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͍ͪ͘·͍ 

͍̅͊ͦ͘·͔ 
͔͔ͨͪͻͦ͒· 

˴͙͍͙͔ͦͣͨ͊ͭͪͦ͊ͤ͟ 
˿͍͊ͪ͊͟  

˨͔͙͔ͪͦ͋ͤ͡ 
͔͔ͪͤ͘ 

˿͙͔ͤͭ͘ 

˾͔ͯ͘͡Έͭ͊ͭ· ͍͔͚͍͙ͦ͒ͫͭ͘Ύ ͯ͒͊ͪͤ·ͻ ͍ͦͤ͡  
ͤ͊ ͙ͨͦͪͫͭ·͔ ͔͙ͣ͊ͭͪ͊͡· 

TiB2,TiC, 
WC,W2C,Si

3N4ΣΧΦΦ 

ˢͣ͊͘͡Σ ͙ͯ͋͟;͔͙͚ͫ͟ 
͙͙ͤͭͪ͒ ͋ͦͪ͊ΣΧΦ 



˿͍͊ͪ͊͟ ͔͍ͣͭ͊ͦ͡͡ ͍ͪ͘·͍ͦͣ 

ʘ) ʠʩʭʦʜʥʦʝ ʧʦʣʦʞʝʥʠʝ, ʙ) ʧʨʦʤʝʞʫʪʦʯʥʦʝ ʧʦʣʦʞʝʥʠʝ 

1 - ʜʝʪʦʥʘʪʦʨ, 2 - ʚʟʨʳʚʯʘʪʦʝ ʚʝʱʝʩʪʚʦ (ɺɺ), 3 - ʤʝʪʘʝʤʘʷ ʧʣʘʩʪʠʥʘ,    

4 - ʥʝʧʦʜʚʠʞʥʘʷ ʧʣʘʩʪʠʥʘ, 5 - ʦʩʥʦʚʘʥʠʝ.  

D - ʩʢʦʨʦʩʪʴ ʜʝʪʦʥʘʮʠʠ, h - ʥʘʯʘʣʴʥʳʡ ʟʘʟʦʨ, Ŭ - ʥʘʯʘʣʴʥʳʡ ʫʛʦʣ,      

ɔ - ʫʛʦʣ ʩʦʫʜʘʨʝʥʠʷ 



Structure of weld seam in composite ñsteel 20 ï steel 20ò 

after annealing under 600 ǓC 

 

 I.A. Bataev, A.A. Bataev, V.I.Mali, M.A. Esikov, V.A. Bataev / Peculiarities of weld seams and adjacent zones structures 

formed in process of explosive welding of sheet steel plates // Materials Science Forum. - 2011. ï V. 673. - P. 95-100.  



Turbulent quenched zones in wavy weld seams 

ɹʘʪʘʝʚ ʀ. ɸ., ʄʘʣʠ ɺ. ʀ., ɽʩʠʢʦʚ ʄ. ɸ. / ʆʩʦʙʝʥʥʦʩʪʠ ʩʪʨʦʝʥʠʷ ʚʠʭʨʝʡ, ʬʦʨʤʠʨʫʝʤʳʭ ʧʨʠ ʩʚʘʨʢʝ ʚʟʨʳʚʦʤ 

ʩʪʘʣʴʥʳʭ ʧʣʘʩʪʠʥ // ʀʟʚʝʩʪʠʷ ʚʫʟʦʚ. ʏʝʨʥʘʷ ʤʝʪʘʣʣʫʨʛʠʷ.- 2011.- ̄ 2.- ʉ.68-69. 



˿͍͊ͪ͊͟ ͍ͪ͘·͍ͦͣ ͔ͨ͊ͭ͊͟ ͙ͨ͊ͫͭͤ͡ ͙ͦ͒ͤͣ ͊ͪ͘Ύ͒ͦͣ ˤˤ 

ʉʦʙʨʘʥʥʳʡ ʧʘʢʝʪ ʧʣʘʩʪʠʥ ʜʣʷ ʩʚʘʨʢʠ 

ʚʟʨʳʚʦʤ ʦʜʥʠʤ ʟʘʨʷʜʦʤ ɺɺ  

ʉʚʘʨʝʥʥʳʡ ʚʟʨʳʚʦʤ ʦʜʥʦʛʦ ʟʘʨʷʜʘ ɺɺ 

ʯʝʪʳʨʝʭʩʣʦʡʥʳʡ ʢʦʤʧʦʟʠʪ (ʩʚʝʨʭʫ ʚʥʠʟ: 

12ʍ18ʅ10ʊ, ʤʝʜʴ, ʪʘʥʪʘʣ, ʪʠʪʘʥ).  

Ti(0.2ʤʤ) Ta(0.1) Cu(0.1) 

ʉʢʦʨʦʩʪʠ ʪʦʯʢʠ ʢʦʥʪʘʢʪʘ ʠ ʫʛʣʳ 

ʩʦʫʜʘʨʝʥʠʷ ʪʠʪʘʥʘ ʩ ʪʘʥʪʘʣʦʤ:   

2.5 ʢʤ/ʩ., 14 ʛʨʘʜʫʩʦʚ,  

ʙʠʤʝʪʘʣʣʘ ʪʠʪʘʥ-ʪʘʥʪʘʣ ʩ ʤʝʜʴʶ: 2.5 

ʢʤ/ʩ., 12 ʛʨʘʜʫʩʦʚ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  



¢ƘŜ ǎǘǊǳŎǘǳǊŜ ƻŦ ǘƘŜ ƭŀƳƛƴŀǘŜ άǎǘŜŜƭ нл ς ǎǘŜŜƭ слDέ 



˿ͻ͔ͣ͊ Ή͔͙͔ͫͨͪͣͤͭ͊͟ 
1 ς ͒ ͔ͭͦͤ͊ͭͦͪΤ  н ς ͍ ͪ͘·͍;͔͊ͭͦ ͍͔΅͔͍ͫͭͦΤ              
3 ς ͫ ͭ͊͡Έͤ͊Ύ ͭͪͯ͋͊Τ п ς ͣ ͔͒ͤ·͚ ͨͦͪͦ΄ͦ͟Τ  
5 ς ͨ ͔͔͎͙ͪͦͪͦ͒͟Φ 

˿ͨͦͫͦ͋· ͔ͯͣͤΈ΄͔͙ͤΎ ͔͔͚ͤͦ͒ͤͦͪͦ͒ͤͦͫͭ ͍ ͔͍ͦͫ·ͻ ;͊ͫͭΎͻ 
ͼ͙͙͙ͤ͒ͪ͡;͔͙ͫ͟ͻ ͦ͋ͪ͊͘ͼ͍ͦ  



ʂʦʤʧʦʟʠʪʥʳʝ ʜʠʩʢʠ ʠʟ ʚʟʨʳʚʥʳʭ 

ʢʦʤʧʘʢʪʦʚ 
ʈʘʟʨʝʟ ʘʤʧʫʣʳ ʧʦʩʣʝ ʚʟʨʳʚʘ 

˴͙͍͙͔ͦͣͨ͊ͭͪͦ͊ͤ͟ ͨͦͪͦ΄͊͟ ͫ ͔͔͎͙ͨͪͦͪͦ͒͊ͣ͟ 

ʄʘʣʠ ɺ.ʀ., ʂʘʣʠʥʠʥ ɸ.ʅ., ʉʝʨʛʝʝʚ ʉ.ɸ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚʟʨʳʚʥʳʭ ʢʦʤʧʘʢʪʦʚ ʤʝʜʴ-ʤʦʣʠʙʜʝʥ. 

ʌɻɺ, 2003. ʊ.39, ˉ1. ʉ. 123-127.  



˨͔ͺͦͪͣ͊ͼ͙Ύ ͫͭ͊͡Έ͚ͤͦ ͔͔͎͙ͨͪͦͪͦ͒͟ 

ʩʪʘʣʴ 

Mo ʢʦʤʧʘʢʪ 

ʂʠʩʝʣʝʚ ʉ.ʇ., ʂʠʩʝʣʝʚ ɺ.ʇ., ʄʘʣʠ ɺ.ʀ. ɺʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʳ ʤʝʪʘʣʣʘ ʥʘ ʚʦʣʥʦʦʙʨʘʟʦ-ʚʘʥʠʝ ʪʦʥʢʠʭ ʧʝʨʝʛʦʨʦʜʦʢ, 

ʨʘʟʜʝʣʷʶʱʠʭ ʩʣʦʠ ʢʦʤʧʘʢʪʠʨʫʝʤʦʛʦ ʚʟʨʳʚʦʤ ʧʦʨʦʰʢʘ. ʌɻɺ, 2010. ʊ. 46, ˉ 1. ʉ. 109ï116. 

 



˾ͦͫͭ ͔͔ͪͤ͘ W ͍  ͦ ͔͍͚ͫͦ ;͙͊ͫͭ ͊ͣͨͯ͡· 



˹͊ͤͦͫͭͪͯͭͯͪ͊͟ ͟ ͙ͦͣͨͦͭ͊͘  Cu/TiB2  ͨ ͔ͦͫ͡ 
͍·͍͙͍͙ͭͪ͊͊ͤ͡Ύ ͔͙ͣ͒ 

Kim J.-S., Kwon Y.-S., Lomovsky O.I., Korchagin M.A., Mali V.I., Dudina D.V. A synthetic route for metal-ceramic 

interpenetrating phase composites // Mater. Letters 60 (2006). P. 3723-3726. 

 



˭͍͙͙͊ͫͣͦͫͭΈ ͙ͨͦͭͤͦͫͭ͡ ͦͭ ͍͔͙͒͊ͤ͡Ύ ͒͡Ύ ͙ͫͭ͊ͭ;͔͎ͫͦͦ͟ ͙ 
͙͙͒ͤ͊ͣ;͔͎ͫͦͦ͟ ͔͍͙ͨͪͫͫͦ͊ͤΎ ͔͙ͣͭ͊͡͡;͔͙ͫ͟ͻ ͨͦͪͦ΄͍ͦ͟ 



ˮͫͻͦ͒ͤ·͔  ͨͦͪͦ΄͙͟ ͔͙̏ͭͪͦͣͨͯ͟͡͡Έ͔ͫͤͦ 
͔͙͔ͫͨ͊ͤ͟ 

˸͔ͻ͊ͤͦͻ͙͙ͣ;͔ͫ͊͟Ύ 
͙͍͊ͭ͊͟ͼ͙Ύ 

2 

1 

3 

 ˿

 ˴

˾͙ͫΦмΦ ˿ͻ͔ͣ͊ Ή͔͙͔͍ͫͨͪͣͤͭͦ͟Φ 
1- ͨ ͦͪͦ΄͍ͦ͟·͚ ͔ͦ͋ͪ͊͘ͼΣ н- ͣ ͔͙ͭ͊͡͡;͔͙͚ͫ͟ 
Ή͔ͭͪͦ͒͟͡Σ о- ͙ ͦ͘͡ΎͭͦͪΣ -˿ ͟ ͔ͦͤ͒ͤͫ͊ͭͦͪͤ·͚ 
͙͔ͤ͊ͦͨͭ͟͡Έ Ή͔͎͙͙ͤͪΣ ˴- ͟ ͦͣͣͯͭ͊ͭͦͪΦ 

F 

F 

ˆ˼˰̖̄˸ F = 2000̈ ˴Ȯɯ̨̗̄̎̒̍̔ɯ
̖̑̈˰ɯ̖̑ɯ̑˷̡̄̏̑̏̑˴̑ɯ̓˰̬̂̓˷˰ɯ
˲˰̖˰̓˸̄ɯ̈̑̏˷˸̏̔˰̖̑̓̑˳  

˿͔ͨ;͔ͤͤ·͔ ͦ͋ͪ͊͘ͼ· 

˽͔͍͔ͦͫ͒ͦ͊ͭ͡͡ΈͤͦͫͭΈ ͨͪͦͼ͔͍ͫͫͦ ͙ͨͪ ͨͦͯ͡;͔͙͙ͤ ͙͔͙͚͒͘͡  
͙͘ ͨͦͪͦ΄͍ͦ͟ Ή͔͙ͭͪͦͣͨͯ͟͡͡Έͫͤ·ͣ ͔͙͔ͫͨ͊ͤͣ͟ 



 

ʉʧʝʢʘʥʠʝ ʠ ʩʠʥʪʝʟ ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʝʣʠʯʠʥʳ ʠʥʪʝʛʨʘʣʘ  ʪʦʢʘ  

J = Ú j2 dt  

ʄʝʜʴ                             J  Ó  1,4Ö1015 ɸ2ʩ/ʤ4  

 ʄʦʣʠʙʜʝʥ                    J  Ó  0,6Ŀ1016 ɸ2ʩ/ʤ4  

 ʉʤʝʩʴ Cu - TiB2          J  Ó  0,9Ö1015 ɸ2ʩ/ʤ4 

 ʉʤʝʩʴ Cu ï Ti - B        J  Ó  0,34Ö1014 ɸ2ʩ/ʤ4  

 

ʋ ʩʧʝʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʥʝ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ 

ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ 

ʄʝʪʦʜ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʛʦ ʩʧʝʢʘʥʠʷ ʧʦʟʚʦʣʷʝʪ:  

- ʢʦʤʧʘʢʪʠʨʦʚʘʪʴ ʥʝʨʝʘʛʠʨʫʶʱʠʝ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ, 

- ʢʦʤʧʘʢʪʠʨʦʚʘʪʴ ʨʝʘʛʠʨʫʶʱʠʝ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ, ʥʘʧʨʠʤʝʨ, ʩʤʝʩʴ Ti, B ʚ ʤʝʜʥʦʡ   

ʤʘʪʨʠʮʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʢʦʤʧʦʟʠʪʘ Cu-TiB2  

 

 

ʕʣʝʢʪʨʦ-ʠʤʧʫʣʴʩʥʦʝ ʩʧʝʢʘʥʠʝ ʧʦʨʦʰʢʘ ʪʚʝʨʜʦʛʦ

ʩʧʣʘʚ ɺʂ20 ʩʦ ʩʪʘʣʴʶ

ʩʪʘʣʴ
ʩʪʘʣʴ

ʪʚʝʨʜʳʡ 

ʩʧʣʘʚ ɺʂ20

ʩʪʘʣʴ



 

 

 

 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʧʝʢʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ, ʝʩʣʠ ʚʝʣʠʯʠʥʘ ʠʥʪʝʛʨʘʣʘ ʪʦʢʘ 

J = Ú j2 dt  ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ J* < J < Jm    ʇʨʠ J > Jm  ʥʘʙʣʶʜʘʶʪʩʷ 

ʪʘʢʠʝ ʷʚʣʝʥʠʷ, ʢʘʢ ʣʦʢʘʣʴʥʳʡ ʧʝʨʝʛʨʝʚ ʠ ʧʣʘʚʣʝʥʠʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʢʨʫʧʥʳʭ ʧʦʨ ʠ ʧʣʘʟʤʝʥʥʳʭ ʢʘʥʘʣʦʚ ʩ ʚʳʩʦʢʠʤ ʛʘʟʦʢʠʥʝʪʠʯʝʩʢʠʤ 

ʜʘʚʣʝʥʠʝʤ, ʧʨʠʚʦʜʷʱʠʤ ʢ ʨʘʟʨʫʰʝʥʠʶ ʦʙʨʘʟʮʘ ʠ ʤʘʪʨʠʮʳ. ɹʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʠʩʢʫʩʩʪʚʝʥʥʳʤ ʩʦʟʜʘʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʪʦʢʘ ʟʘ ʩʯʸʪ ʚʳʙʦʨʘ ʬʦʨʤʳ ʵʣʝʢʪʨʦʜʘ, ʢʦʪʦʨʳʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʧʣʘʟʤʝʥʥʦʛʦ ʢʘʥʘʣʘ.  

 

 

 

ɸʥʠʩʠʤʦʚ ɸ.ɻ., ʄʘʣʠ ɺ.ʀ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʛʦ ʩʧʝʢʘʥʠʷ 

ʧʦʨʦʰʢʦʚʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ //ʌɻɺ, 2010, ʪ.46, ˉ2, ʩ.135-138. 



ʅʠʢʦʣʘʡ ʅʠʢʦʣʘʝʚʠʯ ɹʝʥʘʨʜʦʩ (1842 ï 1905) 

ʨʘʟʨʘʙʦʪʘʣ ʩʧʦʩʦʙ ʜʫʛʦʚʦʡ ʵʣʝʢʪʨʦʩʚʘʨʢʠ ʫʛʦʣʴʥʳʤ 

ʵʣʝʢʪʨʦʜʦʤ ʠ ʜʦʙʠʣʩʷ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʝʸ 

ʧʨʠʤʝʥʝʥʠʠ. 

 
 

ʅʠʢʦʣʘʡ ɻʘʚʨʠʣʦʚʠʯ ʉʣʘʚʷʥʦʚ (1854 ï 1897) 

ʠʟʦʙʨʝʣ ʩʧʦʩʦʙ ʜʫʛʦʚʦʡ ʵʣʝʢʪʨʦʩʚʘʨʢʠ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʵʣʝʢʪʨʦʜʦʤ 

ɺʘʩʠʣʠʡ ɺʣʘʜʠʤʠʨʦʚʠʯ ʇʝʪʨʦʚ (1761 ï 1834)  

ʦʪʢʨʳʣ ʷʚʣʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʠ 

 

 

 
 

ʀʩʪʦʨʠʯʝʩʢʠʝ ʬʘʢʪʳ 

//commons.wikimedia.org/wiki/File:Benardos_N.N.jpg?uselang=ru


ɺ 1891 ʛ. ʅʠʢʦʣʘʡ ʉʣʘʚʷʥʦʚ ʧʦʣʫʯʠʣ ʧʘʪʝʥʪʳ ʥʘ çʉʧʦʩʦʙ ʠ ʘʧʧʘʨʘʪʳ ʜʣʷ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʦʪʣʠʚʢʠ ʤʝʪʘʣʣʦʚè ʠ ʥʘ çʉʧʦʩʦʙ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʧʣʦʪʥʝʥʠʷ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʦʪʣʠʚʦʢè. ɺ 1893 ʛʦʜʫ ʥʘ ɺʩʝʤʠʨʥʦʡ ʚʳʩʪʘʚʢʝ ʚ ʏʠʢʘʛʦ ʦʥ 

ʧʦʣʫʯʠʣ ʤʝʜʘʣʴ ʟʘ ʠʟʦʙʨʝʪʝʥʠʝ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʩʚʘʨʢʠ ʠ ʟʘ ʜʝʪʘʣʴ, ʧʦʣʫʯʝʥʥʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʥʘʧʣʘʚʢʦʡ ʩʣʦʝʚ ʠʟ 8 

ʨʘʟʥʦʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ: ʢʦʣʦʢʦʣʴʥʦʡ ʙʨʦʥʟʳ, ʪʦʤʧʘʢʘ, ʥʠʢʝʣʷ, ʩʪʘʣʠ, 

ʯʫʛʫʥʘ, ʤʝʜʠ, ʥʝʡʟʠʣʴʙʝʨʘ ʠ ʙʨʦʥʟʳ - ʙʳʣʘ ʦʙʨʘʙʦʪʘʥʘ ʚ ʚʠʜʝ 

ʜʚʝʥʘʜʮʘʪʠʛʨʘʥʥʦʡ ʧʨʠʟʤʳ ʩ ʦʪʚʝʨʩʪʠʝʤ ʚʥʫʪʨʠ 

 ʆʜʠʥ ʪʘʢʦʡ ʩʪʘʢʘʥ ʥʘʭʦʜʠʪʩʷ ʚ 

ʇʦʣʠʪʝʭʥʠʯʝʩʢʦʤ ʤʫʟʝʝ ʚ ʄʦʩʢʚʝ, ʚʪʦʨʦʡ 

ʵʢʩʧʦʥʠʨʫʝʪʩʷ ʚ ʇʝʨʤʩʢʦʤ ʦʙʣʘʩʪʥʦʤ 

ʢʨʘʝʚʝʜʯʝʩʢʦʤ ʤʫʟʝʝ. 

ʗʧʦʥʩʢʘʷ ʢʦʤʧʘʥʠʷ  Sumitomo Coal Mining Co., Ltd. 

(Tokita , 1993) ʨʘʟʨʘʙʦʪʘʣʘ ʤʝʪʦʜ ʩʧʝʢʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ 

ʧʨʠ ʧʦʤʦʱʠ ʠʤʧʫʣʴʩʦʚ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʦʢʘ. 



ʈʘʙʦʪʳ, ʧʨʦʚʦʜʠʤʳʝ ʚ ʀʥʩʪʠʪʫʪʝ ɻʠʜʨʦʜʠʥʘʤʠʢʠ ʠʤ. ʄ.ɸ. ʃʘʚʨʝʥʪʴʝʚʘ 

ʉʆ ʈɸʅ  ʥʘ ʫʩʪʘʥʦʚʢʝ SPS Labox 1575, Sinter Land Inc.  



ɺʉʇʆʄʆɻɸʊɽʃʔʅʆɽ ʆɹʆʈʋɼʆɺɸʅʀɽ 
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ʇʦʜʚʝʜʝʥʠʝ ʠʤʧʫʣʴʩʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʢ ʦʙʨʘʟʮʫ:  

ʦʩʥʦʚʥʦʝ ʦʪʣʠʯʠʝ SPS-ʤʝʪʦʜʘ ʦʪ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ 

ʇʨʠʥʮʠʧ ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʛʦ ʩʧʝʢʘʥʠʷ 

ʂʣʶʯʝʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʧʨʝʠʤʫʱʝʩʪʚʘ 

ʧʨʦʮʝʩʩʘ:  

Åʙʳʩʪʨʳʡ ʥʘʛʨʝʚ 

Åʦʪʩʫʪʩʪʚʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʜʣʠʪʝʣʴʥʦʡ ʚʳʜʝʨʞʢʠ ʧʨʠ 

ʤʘʢʩʠʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ  ʩʧʝʢʘʥʠʷ 

Åʨʘʚʥʦʤʝʨʥʳʡ ʥʘʛʨʝʚ ʧʨʦʚʦʜʷʱʠʭ ʦʙʨʘʟʮʦʚ   

Åʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʨʘʙʦʯʝʛʦ ʮʠʢʣʘ 

Åʩʦʭʨʘʥʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʦʰʢʘ ʚ 

ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʦʤ ʤʘʪʝʨʠʘʣʝ 



22 X.Song et al. J. Am.Ceram.Soc. 89 (2006) 494.  

ʄʝʭʘʥʠʟʤ SPS ï ʣʦʢʘʣʴʥʳʡ ʨʘʟʦʛʨʝʚ, ʧʨʦʮʝʩʩʳ ʚ ʧʨʦʤʝʞʫʪʢʝ 

ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ 

ʣʦʢʘʣʴʥʳʡ ʨʘʟʦʛʨʝʚ ʥʘ ʤʝʞʯʘʩʪʠʯʥʳʭ 

ʢʦʥʪʘʢʪʘʭ 

ʇʨʠʯʠʥʘ ʨʘʟʦʛʨʝʚʘ ï ʧʦʚʳʰʝʥʠʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʢʦʥʪʘʢʪʘ 

(ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʬʘʢʪʦʨ)  

- ʦʙʨʘʟʦʚʘʥʠʝ ʧʝʨʝʰʝʡʢʘ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʪʦʢʘ 

Y.Aman et al. J.Mater.Sci. 

47 (2012) 5766. 



Porous Fe by Spark Plasma Sintering 

800Ü C 1000Ü C 600 ÜC 



Porous Cu by Spark Plasma Sintering 

     Initial                                                SPS 



tƻǊƻǳǎ CŜ ōȅ {t{ улл ɕ/ ό/ǳ Ŧƻƛƭύ 



ʂʦʤʧʦʟʠʪʳ Cu-Ti3SiC2  ʜʣʷ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʧʦʨʦʰʢʠ 

ʧʦʩʣʝ ʩʧʝʢʘʥʠʷ 

Cu-3vol.%Ti3SiC2 Cu-5vol.%Ti3SiC2 Cu-3vol.%Ti3SiC2 Cu-5vol.%Ti3SiC2 

P
re
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e
 S

P
S

 227Ñ8 HV 

light EC 34.7% 

density 95% 

EC 21.2% 

density 92% EC 36.4% 

density 92% 

EC 21.1% 

density 89% 

152Ñ34 HV 136Ñ7 HV  190Ñ19 HV 182Ñ11 HV 

dark  

ʉʧʝʯʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘʩʣʝʜʫʝʪ ʩʪʨʫʢʪʫʨʫ ʧʦʨʦʰʢʘ. ʋʜʘʝʪʩʷ ʩʦʭʨʘʥʠʪʴ ʦʯʝʥʴ ʚʳʩʦʢʫʶ ʪʚʝʨʜʦʩʪʴ 

ʢʦʤʧʦʟʠʪʦʚ (227 HV, ʯʪʦ ʜʘʝʪ ʦʮʝʥʢʫ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ 757 ʄʇʘ), ʜʦʩʪʠʛʥʫʪʫʶ ʚ ʯʘʩʪʠʮʘʭ Cu-

Ti3SiC2 ʧʨʠ in situ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʠ ʯʘʩʪʠʮ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ.  

ʧʦʩʣʝ ʩʧʝʢʘʥʠʷ 

ʜʦ ʩʧʝʢʘʥʠʷ 

26 
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ʂʦʤʧʦʟʠʪʳ ʜʣʷ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ 

ʤʝʜʴ ï ʛʣʦʙʫʣʷʨʥʳʡ ʫʛʣʝʨʦʜ ʤʝʜʴ ï ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ 

ʉʦʩʪʘʚ ʆʪʥʦʩʠʪʝʣʴʥʘʷ 

ʧʣʦʪʥʦʩʪʴ, % 

ʆʪʥʦʩʠʪʝʣʴʥʘʷ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ů/ 

ůCu, % 

ʊʚʝʨʜʦʩʪʴ ʧʦ 

ɺʠʢʢʝʨʩʫ 

HV 100 

5 ʦʙ.% CNT-Cu 

  

89 51.0 102Ñ3 

10 ʦʙ.% CNT-Cu 

  

94 56.9 68Ñ1 

5 ʦʙ.% C-Cu 

  

90 58.5 127Ñ42 

10 ʦʙ.%C-Cu 

  

94 63.7 124Ñ27 
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ʊʚʝʨʜʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ:  

cʨʘʚʥʝʥʠʝ c  ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ 

Composition Synthesis/processing Vickers 

hardness, HV 

Reference 

Cu-5 vol.% TiB2 in situ synthesis of TiB2 from 

elements in the Cu melt 

125 J.P.Tu et al. Wear 255 

(2003) 832 

Cu-30 vol.%WC Reactive solid state sintering from 

mechanically milled W-C-Cu  

150 M.Yusoff et al. Mater. & 

Design 32 (2011) 3293 

Cu-2.5 vol.%Ru Mixing and solid state sintering 127 K.Sule et al. 

Microelectronics 

Reliability 52 (2012) 1690 

Cu-20 vol.%Al2O3 Mechanical milling and hot 

compaction under pressure 

120 Z.Hussain & L.C.Kit. Mater. 

& Design 29 (2008) 1311 

Cu-2 vol.% TiB2 Mechanically milled powders  300-400 M.L·pez et al. Mater. 

Character. 55 (2005) 252 

Cu In situ consolidation by mechanical 

milling 

230 K.M.Youssef et al. Appl. 

Phys. Lett. 85 (2004) 929 

Cu-3 vol.% Ti3SiC2 Mechanical milling (low energy) + 

SPS 

136 ɼʘʥʥʘʷ ʨʘʙʦʪʘ 

Cu-3 vol.% Ti3SiC2 

 

Mechanical milling (high energy) + 

SPS 

182-227 

 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ 

ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʩʧʝʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ Cu-Ti3SiC2 

ʩ ʚʳʩʦʢʦʡ ʪʚʝʨʜʦʩʪʴʶ  ʟʘ ʩʯʝʪ ʩʦʭʨʘʥʝʥʠʷ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʤʝʜʥʦʡ ʤʘʪʨʠʮʳ 

(35 ʥʤ) ʠ ʧʦʣʫʯʝʥʠʷ ʧʣʦʪʥʳʭ ʦʙʣʘʩʪʝʡ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʵʬʬʝʢʪʠʚʥʳʤ 

ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʫʧʨʦʯʥʝʥʠʝʤ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ Ti3SiC2. 



ʀʥʪʝʨʤʝʪʘʣʣʠʜʳ Ti 3Al  

(+) ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ, ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ, ʚʳʩʦʢʠʝ ʫʧʨʫʛʠʝ 

ʤʦʜʫʣʠ, ʘʥʦʤʘʣʴʥʦʝ ʚʦʟʨʘʩʪʘʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʩʪʦʡʢʦʩʪʴ ʢ ʦʢʠʩʣʝʥʠʶ ʠ ʚʦʟʛʦʨʘʥʠʶ, ʚʳʩʦʢʦʝ ʦʪʥʦʰʝʥʠʝ 

ʧʨʦʯʥʦʩʪʴ/ʧʣʦʪʥʦʩʪʴ, ʞʘʨʦʧʨʦʯʥʦʩʪʴ.  

(-) ʥʠʟʢʘʷ ʧʣʘʩʪʠʯʥʦʩʪʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʥʠʟʢʘʷ ʚʷʟʢʦʩʪʴ, 

ʥʝʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʠʝ ʫʩʪʘʣʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ 

ʨʦʩʪʘ ʪʨʝʱʠʥ  

 



Ti ʧʣʦʪʥʦʩʪʴ 4,5 ʛ/ʩʤ3, ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ 110 ɻʇʘ, 

ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ 5,9 ʢʤ/ʩ. 

 

AlTi 3  ʧʣʦʪʥʦʩʪʴ 4,1 ʛ/ʩʤ
3, ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ 150 ɻʇʘ, 

ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ 6,5 ʢʤ/ʩ. 

 

 SiC ʧʣʦʪʥʦʩʪʴ 3,2 ʛ/ʩʤ3, ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ 445 ɻʇʘ, 

ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ 12,6 ʢʤ/ʩ. 

ʉʚʦʡʩʪʚʘ ʢʘʨʙʠʜʦʚ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ 


