the grains located on an external working layer of a segment and on a forward edge 

of its end face with height of size of longitudinal feed of a detail on one segment of a circle. It is attested that the intensive 

sparkling of grains of this zone from a sheaf (Fig. 1b). In process of the impingement attack there happened self-design of the 

segment external profile. At the same time, on an external surface of a segment is formed the working surface having some 

angle of attack to the cutting plane. The similar phenomena was observed by professor A.I. Yakimov [31] at peripheral grind-

ing by circles with a faltering working surface. Wherein the profile of a ledge receives a spiral outline. The section point 

between a frontal and back zone of grinding at the same modes has eventually the fixed situation. The self-sharpining circle 

proceeds evenly on all profile with maintaining constancy of an angle of attack. 

 
 Fig. 1. Self-design of an external profile of a segment in the process of grindings:                            

             a) before alignment,     b) after alignment  

 

       The specified phenomenon is especially characteristic at deep and draft multipass grinding with big feeds to the depth. 

These judgments lead to a thought that the main center of thermal emission in a contact zone of a segment circle is frontal - 

the cutting strip of a contact zone. In the subsequent strips actually working grains getting to already cut through scratches of 

spark-out work. And the spark-out abilities of conditional strips increase in process of removal from a frontal zone on the de-

creasing geometrical progression. Thus, the working end face of a segment conditionally breaks into two parts ï the front 

cutting frontal page, the second is the subsequent spark-out strips. The exponential form of oscillograms of distribution of 

temperature in a contact zone is a clear proof of the aforesaid [27]. 

 

     The intermittency of a working end face of a circle in the spark-out part slightly influences process thermal emission in 

a contact zone at the same time because of intermittence of a surface, this part of a ledge is one of the main reasons for emer-

gence of vibrations in technological system and by that leads to deterioration of processing reducing the spark-out ability of a 

working end face of a circle.  

       Therefore, decrease of intensity of thermal emission in the cutting frontal part of a working end face of a circle where 

it has the dominating value, by creation of intermittence in this zone and elimination of the centers of emergence of vibrations 

by performance the spark-out part by continuous, are the most optimal solutions of increase in efficiency of process of a face 
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research. Thus, by the corresponding constructive design it will be possible to reduce at the same time thermal impacts on the 

processed surface and vibrations in technological system.  

 

 
 

               Fig. 2. Face grinding wheel with a faltering working surface                        

   During creation of intermittence in a frontal strip of a working end face of a circle, at the expense of cuts the total of the 

actual grains decreases and therefore load of the cutting grains increases. The blow force perceived generally by grains of the 

site of a working ledge, adjacent to a forward edge, though is rather less, but will promote to emergence of vibrations in tech-

nological system. Height of the site of a forward edge perceiving interference corresponds to the size of longitudinal feed of 

the grinding wheel coming to one ledge of a faltering surface. 

For elimination of the periodic interference in this zone and by that sources of vibrations, it is required profiling of the cut-

ting ledges of a faltering part of a working end face of a grinding wheel so that promoted increase in quantity of the cutting 

grains of a working ledge and creation of conditions for rather equilibrium distribution  of an allowance between them coming 

to one ledge of a faltering part of a frontal strip. The problem of increase in quantity of the actually working grains in a work-

ing layer of an abrasive circle and equilibrium distribution of an allowance between these grains is solved an outline of a 

profile of the cutting ledge on an Archimedean spiral, i.e. transition from the hollow to a ledge in the cutting frontal strip is 

carried out on an Archimedean spiral. Thus, the formula of an invention Face grinding wheel which has been protected in the 

State Committee on Standardization of Metrology and Patent Studies has been formulated and the patent of the same name at 

No. 0183 (Fig. 3) is taken out. 

 
     Fig. 3. Face grinding wheel with the ledges outlined on an Archimedean spiral 
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At a faltering circle the ledges outlined on an Archimedean spiral remind mills with form-relived teeth, at the same time in 

relation to a cutting zone the forward surface has the form of an Archimedean spiral, and a back surface a flat form. Character-

istic of a form-relive is the frontal surface on an Archimedean spiral which keeps constancy of a profile and by that an angle 

of attack of the cutting grains located on it. 

Theoretical researches. The Archimedean spiral turns out by means of summation of two even load distribution ï for-

ward as a result of longitudinal feed of a detail and a grinding wheel, rotary by means of rotary motion. The Archimedean 

spiral practically provides with the corresponding characteristic constancy of an attack angle of the grains located on all its 

length. Theoretically, constancy isn't present, but the deviation little and practically for the process of grinding they can be 

neglected. Form-relive of the new design of a face grinding wheel can make on the special form-relieve machine with form-

relive cutters and grindings. Perhaps also implementation of a double form-relive. At the same time, the cutting part of a sur-

face of a ledge form-reliving with falling of a nape at a size K and back with falling of a nape at a size K1. When milling the 

value undertakes equal  (1,2-1,5) K [17]. The double form-reliving leads to the final division of the frontal and back parts of 

the cutting ledge that limits technological capabilities of the frontal part at various modes of grinding. The provision of a point 

of intersection of the Archimedean spirals with the various falling of a nape should be defined proceeding from the value of a 

ratio n
Vd  . At unstable value of this ratio the provision of a point of the section of a frontal and back zone will move. 

       

 Theoretical requisites  

 In case of increasing size ratio to n
Vd  part of the allowance  will be removed a rear zone of the cutting ledge. Wherein, 

the point of intersection of a frontal and rear zone will promote to emergence of shock influence. In case of reduction of this 

ratio the allowance for a ledge entirely is removed a forward part of a frontal zone of a ledge that will undoubtedly lead to 

reduction of number of active abrasive grains and increase in load of them. Creation of a double relieving work from a posi-

tion of technological construction, will lead to a complication of technological process of production of a grinding wheel and 

increasing its production cost. 
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                                                  (1) 

At face grinding the feed per revolution of the disc is defined  by a formula where 
du

V - is speed of longitudinal moving 

of a detail to m/min, kn  - is the frequency of rotation of a circle in rpm, kD -  is the diameter of a grinding wheel in mm, kV

- is the speed of rotation of a grinding wheel in m/s.  

Feed per revolution on the cutting ledge of a grinding wheel with a faltering working surface is determined by a formula 
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                                                   (2) 

 where , Z -is the quantifer of ledges of the faltering cutting part of a circle. 

 For the definition of the characteristic of the Archimedean spiral according to which ledges of a faltering part of a grind-

ing wheel the size of a step of an Archimedean spiral are outlined we equate to the size of longitudinal feed per revolution on 

one ledge of a faltering part. To this value of a step there can correspond two spirals differing from each other in the direction 

of rotation of a circle. At rotation of a circle the grinding wheel with the ledges outlined by the left spiral (fig.4 a) and vice 

versa (fig.4 b) is clockwise applied. 

 

 
Fig.4. Definition of the characteristic of the Archimedean spiral. 

a) left spiral,             b) right spiral. 

The polar equation of the Archimedean spiral is presented in the form  
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p

j

2
=

a

p
                                                       (3) 

where -
p

 is the increment vector radius, and - a is the step of te Archimedean spiral at a whole revolution vector radi-

us,and 
j

 is the current value of a polar angle of rotation vector radius. 

We will write down the equation (3) in a look      

                               jr K=                                                          (4) 

 where- K is the parameter of the Archimedean spiral. K is the - grain arrangement vector radius at its turn is defined by 

the size of an increment of the current value on a corner in one radian  

                              
p

a

2
=K                                                           (5) 

To turn of radius of a vector 
r

 from any its situation on a corner, it corresponds the same increment of the distance.  

Writing down value K in a formula (4) we will receive    

                               j
p

a

2
=p                                                       (6)                                                                         

Values of an angle of rotation depending on quantity of ledges are presented in tab. 1.                                                                                                        

tabl. 1 

z 3 6 12 24 

j
, ʚ ʛʨʘʜ 120 60 30 15 

 

In a formula (6) equating a step of an Archimedean spiral to the size of longitudinal feed per revolution of a circle detail 

we will receive        

                             

k

kd

V

DV

2000

j
r=                                               (7)           

The increment vector radius on the cutting ledge outlined on an Archimedean spiral will be (tab. 1) 

                              
ZV

DV

k

kd

2000

j
r=                                           (8)   

tabl.2 

Z 3 6 12 24 

j
 120 60 30 15 

r
 Sob/3 Sob/6 Sob/12 Sob/24 

 

Thus, creation of intermittence in cutting - the frontal zone with transition from a ledge to the hollow on an Archimedean 

spiral and performance continuous can lower the caring part of a working surface of a face grinding wheel considerably tem-

perature impact on the processed surface and vibrations of the MTDI technological system that also the quality of a polished 

surface in total will lead to increase in efficiency of process. 

¶ For identification of essence of process of grinding with application of a new design of a face circle, development of 

a technique of parametrization of its faltering part, definition of the characteristic of a working surface and development of 

practical recommendations about its application we will analyse the mechanism of work of the grains located in a working 

layer of the cutting ledge outlined on an Archimedean spiral. For the purpose of the analytical description of the mechanism of 

work of active abrasive grains of ledges of the offered design, as well as in standard cases of mathematical modeling and the 

analysis, we will make some schematization of the process of grinding for development of the practical recommendations. For 

this purpose according to work we accept below-mentioned submitted formulations: 

Å Grains in a circle and in its layers are focused randomly, 

Å In the process of grinding, in process of a sparkling of a grain circle  are opened and appear on a working layer, thus their 

casual orientation remains, 

Å Not all grains of a working surface of a circle participate in work on removal of an allowance and create thermal impuls-

es, 

Å The nominal surface of contact of a circle with a detail is a projection of the actual surface of contact to a conditional ex-

ternal surface of a circle. 

Å The circle which is carried out throug top of the most acting grains in a working layer of the tool will be called an exter-

nal surface of a circle. 

Å The circle replacing the actual surface of a ligament in boundaries grain space of the tool will be called the surface of a 

ligament a circle. 

Å A working layer of a circle is the layer located between an external surface of a circle and the surface of a ligament. 
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      While grinding, one of the main reasons for uneven abrasive impact on the processed surface is the changing of the 

speed of cutting of grains in a contact zone in size and in the direction. Change of cutting grain speed in size happens on the 

width of a working end face of a circle because of change of district speed of the grains located on different concentric circles 

)(RFVz = . At the grains located on one circle change of speed of cutting occurs in the direction 
)(jFVz = . Depending 

on the direction of longitudinal feed per revolution of a detail in relation to an axis of symmetry of a circle,  a part of grains of 

a contact zone work against feed per revolution of a detail, having made counter grinding, and other part on feed per revolu-

tion of a detail having made passing grinding [16]. It is obvious that, at a chaotic arrangement of grains in a working layer of a 

circle such variety of speeds and operating conditions of grains of a zone of contact will lead to uneven abrasive impact on the 

processed surface including on process of thermal emission in a contact zone. 

    Other essential factor leading to uneven abrasive influences in a zone of contact is that work of cutting is performed 

generally by the grains located on a peripheral, frontal strip of a working end face of a circle with a feed per revolution width 

on a circle. At the subsequent turns of a circle the cut-through site of a surface repeatedly meeting from a working surface of a 

circle, breaks it into conditional strips with different extent of abrasive impact on the processed surface. Depending on the 

number of repeated meetings a part of grains of each strip get on already cut through flutes. At the same time, the extent of 

abrasive influence and therefore, the process of thermal emission decreases on the decreasing geometrical progression. In 

work [16] analytical expression of the change of the amount of actually working abrasive grains on the width of a working 

end face of a circle is offered. On the basis of this formula, the analytical expression of the quantity of actually working abra-

sive grains within the area of contact when grinding with the application of a new design of a face circle is received. 
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Where 
-b

the amendment on a symmetric arrangement of a curve of distribution of depth of tops of the grains in the 

working layer of a circle, 
g

- a half average verisimilar value of a corner of the top cutting grain, w- specific productivity, 

mm / with; K - concentration diamond or the cubic boron nitride grains, %; a- grain form coefficient; X - average value 

of the size of grinding sills grains ; d
V

- speed of longitudinal movement of a detail, m/min; 1K
- the coefficient considering 

intermittence in a frontal zone of a working end face of a new design of a grinding wheel; kV
= speed of rotation of a grinding 

wheel, m/s; D - outer diameter of a working end face of a circle, mm. 

At face grinding besides grains of a working end face, work of cutting is performed also by the grains located on an exter-

nal surface of a circle. From this point of view determination of the probable quantity of the actually working grains and 

regularities of their distribution on the surface of the cutting ledge of a circle outlined on an Archimedean spiral is important 

and can accompany disclosure of the mechanism of work of a new design of a grinding wheel.         

The ledges outlined on an Archimedean spiral conditionally are divided into two parts. A forward part of a ledge where 

the abrasive grains located in a layer directly not participate in the grinding process, it will be conditionally called rear zone, 

and an end-cutting part where we occur the process of the cutting will be called the cutting part. The position of the section 

point of the cutting and rear parts of a ledge isn't fixed and can change the position depending on cutting mode elements, in 

particular, from a ratio of longitudinal feed of a detail to a circle turn, i.e. from the characteristic of an Archimedean spiral. 

With increase in a ratio k

d

n
V

 the position of the section point moves from the cutting part to the rear part and vice versa. In 

other words, the ratio of the cutting part to the rear part is defined depending on inclination corner size - an angle of attack of a 

frontal zone of the cutting ledge. At the same time, the process of interaction of the cutting grains with the processed surface 

will also proceed differently. Depending on the size of an angle of attack the cutting grains settle down on different radiuses 

from the center of rotation of a circle and moving on certain trajectories, delete an allowance with separate thin layers. At the 

big characteristic of an Archimedean spiral and respectively great values of an angle of attack of grain work with big depths of 

introduction in metal and the main part of an allowance at the same time is removed the grains located on a forward part of the 

cutting ledge. Being on different radiuses from the center of rotation of a circle, grains rotate on concentric circles deleting an 

allowance with separate thin layers.  

During such abrasion removal of the metal, heat generated in a zone of micro sites of single grains, extends through the 

longitudinal lying and underlying layers of the remained allowance. However this heat does not distribute on length and depth 

of metal is removed with facing [27] According to such scheme removal of an allowance physicomechanical properties and 

structural conditions of the detail layer it will be mainly formed from thermal influence of the grains located on the spark-our 

part of a circle working end face, and to a lesser extent from the grains located on the cutting ledge which is  outlined by the 

Archimedean spiral. 

The reduction of the specific number of thermal impulses and increase share of heat which is taken away with facing will 

lead to reduction of volume of the absorbed heat of the detail at faltering grinding. With increasing in depth of incision of 

abrasive grains the specific weight of work of friction decreases. At active micro cutting, the work spent for friction decreases 

up to 80%. If to consider losses on friction of a sheaf and also sticking of metal to a circle surface in the course of grinding, 

then the specific weight of work of friction will be even more [27].  
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 For assessment of the cutting ability of circles with the ledges outlined on an Archimedean spiral in a zone of a frontal 

strip it is necessary to know probable amount of the cutting grains and the nature of their distribution. Distribution differently 

altitudes of grains from the surface of a ligament ranging from 0 to Hmax with sufficient reliability can be described the law of 

normal distribution. Experience shows that the curve of distribution has the center of grouping at distance of Nʩʨ - 0,5 Hmax 

from an external surface of a circle. Mass distribution of the sizes of abrasive grains is described by the law of normal distri-

bution, with an average square deviation [27] 
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Where  iX
 - is the current size; mX

- is the average fibular size at distribution for mass;  ms   - is the average square de-

viation of the grain size at distribution for mass.  

For environments of the fibular size 

                                                         m
X

 =10,6 N,   

where  N  is the granularity in accordance with GOST ʈ 52381-2015. 

For average square deviation   

                                                 
Xm 17,0=s

.  

At the engineering calculations transition from distribution curve parameters on the mass of grains mX
 and ms  to distri-

bution curve parameters by their quantity is carried out by X and s.  

For powders of wide range of granularity  

                     mm XX 88,0=
 ʠ mss 94,0=

   

For powders of narrow range of granularity 

                                  mm XX 96,0=
 ʠ mssº

. 

It is known that under the influence of a large number of independent or poorly dependent factors curves of dispersion of 

their sizes approach the theoretical curve of the normal dispersion. From this point of view, differently altitude of grains from 

the surface of a ligament can schematically be presented in the form of the dot chart (fig. 5). 

 
              Fig. 5. The dot chart of distribution differently altitudes of grains from the surface of a ligament  

 

At the same time, the average value of height of Nʩʨ grains about which sizes of depth of separate grains grouped will 

have an appearance of an arch of a sheaf, concentric to a surface. For descriptive reasons representations of regularity of dis-

tribution of grains on the cutting ledge should be passed from the polar system of coordinates to rectangular. At the same time, 

with some schematization of the considered site with the extent of a ledge of the circle faltering part it is possible to present in 

the form of direct parallel abscissa axis. 
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Fig. 6. Distribution of an allowance for a ledge between the grains located on the surface outlined on an Archimedean spi-

ral  

 

Let's say that weeded polar system as the center of rotation of a grinding wheel coincides with the beginning of rectangular 

system and a polar axis with the positive direction of abscissa axis OX. Abrasive grain M is any point of the plane. Its 

rectangular coordinates are X and ʋ and polar coordinates are 
ɟ

 and 
ű

. At the same time, transition from polar coordinates 

to rectangular is made on formulas.  

                                    
jrCosX =

,  jrSinY=                                     (11) 

 

We will assume that during grinding of grain on a surface of a ledge are located not on an arch of a circle and on an Ar-

chimedean spiral where dispersion from the center of rotation of a circle it is decreased in direct ratio to ledge length. At the 

same time, radius a vector of a surface of a ligament at the rotation of the circle clockwise decreases in direct ratio to a circle 

angle of rotation that is schematically shown in the form of the dot chart presented in fig. 8. If for average height Nʩʨ of the 

grains located on a working layer of the ledge surface outlined on an Archimedean spiral for construction of the dispersion 

curve from the center of rotation of a circle,  it is possible for each of intervals into where the field of dispersion is broken 

with some probability there will be an equal quantity of grains. In other words, the size of radius of a vector of an arrangement 

of grains on a circle surface evenly would dissipate on all field of dispersion i.e. under the law of equal probability. 

 
Fig. 7. Dispersion of average value the radius of vectors of grains on a ledge surface outlined on an Archimedean spiral. 

 

We will return now to the most probable arrangement of grains at which along with the dominating influence of a profile 

of the linking of a ledge outlined on an Archimedean spiral on the relation of the center of a circle, a large number independ-

ent factors of one order of sizes in the form of differently altitude of grains in parallel works. The dot chart for such case will 

have the view shown in fig. 8 
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.  

 Fig. 8. Dot chart differently altitudes of the grains of the working surface of a ledge outlined on an Archimedean spiral. 

 

Apparently, from this chart the average value of the radius of the vector of grains on the surface of a ledge outlined on an 

Archimedean spiral is decreased evenly, despite differently altitudes of the grains in general. The analysis of the constructed 

curve dispersion shows that field of dispersion of the sizes, the radius of vectors of the grains located on the surface of the 

cutting ledge outlined on an Archimedean spiral is of the sum of sizes of the field of the dispersion generated by cumulative 

action of a large number of independent factors of one order of sizes in the form of differently altitude of grains on the relation 

of a surface of a ligament and size of shift of the middle of this field of dispersion under the influence of the dominating factor 

in the form of change the radius of a vector of a surface of a ligament is proportional to an angle of the rotation on the relation 

of the direction of longitudinal feed of a detail on an Archimedean spiral, that is (fig. 9)      

 

 
Fig. 9. A distribution curve differently altitudes of the grains located on a working ledge outlined on an Archimedean spi-

ral. 

 

From  it is visible that the size of the field of dispersion the radius of vectors of the grains located on the surface of a liga-

ment the cutting ledge represents the sum of sizes of the fields of dispersion generated by cumulative action of a large number 

of independent factors of one order of sizes in the form of differently altitude of grains on the relation of a surface of a liga-

ment and size of shift of the middle of this field of the dispersion happening under the influence of action of the dominating 

factor in the form of change of radius of a vector of a surface of a ligament of a ledge it is proportional to an angle of rotation 

on the relation of the direction of longitudinal giving i.e. on an Archimedean spiral 

                                         213 www +=                                                         (12) 

where ,  1w      - is the  the size of the field of normal dispersion differently altitudes of the grains from the surface of a 

ligament a grinding wheel which are cumulative action of a large number of independent factors of one order of sizes 

              2w  - is the size of shift of the middle of the field of dispersion differently altitudes of grains under the law of 

equal probability, change of the current value the ligament surface vector radius from the center of circle rotation because of 

an outline of the cutting ledge on an Archimedean spiral that in this case plays a role of the dominating factor 
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bjw =2 ,     

where 
b

- is the constant coefficient; 
-j

is the current polar corner in degrees. 

Writing down values 1w and 2w  in a formula (12) we will obtain 

 

bjesw +-+= )1)(3(3 X                                                 (13) 

 

The curve of dispersion represents composition of curves dispersion of normal distribution and the equal probability 

shown in the drawing. 

Size of   1w  can be defined from the expression    

 

01 6sw=                                                                                    (14) 

 

where , 0s - is the average square deviation differently altitudes of grains 

)-1)(3(
6

1

6

1
max0 ess +ºD= X                                    (15) 

Where , maxD    is the  layer size in the plane, perpendicular to a circumference of the circle, X     is the arithmetic aver-

age value, ů   -is the  average square deviation differently altitudes of grains by quantity,  Ů  is the average square deviation 

differently altitudes of grains by quantity.  

The size of shift of the middle of the field of dispersion differently of altitude of grains under the law of equal probability 

is determined by a formula 

ZV

DV

k

k

2000

ʠ
2

j
w =                                                                            (16) 

Writing down values 1w  and 2w from formulas (14 and 16) in a formula (13) we will receive sizes of the field of disper-

sion differently of the altitude of the grains located on the surface of a ledge outlined on an Archimedean spiral. 

                         
ZV

D
X

k

k

2000

V
)-1)(3( ʠ

3

f
esw ++=                                                        (17 ) 

The analysis of size and character of the field of dispersion differently of altitude of grains on a surface of a ledge of a fal-

tering frontal strip of a face grinding wheel shows that at an outline of ledges on an Archimedean spiral differently altitude of 

the grains located on a ledge surface considerably increases, and the nature of the curve dispersion corresponds composition 

of curve dispersion of the normal distribution and equal probability. With increase differently in altitude of the cutting ledges, 

the number of actively working grains increases, there is more uniform distribution of the allowance for processing coming to 

a share of one ledge between active grains of a surface of a ledge, the cutting ability of a grinding wheel increases and by that 

the efficiency of process of grinding increases. 

Method. As the abrasive tool standard grinding wheels 5C 415ʭ85ʭ330 with the characteristic of ʕ16MʉM1Kɺ, ʃʇʇ 

300ʭ20ʭ127 with the characteristic of the ʃʆ 12100 ɹ1, ʏʂ100ʭ25ʭ20 with the characteristic 14A40CM1K and a new design 

of a face grinding wheel ʏʂ 100ʭ25ʭ20 with the characteristic 14A40CM1K and ʃʇʇ 300ʭ20ʭ127 with the characteristic of 

the ʃʆ 12100 ɹ1 with the faltering cutting part of a working surface, transition from hollows are applied to ledges on an Ar-

chimedean spiral. In quality Through-Spindle Coolant  applied 3% solution of soda in water. At the same time, providing 

identity of all experimental conditions, only the grinding wheel changed.  

The purpose of pilot studies was definition of influence of parameters of the mode of grinding on mechanisms of for-

mation of geometrical parameters of a surface and physicomechanical properties of a layer when grinding by standard face 

circles and circles of a new design with the faltering cutting part of a working surface. By comparison of the received results 

qualitatively advantages of a new design of a grinding wheel have also quantitatively been defined. 

Object of pilot studies I was operation of face grinding of flat surfaces of details on machines with back and forth motion 

of a detail. Prototypes of preparations have been accepted from the tempered steel 40X with a hardness of 35-40 HRC with 

sizes of cross section 30x20mm. 

Arrangement of the task. It has been investigated: contact temperature, normal component of cutting force, roughness, 

and errors of a geometrical form of polished surfaces standard circles and circles of a new design. 
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 Levels of factors and intervals of variation                                       tabl.3 

Levels of factors Notation Vk,, (n ʚ ʦʙ/ʤʠʥ) ʤ/ʩʝʢ Sʧʨ , ʤ/ʤʠʥ t,ʚ ʤʤ 

Basic level 0 15,7(3000) 3 0,03 

Variation interval iXÐ
 

1,05 1,5 0,015 

Upper +1 16,75(3200) 4,5 0,045 

Lower -1 14,65(2800) 1,5 0,015 

Star Top +1,215 16,97575(3536) 4,8225 0,048225 

Lower -1,215 14,42425(2464) 1,1775 0,011775 

 

  Standard circle                                                                                   tabl.4 

v X1 X2 X3 X1 X2 X3 Tc 

1 - - - 12,89 1,5 0,015 720 

2 + - - 16,75 1,5 0,015 700 

3 - + - 14,65 4,5 0,0155 750 

4 + + - 16.75 4,5 0.015 760 

5 - - + 14.65 1,5 0.045 730 

6 + - + 16.75 1,5 0.045 740 

7 - + + 14.65 4,5 0.0455 740 

8 + + + 16,75 4,5 0,045 820 

9 -1,215 0 0 14,424 3 0,03 680 

10 +1,215 0 0 16,976 3 0,03 720 

11 0 -1,215 0 15,7 1,8925 0,035 699 

12 0 +1.215 0 15,7 3,1 0,035 740 

13 0 0 -1,215 15,7 3 0,012 730 

14 0 0 +1.215 15.7 3 0,048 735 

15 0 0 0 15,7 3 0,03 690 

 

222 364443,87,96,7939,7139991593418,3710Ĕ tVVtVVVtVVY dkkdkdk +++++---=     (18) 

                                                                                                               

tabl.5 

Points of 

the plan  v 1X
 2X

 3X
 vY

 

2

vS
 

2Ĕ
vY

 

2)Ĕ( vv YY -
 

1 710 700 750 720 700 722 4 

2 680 730 690 700 700 695 25 

3 790 725 735 750 1677 738 144 

4 730 750 800 760 1300 760 0 

5 720 760 710 730 700 717 169 

6 710 720 790 740 975 739 1 

7 715 780 725 740 1900 733 49 

8 865 795 800 820 1525 805 225 

9 720 670 650 680 1300 703 529 

10 695 760 705 720 1225 731 121 

11 679 683 735 699 976 671 784 

12 710 780 730 740 1300 754 196 

13 760 710 720 730 700 702 784 

14 715 720 770 735 925 726 81 

15 680 720 670 690 700 702 144 

    10954 ä 2

vS

=16603 
10898 ä=3256 

 

 

 

 

 



̏˶˩˴́˾˻˹˹̍˯ ˮ˹˹˻ˤˢ̇ˮ˻˹˹̍˯ ˤ˩˿́˹ˮ˴  Ѕ4 ς 2018 
˟˒ˢ˚˕ˤ˒˞˗˕˒ ˚ˍˠ˗˕ 

 

17 
 

          New design                                                                                          tabl.6 

iv
 1X

 2X
 3X

 1X
 2X

 3X
 nt  

1 - - - 12,89 1,5 0,015 515 

2 + - - 16,75 1,5 0,015 510 

3 - + - 14,65 4,5 0,0155 545 

4 + + - 16.75 4,5 0.015 565 

5 - - + 14.65 1,5 0.045 520 

6 + - + 16.75 1,5 0.045 545 

7 - + + 14.65 4,5 0.0455 535 

8 + + + 16,75 4,5 0,045 625 

9 -1,215 0 0 14,424 3 0,03 470 

10 +1,215 0 0 16,976 3 0,03 525 

11 0 -1,215 0 15,7 1,8925 0,035 495 

12 0 +1.215 0 15,7 3,1 0,035 545 

13 0 0 -1,215 15,7 3 0,012 540 

14 0 0 +1.215 15.7 3 0,048 530 

15 0 0 0 15,7 3 0,03 495 

 

222 255556,869,146,7931,72,36862,1501,4894608Ĕ tVVtVVVtVVY dkkdkdk +++++---=    (19) 

 

 tabl.7 

Points of 

the plan v 1Y
 2Y

 3Y
 vY

 

2

vS
 vYĔ

 

2)Ĕ( vv YY -
 

1 505 540 500 515 450 522 49 

2 560 490 480 510 1900 510 0 

3 525 530 580 545 924 540 25 

4 550 600 545 565 924 573 64 

5 565 490 505 520 1575 506 196 

6 515 525 595 545 1900 546 1 

7 515 520 570 535 925 530 25 

8 655 600 620 625 775 615 100 

9 450 510 450 470 1200 503 1089 

10 505 500 570 525 1525 547 484 

11 525 480 480 495 675 504 81 

12 535 580 520 545 975 558 169 

13 520 510 590 540 1700 502 1444 

14 570 515 505 530 1225 518 144 

15 475 540 470 495 1525 502 441 

    7960 18148 7976 4312 

 

On the basis of the conducted pilot researches on orthogonal planning of the second order graphic dependences of a con-

tact temperature on grinding mode elements, in particular from the speed of cutting (fig. 4.a), feed per revolution of a circle 

(fig. 4.b) and depth of cutting on one pass  have been constructed. The analysis of the received graphic dependences confirms 

adequacy of theoretical models about efficiency of a face grinding wheel of a new design. 
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Fig. 10. Dependence of a normal component of force of cutting on cutting speed, at the processing:  

1-standard circle, the 2nd circle of a new design 

 

 
 

Fig. 11. Dependence of a normal component of force of cutting on giving on a turn at the processing:  

1- by the standard circle, the 2 - by the circle of a new design 

 
Fig. 12. Dependence of a normal component of force of cutting on cutting depth on pass, at the processing:  

1- by the standard circle, the 2- by the circle of a new design  
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The analysis of the received models and graphical dependencies shows that initial technological prerequisites of the mode 

parameters influence of the grinding and intermittence of the working surface of the grinding wheel on the contact tempera-

tures of the grinding process have found the experimental confirmation. Follows from these dependences that at the 

corresponding selection of a rational combination of the elements of the grinding mode decrease in temperature impact on the 

processed surface can achieve. When grinding with application of the new designed grinding wheel, in comparison with a 

standard circle, the contact temperature considerably (up to 30%) decreases. The high efficiency of a new designed grinding 

wheel is explained by the fact that the removed material layer evenly is distributed between working grains of a surface of a 

ledge, outlined on an Archimedean spiral. The received empirical models of process of grinding allow to establish the high 

efficiency of the new designed grinding wheel and to define a rational combination of the grinding mode elements for the 

identification of the basic conditions of their introduction. 

 

Conclusion. 

1. Generalizing results of the conducted researches it is established that at the mechanisms of face grinding process con-

cealing the sufficient potential opportunities disclosing their physical essence and regularities of formation that it is possible to 

find the necessary design-technology solutions promoting increase in efficiency of the grinding process. 

2. The new design of a face grinding wheel with the faltering cutting and spark-out parts of a continuous working surface, 

with transition from hollows to ledges on an Archimedean spiral is developed. The characteristic of an Archimedean spiral is 

the sum of two uniform motions - forward as a result of longitudinal feed of a detail and a grinding wheel, rotary by means of 

rotary motion, and practically provides constancy of an angle of attack of the grains located on all its length. The offered de-

sign of a face grinding wheel has been protected in the State Committee on Standardization of Metrology and the Patent of 

maintaining and the patent of the same name at No. 0183 is taken out. 

3. It is established that creation of intermittence in cutting - the frontal zone with transition from a ledge to the hollow on 

an Archimedean spiral and performance continuous can raise the spark-out part of a working surface of a face grinding wheel 

considerably efficiency of process of grinding, way: 

- decrease in temperature impact on the processed surface; 

- decrease in roughness of a polished surface; 

- rather uniform distribution of an allowance for a ledge between the cutting abrasive grains. 

- decrease shock impact on the processed surface and by that reduction of vibrations of the MTDI technological system. 

4. The technique of parametrization of a new design of a grinding wheel is developed. Analytical expression amount of ac-

tually working abrasive grains and regularity of their distribution on an Archimedean spiral of the cutting ledge is received 

when grinding with a face circle of a new design; 

5. By implementation of the orthogonal plan of the second order for three factors mathematical models of dependence of 

roughness of a polished surface on grinding mode parameters have been received: speeds of grinding, speed of a detail and 

depth of cutting, when grinding both standard, and a new design of a circle. The comparative analysis of graphic dependences 

shows that at application of a new design of a face circle reduction of roughness of a polished surface is observed considerable 

(up to 30%). 
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ɿɸʂʆʅʆʄɽʈʅʆʉʊʔ ʉʋʑɽʉʊɺɽʅʅʆɻʆ ʉʅʀɾɽʅʀʗ ʈɸʉʍʆɼʆɺ ʕʅɽʈɻʀʁ  

ʇʆɼɸʏʀ ɺʆɼʓ ʅɸ ɺʓʉʆʊʋ H 

REGULAR ESSENTIAL DECREASE OF CONSUMPTIONS   ENERGY GIVE OF WATER ON HEIGHT H  

   

            

ʅʝʪ ʥʠ ʦʜʥʦʡ ʦʙʣʘʩʪʠ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ ʯʝʣʦʚʝʢʘ, ʛʜʝ ʥʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʙʳ ʞʠʜʢʦʩʪʠ ʠ ʛʘʟʳ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʚʦʜʘ ʠ ʚʦʟʜʫʭ. ʇʦʣʴʟʦʚʘʥʠʝ ʚʦʜʦʡ ʚ ʦʩʥʦʚʥʦʤ ʩ ʧʦʤʦʱʴʶ ʥʘʩʦʩʘ, ʘ ʚʦʟʜʫʭʦʤ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʨʝʩʩʦʨʘ. ʂʘʢʦʡ ʩʧʦʩʦʙ 

ʙʦʣʝʝ ʵʢʦʥʦʤʠʯʥʳʡ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʥʝ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ, ʭʦʪʷ ʚ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʝ ʠʟʚʝʩʪʥʦ ʥʝ ʤʘʣʦ ʧʨʠʤʝ-

ʨʦʚ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʦʟʜʫʭʘ ʜʣʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʚʦʜʳ.  ʐʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠʤʝʶʪ ʵʨʣʠʬʪʳ (ʚʦʜʦʧʦʜʲʸʤʥʠʢʠ) ʠ 

ʛʠʜʨʦʵʣʝʚʘʪʦʨʳ [1]. ɺ ʵʨʣʠʬʪʘʭ ʩʞʘʪʳʡ ʚʦʟʜʫʭ ʧʦʜʘʸʪʩʷ ʯʝʨʝʟ ʬʦʨʩʫʥʢʫ ʚ ʚʦʜʦʧʦʜʲʸʤʥʫʶ ʪʨʫʙʫ, ʦʙʨʘʟʫʷ ʚʦʜʦ-

ʚʦʟʜʫʰʥʫʶ ʩʤʝʩʴ, ʢʦʪʦʨʘʷ ʫʩʪʨʝʤʣʷʝʪʩʷ ʚʚʝʨʭ, ʛʜʝ ʚʦʜʘ ʩʣʠʚʘʝʪʩʷ ʚ ʙʘʯʦʢ. ɻʠʜʨʦʵʣʝʚʘʪʦʨʳ ʨʘʙʦʪʘʶʪ ʧʦ ʧʨʠʥʮʠʧʫ 

ʵʞʝʢʪʦʨʘ. ʈʘʙʦʯʠʤ ʪʝʣʦʤ ʷʚʣʷʝʪʩʷ ʩʞʘʪʳʡ ʚʦʟʜʫʭ. ʀʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʪʢʘʯʢʠ ʟʘʛʨʷʟʥʸʥʥʳʭ ʞʠʜʢʦʩʪʝʡ ʠʟ ʢʦʣʦʜ-

ʮʝʚ, ʪʨʘʥʰʝʡ ʠ ʧʫʣʴʧʳ (ʩʤʝʩʠ ʜʨʦʙʣʸʥʦʛʦ ʠʣʘ ʠ ʛʨʫʥʪʘ ʩ ʞʠʜʢʦʩʪʴʶ), ʠʟ ʩʢʚʘʞʠʥ ʠ ʜʨʫʛʠʭ ʪʨʫʜʥʦʜʦʩʪʫʧʥʳʭ ʤʝʩʪ. 

ʇʨʠʤʝʥʝʥʠʝ ʥʘʟʚʘʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʭʥʠʢʦ-ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, ʠʙʦ ʨʘʩʭʦʜ ʚʦʟʜʫʭʘ ʚ ʵʪʠʭ 

ʫʩʪʨʦʡʩʪʚʘʭ ʜʘʣʝʢʦ ʥʝ ʨʘʮʠʦʥʘʣʝʥ. ʀ ʪʘʢ ʜʘʣʝʝ. 

ʅʘʠʙʦʣʝʝ ʙʣʠʟʢʦʝ ʩʚʦʡʩʪʚʦ ʢ ʟʘʷʚʣʝʥʥʦʤʫ ʩʧʦʩʦʙʫ ʧʨʦʷʚʣʷʝʪʩʷ ʫ ʛʠʜʨʘ-ʬʦʨʘ, ʥʦ  ʦʩʪʘʸʪʩʷ ʢʘʢ ʙʳ ʚ ʪʝʥʠ ð ʥʝ-

ʟʘʤʝʯʝʥʥʳʤ: ʨʝʩʠʚʝʨ ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʠʰʴ ʜʣʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʧʦʜʜʝʨʞʘʥʠʷ ʥʘʧʦʨʘ ʚʦʜʳ ʚ ʩʠʩʪʝʤʝ ʧʦʜʘʯʠ ʢ 

ʧʦʪʨʝʙʠʪʝʣʶ, ʘ ʬʘʢʪ ʩʞʘʪʠʷ ʚʦʟʜʫʭʘ ʚ ʨʝʩʠʚʝʨʝ ʩʪʦʣʙʦʤ ʚʦʜʳ, ʩʦʟʜʘʚʘʝʤʳʤ ʥʘʩʦʩʦʤ, ʧʦʢʘʟʳʚʘʝʪ ʥʘ ʥʝʚʝʜʝʥʠʝ 

ʙʦʣʝʝ ʵʢʦʥʦʤʠʯʥʦʛʦ ʩʧʦʩʦʙʘ ʧʦʜʘʯʠ ʚʦʜʳ ʚ ʨʘʩʭʦʜʥʫʶ ʸʤʢʦʩʪʴ ʚʦʟʜʫʭʦʤ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʘʥʟʠʪʥʦʛʦ ʩʦʩʫʜʘ (ʸʤ-

ʢʦʩʪʠ), ʩʤʦʪʨʝʪʴ ʈʠʩ 1. ʆʙ ʵʪʦʤ ʧʦʡʜʸʪ ʨʝʯʴ ʜʘʣʝʝ. 

ʄʝʪʨʦʣʦʛʠʯʝʩʢʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ɻʆʉʊ 2.111-68*, ɻʆʉʊ 8.417-2002. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ. ɺʦʟʜʫʰʥʳʡ ʥʘʧʦʨ, ʪʨʘʥʟʠʪʥʘʷ ʸʤʢʦʩʪʴ, ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʟʜʝʣʘ ʵʥʝʨʛʠʠ, ʟʘʚʠʩʠʤʦʩʪʴ ʯʠʩʣʘ Re 

ʦʪ ʚʝʣʠʯʠʥʳ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʚʦʜʳ, ʪʫʨʙʫʣʝʥʪʥʦʝ ʪʝʯʝʥʠʝ ʚʦʜʳ, ʪʝʯʝʥʠʝ ʚʦʜʳ ʦʪ ʚʦʟʜʫʰʥʦʛʦ ʥʘʧʦʨʘ, ʥʘʧʦʨ ʧʦʪʦ-

ʢʦʚ ʚʦʜʳ ʧʦ ʫʨʘʚʥʝʥʠʶ ɹʝʨʥʫʣʣʠ. 

 

ʉʚʝʜʝʥʠʷ ʦ ʧʨʠʦʨʠʪʝʪʝ  

ɺʦ ɺʩʝʨʦʩʩʠʡʩʢʦʤ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦʤ ʮʝʥʪʨʝ (ɺʅʊʀʎ) ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʈʌ ʘʚʪʦʨʦʤ 

ʥʘʩʪʦʷʱʝʡ ɿʘʷʚʢʠ ʥʘ ʦʪʢʨʳʪʠʝ   ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʦʪʯʸʪ ʦ ʥʘʫʯʥʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʨʘʙʦʪʝ, ʧʨʦʜʝʣʘʥʥʦʡ ʣʘʙʦʨʘʪʦʨ-

ʥʳʤ ʩʧʦʩʦʙʦʤ, ʧʦʜ ʥʘʟʚʘʥʠʝʤ: çʀʩʩʣʝʜʦʚʘʥʠʝ ʥʘ ʩʨʘʚʥʠʪʝʣʴʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ, ʂ ʩʨʘʚʥʝʥʠʷ, ʨʘʙʦʪ ʥʘʩʦʩʘ ʠ 

ʢʦʤʧʨʝʩʩʦʨʘ ʧʦ ʧʝʨʝʢʘʯʢʝ ʚʦʜʳè. ʈʝʛʠʩʪʨʘʮʠʦʥʥʳʡ ʥʦʤʝʨ 0129.0 804157, ʜʘʪʘ ʫʪʚʝʨʞʜʝʥʠʷ 08.04.2007ʛ. ʠʥʚʝʥʪʘʨ-

ʥʳʡ ʥʦʤʝʨ 0220.0804498. 

ʆʪ ʦʙʱʝʡ ʧʦʣʝʟʥʦʡ ʨʘʙʦʪʳ ʧʦʣʫʯʝʥʦ: ʂ ʩʨʘʚʥʠʪʝʣʴʥʳʡ = 1,94-1,99 ʚ ʧʦʣʴʟʫ ʢʦʤʧʨʝʩʩʦʨʘ, ʯʪʦ ʩʦʩʪʘʚʠʣʦ ʧʦʣʝʟʥʫʶ 

ʨʘʙʦʪʫ ʢʦʤʧʨʝʩʩʦʨʘ ʚ ʧʨʝʜʝʣʘʭ 66,5% ʧʨʦʪʠʚ 33,5% ʫ ʥʘʩʦʩʘ ʪʘʢʞʝ ʦʪ ʦʙʱʝʡ ʧʦʣʝʟʥʦʡ ʨʘʙʦʪʳ.  

ʊʨʝʙʦʚʘʣʦʩʴ ʫʜʦʩʪʦʚʝʨʠʪʴʩʷ ʥʘ ʨʘʙʦʯʝʤ ʠʩʧʳʪʘʪʝʣʴʥʦʤ ʩʪʝʥʜʝ ʥʘ ʧʨʠʛʦʜʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠ 

ʚ ʙʳʪʫ. 

ʊʘʢʦʡ ʩʪʝʥʜ ʙʳʣ ʫʩʪʘʥʦʚʣʝʥ ʠ ʥʘ ʥʸʤ ʧʨʦʚʝʜʝʥʦ ʠʩʧʳʪʘʥʠʝ. ʈʠʩ 1.  

 

ʉʫʱʥʦʩʪʴ ʦʪʢʨʳʪʠʷ 

ʉʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʧʦʜʘʯʝ ʦʜʠʥʘʢʦʚʦʡ ʧʦʨʮʠʠ ʚʦʜʳ ʥʘ ʚʳʩʦʪʫ h ʥʘʩʦʩʦʤ ʠ ʚʦʟʜʫʰʥʳʤ ʥʘʧʦʨʦʤ, ʦʙʥʘʨʫʞʝʥʳ 

ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢʪʝʨʥʳʝ ʧʨʠʟʥʘʢʠ ʫʩʪʘʥʦʚʦʢ:  

1) ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʟʢʠʡ ʨʘʩʭʦʜ ʵʥʝʨʛʠʠ ʫ ʢʦʤʧʨʝʩʩʦʨʘ, ʯʝʤ ʫ ʥʘʩʦʩʘ ʠ ʥʠʞʝ, ʯʝʤ ʫ ʧʦʣʝʟʥʦʛʦ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ,  

mghE=  ; 

2) ʧʝʨʝʭʦʜ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʚʦʟʜʫʰʥʦʛʦ ʥʘʧʦʨʘ ʚ ʧʦʪʝʥʮʠʘʣʴʥʫʶ, ʧʨʝʜʩʪʘʚʣʷʶʱʫʶ ʚʪʦʨʠʯʥʳʡ ʵʥʝʨʛʝʪʠʯʝ-

ʩʢʠʡ ʨʝʩʫʨʩ; 

3) ʜʦʢʘʟʘʥʦ, ʯʪʦ ʯʠʩʣʦ Re ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ; 

4) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʣʘʤʠʥʘʨʥʦʝ ʪʝʯʝʥʠʝ ʚʦʜʳ ʚ ʧʨʠʨʦʜʝ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʠ ʷʚʣʷʝʪʩʷ ʚ ʥʘʫʢʝ ʪʝʦʨʝʪʠʯʝʩʢʠʤ, ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʭʦʜʦʚ ʵʥʝʨʛʠʠ ʪʫʨʙʫʣʝʥʪʥʳʤ ʪʝʯʝʥʠʝʤ ʦʪ ʥʘʩʦʩʘ ʠ ʚʦʟʜʫʰʥʳʤ ʥʘʧʦʨʦʤ, ʩʦʟʜʘʚʘʝʤʳʤ ʢʦʤʧʨʝʩʩʦʨʦʤ, 

ʯʝʨʝʟ ʨʘʟʜʝʣʠʪʝʣʴʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ, ʂʨ          

ɺʩʸ ʵʪʦ ʧʦʜʨʦʙʥʦ ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ.    

 

ɼʦʢʘʟʘʪʝʣʴʩʪʚʦ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʦʪʢʨʳʪʠʷ 

 1. ʕʢʩʧʝʨʠʤʝʥʪ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ: 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʭʦʜ ʵʥʝʨʛʠʠ ʥʘʩʦʩʦʤ ʠ ʢʦʤʧʨʝʩʩʦʨʦʤ ʧʨʠ ʧʦʜʘʯʝ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʢʦʣʠʯʝʩʪʚʘ 

ʚʦʜʳ ʥʘ ʚʳʩʦʪʫ h (h=5ʤ), ʧʨʠʥʷʪʦ ʢʘʢ ʜʣʷ ʥʫʞʜ  ʚ ʙʳʪʫ, ʪʘʢ ʠ ʜʣʷ ʥʫʞʜ ʧʨʦʠʟʚʦʜʩʪʚʘ.  

ʄʝʥʴʰʠʡ ʨʘʩʭʦʜ ʵʥʝʨʛʠʠ ʚʳʷʚʠʪ ʫʩʪʘʥʦʚʢʫ ʩ ʙʦʣʴʰʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ.        

1.1 ʄʝʪʦʜʳ ʠʩʧʳʪʘʥʠʡ. ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ.           

1.1.1 ʅʦʨʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʠʩʧʳʪʘʥʠʡ (ʥʫ), ʧʨʠʥʠʤʘʶʪʩʷ:  

- ʘʪʤʦʩʬʝʨʥʦʝ ʜʘʚʣʝʥʠʝ   P Ŭ = 760 ʤʤ ʨʪ. ʩʪ., [9],        

- ʧʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ          ɟ ὄ = 1,29ʢʛ/ʤ
3
, [9],  

- ʧʣʦʪʥʦʩʪʴ ʚʦʜʳ               ɟ w = 1000 ʢʛ/ʤ
3
                                              

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʦʜʳ t
o
c = 15

o
c 

_
 20

o
c, [9], [10], [11]. 
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1.1.2 ʊʝʭʥʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ  

- ʚ ʚʦʟʜʫʰʥʦʡ ʩʠʩʪʝʤʝ ʧʦʜʘʯʠ ʚʦʜʳ ʢʦʤʧʨʝʩʩʦʨʦʤ ʪʨʘʥʟʠʪʥʘʷ ʸʤʢʦʩʪʴ ʧʦʛʨʫʞʘʝʪʩʷ ʚ ʚʦʜʦʸʤ ʠ ʥʘʧʦʣʥʷʝʪʩʷ ʚʦʜʦʡ 

ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʧʦʜ ʥʘʧʦʨʦʤ ʩʪʦʣʙʘ ʚʦʜʳ; 

- ʚ ʩʠʩʪʝʤʝ ʧʦʜʘʯʠ ʚʦʜʳ ʥʘʩʦʩʦʤ ʧʨʠʤʝʥʸʥ ʧʦʛʨʫʞʥʦʡ ʥʘʩʦʩ ʈʫʯʝʸʢ: ʤʦʱʥʦʩʪʴʶ 300 ɺʪ, 220 ɺ, 50Hz, 3,4 A, ʥʦ-

ʤʠʥʘʣʴʥʳʡ ʥʘʧʦʨ ð 40-60 ʤ ʚʦʜ.ʩʪ.   

- ʢʦʤʧʨʝʩʩʦʨ ʧʨʠʤʝʥʸʥ ʦʪ ʜʦʤʘʰʥʝʛʦ ʭʦʣʦʜʠʣʴʥʠʢʘ N= 94 ɺʪ, 220 ɺ, 50 Hz  

- ʛʘʙʘʨʠʪʳ ʥʘʧʦʨʥʳʭ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʫʩʪʘʥʦʚʦʢ ʦʜʠʥʘʢʦʚʳ.  

 

1.1.3 ʄʝʨʠʪʝʣʴʥʳʝ ʧʨʠʙʦʨʳ: 

- ʩʝʢʫʥʜʦʤʝʨ ð ʤʦʙʠʣʴʥʳʡ ʪʝʣʝʬʦʥ NOKIA   

- ʵʣʝʢʪʨʦʩʯʸʪʯʠʢ ð ʪʠʧ ʉʆ-2; 1 ʢɺʯ =1250 ʦʙʦʨʦʪʦʚ ʜʠʩʢʘ, 220 ɺ, 50 Hz - ʧʦʚʝʨʝʥ ʠ ʦʧʣʦʤʙʠʨʦʚʘʥ; 

- ʤʘʥʦʤʝʪʨ ʥʘ 25 
2/ʩʤcʢʛÖ , ʧʨʦʚʝʨʝʥ ʥʘ ʚʦʟʚʨʘʪ ʩʪʨʝʣʢʠ ʚ ʥʫʣʝʚʦʝ  ʧʦʣʦʞʝʥʠʝ ʦʪ 7 

2/ʩʤcʢʛÖ , ʫʩʪʘʥʦʚʣʝʥ ʥʘ 

ʢʦʤʧʨʝʩʩʦʨʝ; 

- ʣʠʥʝʡʢʘ ʧʣʘʩʪʤʘʩʩʦʚʘʷ ʥʘ 30 ʩʤ. 

1.1.4 ʋʩʪʨʦʡʩʪʚʦ ʨʘʙʦʯʝʛʦ ʩʪʝʥʜʘ.  

 
ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ, ʈʠʩ. 1 

1- ʊʨʘʥʟʠʪʥʘʷ ʸʤʢʦʩʪʴ, ʙʦʯʢʘ ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʸʤʢʦʩʪʴʶ 200ʣ, ʩʣʫʞʠʪ ʜʣʷ ʧʦʜʘʯʠ ʚʦʜʳ ʚʦʟʜʫʭʦʤ, ʥʘʧʦʣʥʷʝʪʩʷ ʦʪ 

ʠʩʪʦʯʥʠʢʘ ʚ ʤʝʩʪʝ ʧʦʛʨʫʞʝʥʠʷ ʯʝʨʝʟ ʦʙʨʘʪʥʳʡ ʢʣʘʧʘʥ, ʰʪ.1 

2 -ʟʘʛʣʫʰʢʘ (ʠʤʠʪʠʨʫʝʪ ʦʙʨʘʪʥʳʡ ʢʣʘʧʘʥ);  

3-ʠʩʪʦʯʥʠʢ ʟʘʙʦʨʘ ʚʦʜʳ ʥʘʩʦʩʦʤ, ʙʦʯʢʘ ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʸʤʢʦʩʪʴʶ 200 ʣ;  

4-ʥʘʩʦʩ ʜʦʥʥʳʡ ʈʫʯʝʸʢ;  

5-ʪʨʫʙʦʧʨʦʚʦʜ ʧʦʜʘʯʠ ʚʦʜʳ ʧʦʪʨʝʙʠʪʝʣʷʤ, ʰʣʘʥʛ ʧʣʘʩʪʤʘʩʩʦʚʳʡ, dʫ=25 ʤʤ, L=4,7 ʤ;  

6-ʪʨʫʙʦʧʨʦʚʦʜ ʧʦʜʘʯʠ ʚʦʜʳ ʠʟ ʪʨʘʥʟʠʪʥʦʡ ʸʤʢʦʩʪʠ, ʧʣʘʩʪʤʘʩʩʦʚʳʡ, ʧʨʦʟʨʘʯʥʳʡ ʜʣʷ ʚʠʟʫʘʣʴʥʦʛʦ ʥʘʙʣʶʜʝʥʠʷ ʟʘ 

ʧʦʜʲʸʤʦʤ ʤʝʥʠʩʢʘ ʩʪʦʣʙʘ ʚʦʜʳ ʚ ʪʨʫʙʦʧʨʦʚʦʜʝ, dʫ=18 ʤʤ, L=5,615 ʤ + 300 ʤʤ - ʜʣʠʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʢʦʣʝʥʘ;      

7-ʸʤʢʦʩʪʴ (ʙʘʯʦʢ) ʧʨʠʸʤʘ ʚʦʜʳ, ʙʠʜʦʥ ʧʣʘʩʪʤʘʩʩʦʚʳʡ ʥʘ 20 ʣ;  

8-ʦʪʩʝʯʥʘʷ ʪʨʫʙʘ, ʤʝʪʘʣʣʠʯʝʩʢʘʷ, dʫ=18 ʤʤ;  

9-ʛʘʡʢʘ ʢʨʝʧʣʝʥʠʷ ʦʪʩʝʯʥʦʡ ʪʨʫʙʳ;  

10-ʧʝʨʝʭʦʜʥʦʡ ʧʘʪʨʫʙʦʢ ʜʣʷ ʧʦʜʩʦʝʜʠʥʝʥʠʷ ʰʣʘʥʛʘ 6, ʚʚʦʨʘʯʠʚʘʝʪʩʷ ʚ ʛʘʡʢʫ 9;  

11-ʢʦʤʧʨʝʩʩʦʨ;  

12-ʧʘʪʨʫʙʦʢ ʧʦʜʘʯʠ ʚʦʟʜʫʭʘ ʚ ʪʨʘʥʟʠʪʥʫʶ ʸʤʢʦʩʪʴ, dʫ=7,5 ʤʤ, L=80 ʤʤ;   

13-ʪʨʫʙʢʘ ʧʣʘʩʪʤʘʩʩʦʚʘʷ ʧʦʜʘʯʠ ʚʦʟʜʫʭʘ ʪ ʢʦʤʧʨʝʩʩʦʨʘ ʚ ʪʨʘʥʟʠʪʥʫʶ ʸʤʢʦʩʪʴ, dʫ=11 ʤʤ, L=500 ʤʤ;  

14-ʧʘʪʨʫʙʦʢ ʟʘʙʦʨʘ ʚʦʟʜʫʭʘ ʢʦʤʧʨʝʩʩʦʨʦʤ, dʫ=4,5 ʤʤ, L=80 ʤʤ;    

15-ʪʨʫʙʦʧʨʦʚʦʜ ʧʦʜʘʯʠ ʚʦʜʳ ʥʘʩʦʩʦʤ ʚ ʧʨʠʸʤʥʫʶ ʸʤʢʦʩʪʴ7, ʧʣʘʩʪʤʘʩʩʦʚʳʡ, dʫ=18 ʤʤ, L=5,615 ʤ + 300 ʤʤ - ʜʣʠ-

ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʢʦʣʝʥʘ,  ʧʘʪʨʫʙʦʢ ʧʦʜʘʯʠ ʚʦʜʳ ʥʘʩʦʩʘ ʠʤʝʝʪ ʩʫʞʝʥʠʝ, dʫ = 15 ʤʤ; 

16-ʘʤʦʨʪʠʟʘʪʦʨ, ʢʦʚʨʠʢ ʨʝʟʠʥʦʚʳʡ, ʚʳʩʦʪʘ=5ʤʤ;  


