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On the basis of experimental studies of cold extrusion of green billets from vanadium-

bearing iron powder composites, the effect of cohesion (shear strength) on the hazard of rod fracture 

during extrusion is shown. 

The process of extrusion of an incompact material is mathematically modeled. It is shown 

that, for large die cone angles, it is preferable to use a rigid block design to determine the extrusion 

force, which implies the use of conditions on the surfaces of strong discontinuities in a plastically 

compressible medium. 

A software package for modeling the extrusion and drawing of powder composites has been 

developed. 

Keywords: extrusion, density, extrusion ratio, cohesion, modeling. 

Acknowledgment 

The work was performed within the state assignment, theme No. ɸɸɸɸ-ɸ18-118020790142-9. 

References 

1. Wimbert L., Arnhold V. Powder metallurgy in Germany. International Journal of Powder 

Metallurgy, 2014, no. 2, pp. 67ï70. 

2. Gundermann Philippe. Overview of the status and trends in the European PM Industry.  

EURO PM 2015 REIMS. Available at: http://www.europm2015.com/post-event/plenary-

presentations/103-the-european-pm-industry-current-status-and-roadmapping-the-future/file. 

3. Libenson G.A., Lopatin V.Yu., Komarnitskii G.V. Protsessy poroshkovoi metallurgii.  

V dvukh tomakh. T. 2. Formovanie i spekanie: Ucheb. dlya vuzov [Processes of Powder Metallur-

gy, 2 vols. Vol. 2. Formation and Sintering: Textbook for Higher Schools]. Moscow, MISiS Publ., 

2002. (In Russian). 

4. Antsiferov V.N., Perelôman V.E. Mekhanika protsessov pressovaniya poroshkovykh  

i kompozitsionnykh materialov [Mechanics of Pressing Processes of Powder and Composite Materi-

als]. Moscow Graalô Publ., 2001, pp. 175ï202. (In Russian). 

5. Hung-Kuk Oh, Jeong-Keun Lee. A study of the extrusion of sintered porous metal. J. Mech. 

Technol., 1985, vol. 11, no. 1, pp. 53ï69. DOI: 10.1016/0378-3804(85)90112-3. 

https://orcid.org/0000-0003-0109-6916
https://e.mail.ru/compose/?mailto=mailto%3apap@imach.uran.ru
https://e.mail.ru/compose/?mailto=mailto%3apavel.katsu@gmail.com
mailto:pap@imach.uran.ru


 

 

Diagnostics, Resource and Mechanics of materials and structures 

Issue 2, 2019 

http://dream-journal.org ISSN 2410-9908 
 

38 

 

 

Polyakov A. P., Polyakov P. A. An experimental and analytical method for calculating the power parameters of extrusion  

of incompact materials // Diagnostics, Resource and Mechanics of materials and structures. ï 2019. ï Iss. 2. ï P. 37ï56. ï  

DOI: 10.17804/2410-9908.2019.2.037-056. 

 

6. Zalazinskii A.G. Plasticheskoe deformirovanie strukturno-neodnorodnykh materialov  

[Plastic Deformation of Structurally Nonuniform Materials]. Yekaterinburg, UrO RAN, 2000.  

(In Russian). 

7. Shestakov N.A., Subich V.N., Demin V.A. Uplotnenie, konsolidatsiya i razrushenie po-

ristykh materialov [Compaction, Consolidation and Destruction of Porous Materials]. Moscow, 

Fizmatlit, 2011. (In Russian). 

8. Tae-Wan Ku, Beom-Soo Kang. Tool Design and Experimental Verification for Multi-Stage 

Cold Forging Process of the Outer Race. Int. J. Precis. Eng. Manuf., 2014, vol. 15, no. 9, pp. 1995ï2004. 

DOI: 10.1007/s12541-014-0556-x. 

9. Lee M.C., Chung S.H., Jang S.M., Joun M.S. Three-Dimensional Simulation of Forging us-

ing Tetrahedral and Hexahedral Elements. Finite Elements in Analysis and Design, 2009, vol. 45, 

no. 11, pp. 745ï754. DOI: 10.1007/s12206-013-0959-0. 

10. Kim J.B., Seo W.S., Park K. Damage Prediction in the Multistep Forging Process  

of Subminiature Screws. Int. J. Precis. Eng. Manuf., 2012, vol. 13, no. 9, pp. 1619ï1624.  

DOI: 10.1007/s12541-012-0212-2. 

11. Jeong M.S., Lee S.K., Sung J.H., Kim K.E., Lee S., Lee K.W., Choi T.H. Green Alternative 

Processing Technology for a Spring Guide Pin of Stamping Die Set. Int. J. Precis. Eng. Manuf., 

2012, vol. 13, no. 7, pp. 1239ï1242. DOI: 10.1007/s12541-012-0164-6. 

12. Plancak M., Brameley A., Osman F. Non-conventional cold extrusion. Journal of Materials 

Processing Technology, 1992, vol. 34, p. 465ï472. DOI: 10.1007/s12289-009-0571-0. 

13. Galanty M., Kazanowski P., Kansuwan P., Misiolek W. Consolidation of metal powders 

during the extrusion process. Journal of Materials Processing Technology, 2002, vol. 125ï126,  

no. 9, pp. 491ï496. DOI: 10.1016/S0924-0136(02)00327-8. 

14. Aliev I.S. New technological processes of cold extrusion of geometrically complex parts. 

Fizika i Tekhnika Vysokikh Davleniy, 2000, vol. 10, no. 4, pp. 62ï67. (In Russian). 

15. Radomyselskii I.D., Serdyuk G.G., Shcherbanô N.I. Konstruktsionnye poroshkovye materi-

aly [Structural Powder Materials]. Kiev, Tekhnika Publ., 1985, p. 152. (In Russian). 

16. Cahal McVeigh, Wing Kam Liu. Prediction of Central Bursting during Axisymmetric Cold 

Extrusion of a Metal Alloy containing Particles. International Journal of Solids and Structures, 

2006, vol. 43, no. 10, pp. 3087ï3105. DOI: 10.1016/j.ijsolstr.2005.05.019. 

17. Domanti A.T.J., Horrobin D.J., Bridgwater J. An investigation of fracture criteria for pre-

dicting surface fracture in paste extrusion. Int. J. Mech. Sci., 2002, vol. 44, pp. 1381ï1410.  

DOI: 10.1007/s00419-013-0779-9. 

18. Yanran Z., Wang Z.R., Weimin C. Numerical solutions for extrusion and ironing and die-

angle optimization. Journal of Materials Processing Technology, 1995, vol. 55, pp. 48ï52.  

DOI: 10.1016/0924-0136(95)01811-5. 

19. Cho H.Y., Min G.S., Jo C.Y., Kim M.H. Process design of the cold forging of a billet  

by forward and backward extrusion. J. Mater. Process. Technol., 2003, vol. 81, pp. 375ï381.  

DOI: 10.1016/S0924-0136(02)00870-1. 

20. Tiernan P., Hillery M.T., Graganescu B., Gheorghe M.  Modelling of cold extrusion  

with experimental verification. J. Mater. Process. Technol., 2005, vol. 168, pp. 360ï366.  

DOI: 10.1016/j.jmatprotec.2005.02.249. 

21. Da Silva G.C., Carneiro J.R.G., Fran­a A.B.C., Pulecio S.A.R. Experimental and numerical 

simulation of the backward extrusion process for annealed steel aisi 1010. Mec©nica Experimental, 

2013, vol. 22, pp. 15ï22. 

22. Horrobin D.J. Theoretical Aspects of Paste Extrusion. Ph. D. Dissertation, University  

of Cambridge, Cambridge UK, 1999, 259 p. 

23. Lin H.S., Hsu Y.C., Keh C.C. Inhomogeneous deformation and residual stress  

in skin-pass axisymmetric drawing. J. Mater. Process. Technol., 2008, vol. 201, pp. 128ï132. 

DOI: 10.1016/j.jmatprotec.2007.11.126. 



 

 

Diagnostics, Resource and Mechanics of materials and structures 

Issue 2, 2019 

http://dream-journal.org ISSN 2410-9908 
 

39 

 

 

Polyakov A. P., Polyakov P. A. An experimental and analytical method for calculating the power parameters of extrusion  

of incompact materials // Diagnostics, Resource and Mechanics of materials and structures. ï 2019. ï Iss. 2. ï P. 37ï56. ï  

DOI: 10.17804/2410-9908.2019.2.037-056. 

 

24. Chih-Cheng Yang, Xuan-Yu Lin. The Forming Analysis of Two-stage Extrusion for 1010 

Fastener. Journal of Mechanical Engineering and Automation, 2016, vol. 6, no. 3, pp. 43ï50.  

DOI: 10.5923/j.jmea.20160603.01. 

25. Fengxian Li, Jianhong Yi, Juyrgen Eckert. Optimization of the Hot Forging Processing  

Parameters for Powder Metallurgy Fe-Cu-C Connecting Rods Based on Finite Element Simulation. 

Metallurgical and Materials Transactions A, 2017, vol. 48, iss. 12, pp. 6027ï6037.  

DOI: 10.1007/s11661-017-4372-7. 

26. Giuliano G. Process design of the cold extrusion of a billet using finite element method.  

Materials & Design, 2007, vol. 26, pp. 726ï729. DOI: 10.1016/j.matdes.2005.07.020. 

27. Polyakov A.P. On the scheme of rigid blocks in the problem of porous blank extrusion.  

Izv. Vyssh. Uchebn. Zaved. Tsvetn. Metall., 2004, no. 5, pp. 27ï34. (In Russian). 

28. Sadollah A., Bahreininejad A. Optimization of die design using metaheuristic methods  

in cold forward extrusion process. Neural Computing and Applications, 2012, vol. 21, iss. 8,  

pp. 2071ï2076. DOI: 10.1007/s00521-011-0630-6. 

29. Polyakov P.A., Kolmykov V.L., Dolmatov A.V., Mushnikov A.N., Polyakov A.P.  Solidity 

of unsintering briquettes from iron-based.  KShP. OMD, 2017, no. 1, pp. 40ï45. (In Russian). 

30. Modeling of Powder Die Compaction, Brewin P.R., Coube O., Doremus P., Tweed J.H., 

eds., Springer, 2008, 329 p.  

31. Shang C., Sinka I.C., Pan J. Constitutive Model Calibration for Powder Compaction Using  

Instrumented Die Testing. Experimental Mechanics, 2012, vol. 52, pp. 903ï916. DOI: 10.1007/ 

/s11340-011-9542-8. 

32. Polyakov P.A., Zalazinskiy A.G., Polyakov A.P. Extrusion process analyses of vanadium-

bearing iron powder. KShP. OMD, 2014, no. 12, pp. 10ï14. (In Russian). 

33. Korobova N.V. Scientific substantiation and implementation of technological solutions  

for the production of high-density billets by press forming from metal powders. Doctoral Thes.  

Abstract, Moscow, 2009, 30 p. (In Russian). 

34. Zhdanovich G.M. Theory of Compaction of Metal Powders, transl. Teoriya Pressovaniya 

Metallicheskikh Poroshkov [Theory of Metal Powder Pressing, 1969, pp. 1ï262]. Foreign Technol-

ogy Division, Wright-Patterson Air Force Base, OH, 1971. 

35. Druyanov B.A. Prikladnaya teoriya plastichnosti poristykh tel [Applied Theory of Plas-

ticity of Porous Bodies]. Moscow, Mashinostroenie Publ., 1989, 168 p. (In Russian).  

36. Polyakov A.P. On model of porous material taking geometry of pores into account.  

Izv. Vyssh. Uchebn. Zaved. Tsvetn. Metall., 2005, no. 4, pp. 35-40. (In Russian). 

37. Grigoriev S.N., Krasnovskii A.N. Study of the Triboengineering Characteristics  

of Ultradispersed Composite Powder Materials. Journal of Friction and Wear, 2011, vol. 32, no. 3, 

pp. 164ï166. DOI: 10.3103/S1068366611030056. 

38. Rabotnov Yu.N. Mekhanika deformiruemogo tverdogo tela [Mechanics of Deformable Sol-

ids]. Nauka, Moscow, 1979. (In Russian).  

39. Zalazinskii A.G., Polyakov A.P., Polyakov P.A. A System Simulation of a Production Com-

plex for Fabrication of Composites for Electrotechnology. Russian Journal of Non-Ferrous Metals, 

2009, vol. 50, no. 3, pp. 255ï261. DOI: 10.3103/s1067821209030134. 

40. Polyakov P.A., Zalazinskii A.G. Programmnyi kompleks dlya modelirovaniya protsessov 

vydavlivaniya i volocheniya poroshkovykh kompozitov [A Software Package Designed to Model 

Extrusion and Drawing of Powder Composites]. RF Certificate of Program Registration,  

no. 2016660263, 2016. (In Russian). 

  



 

 

Diagnostics, Resource and Mechanics of materials and structures 

Issue 2, 2019 

http://dream-journal.org ISSN 2410-9908 
 

40 

 

 

Polyakov A. P., Polyakov P. A. An experimental and analytical method for calculating the power parameters of extrusion  

of incompact materials // Diagnostics, Resource and Mechanics of materials and structures. ï 2019. ï Iss. 2. ï P. 37ï56. ï  

DOI: 10.17804/2410-9908.2019.2.037-056. 

 

ʇʦʜʘʥʘ ʚ ʞʫʨʥʘʣ: 28.01.2019 

ʋɼʂ 539.37 

DOI: 10.17804/2410-9908.2019.2.037-056 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆ-ɸʅɸʃʀʊʀʏɽʉʂʀʁ ʄɽʊʆɼ ʈɸʉʏɽʊɸ  

ʕʅɽʈɻʆʉʀʃʆɺʓʍ ʇɸʈɸʄɽʊʈʆɺ ʇʈʆʎɽʉʉɸ ɺʓɼɸɺʃʀɺɸʅʀʗ  

ʅɽʂʆʄʇɸʂʊʅʓʍ ʄɸʊɽʈʀɸʃʆɺ 

ɸ. ʇ. ʇʦʣʷʢʦʚ
ʘ)*, ʇ. ɸ. ʇʦʣʷʢʦʚ

ʙ)
 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ  

ʀʥʩʪʠʪʫʪ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʋʨʘʣʴʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ,  

ʫʣ. ʂʦʤʩʦʤʦʣʴʩʢʘʷ, 34, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ  

a)
 https://orcid.org/0000-0003-0109-6916  pap@imach.uran.ru;  

ʙ)
 https://orcid.org/0000-0002-7779-8546  pavel.katsu@gmail.com  

*
ʆʪʚʝʪʩʪʚʝʥʥʳʡ ʘʚʪʦʨ. ʕʣʝʢʪʨʦʥʥʘʷ ʧʦʯʪʘ: pap@imach.uran.ru 

ɸʜʨʝʩ ʜʣʷ ʧʝʨʝʧʠʩʢʠ: ʫʣ. ʂʦʤʩʦʤʦʣʴʩʢʘʷ, 34, 620049, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ 

ʊʝʣ.: +7 (343) 374ï50ï51; ʬʘʢʩ: +7 (343) 374ï53ï30 

ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʮʝʩʩʘ ʭʦʣʦʜʥʦʛʦ ʚʳʜʘʚʣʠʚʘʥʠʷ  

ʥʝʩʧʝʯʝʥʥʳʭ ʟʘʛʦʪʦʚʦʢ ʠʟ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʚʘʥʘʜʠʡʩʦʜʝʨʞʘʱʝʛʦ ʧʦʨʦʰʢʘ ʞʝʣʝʟʘ ʧʦʢʘ-

ʟʘʥʦ ʚʣʠʷʥʠʝ ʚʝʣʠʯʠʥʳ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʟʫ ʤʘʪʝʨʠʘʣʘ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʧʨʫʪʢʘ 

ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ. 

ʆʩʫʱʝʩʪʚʣʝʥʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ ʥʝʢʦʤʧʘʢʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʙʦʣʴʰʠʭ ʫʛʣʘʭ ʢʦʥʫʩʥʦʩʪʠ ʤʘʪʨʠʮʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʩʠʣʠʷ 

ʚʳʜʘʚʣʠʚʘʥʠʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʭʝʤʳ ʞʝʩʪʢʠʭ ʙʣʦʢʦʚ, ʧʨʝʜʧʦʣʘʛʘʶʱʝʡ ʠʩ-
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ʤʦʜʝʣʠʨʦʚʘʥʠʝ. 

1. ɺʚʝʜʝʥʠʝ 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ 80 % ʨʳʥʢʘ ʧʦʨʦʰʢʦʚʳʭ ʜʝʪʘʣʝʡ ʚ ɽʚʨʦʧʝ ʧʨʠʭʦʜʠʣʦʩʴ ʥʘ ʤʘʰʠ-

ʥʦʩʪʨʦʠʪʝʣʴʥʳʝ ʠʟʜʝʣʠʷ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ [1, 2]. ɼʣʷ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʛʦʨʷʯʘʷ ʰʪʘʤʧʦʚʢʘ, ʛʦʨʷʯʝʝ ʠʟʦʩʪʘʪʠʯʝʩʢʦʝ ʧʨʝʩʩʦʚʘʥʠʝ ʠ ʜʨʫʛʠʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʤʝ-

ʪʦʜʳ, ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʧʝ-

ʯʝʥʥʳʭ ʠʟʜʝʣʠʡ ï ʭʦʣʦʜʥʦʝ ʠʣʠ ʪʝʧʣʦʝ ʧʨʝʩʩʦʚʘʥʠʝ ʠ ʚʳʜʘʚʣʠʚʘʥʠʝ. 

ɺʳʜʘʚʣʠʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʦʨʦʰʢʦʚʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ [3, 4]. ɺʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʙʦʣʴʰʠʝ ʧʣʘʩʪʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʵʬʬʝʢʪʠʚʥʦʤʫ ʟʘʢʨʳʪʠʶ ʧʦʨ, ʚʳʙʦʨ ʩʪʝʧʝʥʠ ʦʙʞʘʪʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʦʙʳʯʥʦ 

ʠʟ ʫʩʣʦʚʠʷ ʦʙʝʩʧʝʯʝʥʠʷ ʙʝʩʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʟʘʛʦʪʦʚʢʠ [5]. ʇʦʩʢʦʣʴʢʫ ʤʘʢʩʠʤʘʣʴʥʦʤʫ 

ʢʦʵʬʬʠʮʠʝʥʪʫ ʚʳʪʷʞʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʥʘʠʙʦʣʴʰʠʝ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ ʩʜʚʠʛʘ, ʵʪʦ ʦʢʘʟʳ-

ʚʘʝʪ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʚʳʜʘʚʣʝʥʥʦʡ ʟʘʛʦʪʦʚʢʠ ʚʩʣʝʜʩʪʚʠʝ 

ʩʭʚʘʪʳʚʘʥʠʷ ʯʘʩʪʠʮ [4ï6]. ʉ ʧʦʚʳʰʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʧʨʝʩʩʦʚʢʠ ʫʣʫʯʰʘ-

ʶʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʝʯʝʥʥʳʭ ʠʟʜʝʣʠʡ, ʘʢʪʠʚʠʟʠʨʫʝʪʩʷ ʫʩʘʜʢʘ ʧʨʠ ʩʧʝʢʘʥʠʠ, ʩʥʠʞʘʝʪʩʷ 

ʧʦʨʠʩʪʦʩʪʴ [3]. ʇʦʩʢʦʣʴʢʫ ʯʘʩʪʴ ʜʘʚʣʝʥʠʷ ʫʭʦʜʠʪ ʥʘ ʪʨʝʥʠʝ, ʧʨʠ ʫʧʣʦʪʥʝʥʠʠ ʤʘʪʝʨʠʘʣʘ ʧʝ-

ʨʝʜ ʚʳʜʘʚʣʠʚʘʥʠʝʤ ʩʣʦʠ ʤʘʪʝʨʠʘʣʘ ʠʤʝʶʪ ʨʘʟʣʠʯʥʝr ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠ ʧʣʦʪʥʦʩʪʴ, 

ʯʪʦ ʩʣʫʞʠʪ ʧʨʠʯʠʥʦʡ ʧʦʷʚʣʝʥʠʷ ʜʝʬʝʢʪʦʚ ʩʪʨʫʢʪʫʨʳ. 
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ʇʨʠ ʛʦʨʷʯʝʤ ʧʨʝʩʩʦʚʘʥʠʠ ʧʦʨʦʰʢʦʚ ʧʦʣʫʯʘʶʪʩʷ ʠʟʜʝʣʠʷ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ 

ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʘʣʳʭ ʜʘʚʣʝʥʠʷʭ. ʆʥʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʙʣʘʜʘʶʪ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ, ʩʨʘʚʥʠʤʳʤʠ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʢʦʤʧʘʢʪʥʳʭ (ʣʠʪʳʭ, ʰʪʘʤʧʦʚʘʥʥʳʭ) ʤʘʪʝʨʠʘʣʦʚ. 

ʇʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʥʝʨʛʦʟʘʪʨʘʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʘʛʨʝʚʦʤ ʟʘʛʦʪʦʚʢʠ ʠ 

ʧʨʝʩʩ-ʦʩʥʘʩʪʢʠ, ʧʨʝʜʲʷʚʣʷʶʪʩʷ ʧʦʚʳʰʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʤʘʪʝʨʠʘʣʫ ʧʨʝʩʩ-ʦʩʥʘʩʪʢʠ [7]. 

ʍʦʣʦʜʥʦʝ ʚʳʜʘʚʣʠʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʠʟ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʮʝʧʦʯʢʠ ʦʧʝʨʘʮʠʠ 

ʩʧʝʢʘʥʠʷ ʧʦʩʣʝ ʙʨʠʢʝʪʠʨʦʚʘʥʠʷ, ʥʘʛʨʝʚʘ ʟʘʛʦʪʦʚʢʠ ʠ ʧʨʝʩʩ-ʦʩʥʘʩʪʢʠ ʧʝʨʝʜ ʚʳʜʘʚʣʠʚʘʥʠʝʤ ʚ 

ʪʝʧʣʦʤ ʠʣʠ ʛʦʨʷʯʝʤ ʩʦʩʪʦʷʥʠʠ. ɺ ʨʘʙʦʪʘʭ [8ï11] ʧʨʠʚʝʜʝʥʦ ʦʙʦʩʥʦʚʘʥʠʝ ʭʦʣʦʜʥʦʛʦ ʚʳʜʘʚ-

ʣʠʚʘʥʠʷ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʦʢʨʘʱʝʥʠʷ ʩʝʙʝʩʪʦʠʤʦʩʪʠ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʢʦʚʢʦʩʪʠ, ʵʢʦʣʦ-

ʛʠʯʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ. ʐʪʘʤʧʦʚʢʘ ʠ ʚʳʜʘʚʣʠʚʘʥʠʝ ʚ ʭʦʣʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠʤʝʶʪ ʨʷʜ ʧʨʝ-

ʠʤʫʱʝʩʪʚ: ʤʠʥʠʤʫʤ ʦʪʭʦʜʦʚ, ʚʳʩʦʢʫ  ʁʨʘʟʤʝʨʥʫ  ʁʪʦʯʥʦʩʪʴ, ʩʦʢʨʘʱʝʥʠʝ ʠʣʠ ʧʦʣʥʦʝ ʫʩʪʨʘ-

ʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʣʫʯʰʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʯʝʤ ʫ ʦʨʠʛʠʥʘʣʘ, ʠʟ-ʟʘ ʙʣʘ-

ʛʦʧʨʠʷʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʟʝʨʥʘ [12].  

ʇʨʦʮʝʩʩ ʚʳʜʘʚʣʠʚʘʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʟʚʦ-

ʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʦʥʝʯʥʳʡ ʧʨʦʜʫʢʪ ʩ ʫʥʠʢʘʣʴʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡ-

ʩʪʚʘʤʠ [13]. ʍʦʣʦʜʥʦʝ ʚʳʜʘʚʣʠʚʘʥʠʝ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ 

ʧʦʣʫʯʝʥʠʷ ʠʟʜʝʣʠʷ ʩʣʦʞʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, ʪʘʢ ʢʘʢ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʢʨʘʱʝʥʠʝ ʨʘʩʭʦʜʘ ʤʝʪʘʣ-

ʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʙʦʪʢʦʡ ʨʝʟʘʥʠʝʤ ʚ 2ï3 ʨʘʟʘ, ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʨʠ 

ʟʥʘʯʠʪʝʣʴʥʦʤ ʧʦʚʳʰʝʥʠʠ ʥʘʜʝʞʥʦʩʪʠ ʜʝʪʘʣʝʡ ʚ ʵʢʩʧʣʫʘʪʘʮʠʠ [14]. 

ɺ ʧʨʦʮʝʩʩʝ ʚʳʜʘʚʣʠʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʧʦ ʝʛʦ ʩʝʯʝʥʠʶ ʠ ʚʜʦʣʴ ʦʩʠ ʨʘʩʧʨʝ-

ʜʝʣʷʶʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦ. ʉʪʝʧʝʥʴ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʟʘʚʠʩʠʪ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʳʪʷʞʢʠ, ʫʛʣʘ, 

ʢʦʥʪʘʢʪʥʦʛʦ ʪʨʝʥʠʷ. ʅʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ ʤʦʞʝʪ ʩʪʘʪʴ ʧʨʠʯʠʥʦʡ ʧʦʷʚʣʝʥʠʷ ʨʘʩʪʷ-

ʛʠʚʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʨʝʱʠʥ [15]. ʇʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ 

ʚʦʟʤʦʞʥʦ ʨʘʟʫʧʣʦʪʥʝʥʠʝ (ʩ ʥʝʩʧʣʦʰʥʦʩʪʷʤʠ, ʨʘʟʨʫʰʝʥʠʝʤ) ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʚʜʦʣʴ ʦʩʠ 

ʟʘʛʦʪʦʚʢʠ [16]. ʍʘʨʘʢʪʝʨʥʳʤ ʚʠʜʦʤ ʙʨʘʢʘ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʷʚʣʷʶʪʩʷ ʢʦʣʴʮʝʚʳʝ ʪʨʝʱʠʥʳ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʝ ʦʩʠ ʧʨʝʩʩʦʚʘʥʠʷ. ʈʘʟʣʠʯʥʳʝ ʚʠʜʳ ʜʝʬʝʢʪʦʚ ʠ ʫʩʣʦʚʠʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢ-

ʩʠʤʘʣʴʥʦ ʦʜʥʦʨʦʜʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʨʘʙʦʪʘʭ [7, 15, 17]. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚ-

ʣʠʚʘʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʠʟ ʥʝʢʦʤʧʘʢʪʥʦʛʦ ʩʳʨʴʷ, ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʨʘʙʦʪʘʭ [6, 18ï26]. ɺʳʷʚʣʝʥʳ 

ʦʩʦʙʝʥʥʦʩʪʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʟʘʛʦʪʦʚʢʠ, ʦʧʨʝʜʝʣʝʥʳ ʟʦʥʳ ʚʝʨʦʷʪ-

ʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʳʪʷʞʢʠ, ʫʛʣʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ. 

2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʦʨʦʰ-

ʢʦʚʳʝ ʢʦʤʧʦʟʠʮʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʝʡ ʧʨʠʨʦʜʥʦ-ʣʝʛʠʨʦʚʘʥʥʳʭ ʚʘʥʘʜʠʡ-

ʩʦʜʝʨʞʘʱʠʭ ʧʦʨʦʰʢʦʚ ʞʝʣʝʟʘ ʚ ʩʤʝʩʠ ʩ Zn, Cu, P, C ʚ ʢʦʣʠʯʝʩʪʚʝ 1,5 ʤʘʩ. % ʥʘ ʠʟʤʝʣʴʯʠʪʝʣʝ 

ʚʠʙʨʘʮʠʦʥʥʦʤ ʀɺ-ʤʠʢʨʦ ʚ ʠʥʩʪʠʪʫʪʝ ʤʝʪʘʣʣʫʨʛʠʠ (ʀʄɽʊ) ʋʨʆ ʈɸʅ. ɺ ʢʘʯʝʩʪʚʝ ʜʦʙʘʚʦʢ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʦʢ ʤʝʜʠ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʡ ʇʄʉ-1; ʧʦʨʦʰʦʢ ʮʠʥʢʘ ʨʘʩʧʳʣʝʥʥʳʡ ʇʎ-6; 

ʧʦʨʦʰʦʢ ʞʝʣʝʟʦ-ʬʦʩʬʦʨ ʨʘʩʧʳʣʝʥʥʳʡ; ʧʦʨʦʰʦʢ ʛʨʘʬʠʪʘ ʢʘʨʘʥʜʘʰʥʦʛʦ. 

ɼʣʷ ʚʳʜʘʚʣʠʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʨʝʩʩ-ʦʩʥʘʩʪʢʫ, ʧʨʝʜʩʪʘʚʣʝʥʥʫʶ ʥʘ ʨʠʩ. 1.  

ʂʦʥʪʝʡʥʝʨʳ ʜʣʷ ʚʳʜʘʚʣʠʚʘʥʠʷ ʠʤʝʣʠ ʚʭʦʜʥʦʡ  ʜʠʘʤʝʪʨ 10 ʤʤ, ʚʳʭʦʜʥʦʡ ʜʠʘʤʝʪʨ ʚʘ-

ʨʴʠʨʦʚʘʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 7,5ï6,0 ʤʤ, ʫʛʦʣ ʢʦʥʫʩʥʦʩʪʠ ʬʦʨʤʫʶʱʝʡ ʯʘʩʪʠ 2Ŭ = 60̄ . ʇʨʠ ʚʳʙʦʨʝ 

ʚʝʣʠʯʠʥʳ ʫʛʣʘ Ŭ ʫʯʪʝʥʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ [27, 28], ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʧʨʠ ʜʘʥ-

ʥʦʤ ʫʛʣʝ ʢʦʥʫʩʥʦʩʪʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʤʠʥʠʤʘʣʴʥʦʝ ʫʩʠʣʠʝ ʚʳʜʘʚʣʠʚʘʥʠʷ.  ɺʳʜʘʚʣʠʚʘʥʠʝ 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʨʠ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘ 2ï6 ʤʤ/ʤʠʥ. 

ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʤʠʥʠʤʘʣʴʥʫʶ ʧʣʦʪ-

ʥʦʩʪʴ, ʧʦʟʚʦʣʷʶʱʫʶ ʧʦʣʫʯʠʪʴ ʧʦʩʣʝ ʭʦʣʦʜʥʦʛʦ ʚʳʜʘʚʣʠʚʘʥʠʷ ʮʝʣʴʥʫʶ ʟʘʛʦʪʦʚʢʫ, ʝʝ ʧʣʦʪ-

ʥʦʩʪʴ ʠ ʥʝʦʙʭʦʜʠʤʦʝ ʜʘʚʣʝʥʠʝ ʚʳʜʘʚʣʠʚʘʥʠʷ. 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʚʳʪʷʞʢʠ 81,=m  (ʦʪʥʦʰʝʥʠʝ ʥʘʯʘʣʴʥʦʡ ʧʣʦʱʘʜʠ 

ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʧʨʫʪʢʘ ʢ ʢʦʥʝʯʥʦʡ) ʚʳʜʘʚʣʠʚʘʣʠ ʟʘʛʦʪʦʚʢʠ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦ-



 

 

Diagnostics, Resource and Mechanics of materials and structures 

Issue 2, 2019 

http://dream-journal.org ISSN 2410-9908 
 

42 

 

 

Polyakov A. P., Polyakov P. A. An experimental and analytical method for calculating the power parameters of extrusion  

of incompact materials // Diagnostics, Resource and Mechanics of materials and structures. ï 2019. ï Iss. 2. ï P. 37ï56. ï  

DOI: 10.17804/2410-9908.2019.2.037-056. 

 

ʩʪʴʶ 820,ʦʪʥºr , ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʩʤʘʟʢʠ ʧʦʨʦʰʦʢ ʤʳʣʘ. ʇʣʦʪʥʦʩʪʴ ʧʨʫʪʢʦʚ ʩʦʩʪʘʚʠʣʘ 

00508250 ,,ʦʪʥ °ºr . 

 

 

ʈʠʩ. 1. ʇʨʝʩʩ-ʦʩʥʘʩʪʢʘ ʜʣʷ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʠ ʚʳʜʘʚʣʠʚʘʥʠʷ: 1 ï ʢʦʥʪʝʡʥʝʨ; 2 ï ʢʦʨʧʫʩ;  

3 ï ʧʣʠʪʘ; 4 ï ʟʘʛʣʫʰʢʘ; 5 ï ʧʫʘʥʩʦʥ; 6 ï ʢʦʥʪʝʡʥʝʨ ʜʣʷ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ;  

7 ï ʢʦʥʪʝʡʥʝʨ ʜʣʷ ʚʳʜʘʚʣʠʚʘʥʠʷ 

ʅʘ ʧʨʫʪʢʘʭ ʠʟ ʧʦʨʦʰʢʦʚ Fe, Fe + Zn, Fe + Cu ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʜʝʬʝʢʪʳ ʚ 

ʚʠʜʝ ʢʦʣʴʮʝʚʳʭ ʪʨʝʱʠʥ. ɼʘʥʥʘʷ ʢʘʨʪʠʥʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʟʚʝʩʪʥʳʤ ʠʟ ʣʠʪʝʨʘʪʫʨʳ ʜʘʥʥʳʤ, 

ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʳʤ ʭʘʨʘʢʪʝʨʥʳʤ ʚʠʜʦʤ ʙʨʘʢʘ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʷʚʣʷʶʪʩʷ ʢʦʣʴʮʝʚʳʝ ʪʨʝʱʠ-

ʥʳ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʝ ʦʩʠ ʧʨʝʩʩʦʚʘʥʠʷ [7, 17]. ʅʘ ʦʜʥʦʤ ʠʟ ʧʨʫʪʢʦʚ ʠʟ ʧʦʨʦʰʢʘ ʞʝʣʝʟʦ-

ʬʦʩʬʦʨ (Fe + (Fe-P)) ʧʦ ʪʘʢʦʡ ʪʨʝʱʠʥʝ ʧʨʦʠʟʦʰʝʣ ʩʢʦʣ. ʏʘʩʪʴ ʟʘʛʦʪʦʚʦʢ ʠʟ ʧʦʨʦʰʢʘ ʩ ʛʨʘʬʠ-

ʪʦʤ (Fe + C) ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʨʘʟʨʫʰʠʣʠʩʴ. 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʚʳʜʘʚʣʠʚʘʣʠ ʟʘʛʦʪʦʚʢʠ ʧʣʦʪʥʦʩʪʴʶ 010830 ,,ʦʪʥ °ºr  ʠ 

010890 ,,ʦʪʥ °ºr  ʧʨʠ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʚʳʪʷʞʢʠ 052,=m  ʠ 782,=m . ʇʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʚʳ-

ʪʷʞʢʠ 052,=m  ʧʦʣʫʯʝʥʳ ʧʨʫʪʢʠ ʧʣʦʪʥʦʩʪʴʶ 0108550 ,,ʦʪʥ °ºr  (ʥʘʯʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ 

010830 ,,ʦʪʥ ·ºr ) ʠ 010890 ,,ʦʪʥ °ºr  (ʥʘʯʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ 010890 ,,ʦʪʥ °ºr  ï ʚ ʜʘʥʥʦʤ ʩʣʫ-

ʯʘʝ ʧʣʦʪʥʦʩʪʴ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʠʣʘʩʴ, ʧʨʠ ʵʪʦʤ ʯʘʩʪʴ ʟʘʛʦʪʦʚʦʢ ʠʟ ʩʦʩʪʘʚʘ ʩ ʛʨʘʬʠʪʦʤ 

(Fe+C), ʢʘʢ ʠ ʧʨʠ ʤʝʥʴʰʝʤ ʢʦʵʬʬʠʮʠʝʥʪʝ ʚʳʪʷʞʢʠ, ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʨʘʟʨʫʰʠʣʘʩʴ) ʪʘʢʞʝ ʩ 

ʢʦʣʴʮʝʚʳʤʠ ʪʨʝʱʠʥʘʤʠ. ʋʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤʠ 

ʟʘʛʦʪʦʚʢʘʤʠ ʩʦʩʪʘʚʠʣʦ ʥʝ ʙʦʣʝʝ 3ï4 %, ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʚʳʜʘʚʣʠʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʣʦ ʙʝʟ 

ʫʧʣʦʪʥʝʥʠʷ. ʇʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʚʳʪʷʞʢʠ 782,=m  ʚʳʜʘʚʣʝʥʥʳʝ ʧʨʫʪʢʠ ʠʤʝʣʠ ʧʣʦʪʥʦʩʪʴ 

010960 ,,ʦʪʥ °ºr . ɼʘʚʣʝʥʠʝ ʚʳʜʘʚʣʠʚʘʥʠʷ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʙʳʣʦ ʧʨʠʤʝʨʥʦ 

ʦʜʠʥʘʢʦʚʳʤ (ʦʪʣʠʯʠʝ ʚ ʧʨʝʜʝʣʘʭ 2ï3 %). 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʧʨʝʜʝʣʝʥʘ ʤʠʥʠʤʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʟʘʛʦʪʦʚʢʠ, ʧʦʟʚʦʣʷʶʱʘʷ ʚʳʜʘʚʠʪʴ 

ʮʝʣʴʥʳʡ ʧʨʫʪʦʢ. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʙʨʠʢʝʪʘ ʦʪʥr  ʜʦʣʞʥʘ ʙʳʪʴ ʥʝ ʤʝʥʝʝ 0,82ï0,83 ʜʣʷ 

ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ, ʩʦʩʪʘʚʦʚ Fe + Zn ʠ Fe + Cu. ɼʣʷ ʩʦʩʪʘʚʦʚ (Fe + (Fe-P)) ʠ (Fe + C) ʧʣʦʪ-

ʥʦʩʪʴ ʦʪʥr  ʜʦʣʞʥʘ ʙʳʪʴ ʥʝ ʤʝʥʝʝ 0,88ï0,9. ʆʙʲʷʩʥʠʪʴ ʵʪʦ ʤʦʞʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 
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ʈʘʥʝʝ ʚ ʨʘʙʦʪʝ [29] ʙʳʣʠ ʚʳʧʦʣʥʝʥʳ ʠʩʧʳʪʘʥʠʷ ʥʘ ʦʩʝʚʦʝ ʠ ʨʘʜʠʘʣʴʥʦʝ ʩʞʘʪʠʝ ʦʙʨʘʟ-

ʮʦʚ ʠʟ ʫʢʘʟʘʥʥʳʭ ʩʦʩʪʘʚʦʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʧʨʝʜʝʣʝʥʳ ʧʘʨʘʤʝʪʨʳ ʚ ʢʨʠʪʝʨʠʠ ʧʨʦʯʥʦʩʪʠ ʄʦʨʘ-

ʂʫʣʦʥʘ [30, 31]: 

dtgp +Ö= bt s , (1) 

ʛʜʝ ss -=p ; d  ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʨʝʟʫ (ʩʮʝʧʣʝʥʠʝ, ʢʦʛʝʟʠʷ); sp  ï ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʝ ʜʘʚʣʝ-

ʥʠʝ; b ï ʫʛʦʣ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ (ʫʛʦʣ ʥʘʢʣʦʥʘ ʦʙʨʘʟʫʶʱʝʡ ʧʨʝʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʧʣʦʩʢʦʩʪʠ ts-  ʢ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʡ ʦʩʠ); s ï ʩʨʝʜʥʝʝ ʥʦʨʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ; t ï ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʴ ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. 

ɺʝʣʠʯʠʥʳ ts,p  ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ [30]: 

3/p ʩʞss= , 
ʩʞst=  ʧʨʠ ʦʩʝʚʦʤ ʩʞʘʪʠʠ; 

32 /p ʨʘʜss= , ʨʘʜst Ö= 13  ʧʨʠ ʨʘʜʠʘʣʴʥʦʤ ʩʞʘʪʠʠ; 

ʨʘʜs  ï ʥʘʧʨʷʞʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʚʦʟʥʠʢʘʝʪ ʪʨʝʱʠʥʘ ʧʨʠ ʨʘʜʠʘʣʴʥʦʤ ʩʞʘʪʠʠ;  

ʩʞs  ï ʥʘʧʨʷʞʝʥʠʝ, ʧʨʠ ʢʦʪʦʨʦʤ ʚʦʟʥʠʢʘʝʪ ʪʨʝʱʠʥʘ ʧʨʠ ʦʩʝʚʦʤ ʩʞʘʪʠʠ. 

ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ d,tgb  ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ [31]: 
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3
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ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. 

 

 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʮʝʧʣʝʥʠʷ ʦʪ ʧʣʦʪʥʦʩʪʠ:  

1 ï Fe; 2 ï Fe + Zn; 3 ï Fe + Cu; 4 ï Fe + (Fe + P); 5 ï Fe + C 



 

 

Diagnostics, Resource and Mechanics of materials and structures 

Issue 2, 2019 

http://dream-journal.org ISSN 2410-9908 
 

44 

 

 

Polyakov A. P., Polyakov P. A. An experimental and analytical method for calculating the power parameters of extrusion  

of incompact materials // Diagnostics, Resource and Mechanics of materials and structures. ï 2019. ï Iss. 2. ï P. 37ï56. ï  

DOI: 10.17804/2410-9908.2019.2.037-056. 

 

ɺʠʜʠʤ, ʯʪʦ ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ ʧʦʣʫ-

ʯʝʥʠʷ ʮʝʣʴʥʦʛʦ ʧʨʫʪʢʘ ʜʣʷ ʩʦʩʪʘʚʦʚ (Fe + (Fe-P)) ʠ (Fe + C) ʦʙʲʷʩʥʷʝʪʩʷ ʠʭ ʤʝʥʴʰʠʤ ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʝʤ ʩʨʝʟʫ (ʩʮʝʧʣʝʥʠʝʤ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ʩʦʩʪʘʚʘʤʠ (ʨʠʩ. 2). ʄʠʥʠʤʘʣʴʥʘʷ 

ʚʝʣʠʯʠʥʘ ʧʨʝʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʨʝʟʫ (ʩʮʝʧʣʝʥʠʷ), ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʮʝʣʦʩʪʥʦʩʪʴ ʧʨʫʪ-

ʢʘ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ, ʜʦʣʞʥʘ ʙʳʪʴ ʥʝ ʤʝʥʝʝ 25ï30 ʄʇʘ. ʇʨʠ ʵʪʦʤ ʤʠʥʠʤʘʣʴʥʘʷ ʦʪʥʦʩʠ-

ʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʙʨʠʢʝʪʘ ʜʦʣʞʥʘ ʙʳʪʴ ʥʝ ʤʝʥʝʝ 0,82ï0,83 ʜʣʷ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʘʚʘ, ʢʦʤʧʦʟʠ-

ʮʠʡ ʩ ʮʠʥʢʦʤ ʠ ʤʝʜʴʶ ʠ 0,88ï0,9 ʜʣʷ ʩʦʩʪʘʚʦʚ ʩ ʞʝʣʝʟʦ-ʬʦʩʬʦʨʦʤ ʠ ʛʨʘʬʠʪʦʤ. 

3. ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ 

3.1. ʄʦʜʝʣʴ ɸ. ɻ. ɿʘʣʘʟʠʥʩʢʦʛʦ 

ɼʣʷ ʨʘʩʯʝʪʘ ʧʣʦʪʥʦʩʪʠ ʧʨʫʪʢʦʚ ʦʩʫʱʝʩʪʚʠʣʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩ-

ʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ ʟʘʛʦʪʦʚʢʠ ʠʟ ʧʦʨʦʰʢʦʚʦʛʦ ʩʳʨʴʷ ʧʦ ʬʦʨʤʫʣʘʤ ʨʘʙʦʪ [6, 32]. ʇʦʣʘʛʘʣʠ, ʯʪʦ 

ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʧʦʨʦʰʦʢ ʫʧʣʦʪʥʷʝʪʩʷ, ʜʘʣʝʝ ʙʨʠʢʝʪ ʚʳʜʘʚʣʠʚʘʝʪʩʷ, ʢʘʢ ʥʝ-

ʩʞʠʤʘʝʤʳʡ ʤʘʪʝʨʠʘʣ. ʇʦʜʦʙʥʳʡ ʧʦʜʭʦʜ ʠʩʧʦʣʴʟʦʚʘʥ ʘʚʪʦʨʦʤ ʨʘʙʦʪʳ [33] ʠ ʜʨʫʛʠʤʠ ʠʩʩʣʝ-

ʜʦʚʘʪʝʣʷʤʠ. ɺ ʨʘʙʦʪʝ [7] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʩʢʦʨʦʩʪʴ ʫʧʣʦʪʥʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ 

ʤʘʣʦʡ ʫʞʝ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʦʨʷʜʢʘ 0,8 ʠ ʧʦʚʝʜʝʥʠʝ ʫʧʣʦʪʥʷʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʤʘʣʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʦʚʝʜʝʥʠʷ ʥʝʩʞʠʤʘʝʤʳʭ ʪʝʣ. ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3. 

 

 

ʈʠʩ. 3. ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ 

ɺ ʦʙʣʘʩʪʠ ç1è ʧʨʦʠʩʭʦʜʠʪ ʫʧʣʦʪʥʝʥʠʝ ʤʘʪʝʨʠʘʣʘ, ʚ ʦʙʣʘʩʪʠ ç2è ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ ʙʝʟ 

ʠʟʤʝʥʝʥʠʷ ʦʙʲʝʤʘ, ʚ ʦʙʣʘʩʪʠ ç3è ʤʘʪʝʨʠʘʣ ʜʚʠʞʝʪʩʷ ʢʘʢ ʪʚʝʨʜʦʝ ʪʝʣʦ [6]. 

ʉʪʘʜʠʷ ʙʨʠʢʝʪʠʨʦʚʘʥʠʷ:  

ʪʨs p/lnk//p +-Ö-Ö=+ )](1[)32(3 32

1 hqqt . (3) 
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ʉʪʘʜʠʷ ʚʳʜʘʚʣʠʚʘʥʠʷ: 

ʪʨ

'''

/

s

ptgctgln/ftgk/

lntg,ktg//p

++ÖÖ+Ö-Ö+

+Ö-Ö+Ö-Ö=+

)()3()1()334(

]1)7501)[(1()9(83

32

232322

2

aamaq

maqat
, (4) 

ʛʜʝ )()](1[)32( 01

32 R/fL/lnk/pʪʨ xhqq Ö-Ö-Ö=  ï ʧʦʪʝʨʠ ʜʘʚʣʝʥʠʷ ʥʘ ʧʨʝʦʜʦʣʝʥʠʝ ʚʥʝʰʥʝʛʦ 

ʪʨʝʥʠʷ [34]; f  ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ ʚ ʟʘʢʦʥʝ ʪʨʝʥʠʷ ɿʠʙʝʣʷ; 1²k   

ʠ ]01480[ ,, ·=h  ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [6]; Ű
s ï ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʢʦʤʧʘʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ; 

2

1

2

0 )()( R/R=m  ï ʢʦʵʬʬʠʮʠʝʥʪ ʚʳʪʷʞʢʠ; )])()(()[( 211010 aaa tgLLRR/tgRRarctg' Ö++-Ö-= ; 

ʦʪʥɗ r-=1  ï ʧʦʨʠʩʪʦʩʪʴ. 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʵʢʩʪʨʝʤʘʣʴʥʦʡ ʪʝʦʨʝʤʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠʟ 

ʟʥʘʯʝʥʠʡ sʨ t31

+  ʠ sʨ t32

+  ʚʳʙʠʨʘʝʤ ʥʘʠʤʝʥʴʰʝʝ:  

)3(3 si
i

s /pmin/p tt ++ = , 21,i = . (5) 

ɿʘʚʠʩʠʤʦʩʪʠ ʚʠʜʘ (3)ï(4) ʦʧʠʩʳʚʘʶʪ ʢʘʯʝʩʪʚʝʥʥʫʶ ʢʘʨʪʠʥʫ ʧʨʦʮʝʩʩʘ. ʂʘʢ ʫʢʘʟʘ-

ʥʦ ʚ ʨʘʙʦʪʝ [7], ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʥʝʢʦʤʧʘʢʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ  

ʩ ʫʯʝʪʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ Ű
s
 ʪʦʣʴʢʦ ʦʪ ʪʝʢʫʱʝʡ ʧʣʦʪʥʦʩʪʠ ʚʦ ʤʥʦʛʠʭ ʩʣʫ-

ʯʘʷʭ ʦʧʨʘʚʜʘʥʦ. ʆʜʥʘʢʦ ʩʪʝʧʝʥʴ ʩʦʦʪʚʝʪʩʪʚʠʷ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʦʩʥʦʚʳ ʚ ʥʝʢʦʤʧʘʢʪ-

ʥʦʤ ʤʘʪʝʨʠʘʣʝ ʠ ʩʚʦʡʩʪʚ ʢʦʤʧʘʢʪʘ ʘʥʘʣʦʛʠʯʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʦʞʝʪ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʟʘʚʠʩʝʪʴ ʦʪ ʩʭʝʤʳ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʇʨʠ ʨʘʩʯʝʪʘʭ ʨʝʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʷʭ ʧʨʝʜʝʣʦʚ ʪʝʢʫʯʝʩʪʠ ʥʝʢʦʤʧʘʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʚʩʝʩʪʦʨʦʥʥʝʝ ʩʞʘʪʠʝ ʠ ʩʜʚʠʛ 

ʦʪ ʪʝʢʫʱʝʡ ʧʣʦʪʥʦʩʪʠ ʚʝʣʠʯʠʥʫ Ű
s
 ʧʦ ʚʦʟʤʦʞʥʦʩʪʠ ʩʣʝʜʫʝʪ ʦʧʨʝʜʝʣʷʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʦ [7, 35]. ʇʦʵʪʦʤʫ ʦʩʫʱʝʩʪʚʣʷʝʤ ʠʜʝʥʪʠʬʠʢʘʮʠʶ ʟʘʚʠʩʠʤʦʩʪʝʡ (3)ï(4) ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ ʨʘʟʜ. 2. ɼʣʷ ʨʘʩʯʝʪʦʚ ʧʨʠʥʷʣʠ 480631 ,;,k == h  [6, 36] 

ʠ 250390 ,f;, ==x  [34, 37]. ʇʦʣʫʫʛʦʣ Ŭ = 30̄ , ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʩʣʦʚʠʷʤ ʵʢʩʧʝʨʠʤʝʥʪʘ 

(ʨʘʟʜ. 2).  

ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ  

ʥʘ ʨʠʩ. 4. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʠʥʷʪʳʤ ʧʦʜʭʦʜʦʤ ʢ ʦʧʠʩʘʥʠʶ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ 

ʪʦʯʢʘ ʧʝʨʝʩʝʯʝʥʠʷ ʢʨʠʚʦʡ 1 ʩ ʢʨʠʚʳʤʠ 2ï3 ʦʧʨʝʜʝʣʷʝʪ ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʧʨʝʢʨʘʱʘʝʪʩʷ ʫʧʣʦʪʥʝʥʠʝ ʧʦʨʦʰʢʘ ʚ ʟʦʥʝ ç1è (ʨʠʩ. 4) ʠ ʥʘʯʠʥʘʝʪʩʷ ʚʳʜʘʚʣʠʚʘʥʠʝ. 

ʋʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ, ʦʧʠʩʳʚʘʝʤʳʭ ʬʦʨʤʫʣʘʤʠ (3)ï(4) 

ʜʦʩʪʠʛʘʝʪʩʷ, ʝʩʣʠ ʧʨʠʥʷʪʴ ʟʥʘʯʝʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ Ű
s
 ʨʘʚʥʳʤ 230 ʄʇʘ ʜʣʷ ʩʪʘʜʠʠ 

ʙʨʠʢʝʪʠʨʦʚʘʥʠʷ ʠ 265 ʄʇʘ ʜʣʷ ʩʪʘʜʠʠ ʚʳʜʘʚʣʠʚʘʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʪʝʟʠʩ ʨʘʙʦʪʳ [7] ʦ ʪʦʤ, ʯʪʦ ʚʝʣʠʯʠʥʘ Ű
s
 ʟʘʚʠʩʠʪ ʦʪ ʩʭʝʤʳ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʙʨʠʢʝʪʦʚ ʠ ʧʨʫʪʢʦʚ ʦʪ ʜʘʚʣʝʥʠʷ ʚʳʜʘʚʣʠʚʘʥʠʷ  

ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʳʪʷʞʢʠ: 1ï4 ï ʨʘʩʯʝʪ: 1 ï ʫʧʣʦʪʥʝʥʠʝ; 2ï4 ï ʚʳʜʘʚʣʠʚʘʥʠʝ ʧʨʠ 2=m ; 

3=m ; 5=m  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; *, +, ǒ, ƴ, ǅ ï ʵʢʩʧʝʨʠʤʝʥʪ: * ï ʙʨʠʢʝʪʠʨʦʚʘʥʠʝ; 

+, ǒ, ƴ, ǅ ï ʚʳʜʘʚʣʠʚʘʥʠʝ ʧʨʠ 81,=m ; 052,=m  ( 10830 ,,ʦʪʥ ·ºr ); 

052,=m  ( 10890 ,,ʦʪʥ °ºr ); 782,=m  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

ɿʘʚʠʩʠʤʦʩʪʠ (3)ï(4) ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʦʧʠʩʳʚʘʶʪ ʧʨʦʮʝʩʩ ʚʳʜʘʚʣʠʚʘʥʠʷ 

ʧʨʫʪʢʦʚ ʠʟ ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʵʪʦʛʦ ʜʘʚʣʝʥʠʷ ʠ 

ʚʝʣʠʯʠʥʳ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ.  

3.2. ʄʦʜʝʣʴ ʩ ʜʚʫʤʷ ʞʝʩʪʢʠʤʠ ʙʣʦʢʘʤʠ 

ʇʨʠ ʙʦʣʴʰʠʭ ʫʛʣʘʭ ʢʦʥʫʩʥʦʩʪʠ a ʪʦʯʥʦʩʪʴ ʨʘʩʯʝʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʩʤʦʪ-

ʨʝʥʥʦʡ ʚ ʧ. 3.1 ʤʦʜʝʣʠ ʩʥʠʞʘʝʪʩʷ ʘʥʘʣʦʛʠʯʥʦ ʩʭʝʤʝ ʩ ʞʝʩʪʢʠʤ ʙʣʦʢʦʤ, ʢʦʪʦʨʘʷ ʠʤʝʝʪ 

ʦʛʨʘʥʠʯʝʥʥʫʶ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʜʘʞʝ ʜʣʷ ʥʝʩʞʠʤʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ [22, 38]. ʀʩʧʦʣʴ-

ʟʫʝʤ ʩʭʝʤʫ ʩ ʜʚʫʤʷ ʞʝʩʪʢʠʤʠ ʙʣʦʢʘʤʠ, ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʝʨʧʝʥʜʠʢʫ-

ʣʷʨʥʦ ʥʘʧʨʘʚʣʝʥʠʶ ʜʚʠʞʝʥʠʷ ʟʘʛʦʪʦʚʢʠ (double triangle mode). ʇʦʣʘʛʘʝʤ, ʯʪʦ ʧʣʘʩʪʠ-

ʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʣʠʥʠʷʭ ʨʘʟʨʳʚʘ OA, OB, ɸʉ ʠ ʉɺ, ʷʚʣʷʶʱʠʭʩʷ 

ʛʨʘʥʠʮʘʤʠ ʨʘʟʜʝʣʘ ʟʦʥ ç1è, ç2è, ç3è ʠ ç4è, ʜʚʠʞʫʱʠʭʩʷ ʢʘʢ ʞʝʩʪʢʠʝ ʪʝʣʘ. ɼʣʷ ʥʝʢʦʤ-

ʧʘʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʢʦʨʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʤʦʱʥʦʩʪʠ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʩʢʘʯʢʘ ʢʘʩʘ-

ʪʝʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ, ʥʦ ʠ ʦʪ ʩʢʘʯʢʘ ʝʛʦ ʥʦʨʤʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʪ ʩʢʘʯʢʦʚ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʠʥʚʘʨʠʘʥʪʦʚ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ, ʷʚʣʷ-

ʶʱʠʭʩʷ ʬʫʥʢʮʠʷʤʠ ʧʦʨʠʩʪʦʩʪʠ. ʉʢʦʨʦʩʪʠ ʠ ʧʣʦʪʥʦʩʪʠ ʚ ʢʘʞʜʦʡ ʟʦʥʝ ʨʘʚʥʳ jiv  ʠ ir 

)4321( ,,,i;z,rj == . ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 5. 
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ʈʠʩ. 5. ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ 

ʂʠʥʝʤʘʪʠʯʝʩʢʠ ʜʦʧʫʩʪʠʤʦʝ ʧʦʣʝ ʩʢʦʨʦʩʪʝʡ ʟʘʧʠʰʝʤ ʚ ʚʠʜʝ [22, 27]: 

í
ì
ë

=-=-==

====

00 433221

44332211

rrrr

zzzz

v,sinvv,sinvv,v

vv,cosvv,cosvv,vv

ba

ba
, (6) 

ʛʜʝ ʩʢʦʨʦʩʪʠ 2v  ʠ 3v  ʧʘʨʘʣʣʝʣʴʥʳ ʣʠʥʠʷʤ BC ʠ BC1.  

ʀʟ ʬʦʨʤʫʣ (6) ʜʣʷ ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʠ ʥʘ ʣʠʥʠʷʭ ʨʘʟʨʳʚʘ ʠʤʝʝʤ: 

ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ ʟʦʥʳ ç1è ʚ ʟʦʥʫ ç2è (ʣʠʥʠʷ AC): 
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ì
ë

+==

+==

)(

)(

2211
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agg

agg

tt cosvv,cosvv

sinvv,sinvv nn
; (6ʘ) 

ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ ʟʦʥʳ ç1è ʚ ʟʦʥʫ ç3è (ʣʠʥʠʷ OA): 
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ë

--=-=

-==
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bjj

bjj

tt cosvv,cosvv

sinvv,sinvv nn
; (6ʙ) 

ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ ʟʦʥʳ ç2è ʚ ʟʦʥʫ ç3è (ʣʠʥʠʷ AB): 

í
ì
ë

-=-=

-=-=

)()(

)()(

3322

3322

dbda

dbda

tt cosvv,cosvv

sinvv,sinvv nn
; (6ʚ) 

ʧʨʠ ʧʝʨʝʭʦʜʝ ʠʟ ʟʦʥʳ ç3è ʚ ʟʦʥʫ ç4è (ʣʠʥʠʷ OB): 

í
ì
ë

=+=

=+=

yyb

yyb

tt cosvv,cosvv

sinvv,sinvv nn

4433

4433

)(

)(
, (6ʛ) 

ʛʜʝ (n, Ű) ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʦʨʤʘʣʴ ʠ ʢʘʩʘʪʝʣʴʥʘʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʳʚʘ.  
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ʉʢʦʨʦʩʪʠ 2v , 3v  ʠ 4v  ʦʧʨʝʜʝʣʠʤ ʠʟ ʫʩʣʦʚʠʡ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʩʦʚʤʝʩʪʥʦʩʪʠ 

constvv ijji =+ }][]{[ nn , ʛʜʝ in ï ʥʘʧʨʘʚʣʷʶʱʠʝ ʢʦʩʠʥʫʩʳ, ʢʚʘʜʨʘʪʥʳʝ ʩʢʦʙʢʠ ʦʟʥʘʯʘʶʪ ʩʢʘ-

ʯʦʢ ʚʝʣʠʯʠʥʳ. ɼʣʷ ʟʦʥ ç1è, ç3è ʠ ç4è ʫʩʣʦʚʠʝ ʠʤʝʝʪ ʚʠʜ atgvv rz =- j][][  ʥʘ ʆɸ  

ʠ [v
z
] + [v

r
]tgy = b ʥʘ ʆɺ; a  ʠ b  ï ʢʦʥʩʪʘʥʪʳ [36]. ɺ ʪʦʯʢʝ O ʜʦʣʞʥʳ ʚʳʧʦʣʥʷʪʴʩʷ ʫʩʣʦʚʠʷ: 

14][ vvvz -= , 0][ =rv . ɺ ʪʦʯʢʝ A ʜʦʣʞʥʦ ʚʳʧʦʣʥʷʪʴʩʷ ʫʩʣʦʚʠʝ 0][ =rv  (ʠʣʠ v
2 

sina = v
3 

sinb).  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʤʝʝʤ 

yb

jb

ybbybg tgctg

tgctg
vv,

tgctg

v

sin
v,

tgctg

v

sin
v

-

+
=

-
Ö=

-
Ö= 14

1
3

1
2

11
. (7) 

ʆʪʩʶʜʘ ʜʣʷ ʩʢʘʯʢʦʚ ʩʢʦʨʦʩʪʝʡ ʥʘ ʣʠʥʠʷʭ ʨʘʟʨʳʚʘ ʧʦʣʫʯʘʝʤ: 

Aʉʥʘ
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; (8ʘ) 

ʆɸ ʥʘ
1
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-
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t
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; (8ʙ) 

î
î
í
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-
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-
=

AB ʥʘ
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yb
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d

d
yb
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t
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ctgctg
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; (8ʚ) 

ʆB ʥʘ
1

][

][

134

134

î
î
í

îî
ì

ë

-

Ö+
=

-

-
=

yb

jy
y

yb

yj
y

t
tgctg

tgctg
sinvv

tgctg

ctgtg
sinvvn

. (8ʛ) 

ʇʣʦʪʥʦʩʪʠ 2r, 3r ʠ 4r ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʫʩʣʦʚʠʷ constvnii =r .  

ʇʨʠ ʠʟʚʝʩʪʥʳʭ ʫʛʣʘʭ y ʠ j ʥʘʭʦʜʠʤ ʫʛʦʣ b:  

1-

+
=

m

yjm
b

ctgctg
ctg . 
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ʆʧʨʝʜʝʣʠʤ ʫʛʣʳ a ʠ d. ɺʚʝʜʝʤ ʧʘʨʘʤʝʪʨ a, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʧʦʣʦʞʝʥʠʝ ʪʦʯʢʠ A 

ʢʘʢ ʦʪʥʦʰʝʥʠʝ OD ʢ ʨʘʜʠʫʩʫ 0R , )( 0R/ODa= . ʊʦʛʜʘ 

ym

jm
d

j

amym

m
g

ctga

tga
tg,

tga

ctgctga
ctg

+Ö

-ÖÖ
=

Ö-

Ö--+Ö
=

1

1

)1(1
. 

ʊʨʝʥʠʝ ʟʘʛʦʪʦʚʢʠ ʦ ʩʪʝʥʢʠ ʤʘʪʨʠʮʳ ʩʢʣʘʜʳʚʘʝʪʩʷ ʠʟ ʪʨʝʥʠʷ ʧʦ ʣʠʥʠʠ BC ʠ ʪʨʝʥʠʷ ʧʦ 

ʢʦʥʪʝʡʥʝʨʫ. ʇʨʠʥʠʤʘʷ, ʯʪʦ ʟʘʛʦʪʦʚʢʘ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʤʘʪʨʠʮʝʡ ʚ ʟʦʥʝ ç1è ʥʘ ʫʯʘʩʪʢʝ ʜʣʠʥʦʡ 

1L , ʚ ʟʦʥʝ ç4è ʥʘ ʫʯʘʩʪʢʝ ʜʣʠʥʦʡ 4L , ʦʧʨʝʜʝʣʷʝʤ ʜʘʚʣʝʥʠʝ [27]: 

)()((2
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))(1)11(
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ʛʜʝ 010 R/La = , 041 R/La = , 
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î
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ÖÖ=Ö-=
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)()()()1(

3423

1312

ymdy

jjgj

sin/a,cosɛctgaɛa

sinɛ/tgaa,sinɛ/tgaa
, 

ʩʦʯʝʪʘʥʠʷ ʠʥʜʝʢʩʦʚ(ij ) = (12, 13, 23, 34) (ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʘʤʠ (6)).  

ʇʨʝʜʝʣʳ ʪʝʢʫʯʝʩʪʠ ʥʘ ʩʞʘʪʠʝ ʠ ʩʜʚʠʛ ʧʦʨʠʩʪʦʛʦ ʪʝʣʘ *

s,
*

s ts  ʠʤʝʶʪ ʚʠʜ: 

„ᶻ  ɀςȾЍσϽὑϽ†Ͻὰὲ –Ⱦ—;      †ᶻ †ρɀὑ—V. 

ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ zh,,ʂ,ʂ 21  ʧʨʠʥʷʪʳ ʪʝ ʞʝ, ʯʪʦ ʠ ʚ ʧʨʝʜʳʜʫʱʝʤ ʨʘʟʜʝʣʝ. ɼʘʚ-

ʣʝʥʠʝ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʬʦʨʤʫʣʦʡ (9) ʠʱʝʤ, ʚʘʨʴʠʨʫʷ ʟʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ y, j ʠ a .  

ɺʳʨʘʞʝʥʠʝ ʜʣʷ ʩʢʦʨʦʩʪʠ ʜʠʩʩʠʧʘʮʠʠ ʤʦʱʥʦʩʪʠ ʧʦʣʫʯʝʥʦ ʯʝʨʝʟ ʠʥʚʘʨʠʘʥʪʳ ʪʝʥʟʦʨʦʚ 

ʥʘʧʨʷʞʝʥʠʡ ʠ ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʬʦʨʤʝ, ʥʝ ʟʘʚʠʩʷʱʝʡ ʦʪ ʚʠʜʘ ʩʚʷʟʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʤʦ-

ʜʫʣʝʡ ʤʘʪʝʨʠʘʣʘ ʩ ʪʝʢʫʱʝʡ ʧʦʨʠʩʪʦʩʪʴʶ. 
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ʛʜʝ x ï ʧʝʨʚʳʡ ʠʥʚʘʨʠʘʥʪ ʪʝʥʟʦʨʘ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ; 
sv  ï ʥʦʨʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʝʨʝʤʝ-

ʱʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʳʚʘ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʪʦʯʢʝ; 
nq  ï ʧʦʣʥʳʡ ʚʥʝʰʥʠʡ ʧʨʠʪʦʢ ʜʦʙʘ-

ʚʦʯʥʦʡ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ; r ï ʥʘʯʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ, 
12][ vvv -= . 

 ʅʘ ʨʠʩ. 6 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʜʘʚʣʝʥʠʷ ʚʳʜʘʚʣʠʚʘʥʠʷ ʢʦʤʧʘʢʪʥʦʛʦ ʤʘʪʝʨʠ-

ʘʣʘ ʧʦ ʨʘʟʣʠʯʥʳʤ ʤʦʜʝʣʷʤ ʧʨʠ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʚʳʪʷʞʢʠ 3=m  ʠ 5=m . ɺʠʜʠʤ, ʯʪʦ ʧʨʠ  

Ŭ = 30̄  ʚʝʣʠʯʠʥʳ ʜʘʚʣʝʥʠʷ, ʧʦʜʩʯʠʪʘʥʥʳʝ ʧʦ ʨʘʟʥʳʤ ʤʝʪʦʜʠʢʘʤ, ʧʨʘʢʪʠʯʝʩʢʠ ʩʦʚʧʘʜʘʶʪ.  

ʉ ʫʚʝʣʠʯʝʥʠʝʤ Ŭ ʤʦʜʝʣʴ ʩ ʜʚʫʤʷ ʞʝʩʪʢʠʤʠ ʙʣʦʢʘʤʠ ʜʘʝʪ ʤʝʥʴʰʝʝ ʟʥʘʯʝʥʠʝ ʚʝʨʭʥʝʡ ʦʮʝʥʢʠ 

ʜʘʚʣʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʜʝʣʴʶ ɸ. ɻ. ɿʘʣʘʟʠʥʩʢʦʛʦ, ʧʨʠ Ŭ = 75̄  ʨʘʟʥʠʮʘ ʜʦʩʪʠʛʘʝʪ 10 %. 
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ʈʠʩ. 6. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚʳʜʘʚʣʠʚʘʥʠʷ sʨ t3  ʦʪ ʫʛʣʘ Ŭ: 

1 ï 3=m ; 2 ï 5=m ; ʩʧʣʦʰʥʘʷ ʣʠʥʠʷ ï ʤʦʜʝʣʴ ɸ. ɻ. ɿʘʣʘʟʠʥʩʢʦʛʦ;  

ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ ï double triangle mode 

ʆʙʲʷʩʥʠʪʴ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 6, ʤʦʞʥʦ, ʠʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʨʠʩ. 7, ʛʜʝ 

ʧʦʢʘʟʘʥʦ ʧʦʣʦʞʝʥʠʝ ʦʯʘʛʘ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʫʛʣʘ a  

ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʳʪʷʞʢʠ ɛ, ʰʪʨʠʭʦʚʳʤʠ ʣʠʥʠʷʤʠ ʧʦʢʘʟʘʥ ʢʦʥʪʫʨ CAOB (ʨʠʩ. 4). 

 

  

 

ʈʠʩ. 7. ʇʦʣʦʞʝʥʠʝ ʦʯʘʛʘ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ a ʠ ɛ 
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ɺʠʜʠʤ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʫʛʣʘ ʢʦʥʫʩʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʬʦʨʤʳ ʣʠʥʠʠ 

CAO, ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʢʦʪʦʨʫʶ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʦʜʝʣʴʶ ʩʢʘʯʢʦʦʙʨʘʟʥʦ ʤʝʥʷʝʪʩʷ 

ʧʣʦʪʥʦʩʪʴ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʧʨʠ Ŭ = 30̄  ʣʠʥʠʷ CAO ʙʣʠʟʢʘ ʢ ʧʨʷʤʦʡ, ʧʨʠʯʝʤ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʳʪʷʞʢʠ m (ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʜʝʣʴ ʩ ʞʝʩʪʢʠʤʠ ʙʣʦʢʘʤʠ 

ʘʥʘʣʦʛʠʯʥʘ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʚ ʧ. 3.1). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʫʛʣʘ a ʪʦʯʢʘ ɸ ʫʜʘʣʷʝʪʩʷ ʦʪ ʬʦʨ-

ʤʫʶʱʝʡ ʯʘʩʪʠ ʤʘʪʨʠʮʳ (ʨʠʩ. 7), ʯʪʦ ʠ ʦʙʲʷʩʥʷʝʪ ʧʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ. ʊʘʢʞʝ ʠʟ ʨʠʩ. 7 

ʚʠʜʠʤ, ʯʪʦ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʩʩʤʦʪʨʝʥʥʦʡ ʤʦʜʝʣʴʶ ʫʧʣʦʪʥʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʧʨʦʠʩʭʦʜʠʪ 

ʜʦ ʚʭʦʜʘ ʤʘʪʝʨʠʘʣʘ ʚ ʬʦʨʤʫʶʱʫʶ ʯʘʩʪʴ ʤʘʪʨʠʮʳ. ʋʢʘʟʘʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʩʦʛʣʘʩʫʝʪʩʷ ʩ 

ʠʟʚʝʩʪʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʤʦʜʝʣʴʥʳʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ ʠ ʷʚʣʷʝʪʩʷ 

ʧʦʜʪʚʝʨʞʜʝʥʠʝʤ ʧʨʠʤʝʥʠʤʦʩʪʠ ʤʦʜʝʣʠ ʩ ʜʚʫʤʷ ʞʝʩʪʢʠʤʠ ʙʣʦʢʘʤʠ ʢ ʨʘʩʯʝʪʘʤ ʧʨʦʮʝʩʩʘ 

ʚʳʜʘʚʣʠʚʘʥʠʷ ʥʝʢʦʤʧʘʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

4.  ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʚʳʜʘʚʣʠʚʘʥʠʷ 

ʧʦʨʦʰʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʦʧʠʩʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʨʘʟʨʘʙʦʪʘʥ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʚʳʜʘʚʣʠʚʘʥʠʷ ʠ ʚʦʣʦʯʝʥʠʷ ʧʦʨʦʰʢʦʚʳʭ ʢʦʤʧʦʟʠʪʦʚ [39, 40]. ʆʥ ʧʦʟʚʦʣʷ-

ʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʣʦʪʥʦʩʪʴ ʚʳʜʘʚʣʝʥʥʳʭ ʧʨʫʪʢʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʯʘʣʴʥʦʡ ʧʦʨʠʩʪʦʩʪʠ 

ʙʨʠʢʝʪʘ, ʚʳʪʷʞʢʠ, ʫʛʣʘ ʢʦʥʫʩʥʦʩʪʠ ʤʘʪʨʠʮʳ ʠ ʦʧʨʝʜʝʣʷʪʴ ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦ-

ʮʝʩʩʘ ʜʘʚʣʝʥʠʝ ʚʳʜʘʚʣʠʚʘʥʠʷ. ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʠ-

ʩʪʝʤʘ MATLAB. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʵʢʨʘʥ ʚʳʚʦʜʷʪʩʷ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʠ ʦʩʥʦʚ-

ʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ: ʢʦʥʝʯʥʳʡ ʜʠʘʤʝʪʨ ʧʨʫʪʢʘ ʧʨʠ ʚʳʜʘʚʣʠʚʘʥʠʠ; ʚʝʨʭʥʷʷ ʦʮʝʥʢʘ ʫʩʠ-

ʣʠʷ ʚʳʜʘʚʣʠʚʘʥʠʷ; ʚʝʣʠʯʠʥʘ ʧʦʚʨʝʞʜʝʥʥʦʩʪʠ. ʇʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʩʦʩʪʦʠʪ ʠʟ ʯʝʪʳʨʝʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʙʣʦʢʦʚ (ʨʠʩ. 8). 

 

 

ʈʠʩ. 8. ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʅʘ ʨʠʩ. 9 ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. 

ɻʦʣʦʚʥʦʝ ʦʢʥʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʦʢʥʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʤʦʜʫʣʷ Extrusion, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʧʨʷʤʦʛʦ ʚʳʜʘʚʣʠʚʘʥʠʷ, ʧʦʢʘʟʘʥʳ ʥʘ 

ʨʠʩ. 10ï11. 
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