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CHEMISTRY AND CHEMICAL ENGINEERING 
ɏɂɆɂə�ɂ�ɏɂɆɂɑȿɋɄȺə�ɌȿɏɇɈɅɈȽɂə  

,QWURGXFWLRQ 
=LQF� VXOIDWH� �]LQF� VXOIDWH� KHSWDK\GUDWH�

=Q62�ā�+�2�� ]LQF� VXOIDWH�� LV� XVHG� DV� D� WUDFH� HOH�
PHQW�� DV� D�PLQHUDO� IHHG�DGGLWLYH�� LQ� WKH�SURGXFWLRQ�
RI�PLQHUDO�SDLQWV��DV�D�EOHDFK�IRU�SDSHU��LQ�WKH�SUR�
GXFWLRQ�RI�YDULRXV�PHGLFLQHV��LQ�PHWDOOXUJ\��HOHFWUR�
SODWLQJ�� WKH�SURGXFWLRQ�RI�\HDVW��EHHU�� OHDWKHU�SURG�
XFWV��ZRRG�LPSUHJQDWLRQ�>�-�@� 

6SKDOHULWH� LV� RQH� RI� WKH� PDLQ� UDZ� PDWHULDOV�
IRU� WKH� SURGXFWLRQ� RI� ]LQF��ZKLFK� LV� XVXDOO\� LQ� WKH�
VXOILGH�VWDWH��0HWDOOLF�]LQF�LV�VPHOWHG�IURP�VSKDOHU�
LWH��DQG�&G�� ,Q��*D��DQG�RWKHU�YDOXDEOH�FRPSRQHQWV�

DUH�H[WUDFWHG�DORQJ�WKH�ZD\�>�@��6SKDOHULWH�LV�XVHG�LQ�
SDLQW�DQG�YDUQLVK�SURGXFWLRQ�IRU�WKH�PDQXIDFWXUH�RI�
]LQF�R[LGH��DQG�LW�LV�XVHG�WR�REWDLQ�EUDVV��*UHDW�LP�
SRUWDQFH� LV� WKH�SURGXFWLRQ�RI�FKHPLFDOO\�SXUH�=Q6��
DFWLYDWHG� $J�� &X� IURP� QDWXUDO� VSKDOHULWH�� ZKLFK� LV�
XVHG�IRU�WKH�PDQXIDFWXUH�RI�SKRVSKRUV��YDULRXV�OLJKW�
FRPSRVLWLRQV�DQG�OXPLQRXV�SDLQWV��,Q�DGGLWLRQ��QDWX�
UDO� VSKDOHULWH� LV� XVHG�DV� D�SKRWRFDWDO\VW� IRU� WKH�GH�
FRPSRVLWLRQ�RI�G\HV�LQ�ZDWHU�>�–�@� 

=LQF�VXOSKDWH�LV�SURGXFHG�LQ�FRQMXQFWLRQ�ZLWK�
PDQXIDFWXULQJ� SURFHVVHV� IRU� RWKHU� ]LQF� FRQWDLQLQJ�
SURGXFWV�� ,W� LV� REWDLQHG� E\� WUHDWLQJ� PLQHUDO� RUHV��

ИССЛЕДОВАНИЯ ПРОЦЕССА ОБЖИГА И ФРАКЦИОННОГО  
СОСТАВА ЦИНКОВОГО КОНЦЕНТРАТА МЕСТОРОЖДЕНИЯ ХАНДИЗА 
 
ɀɚɫɭɪ�ɆȺɏɆȺȬɊɈȼ��MPD[PD\RURY#LQER[�UX���Ɂɚɮɚɪ�ɏȺɄɂɆɈȼ��]�NKDNLPRY����#JPDLO�FRP��� 
Ȼɚɯɪɨɦ�ɆȺɏɄȺɆɈȼ��EDKURP#PDLO�UX���Ɇɭɪɨɞɠɨɧ�ɋȺɆȺȾɂɃ��VDPDGL\#LQER[�UX� 
əɧɝɢɟɪɫɤɢɣ�ɮɢɥɢɚɥ�Ɍɚɲɤɟɧɬɫɤɨɝɨ�ɯɢɦɢɤɨ-ɬɟɯɧɨɥɨɝɢɱɟɫɤɨɝɨ�ɢɧɫɬɢɬɭɬɚ��əɧɝɢɟɪ��ɍɡɛɟɤɢɫɬɚɧ 
 

ɐɟɥɶɸ�ɢɫɫɥɟɞɨɜɚɧɢɹ� ɹɜɥɹɟɬɫɹ�ɢɡɭɱɟɧɢɟ� ɜɥɢɹɧɢɹ�ɩɪɨɰɟɫɫɚ�ɩɪɨɤɚɥɤɢ�ɰɢɧɤɨɜɨɝɨ� ɤɨɧɰɟɧɬɪɚɬɚ�ɦɟɫɬɨɪɨɠɞɟɧɢɹ�ɏɚɧɞɢɡɚ� ɧɚ�
ɫɬɟɩɟɧɶ�ɢɡɜɥɟɱɟɧɢɹ�ɰɢɧɤɚ�ɢ�ɮɪɚɤɰɢɨɧɧɵɣ�ɫɨɫɬɚɜ��Ⱦɥɹ�ɷɬɨɝɨ�ɭɫɬɚɧɨɜɥɟɧ�ɯɢɦɢɱɟɫɤɢɣ�ɫɨɫɬɚɜ�ɤɨɧɰɟɧɬɪɚɬɚ�ɢ�ɩɨɤɚɡɚɧɨ��ɱɬɨ�ɨɫɧɨɜ�
ɧɵɦɢ�ɤɨɦɩɨɧɟɧɬɚɦɢ�ɹɜɥɹɸɬɫɹ�ɰɢɧɤ��ɤɪɟɦɧɢɣ��ɤɚɥɢɣ��ɤɚɥɶɰɢɣ��ɠɟɥɟɡɨ��ɦɟɞɶ��ɤɚɞɦɢɣ��ɫɜɢɧɟɰ��ɋɨɞɟɪɠɚɬɫɹ�ɬɚɤɠɟ�ɜ�ɧɟɡɧɚɱɢɬɟɥɶ�
ɧɵɯ�ɤɨɥɢɱɟɫɬɜɚɯ�ɬɢɬɚɧ��ɦɚɪɝɚɧɟɰ��ɤɨɛɚɥɶɬ��ɦɨɥɢɛɞɟɧ� 

ɂɡɜɥɟɱɟɧɢɟ�ɰɢɧɤɚ�ɢɡ�ɤɨɧɰɟɧɬɪɚɬɚ��ɩɪɨɤɚɥɟɧɧɨɝɨ�ɩɪɢ������ɋ�ɜ�ɬɟɱɟɧɢɟ����ɦɢɧɭɬ�ɫɟɪɧɨɣ�ɤɢɫɥɨɬɨɣ�ɫ�ɤɨɧɰɟɧɬɪɚɰɢɟɣ���-
����ɜ�ɚɜɬɨɤɥɚɜɧɨɦ�ɪɟɠɢɦɟ�ɩɪɢ�ɬɟɦɩɟɪɚɬɭɪɟ�����ɋ��ɫɨɨɬɧɨɲɟɧɢɢ�=Q�+�62� �������ɢ�ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɢ�ɩɪɨɰɟɫɫɚ����ɦɢɧɭɬ�
ɩɨɡɜɨɥɹɟɬ�ɞɨɫɬɢɱɶ�ɫɬɟɩɟɧɢ�ɢɡɜɥɟɱɟɧɢɹ����� 

Ɉɩɬɢɦɚɥɶɧɨɣ�ɬɟɦɩɟɪɚɬɭɪɨɣ�ɨɛɠɢɝɚ�ɤɨɧɰɟɧɬɪɚɬɚ�ɹɜɥɹɟɬɫɹ������ɋ�ɢ�ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɶ�ɩɪɨɤɚɥɤɢ����ɦɢɧɭɬ� 
Ɉɫɧɨɜɧɭɸ�ɞɨɥɸ��ɩɪɨɤɚɥɟɧɧɨɝɨ�ɩɪɢ�ɨɩɬɢɦɚɥɶɧɵɯ�ɭɫɥɨɜɢɹɯ�ɰɢɧɤɫɨɞɟɪɠɚɳɟɝɨ�ɤɨɧɰɟɧɬɪɚɬɚ��������ɫɨɫɬɚɜɥɹɟɬ�ɮɪɚɤɰɢɹ� -

������ɦɦ�ɢ������ɮɪɚɤɰɢɹ�-������–���������ɦɦ�� 
ɉɨɤɚɡɚɧɚ� ɜɨɡɦɨɠɧɨɫɬɶ� ɩɨɥɭɱɟɧɢɹ� ɫɭɥɶɮɚɬɚ� ɰɢɧɤɚ� ɢɡ� ɰɢɧɤɫɨɞɟɪɠɚɳɟɝɨ� ɤɨɧɰɟɧɬɪɚɬɚ� ɦɟɫɬɨɪɨɠɞɟɧɢɹ� ɏɚɧɞɢɡɚ�� Ⱦɥɹ�

ɷɬɨɝɨ�ɩɪɨɰɟɫɫ�ɩɪɨɤɚɥɤɢ�ɧɟɨɛɯɨɞɢɦɨ�ɩɪɨɜɨɞɢɬɶ�ɩɪɢ�ɬɟɦɩɟɪɚɬɭɪɟ������ɋ�ɢ�ɩɪɨɞɨɥɠɢɬɟɥɶɧɨɫɬɢ�ɩɪɨɰɟɫɫɚ����ɦɢɧɭɬ��ɉɪɢ�ɷɬɨɦ�
ɫɬɟɩɟɧɶ�ɢɡɜɥɟɱɟɧɢɹ�ɰɢɧɤɚ�ɩɨɜɵɲɚɟɬɫɹ�ɫ�����ɞɨ������ 

 
Ʉɥɸɱɟɜɵɟ�ɫɥɨɜɚ��ɰɢɧɤɫɨɞɟɪɠɚɳɢɣ�ɤɨɧɰɟɧɬɪɚɬ��ɩɪɨɤɚɥɤɚ��ɫɬɟɩɟɧɶ�ɢɡɜɥɟɱɟɧɢɹ��ɫɭɥɶɮɚɬ�ɰɢɧɤɚ��ɫɟɪɧɚɹ�ɤɢɫɥɨɬɚ� 
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-DVXU�0$.+0$<2529��MPD[PD\RURY#LQER[�UX���=DIDU�.+$.,029��]�NKDNLPRY����#JPDLO�FRP��� 
%DNKURP�0$.+.$029��EDKURP#PDLO�UX���0XURGMRQ�6$0$',<��VDPDGL\#LQER[�UX� 
<DQJL\HU�EUDQFK�RI�7DVKNHQW�&KHPLFDO-7HFKQRORJLFDO�,QVWLWXWH��<DQJL\HU��8]EHNLVWDQ 
 

7KH�DLP�RI�WKH�VWXG\�LV�WR�VWXG\�WKH�HIIHFW�RI�WKH�SURFHVV�RI�FDOFLQLQJ�]LQF�FRQFHQWUDWH�IURP�WKH�.KDQGL]D�GHSRVLW�RQ�WKH�GHJUHH�RI�
]LQF�H[WUDFWLRQ�DQG�IUDFWLRQDO�FRPSRVLWLRQ��)RU�WKLV��WKH�FKHPLFDO�FRPSRVLWLRQ�RI�WKH�FRQFHQWUDWH�ZDV�HVWDEOLVKHG�DQG�LW�ZDV�VKRZQ�WKDW�WKH�
PDLQ�FRPSRQHQWV�DUH�]LQF��VLOLFRQ��SRWDVVLXP��FDOFLXP�� LURQ��FRSSHU��FDGPLXP��DQG�OHDG��7LWDQLXP��PDQJDQHVH��FREDOW��DQG�PRO\EGHQXP�
DUH�DOVR�FRQWDLQHG�LQ�VPDOO�DPRXQWV� 

([WUDFWLRQ�RI� ]LQF� IURP�D�FRQFHQWUDWH��FDOFLQHG�DW������&�IRU����PLQXWHV�ZLWK�VXOIXULF�DFLG�ZLWK�FRQFHQWUDWLRQ�RI���-����LQ�DQ�
DXWRFODYH�DW�D�WHPSHUDWXUH�RI�����&��D�UDWLR�RI�=Q�+�62� �������DQG�SURFHVV�GXUDWLRQ�RI����PLQXWHV�DOORZV�DFKLHYLQJ�WKH�GHJUHH�RI�H[WUDF�
WLRQ��–����� 

7KH�RSWLPXP�URDVWLQJ�WHPSHUDWXUH�RI�WKH�FRQFHQWUDWH�LV������&�DQG�WKH�GXUDWLRQ�RI�FDOFLQDWLRQ�LV����PLQXWHV� 
7KH�PDLQ�SDUW�RI� ������]LQF-FRQWDLQLQJ�FRQFHQWUDWH�FDOFLQHG�XQGHU�RSWLPDO� FRQGLWLRQV� LV�D� IUDFWLRQ�RI� -������PP�DQG������RI��

IUDFWLRQ�RI�-�������–���������PP� 
7KH�SRVVLELOLW\� RI� REWDLQLQJ� ]LQF� VXOIDWH� IURP� WKH� ]LQF-FRQWDLQLQJ� FRQFHQWUDWH�RI� WKH�.KDQGL]D�GHSRVLW� LV� VKRZQ��7R�GR� WKLV�� WKH�

FDOFLQDWLRQ�SURFHVV�PXVW�EH�FDUULHG�RXW�DW�D�WHPSHUDWXUH�RI������&�DQG�D�SURFHVV�GXUDWLRQ�RI����PLQXWHV��7KH�GHJUHH�RI�H[WUDFWLRQ�RI�]LQF�
LQFUHDVHV�IURP�����WR����� 

 
.H\ZRUGV��]LQF�FRQFHQWUDWH��FDOFLQDWLRQ��H[WUDFWLRQ�GHJUHH��]LQF�VXOIDWH��VXOIXU LF�DFLG� 

XONJIZA KONI RUX SAQLOVCHI KONSENTRATINI KUYDIRISH JA-
RAYONI VA FRAKSION TARKIBINI TADQIQ ETISH 
 
-DVXU�0$;0$<2529��MPD[PD\RURY#LQER[�UX���=DIDU�;$.,029��]�NKDNLPRY����#JPDLO�FRP��� 
%D[URP�0$;.$029��EDKURP#PDLO�UX���0XURGMRQ�6$0$',<��VDPDGL\#LQER[�UX� 
7RVKNHQW�NLP\R-WH[QRORJL\D�LQVWLWXWL�<DQJL\HU�ILOLDOL��<DQJL\HU��2]EHNLVWRQ 

 
7DGTLTRWQLQJ�PDTVDGL�-�;DQML]D�NRQLQLQJ�UX[�NRQVHQWUDWLQL�NDOVLQODVK�MDUD\RQLQL�UX[�ROLVK�GDUDMDVL�YD�XQLQJ�IUDNVL\RQDO�WDUNLELJD�

WD
VLULQL�R
UJDQLVK��%XQLQJ�XFKXQ�NRQWVHQWUDWQLQJ�NLP\RYL\�WDUNLEL�DQLTODQGL�YD�DVRVL\�NRPSRQHQWODU�UX[��NUHPQL\��NDOL\��NDOWVL\��WHPLU��PLV��
NDGPL\��TR¶UJ¶RVKLQ�HNDQOLJL�NR
UVDWLOGL��7LWDQ��PDUJDQHWV��NREDOW��PROLEGHQ�KDP�R]�PLTGRUGD�PDYMXG� 

$YWRNODY�UHMLPLGD�NRQVHQWUDWVL\DVL���-����ERµOJDQ�VXOIDW�NLVORWD�ELODQ����PLQXW�GDYRPLGD������&�GD�NDOVLILNDWVL\DODQJDQ�NRQVHQ�
WUDWGDQ�UX[QL�����&�KDURUDWGD��=Q�+�62� �������QLVEDWGD�YD�MDUD\RQ�GDYRPL\OLJL�ELODQ�DMUDWLE�ROLVK�����GDTLTD�����HNVWUDNWVL\D�GDUDMDVL�
JD�HULVKLVK�LPNRQLQL�EHUDGL� 

.RQVHQWUDWODUQL�\RTLVK�XFKXQ�RSWLPDO�KDURUDW������&��NDOVLQODQLVK�PXGGDWL�HVD����PLQXW� 
2SWLPDO�VKDURLWODUGD�NDOWVL\ODQJDQ�UX[�R
]�LFKLJD�ROJDQ�NRQVHQWUDWQLQJ�DVRVL\�XOXVKL�������IUDNWVL\D�-������PP�YD������IUDNWVL\D�

-������-���������PP� 
;RQGL]D�NRQLQLQJ�WDUNLELGD�UX[�ER
OJDQ�NRQVHQWUDWGDQ�UX[�VXOIDW�ROLVK�LPNRQL\DWL�NR
UVDWLOJDQ��%XQLQJ�XFKXQ�NDOVLQDWVL\D�MDUD\RQL�

�����&�KDURUDWGD�YD�MDUD\RQQLQJ�GDYRPL\OLJL����GDTLTDGD�DPDOJD�RVKLULOLVKL�NHUDN��5X[QL�ROLVK�GDUDMDVL�����GDQ�����JDFKD�RVKDGL� 
 

ɄɚOLW�VR൏]ODU��UX[�NRQVHQWUDWL��NX\GLU LVK��DMUDWLE�ROLVK�GDUDMDVL��UX[�VXOIDWL��VXOIDW�NLVORWD� 
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]LQF�DVK��DQG�SURFHVVHG�SURGXFWV�FRQWDLQLQJ�PHWDO�
OLF�]LQF�RU�]LQF�R[LGH�ZLWK�VXOIXULF�DFLG��IROORZHG�E\�
ILOWUDWLRQ��FU\VWDOOL]DWLRQ��JULQGLQJ��DQG�SDFNDJLQJ�>�
–��@� 

*OREDO�]LQF�SURGXFWLRQ�LQ������ZDV�HVWLPDWHG�
DW����PLOOLRQ�WRQV�JURZLQJ�XS�WR����IURP�������$�
QRWLFHDEOH� LQFUHDVH� LQ� ]LQF� SURGXFWLRQ� RFFXUUHG� LQ�
$XVWUDOLD��&KLQD�DQG�6RXWK�$IULFD�>��-��@��,Q�$XV�
WUDOLD�� WKH� :RRGODZQ� WDLOLQJV� SURMHFW� RSHQHG� LQ�
����� DQG� VLJQLILFDQW� SURGXFWLRQ� JURZWK� KDV� RF�
FXUUHG�DW�WKH�'XJDOG�5LYHU�DQG�/DG\�/RUHWWD�PLQHV��
DV�ZHOO�DV�WZR�WDLOLQJV�SURMHFWV�ODXQFKHG�LQ�������,Q�
6RXWK�$IULFD��SURGXFWLRQ�LQFUHDVHG�DW�WKH�*DPVEHUJ�
PLQH�� ZKLFK� FDPH� RQOLQH� DW� WKH� HQG� RI� ������ $F�
FRUGLQJ� WR� WKH� ,QWHUQDWLRQDO� /HDG� DQG� =LQF� 6WXG\�
*URXS�� JOREDO� SURGXFWLRQ� RI� UHILQHG� ]LQF� LQ� �����
ZDV� HVWLPDWHG� DW� ������PLOOLRQ� WRQV� DQG� FRQVXPS�
WLRQ� DW� ������ PLOOLRQ� WRQV�� UHVXOWLQJ� LQ� D� JDS� EH�
WZHHQ�SURGXFWLRQ�DQG�FRQVXPSWLRQ�RI�DSSUR[LPDWH�
O\� �������� WRQV� RI� UHILQHG� ]LQF� >��-��@�� 'RPHVWLF�
]LQF�SURGXFWLRQ�GHFOLQHG�LQ������LQ�SDUW�GXH�WR�WKH�
FORVXUH� RI� WKH� 3HQG� 2UHLOOH� PLQH� LQ� :DVKLQJWRQ�
6WDWH�DIWHU�FXUUHQW�UHVHUYHV�ZHUH�GHSOHWHG��7KH�PLQH�
ZDV�UHRSHQHG�LQ������DIWHU�EHLQJ�FORVHG�VLQFH�������
$SSDUHQW�86�UHILQHG�]LQF�FRQVXPSWLRQ�URVH�WR�D��-
\HDU� KLJK� RI� �������� WRQV� LQ� ������ 7KH� HVWLPDWHG�
DYHUDJH�DQQXDO�SULFH�RI�VSHFLDO��KLJK�TXDOLW\�]LQF�LQ�
1RUWK� $PHULFD� GHFUHDVHG� E\� ���� LQ� ����� FRP�
SDUHG�WR�������RU�������SHU�SRXQG�>��-��@� 

 
5HVHDUFK�PHWKRGV 
7KH� VWXGLHV� ZHUH� FDUULHG� RXW� RQ� WKH� ]LQF-

FRQWDLQLQJ�FRQFHQWUDWH�RI�WKH�.KDQGL]D�GHSRVLW�ZLWK�
D�]LQF�FRQWHQW�RI������-��������&KHPLFDO�DQDO\VLV�
RI� LQLWLDO�� LQWHUPHGLDWH��DQG�ILQDO�SURGXFWV�ZDV�FDU�
ULHG�RXW�E\�NQRZQ�PHWKRGV�>��–��@� 

=LQF� ZDV� GHWHUPLQHG� E\� WKH� ;-UD\� IOXRUHV�
FHQFH�PHWKRG�>��@��7KH�PHWKRG�LV�EDVHG�RQ�WKH�FRO�
OHFWLRQ�DQG�VXEVHTXHQW�DQDO\VLV�RI�WKH�VSHFWUXP�WKDW�
RFFXUV�ZKHQ� WKH�VWXGLHG�PDWHULDO� LV� LUUDGLDWHG�ZLWK�
;-UD\V�-�WKLV�LV�D�IDVW��QRQ-GHVWUXFWLYH�DQG�HQYLURQ�
PHQWDOO\�IULHQGO\�PHWKRG�RI�DQDO\VLV�ZLWK�KLJK�DF�
FXUDF\� DQG� UHSURGXFLELOLW\� RI� UHVXOWV�� 7KH� PHWKRG�
DOORZV�TXDOLWDWLYHO\��VHPL-TXDQWLWDWLYHO\�DQG�TXDQWL�
WDWLYHO\�WR�GHWHUPLQH�DOO�HOHPHQWV�IURP�EHU\OOLXP�WR�
XUDQLXP��ZKLFK�DUH�LQ�SRZGHU��VROLG�DQG�OLTXLG�VDP�
SOHV� 

(OHFWURQ� PLFURVFRS\� ZDV� SHUIRUPHG� RQ� D�
/HLFD� '0���� LQVWUXPHQW�� *HUPDQ\�� 7KH� GHYLFH�
PDNHV� LW� SRVVLEOH� WR� VWXG\� WKH� PLFURVWUXFWXUHV� RI�
VROLGV�� WKHLU� ORFDO� FRPSRVLWLRQV�� DQG� PLFURILHOGV�
�HOHFWULF��PDJQHWLF��HWF���XVLQJ�HOHFWURQ�PLFURVFRSHV�
�(0��� GHYLFHV� WKDW� XVH� DQ� HOHFWURQ� EHDP� WR� REWDLQ�
PDJQLILHG�LPDJHV�>��@� 

;-UD\� SKDVH� DQDO\VLV� ZDV� SHUIRUPHG� RQ� D�
6KLPDG]X�;5'-�����GLIIUDFWRPHWHU��ZKLFK�LV�XVHG�
IRU�;-UD\�SKDVH�DQDO\VLV��DQDO\VLV�RI�WKH�FU\VWDOOLQL�
W\� GHJUHH�� VWUHVV� DQDO\VLV�� UHWDLQHG� DXVWHQLWH�� DQG�
PDQ\�RWKHU�WDVNV��7KH�DELOLW\�WR�XVH�DQ\�;-UD\�WXEHV�
WKDW�PHHW�WKH�(XURSHDQ�VWDQGDUG��DV�ZHOO�DV�D�ZLGH�

UDQJH� RI� DGGLWLRQDO� DWWDFKPHQWV�� PDNHV� WKH� ;5'-
�����;-UD\�GLIIUDFWRPHWHU�XQLYHUVDO�DQG�VXLWDEOH�IRU�
VROYLQJ� DQ\� DQDO\WLFDO� SUREOHPV�� 7KH� GHYLFH� KDV�
VRIWZDUH� WKDW� DOORZV� \RX� WR� FROOHFW�� VWRUH�� LQWHUSUHW�
DQG� SURFHVV� GDWD�� PRQLWRU� WKH� VWDWH� RI� WKH� GLIIUDF�
WRPHWHU��TXDOLWDWLYH�DQG�TXDQWLWDWLYH�SKDVH�DQDO\VLV�
DQG� RWKHU� VWXGLHV�� FRQYHUW� H[SHULPHQWDO� GDWD� ILOHV�
LQWR�WH[W�IRUPDWV��DQG�FUHDWH�\RXU�RZQ�GDWD�OLEUDULHV��
7KH�;5'-�����GLIIUDFWRPHWHU�ZLWK�D�YHUWLFDO� ș-�ș�
JRQLRPHWHU� LV� GHVLJQHG� WR� VROYH� PRVW� DSSOLHG� DQG�
UHVHDUFK�SUREOHPV�>��@� 

 
5HVXOWV�DQG�GLVFXVVLRQ 
7KH� VWXGLHV� ZHUH� FDUULHG� RXW� ZLWK� ]LQF-

FRQWDLQLQJ� FRQFHQWUDWH� IURP� WKH�.KDQGL]D� GHSRVLW��
7KH� URDVWLQJ�SURFHVV�RI� ]LQF� FRQFHQWUDWHV�ZDV� FDU�
ULHG�RXW�WR�WUDQVIHU�EDVH�PHWDOV�DQG�VXOIXU�IURP�VXO�
ILGH�FRPSRXQGV�WR�R[LGL]HG�VWDWHV� 

)RU�H[SHULPHQWV��]LQF-FRQWDLQLQJ�FRQFHQWUDWH�
IURP�WKH�.KDQGL]D�GHSRVLW�RI�WKH�IROORZLQJ�FKHPL�
FDO� FRPSRVLWLRQ� �PDVV� ��� ZDV� XVHG�� =Q� -� �����-
������� 6L� -� �����-�������0Q� -� ����� )H� -� ����-������
0R�-������-�������3E�-�����-�����DQG�WHFKQLFDO�VXO�
IXULF�DFLG�ZLWK�D�FRQFHQWUDWLRQ�RI������� 

,Q� RUGHU� WR� LPSURYH� WKH� WHFKQRORJ\� IRU� SUR�
FHVVLQJ� SRO\PHWDOOLF� UDZ� PDWHULDOV� DQG� GHYHORS� D�
VWUDWHJ\� IRU� FRPSOHWH�� LQWHJUDWHG� SURFHVVLQJ�� GDWD�
IURP� D� GHWDLOHG� VWXG\� RI� WKH� PLQHUDORJLFDO� DQG�
FKHPLFDO� FRPSRVLWLRQ� RI� ]LQF-FRQWDLQLQJ� FRQFHQ�
WUDWHV� IURP� WKH�.KDQGL]D� GHSRVLW�� ZKLFK� FRQWDLQ� D�
QXPEHU�RI�YDOXDEOH�FRPSRQHQWV��DUH�UHTXLUHG� 

&KHPLFDO� DQDO\VLV� VKRZHG� WKDW� WKH� ]LQF-
FRQWDLQLQJ�FRQFHQWUDWH�RI�WKH�.KDQGL]D�GHSRVLW�KDV�
D� FRPSOH[� FKHPLFDO� FRPSRVLWLRQ�� 7KH� DQDO\]HV�
ZHUH�FDUULHG�RXW�DV�IROORZV������PJ�RI�WKH�FRQFHQ�
WUDWH�ZHUH�ZHLJKHG�RQ�DQ�DQDO\WLFDO�EDODQFH��)$����
�1��� )RU� PLQHUDOL]DWLRQ�� D� PLQHUDOL]DWLRQ� GHYLFH�
�0,/(6721(�(WKRV�(DV\�� ,WDO\��ZDV�XVHG��7R�GR�
WKLV�� WKH� WHVW� WXEH� RI� WKH� GHYLFH� ZDV� ILOOHG� ZLWK� D�
VDPSOH� �����PJ��� ��PO� RI� GLVWLOOHG�� SXULILHG� QLWULF�
DFLG� �+12��� ZDV� DGGHG� E\� GLVWLOODWLRQ�� L�H�� LQ� DQ�
LQIUDUHG�DFLG�SXULILHU� �'LVWLOODFLG�%6%-���-,5��DQG�
��PO�RI�K\GURJHQ�SHUR[LGH� �+�2��� DV� DQ�R[LGL]LQJ�
DJHQW��7KH�ZKROH�PL[WXUH�WXUQV�LQWR�D�PLQHUDO�ZLWK�
LQ����PLQXWHV� 

$W� WKH�HQG�RI� WKH�PLQHUDOL]DWLRQ�SURFHVV�� WKH�
PL[WXUH�ZDV�WUDQVIHUUHG�LQWR�D�VHSDUDWH�FRQLFDO�IODVN�
DQG� GLOXWHG�ZLWK� GLVWLOOHG�ZDWHU� WR� D� YROXPH�RI� ���
PO��%,26$1��/DWYLD�� 

7KHQ� WKH� VROXWLRQ� IURP� WKH� IODVN�ZDV�SODFHG�
LQWR� VSHFLDO� WHVW� WXEHV� LQ� WKH� DXWRPDWLF� VDPSOLQJ�
VHFWLRQ�RI� WKH� LQVWUXPHQW�DQG�SXW� IRU�DQDO\VLV��7KH�
SUHSDUHG�VDPSOHV�ZHUH�DQDO\]HG�RQ�DQ�$YLR����,&3
-2(6� LQGXFWLYHO\-FRXSOHG� SODVPD� RSWLFDO� HPLVVLRQ�
VSHFWURPHWHU��3HUNLQ�(OPHU��86$���7KH�DFFXUDF\�RI�
WKH�GHYLFH�LV�KLJK��ZKLFK�PDNHV�LW�SRVVLEOH�WR�PHDV�
XUH�HOHPHQWV� LQ� VROXWLRQ�ZLWK�DQ�DFFXUDF\�RI�XS� WR�
56'�������� 

7DEOH� �� VKRZV� WKH� GDWD� RI� RSWLFDO� HPLVVLRQ�
VSHFWURPHWULF�DQDO\VLV�RI�]LQF�FRQFHQWUDWH�IURP�WKH�
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.KDQGL]D�GHSRVLW� 
7KH�7DEOH���VKRZV�WKDW�WKH�PDLQ�FRPSRQHQWV�

DUH� ]LQF�� VLOLFRQ�� SRWDVVLXP�� FDOFLXP�� LURQ�� FRSSHU��
FDGPLXP�� OHDG�� 7KHUH� DUH� DOVR�� LQ� VPDOO� DPRXQWV��
WLWDQLXP�� PDQJDQHVH�� FREDOW�� PRO\EGHQXP�� 7KH�
FRQWHQW� RI� FRPSRQHQWV� LQ� WKH� FRQFHQWUDWH�� UHJDUG�
OHVV� RI� WKH� VHOHFWHG� VDPSOH�� LV� DOPRVW� WKH� VDPH��
7KXV�� WKH� ]LQF� FRQWHQW� LV� �����-�������� VLOLFRQ�
�����-��������SRWDVVLXP�����-�������FDOFLXP�����
-�������LURQ�����-��������FRSSHU�����-�������FDG�
PLXP� ����-������� OHDG� ����-������� 7KH� FRQWHQWV�
RI�WKH�UHPDLQLQJ�FRPSRQHQWV�GR�QRW�H[FHHG��������
ZLWK�WKH�H[FHSWLRQ�RI��������PRO\EGHQXP� 

6WXGLHV�RQ�WKH�SURGXFWLRQ�RI�]LQF�VXOIDWH�IURP�
D�FRQFHQWUDWH�E\�GHFRPSRVLWLRQ�ZLWK�VXOIXULF�DFLG�LQ�
DQ� DXWRFODYH� PRGH� VKRZHG� WKDW� WKH� GHJUHH� RI� H[�
WUDFWLRQ� RI� ]LQF�ZLWK� GXUDWLRQ� RI� WKH� OHDFKLQJ� SUR�
FHVV�RI�XS�WR����PLQXWHV�GRHV�QRW�H[FHHG������7KH�
PD[LPXP�GHJUHH�RI�H[WUDFWLRQ�RI�]LQF�LQWR�WKH�VROX�
WLRQ�UHDFKHV�����DW�D�WHPSHUDWXUH�RI�����&��D�SUR�
FHVV� GXUDWLRQ� RI� ��� PLQXWHV�� D� UDWLR� RI�
=Q�+�62� ��������D�FRQFHQWUDWH�FDOFLQDWLRQ�WHPSHU�
DWXUH� DW� ���� �&�� DQG� D� SURFHVV� GXUDWLRQ� RI� ���
PLQXWHV��7KH�LPSXULWLHV�RI�FRPSRXQGV�RI�OHDG��VLOL�
FRQ��DQG�RWKHU�HOHPHQWV�IRXQG�LQ�WKH�FRQFHQWUDWH�GR�
QRW�GLVVROYH�LQ�VXOIXULF�DFLG�DQG�IRUP�LPSHUPHDEOH�
FUXVWV�RQ�WKH�VXUIDFH�RI�]LQF�UDZ�PDWHULDOV��7R�SUH�
YHQW� WKLV�SKHQRPHQRQ�� VWXGLHV�RI� WKH�HIIHFW�RI�SUH-
FDOFLQDWLRQ� RI� ]LQF� FRQFHQWUDWH� ZHUH� FDUULHG� RXW��
7KH�SURFHVV�ZDV�FDUULHG�RXW� LQ�D�PXIIOH� IXUQDFH�DW�
WHPSHUDWXUHV�RI����-������&�DQG�D�FDOFLQDWLRQ�WLPH�
RI���-����PLQXWHV� 

)LJXUH���VKRZV�WKH�UHVXOWV�RI�WKH�LQIOXHQFH�RI�
WKH�]LQF�FRQFHQWUDWH�FDOFLQDWLRQ� WHPSHUDWXUH�RQ� WKH�
GHJUHH�RI�]LQF�H[WUDFWLRQ�DW�=Q�+�62� ��������WHP�
SHUDWXUH� ��� �&� DQG� WKH� GXUDWLRQ� RI� WKH� DXWRFODYH�
OHDFKLQJ�SURFHVV����PLQXWHV� 

$Q�LQFUHDVH�LQ�WKH�FDOFLQDWLRQ�WHPSHUDWXUH�RI�
WKH� ]LQF� FRQFHQWUDWH� IURP� ���� �&� WR� ���� �&� SUR�
PRWHV� DQ� LQFUHDVH� LQ� WKH� GHJUHH� RI� ]LQF� H[WUDFWLRQ�
LQWR� WKH� VXOIXULF� DFLG� VROXWLRQ� IURP� ��� WR� ����� $�
IXUWKHU� LQFUHDVH� LQ� WHPSHUDWXUH� GRHV� QRW� DIIHFW� WKH�
GHJUHH� RI� H[WUDFWLRQ�� 7KH� FRQGXFWHG� H[SHULPHQWV�
VKRZ�WKDW�WKH�RSWLPDO�ILULQJ�WHPSHUDWXUH�LV������&�� 

:LWK�DQ�LQFUHDVH�LQ�WKH�GXUDWLRQ�RI�WKH�FDOFL�
QDWLRQ�SURFHVV�IURP����WR����PLQXWHV��WKH�GHJUHH�RI�
]LQF�H[WUDFWLRQ�LQFUHDVHV�IURP����WR������$�IXUWKHU�

LQFUHDVH�LQ�WHPSHUDWXUH�GRHV�QRW�DIIHFW�WKH�GHJUHH�RI�
H[WUDFWLRQ�RI�]LQF�IURP�WKH�]LQF-FRQWDLQLQJ�FRQFHQ�
WUDWH��([SHULPHQWV�FDUULHG�RXW�VKRZ�WKDW�WKH�RSWLPDO�
ILULQJ�WLPH�LV����PLQXWHV��)LJ����� 

,Q� RUGHU� WR� LGHQWLI\� WKH� HIIHFW� RI� WKH� SDUWLFOH�
VL]H� RI� WKH� ]LQF-FRQWDLQLQJ� FRQFHQWUDWH� IURP� WKH�
.KDQGL]D� GHSRVLW�� WKH� DQDO\VLV� RI� WKH� FRQFHQWUDWH�
DIWHU� ILULQJ�DW������&��WLPH����PLQXWHV�ZDV�FDUULHG�
RXW�� ,W� KDV� EHHQ� HVWDEOLVKHG� WKDW� WKH� ]LQF� FRQWHQW�
UDQJHV� IURP� ���� WR� ����� VLOLFRQ� IURP� ������� WR�
�������� FRSSHU� IURP� ������ WR� ������� FDGPLXP�
IURP�������WR������� 

7R�GHWHUPLQH�WKH�GLVWULEXWLRQ�RI�]LQF�GHSHQG�
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7DEOH�� 
5HVXOWV�RI�;-UD\�IOXRUHVFHQFH�RSWLFDO�HPLVVLRQ�VSHFWURPHWULF�DQDO\VLV�RI�]LQF�FRQFHQWUDWH�IURP�WKH�

.KDQGL]D�GHSRVLW 

1R��RI�
VDP�
SOHV 

&RQWHQW�RI�HOHPHQWV��� 

=Q 6L . &D 7L 0Q )H & &X 0R &G 3E 

� ����� ����� ���� ���� ����� ����� ���� ����� ���� ����� ���� ���� 

� ����� ����� ���� ���� ����� ����� ���� ����� ���� ����� ���� ���� 

� ����� ����� ���� ���� ����� ����� ���� ����� ���� ����� ���� ���� 

� ����� ����� ���� ���� ����� ����� ���� ����� ���� ����� ���� ���� 

)LJXUH����,QIOXHQFH�RI�FDOFLQDWLRQ�RI�]LQF-FRQWDLQLQJ�FRQFHQWUDWH�
RQ�WKH�GHJUHH�RI�]LQF�H[WUDFWLRQ�� 

)LJXUH����,QIOXHQFH�RI�WKH�GXUDWLRQ�RI�WKH�FDOFLQDWLRQ�SURFHVV�RI�D�
]LQF-FRQWDLQLQJ�FRQFHQWUDWH�RQ�WKH�GHJUHH�RI�]LQF�H[WUDFWLRQ� 
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LQJ� RQ� WKH� VL]H� RI� WKH� IUDFWLRQ�� WKH� IUDFWLRQDO� DQG�
FKHPLFDO� FRPSRVLWLRQ� RI� WKH� ]LQF-FRQWDLQLQJ� FRQ�
FHQWUDWH�RI�WKH�.KDQGL]D�GHSRVLW��FDOFLQHG�DW������&�
DQG�WKH�SURFHVV�GXUDWLRQ�RI����PLQXWHV��ZDV�VWXGLHG�
�7DEOH���� 

7KH�7DEOH���VKRZV�WKDW�WKH�PDLQ�VKDUH�RI�WKH�
]LQF-FRQWDLQLQJ�FRQFHQWUDWH�RI�WKH�.KDQGL]D�GHSRVLW�
LV�D� IUDFWLRQ�RI�-������PP��ZKLFK��ZLWK�D�GHFUHDVH�
LQ� WKH� VL]H� RI� WKH� IUDFWLRQ�� LQFUHDVHV� IURP� ����� WR�
������ IRU� D� FRQFHQWUDWH�ZLWK� D� FRQWHQW� RI� �������
=Q�DQG��������6L� 

7KH�LQFUHDVH�LQ�WKH�]LQF�FRQWHQW�LV�GXH�WR�D�GH�
FUHDVH�LQ�WKH�FRQWHQW�RI�VLOLFRQ�LQ�WKH�FRQFHQWUDWH�IURP�
������� LQ� WKH� ������ PP� IUDFWLRQ� WR� ������ LQ� WKH� -
������PP�IUDFWLRQ��7KH�PDLQ�FRQWHQW�RI�VLOLFRQ�LV�RE�
VHUYHG�LQ�IUDFWLRQV�IURP�������PP�WR�������PP�� 

)LJXUH� �� VKRZV� WKDW� ZLWK� D� GHFUHDVH� LQ� WKH�
VL]H�RI� WKH�IUDFWLRQV�RI� WKH�]LQF-FRQWDLQLQJ�FRQFHQ�
WUDWH� IURP� WKH�.KDQGL]D� GHSRVLW�� WKH� GHJUHH� RI� H[�
WUDFWLRQ� LQFUHDVHV� DQG� DPRXQWV� WR� ������ IRU� WKH� -
������PP�IUDFWLRQ��:LWK�DQ�LQFUHDVH�LQ�SDUWLFOH�VL]H�
WR� �����PP�� WKH� GHJUHH� RI� H[WUDFWLRQ� GHFUHDVHV� WR�
�������7KH�FRQGXFWHG�VWXGLHV�VKRZ�WKDW�ZLWK�D�GH�
FUHDVH� LQ� WKH� SDUWLFOH� VL]H� RI� WKH� ]LQF-FRQWDLQLQJ�
FRQFHQWUDWH� IURP� WKH�.KDQGL]D� GHSRVLW�� WKH� GHJUHH�
RI� H[WUDFWLRQ�ZLOO� LQFUHDVH�� 7KLV� LV� GXH� WR� WKH� IDFW�
WKDW�WKH�VPDOOHU�WKH�SDUWLFOH�VL]H��WKH�JUHDWHU�WKH�GH�
JUHH�RI�FRQWDFW�RI�WKH�DFLG�ZLWK�]LQF�LQ�WKH�FRQFHQ�

WUDWH�DQG��DFFRUGLQJO\��WKH�KLJK�UHDFWLRQ�UDWHV� 
 
&RQFOXVLRQ 
7KXV�� WKH�FRQGXFWHG�VWXGLHV�VKRZHG�WKH�SRV�

VLELOLW\� RI� REWDLQLQJ� ]LQF� VXOIDWH� IURP� WKH� ]LQF-
FRQWDLQLQJ� FRQFHQWUDWH� RI� WKH�.KDQGL]D� GHSRVLW� E\�
OHDFKLQJ� ]LQF� ZLWK� VXOIXULF� DFLG� LQ� DQ� DXWRFODYH�
PRGH��7R�GR�WKLV��WKH�]LQF�FRQFHQWUDWH�PXVW�ILUVW�EH�
FDOFLQHG�DW������&� IRU����PLQXWHV�DQG�]LQF�VKRXOG�
EH�OHDFKHG�ZLWK�VXOIXULF�DFLG�IURP�D�ILQH�-������PP�
IUDFWLRQ�� 7KH� GHJUHH� RI� H[WUDFWLRQ� RI� ]LQF� UHDFKHV�
������ 

�� 

MATERIALS SCIENCE AND ENGINEERING 
МАТЕРИАЛОВЕДЕНИЕ И ТЕХНОЛОГИЯ 

MATERIALSHUNOSLIK VA TEXNOLOGIYAI 

5()(5(1&(6 
 

�� 'RNKRORYD�$�1���.DUP\VKHY�9�)���6LGRULQD�/�9��3URL]YRGVWYR�L�SULPHQHQL\H�IRVIDWRY�DPPRQL\D�>3URGXFWLRQ�DQG�XVH�RI�DPPRQLXP�SKRV�
SKDWHV@��0RVFRZ��.KLPL\D�3XEO�������������S� 

�� 1RUPDPDWRY� )�;��� (UND\HY� $�8��� 'DGD[RGMD\HY� $�7��� 7RLURY� =�.��� .XFKDURY�%�;�� ,VVOHGRYDQL\H� SURWVHVVD� SROXFKHQL\D� QLWUDWD� NDOL\D�
>,QYHVWLJDWLRQ�RI�WKH�SURFHVV�RI�REWDLQLQJ�SRWDVVLXP�QLWUDWH@��81,9(5680��7HNKQLFKHVNL\H�QDXNL��������QR�����SS����-��� 

�� (UND\HY�$�8���7RLURY�=�.���.XFKDURY�%�;���%RERTXORY�$�1��5HVHDUFK�RQ�WKH�&DUERQL]DWLRQ�3URFHVV�RI�3RWDVVLXP�&KORULGH�6ROXWLRQV�LQ�
WKH�3UHVHQFH�RI�'LHWK\ODPLQH�� ,QWHUQDWLRQDO� -RXUQDO� RI� ,QQRYDWLYH� 7HFKQRORJ\� DQG�([SORULQJ�(QJLQHHULQJ�� ������ YRO�� ��� QR���V��KWWSV���
ZZZ�LMLWHH�RUJ�ZS-FRQWHQW�XSORDGV�SDSHUV�Y�L�6��,��������6����SGI�� 

�� 7XUDNXORY�%�%��� (UND\HY�$�8���.XFKDURY�%�;��� 7RLURY�=�.�� 3K\VLFDO-FKHPLFDO� DQG�7HFKQRORJLFDO�%DVHV� RI�3URGXFLQJ� 3XUH� 3RWDVVLXP�
+\GUR[LGH�LQ�&RPELQHG�0HWKRG��,QWHUQDWLRQDO�-RXUQDO�RI�$GYDQFHG�6FLHQFH�DQG�7HFKQRORJ\��������YRO������QR���V��SS������–������KWWS���
VHUVF�RUJ�MRXUQDOV�LQGH[�SKS�,-$67�DUWLFOH�YLHZ������������ 

�� %RXVILHOG�%��6XUIDFH�SUHSDUDWLRQ�DQG�PLFURVFRS\�RI�PDWHULDOV��1HZ�<RUN��:LOH\�����������S� 
�� (FKOLQ�3��+DQGERRN�RI�6DPSOH�3UHSDUDWLRQ�IRU�6FDQQLQJ�(OHFWURQ�0LFURVFRS\�DQG�;-5D\�0LFURDQDO\VLV��&DPEULGJH�$QDO\WLFDO�0LFURVFR�

S\��6SULQJHU������������S� 
�� $\DFKH�-���%HDXQLHU�/���%RXPHQGLO�-���(KUHW�*���/DXE�'��6DPSOH�3UHSDUDWLRQ�+DQGERRN�IRU�7UDQVPLVVLRQ�(OHFWURQ�0LFURVFRS\��0HWKRGRO�

RJ\��6SULQJHU������������S� 
�� 2WVXND�0���.LQRVKLWD�+��4XDQWLWDWLYH�'HWHUPLQDWLRQ�RI�+\GUDWH�&RQWHQW�RI�7KHRSK\OOLQH�3RZGHU�E\�&KHPRPHWULF�;-UD\�3RZGHU�'LIIUDF�
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