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fjtjydmlsds - s jteOyd?2 shdetso detse s Ctsdzyj dzlstcOls
Ctodzdzj SIsdodgsegts Csdzyj dzlstcOls O.
JHrIsr ) LOBE dzzlstsds yd ¢ dzj ftcso jHJjdzgr - ft5
ZslsOyd sdzdzs?2 M j B3O R.
A dzts s Oy dis-dpdd@bidzs Yy O J Is :
- L d3j dz tallg vl jo Iz ff dB9HIs dfO M Ad3Ns;
- tsfdzets o Wakzdzdz] € IsWdztsldz@®M i s dzlz | slhgdetsp Gets dztg | dadf tc Ols O
otsMmistse tMhmdetso dzs?2 W dzslsOyd d;
- Codzlstesdz! dglz Ctsdzdzj S Isd o dzlz® WdzslsOyds dzO
f sdzzyJ dzd j I3 SCCtiddisygjtids talfdsc@s  r o tsMmisse Ctsdzdzj Clsd o
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- Hisd L d3j df tudpddgdS IsCotdadzis) cdEsEict®ls odas ds af O #0,83Dd3d3;

- sfdatse dgzs 3 Hdgz® W dzslsOyds M f sdzzyj ded j o3 ¢
notMsse Mdse ds?2 Wdhkslsoydd;

- € s dzls tc ts daf jdalzdz sdzts Is O Wnd tf s dzlz y j €zt izt te ts dzels flab dets ¢ s
Cdpyj delstcOlsO® d RotfMmists Cdzstetsd des?2 Bj Hdzs2 W d
- U g udsihe dAftsdzy j dzlstc Ols O.
| 0o dIs OWYdets dz@zt3 d ts dzdzO W ma d BO o Cdzs Yo, ls Yg C
BB dz' pjzdadd® Bz f dAOM G O MITLBREC s dzy | dzlskedsets - |
3 M fsdkzzyjdedjds ctcOoadsCsdeyj delstcOIsO d ¢ sfydzj H
tdLkzdz O™ LOBSdzzlsr 7 ' Istseo -1 dzth lsABp Py dpdziet
nd B3O ftcdojHjde o IsOBdzdyd 1.
Zd{yPjL zdz UIs@E? dzladdf ' Astfsteh dzts s Oy d tf dztiz® 2  Is Oy d ts dzdz
Is Oy J figelzpals @ d3

Il At 4 1SH j toy @dad j |, RL O dzj yYodzadJ ,
ltcsHiEZC K % Au, Ag, Cu Fe Au Ag Cu Fe
G/l l§ ¢/ g

A dztsls O\ d 5 BzilzBO®
[jndf B8dzyj d 090 | 751 | 28,30| 19,50 | 36,18 | 34,51 | 19,26 | 78,77 | 4,40

Mo s fiflds dzls te ts 4,18 0,80 1,93 0,45 39,71 | 17,07 6,10 8,44 22,41
) H diEs |s Oy
Mo tsfidds e O dz! 94,92 0,10 1,04 0,03 571 48,44 | 74,64 | 12,79 | 73,19

[BN Fjosmis | 99,10 | 0,13 | 1,08 | 0,047 | 7,14 | 6551 | 80,74 | 21,23 | 95,60
{kznO 1000 | 0,20 | 1,32 | 022 | 7,41 | 100,0| 100,0 | 100,0 | 100,0
| 0o dIs O yddesdsdasy d figLiziaB@
L 600 g6 sdzy 1,06 | 2,60 | 472 | 1,40 | 37,87 13,46 | 3,63 | 7,41 | 545
[jndf ®dzyj d 085 | 512 | 22,85| 16,81 | 38,83 | 21,22 | 14,12 | 72,10 | 4,48

Mo BT dzls e 5| 3,98 | 1,00 | 3,60 | 031 | 31,47 | 19,42 | 10,42 | 6,21 | 17,00
d3j H dzts2 W dzd
Mo Sfddse Odz | 9411 | 0,10 | 1,05 | 003 | 572 | 4590 71,83 | 14,22 | 73,07

[BNh Rjosmist | 9809 | 014 | 1,15 | 0,041 | 6,77 | 6532 | 82,25 | 20,43 | 90,07
e 1000 | 021 | 1,38 | 0,20 | 7,37 | 100,0 | 100,0 | 100,0 | 100,0

v OB
W dzts

ltojL zd BRIk 1§ tsakzlz y j dz" :

Afts WhksksOoydsddzs?2 Mmnj &34 :

- BBjHdzr 2 Ctsdzyj degsteOl f fMtsH jtey Oded j 3 L sdzisls ©
19,50%, YjdzjLO 36,18% fted dLodzjyjdedd L sdzisls
NddzijLO 4,40% d o©r ~atHJ 0, 90 %;

- sBhdj Rneotflsr M MBHjtyOddjd3 Lsdkslso0,0, 13
NddzjLO 7,14% fted o' AtsHj 99, 10%. 1tlkjted Mmtsh
BjH 29 B 95, 60 %;

Af s ¢t0Oo d lsVodyslds@agefsts dzdzts 2  fa j o3 :

- GO dStsdzyj dzsteOl ) MH,jteyOdedi B L sdzslsO 2
NddzjLO 37,87% tteglsdL d&zj 4fddmMitejBtcO 3, 63 % d
CtcOodC tdgyj delstcOlsj MsMlsOodzwels ddiHd 7, 41%, Xd

- BjHdr 2 Ctdeyj dzlstcOls ) MtsH jtey Oded j i3 L sdzsls O
16,81%, yjdzjLO 38,83% ffted dL o dzj uj dzdrel0%, tsdzts Is
NJdzjLO 4,48% d or atsHj 0, 85 %.

-tsBhdy rRroeotsMmisr M MBHjtyOddj &3 LBdZEISO 0, 14
NddzjLO 6, 77% Hfted or atsHy 98, 09%. 1 wlsjted M
BIH] 29 &3O 90, 07 %.
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1 € 5 dzj WdE iy 26 Bs ©cH0 Mnjisdads'GoQidi Gdzls © @k®s dyd y O
v OB (z@ Ty GO dzQkslifis O dfds O L tc OB sy D jlasgEs® ¢ O j dad W

4 1SH oy @dad j

VesHECRY /;U/: Ag,G | & u | Fe |Ssen|Al20s| CaO|MgO|SiOz2| [ 5 | As
Jdwde 2 0,90 | 7,51 |28,30| 19,50|36,18/43,49) 1,11 | 1,54 | 0,20| 0,50 | 0,041 |* 0,001
gtSdZuJ dZIStG ! ' ’ ’ ’ y y y y y ’ '
mo sflsr

Csdadstesdz | 4,18 | 0,80 | 1,93 | 0,45 |39,71/40,35( 3,50 | 4,54| 0,05| 9,91 | 0,031 |" 0,001
B H s |s

mo sfylsr .
o O g | 9492|010| 1,03| 0,03 | 571| 1,00(11,62 220| 0,55|61,79 0,001 " 0,001
[ 8" ijo 5MH 99,10 | 0,13 | 1,13 | 0,047| 7.14| 2,75 11,28 2,30] 0,59 61,12 0,0014]" 0,001
[ A O 100,0| 020 1.36 | 0.22 | 7.41 | 3.11]11.29 2.29] 0,59 60,59 0,0020" 0,001
e R Lo dz] uFodad ]
ltesHEZS IS "1 Au .

% G/’ Ag,G/| vu| Fe |Ssen|Al203| CaO |[MgO | SiOz2 | [ 5| As
[ d a2 0,90 |3451 19,40 78,77 4.40|12,57 0,09| 0,61 | 0,33 | 0,01 |14,01] 090
g Bou @Bts 1 1 ’ ’ 1 1 b b b 1 1 1
mo tsfylsr

Cdzstetsdz | 4,18 |17,06| 6,14 | 8,44|22,41/54,19 1,31 | 8,28 | 4,12 | 0,69 | 49,20 4,18
B Hdas2 W

mo tsflsr
sSlse Od dz 94,92 148,43 74,46 |12,79| 73,19| 33,24/ 98,60| 91,11| 95,55/ 99,30 36,79 94,92

I Bh Rjo sfmlg 99,10 | 65,49 80,60 | 21,23)95,60| 87,43 99,91 99,39 99,67 99,99 85,99 99,10
{zHO 100,0 | 100,0) 100,0|100,0[100,0{100,0{100,0/100,0/100,0/100,0{100,0] 100,0

456 dzOftzts o j H j dzgdetizdzls O dzts ¢ OO dfaEiz] U dzteds H ZC Istso
shdtso dz" d3 tezHdzr 3 B dzj tOzsdyz wo dzw jIspw f dJtedls. |
70%, 0O 9 rRnotfMlsOr Citsdslsigtgdzode®R W dmisdyd did dzj tc ©
9 GMmdztso desds = QAdERBORGtof o jtenfdfltdmggzy J dzlste Ols §  1( @sdf dfimiedfigts &
olststcdiaptzR W JHise (R Odz SBLddZ2O0 d Ctso j dzdzd dz@) o
MdzOB k2 MIsjtfjdz BECdMmdzj dedw tkHr . [ jHdz § d3d dzj t
HS 0, 05 oBdiz. [Mdesedz j flsjted BiHd f ~otsfls Odic
(edmzdzsS 3) .

t Mz @GtgSj HdzC Bdayj dals | d iz &itswe s Mdsts dzls t6 ts dz!
B Hdets2 W azsls Oy
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J tc O 3¢ O -d fiy iPdz jurdass D is jddd BifStg O s et v j - dets dzts ¢ d W
FtcOdzO d f tsdzd i3 8@z ] MBd Az tclfHetse j Hj dz@¥  MMmdzi
BdBsOSCIsdoe Oydj 2 orh jdzOyde 0 h dn tcOfmMlso steso i tc
Mfsdzlsdtetso Odz0 BsB d dz' dzZOW EfMlsOdzso € O 1B @8 )sj ted OA
MdMmlsj &3j tcj OCIststetse o 40 Whkktsorn GCtdasj 2 dzj tcOF
6 0@O0 0% tgH .  [Hffts tscles dzj dedz” § dMy ' IsOdedv § 5¢ 0L Odzd
PeOdz® o ftsHESISdaAdsd Ye Qlbfls obdidaiia@sitgs@isis 61 j [ r
3N tojjdedzr | tcOBBIST fLotdzddd MW sttdzdzdtetss Ols
sjrdesdzse dyj MEs?2 f zOlW stcds" Hdzw ftetso jHjddw EC
{ Hdzts 2 gL YdJ dzj 2 ftetso j HJ dedzr R tco@BBsfsdz!  dzL
sjrdsdzsedyj MSéts2 BOL" Hdzv f(de'sd jfitg ez ve {dgtfh tis©ts
IsOC 4 Hferslsglzt dzj dedets? d Y totsdir M dzj dedets? f jtoj tcOB S
oL Bsy desMmis! ¥ IstcOdzmf stclsdtetso Cd toj OCIsstecso d B
] AtH] tOBBl B" dzd MW stedRizdzdtetseo Odzr tsfdatsa da"
1) t OL OB lyyT@  Usdegfjdz' dzts 2 f dzOl W tstcd3r dzO
BsHEzdz detsfyls! , IstcOdetf stcls OB j dz! detsfyls! , BT Mister 2 d
2) I sHBtSte  tBtshdtseo Odzd | MemMis©o © tsBtstclzH
fsHelstsoaCd M ! W, HBLJses Oddw tj Ocj dzlsise, Mt
3) JBdMmydujdzdy 5§ mndesdzsed yj MEts2 kdde j MO
frte:w (sCdMmdzj dedg j o Mkde WdHdr j tekzHr, Sotsflss
4) tOLoedlkdy MmdMmkj " ydWtesesdL Oydd, OslstsdOl
Hdz" Y BHH] Y OddY tj ) ddtdotgtse tejde d i)istc By tf o Afd@fterC
ftoslssCtsdzse dMmyr sOdad 2 .
5) Irt.cOBckkCO IstojBtsoOdzd? ftotsd h dzj dedas?2

(Cjtedsjlsdyudzssmls! , OoOtd?2 &zO" ©fsOdkss 0O, Ctdbstt
6) ltetsojHjddj dMmyr sOdd?2 § zOLY sted’ af 53 tsdzts f
iy w©wOoBsktsmismsedsmls! ftd sSBwOBSkS] bkCthki

dmyr sO0ded?2 d dz©O tsBi jJSIS5j.
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Phase name Formula DB card number Content(%)

Spodumene LiAI(Si 206) 00-089-6663 95
Quartz low, syn  SiO» 00-0650466 5

6.09; 4.43; 4.35; 4.19; 3.44; 3.18; 3.04; 2.91; 2.85; 2.79; 2.66; 2.54; -
2.35; 2.21; 2.14; 2.10; 2.05; 2.04; 2.03; 2.02; 1.92; 1.86; 1.84; 1.82; 1

LiIAI(Si 20e) 1.73;1.64; 1.61; 1.60; 1.59; 1.56; 1.52; 1.49; 1.48; 1.46; 1.45; 1.41; 1
1.35;%\.34; 1.33;1.32; 1.31; 1.30; 1.28; 1.27; 1.25; 1.23; 1.22; 1.21; 1
1.16

4.25; 3.34; 2.45; 2.28; 2.23; 2.12; 1.98; 1.81; 1.80; 1.67; 1.66; 1.60; 1
1.45; 1.41; 1.38; 1.37; 1.28; 1.25; 1.22; 1.19; 1.18 A

SiO,

t d Ml digSj dils ¢ j dzs W OL sigf ©H OWZOdRIL s dzy j dzs e Ok O  d
9 jMOS fted %w©OCydd 2000/ +1000 &< d
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orhjfjtejudmdzj dedz" = Y tetsB, 1-1@3LEEIIL)74 §iOXk pIBAHY , o
Il dzOY dzfsHn,Is0 %. | Ofl f 822 ¢ b fj dg

| cOdzz dztsdzj Isted y 4 MS d 2-5,04 K0 &,8e-2,0+1901 820;-1D+,5iC tc .
28,06;-0,5+0,315 19,29;-0,315+0,16 22,00;-0,16+0,0i 21,09.

[ ObjtedOodz BJStetsMC sid sy d yditc | HiFPle@ Ddlzy tso d fn
BOIs j ted Odzts A3 i &nls toliz £ Isfiy sledas digs  d Zzdlstsdzse dyd MS d
ftedktesyd dedz" j-d€ 0§ g 3t MiBs f StctsH O .

[ Mdeseo dz" | tclzH deB jo OBdlaizjsts O dz'n d dzts d3j didf df, tc tsodis = teftdsh)
csHsAtetsL dIs, dGOdzeOdedbk, i HBOE G kiesdgznt o | dzdzets
fnd dzd COGEASS dzO Is dz" § G dzd ded MIs ™ § f4dmMyoded ¢ d. r
ftcj HMIsOo dzj dz@ dBOcGdzj Isdlstsdzg, dJqdsddlssdd d c¢j BOIs(
GJ BOBIIO fts B@BOGdzj Isdlskz ) SBKLOL SO Oded j &3 BOtIs d Is

t J dzlsc jalzs¥ OL@dz0 dzd L ftslso jtey HOj Is ftcdmizlsmilse
a3d dzj e Odzts 9 ftcj HMIsOo dzj dzdz" = G 0zO FOEMOSIOF)s B O L 15
f Md dzts 3y dzO dzts B NH(MN;OL Mn @3J dz' " dr S tdzd yj Mlseo O7
BOGdzj Isdls d dzddisdedls Is. H. 1 j tcbzd gzg®W 2 MK Igkzp o diz?
CoOty, BICtesCdzddz, Mjtwdydls, COsdzdddls, ¢ O0dz yd
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sz 8 ojhjMmlsej ddzsdz MtsMisOealz d dOG ded Is dz’
fjtemf jCIlsdodzO HdzW MkAtt?2 &OCdedlsdes? fmjf OteOydd
sdes o ZOVBOBO®MHHZYO L OCdz¥ yj dz0 o fdzO&Is.d30 d dzdlds@ig’
Eidztse dvw A afﬁ]BQIdezBszfnqadz d M OtcOIstster fmMtstL
My smMsedzr 2 ftedlswedoe Ols! O>14 stsdzC s CtcOf dzy dzdz
s¢MdHtse HOLEOdYO [9] ) BdyBdkf@c' df BOEUEsd
Cdzd ded st j dBddzj cOdzr' ) fitejrtsHWIs o rnotfylsr . it
o sHtsSMdzOB % § dzd W d fsmdzj HEs h j e sBjLoatydo O
1 S zOlsOydtsdedz" | L OltcOlsr d Ekftesh Ojls Isj r datsdzk

l etso jH) &0 MEkD OwO@@eded sflz@we ') §z20 Mjf OwOl
qdzls j dzfd o desisd BOC dzdlsdatscEts ftscdzv O, 48 wvdz, tojL b

v OB dzd iyPk LOW  ROG dzd s ZOW Mj § OteOydw ftese’ O MM

l " AsH 4 BHJ oy Odzad | , RLOdzj ygj ded j |
PBHES T Mn Fe S0, Mn Fe S0,
RM~SHd 100,00 10,59 2,74 59,82 100,00 | 100,00 100,00
ftotsB O ' ’ ' ' ' ' '
[ A 24,71 29,73 4,32 33,12 69,40 39,00 13,68
1 [ A 75,29 4,31 2,22 68,58 30,60 61,00 86,32
Ru [ 1 100,00 10,59 2,74 59,82 100,00 | 100,00 100,00

RL HOddz' & IsOBdzdy' fydzj Homjolsdzj yy lszq j ) e j teoy Odtt
CtsHESIS ] fr]tsfrjlsG)adeBIs Meslse jIsMise j dzdzs 29, 73 % d
Ocdzdlsdz’ 2 ftosHESK §j to]j ~is® dYste jas{8 dzO HB@dzdP0 %z j
& Fe (cjBOIdls, dzd Bsded ls) ; Bhdzse B OFj.¢C
sotcj d3j dedets FH Bte pB&oH s O dzj BOG dzd lsde” 2 f totsSH L
JCldodetsfils! ftoddsj dzj ded™ BOCEdzdlsdets? Mj f OO
dzd s dzts e 5 ff sdzv .

A S5

O=IT @
stg_g;&

a3

Il 7T 9BHT
lLrRLEYjd "dBIdUimMSd2 d ojh jMmlse jdeder 2 MsmilsOo
~notfmisse tBtSGOh j q’W BOte Odzyj o' » telzH r jL HJdME
2.0 dz2OdzdL o jh jfls szdztSGts MsMisOa O d d&OG dzd Is dz’
rdLHddzmes?2 (A COLT 901, Yylsts tsdzO wodzv j Isf!
BOGcded Isdets?2 Mj §f OO CﬁZfsdsa d30'c fiay dsteizfsdygs Jff dafggj g  f s € s
BOtcc Odzy O fr]tsfr]tQJHtslstqu ZO o MdzOB i3OG dzd Isdzr = d3d d
3. sHIseo jtey Hj d2O 1 W
1

H tc.

wdGSlsdoe
A d20 Mmj f OtcOIsstey 38u t]’tg
9, 73%, vyt mMEeBbgsiko zg |5
dMmratHd &3 Mr ! v ; lSJdZ J
Hiseo jto)y H] dzO toj L zdz IsOIs Od3d

Bsfmls: fMkos2 KOG dzdls
diz diz@e i sdiaf 2 0 ,C4s8lzyy d
dzf yu$ ded® MtsHjtexy Oded W
dzydw SCBdeyj dzlstcdtctso C
~d

d
2
fn
] B U M sets OdzO dzd

s

R fls s ydzd € g

1[ kctse RC QW , cSkehddz0 [. RrR.quUY BQaydziaed iz RJ tg] t

B dzj O desets M ! v §5 CisdsfipdicColiflzts Bl L st
|

ftesdL o SH Mis oi @&E5.1/7/ I uR. ¢ il6r4DOI 10.25018/023649320251-
0-154. giabonline.ru
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2 RdzZW SOy deds 2Ltz s OB OWKE ki j ded™ 4 SfkHOEMmiss .

L O 2021 GBBH (ecogosfond. kz) - I
content/uploads/2022/12/Informacionfolpzor_2021.pdf
3remjdBjSCtse s.1., zinrndtejo . I.[ OteOdzyj o’ |

sBtsGOf j dzgy Migdw MuwRO24.0 17 . 3B( &#5) 11324DOI
10.21440/2302091-20243-124-132. iuggu.ru

4 Wu H.L., Zhang Y., Liu J. A novel strategy for efficient utilization of manganese tailings:
High SCF resistance SCR catalyst preparation and faujasite zeolite synthesi // Waste
Management. 20237 164.7 { .66( 73. https://doi.org/10.1016/j.wasman.2023.03.038

5/ kmMsOrddise ¢. v. , ) Jj2dkzdazddd ¢. ¢., [Emdd [ .
d tsB 56 Ols dedgEdpjlsyl gQitdcy O dn rRotMmistse r jL HJdNE E

I [ dyHEdOttsHdz 2 Y kzttdOdz f§ ted ¢ dzOH dz'-2020f - W Iz dzH C

/
3.-4 . 182.DO0I: https://doi.org/10.17513/mjpfi.13039

6 f JdzdMmisj tmMisets 1 Csdzse dd, CGJBdsedd d Of ©d thts O«
(2018). RAWBSERBOYdw B GcOddL Oydd GBttOh j d
s OL OnMilsOdz Retrieved f r -ndims-zh-hett-tynpraldy-tarfyrgrc 0 g 0 s
memlekettikkadastryru-gosudarstvennyjadastrothodovproizvodstvai-potreblenija.

7 Huang Q., Li T., Gao J. et al. Preparation off@p/FeeO1AI FOF composites with superior
zinc storage performance by utilizing the leaching solution of manganese ore tailing //

Journal of Power Sources. | 2025 T Vol. 652:237584.
https://doi.org/10.1016jpowsour.2025.237584
8[ krlsOte ¢. ¢., [OCOhjoO ¢.8., sOM SO O 1. 5

BOtLcOdzj y YOdzHT YIsOte"r dz d3OGcdedIsls® € B O2r Iskz 3l c
S OL On fi)BORHZO4L T & . 330. https://doi.org/10.48081/GD0OV2218

9 Eghbadi R., Abdollahy M., Ashtari P. Recovery of manganese from adoade waste and
valorization via the synthesis of a nanostructured magnetic manganese ferrite // Materials
Science and Engineering i2021-Vo0l.269:115177.
https://doi.org/10.1016/j.mseb.2Q215177
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vrs 669.12:553. 31

byriRC rofradtoruvdad
am fat o1 L) o1rRre

[ OCONh j al, ¢fs.OfF OdZ2, " $Odz.lr . R IsAQtc spQfip BBO O 1 . s

H4jBBjSCBHO ¢. U
"ol ¢cs50OwOGOdzH ddzi¢ d2 ls'ﬁdzcﬁtﬂzfﬁmhb te @¢ af fasf Ple
G. sO0OwOOOaE s
e

ANddazdOdz t 11 ¢1 A slfwe ts GN\IR dds. . ¢Bdhjo

| tz@y o dIs d-i5j & Bzddstc e d yj MSscts S sdf dj ¢ MO
N HOJIshw wocsqdmcm14@ LdzOydlsj dz dzr 7 &
Odzd 2, MsHjtey O dr YyjddLts d Htkzedd
fslsjdyd Odz, HOdzdzsEY MRS QJ IsHndrd s EHAty
fMlsodj MmMsydsds ojhjMmise | ddcds MshisOs O
jBjdedzr © bEffzsedw s  ©OydsdOdr dsct  dzj HiGST
JtcOBBISCO Isjrndetsej dzgdzr » tSBOL 59 Odzed 2 tc G et S 6
fkOlstedo O s IsjRdsdkseduiMSdj GMNte | ddeshlsc
bjrRdsej dedasets Mrte! v f) dMfsd L so Oded j &5 KOG d
dzj Hs9 Odzd ¥ dzOf OO0 dzj dzf 2O 5o’ " jdedj MBH] 6>
HjdapvoO fmjter HB dtstcd3BOIsdodz = L dz2Oyj ded2, ybsts
COL S0 Odzd™ €OC fitemMfjCSldods 2 dMlssyddsS olstst

[BIl €I d oJIlssHTr. dfpfdriCHstsod dfdifindzj H s Oded W W ¢
sBteOL 5o Odzd v . d iphpdsjtcHOdsatsQodzf Wj o ' f ts dzdzj dz’ zO Isj -
slstsBtcOdzdz" = © Mo jlsmisoedd M Isjrndatsdzsedyd MSd
dimyfr lsOdad 2 . J CoyiMmbej BMmMdsodzsr » d&jlssHise M
BOG dzd IsdzOwY Mmj f OteOyd v .

md B3y msd2 MsmMEBY tcd @ &6 HIdBEBIS IBO; AIFOpT 4,21,
SIOFi59, 82. | dzOy detsfyls: ftetse " ftsfylsiQle, 5d20 o5/, iPpdeh. .

| teOdez dzsd3j sted yj MS d2 MsmlisOes dMRtsHdsets &OIsj
tejLEzdz IsOIsT ftedojHjdz © IsOBdzdyd 1.

RYUVY[1R[ YtJArwuwd 1 []
R uv[rmy L0111

-

wsaaﬁqsmmws

v OB Zd OB dzk s B sted yj MS d2 MehmlsOs dhhdj HE ] BEE S

HiSHJ to) Odzd § , RL ®dzj ud dad d ,

Fe S Al,Os | SO Fe S | AlOs | SO
RMAtH | 1000 | 41,13| 3,10 | 4,21 | 18,49 | 100,0| 100,0 | 100,0 | 100,0
-10,0+5,0 | 48,05 | 39,43| 2,48 | 4,29 | 18,31 | 46,06 38,44 | 48,96 | 47,58
-5,0+3,0 | 18,39 | 42,37| 2,70 | 391 | 1656 | 18,94| 16,02 | 17,08 | 16,47

-3,0+2,0 | 3,19 |42,10| 2,81 | 3,85 | 17,19 | 327 | 2,89 | 2,92 | 2,97

-2,0+1,0 | 9,79 | 41,57| 390 | 385 | 1668 | 990 | 12,32 | 895 | 8,83

-1,0+0,5 | 6,28 | 41,03| 491 | 3,75 | 1580 | 626 | 995 | 560 | 5,37

-0,5+0,315| 2,33 | 42,37| 6,91 | 3,80 | 1355 | 240 | 519 | 2,10 | 1,71
-0,315+0,16 2,98 | 4505| 6,63 | 3,80 | 13,93 | 3,26 | 6,37 | 2,69 | 2,25
-0,16+0,0 | 8,99 | 4532| 3,04 | 548 | 3048 | 991 | 8,82 | 11,70 | 14,82
RIstse{ 1000 | 41,13| 3,10 | 4,21 | 18,49 | 100,0| 100,0 | 100,0 | 100,0

sdz. C1 2%
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15 HOdzdz" &3 s OB dzd Y ls &1 dz@seOwizE oihdiefRidzte5 % tstH r1 8, 3
Mtstslse jlsMisakzs s ¢ d&zOMMOd3 Stolzf detsfylsd 7T 10, 0+5, 0
39,43% d 42,37% d dLodzjyjdedjads yjzjL O 46, 06
fMjter o EZCOLOdzsdzr 7 ¢ ZOMMO=T dfn gy Quj ddzdjdls 328,, 484%06 d
Bisdzj j d3j &z dm ¢ &zOMMOS (173, 0+0, 0 ddg) MsHjtey O
45,32%, O MHpEEY QW@ J %Mitsr 61 91%. 1 ¢ dzOMMO-A
fmdter wWodzwjlsmw Hitsp9 2 Yyzde” )H O 6 3dgdz B3P cats j o du ©
CzOMMOR MmMmisOesdzw jls 11, 56 %.

lteso jHj 2O Mmkh Ow BOcdedIlsdzOw fjf OtcOydw 4 tets
CzOMmMmtse Ctkzf dtsmlsd 110, 0+0, 0 dgd3g, +5,0+0, 0 &
ddzls j deld o deslsd dBBOGdzdlsdetsets ff tsdzisr O f B rsfgs O o i «
IsOB d&f yJ

OB &P jlkd kOl MEois?2 &Ocddlds? Mmjfosoydd
fre!' v 5 C&OMMOd §kf dslsd

H4tSHJ oy Odzd 4§ , RLO®dzj uj ded J ,
S |AO: | Sic, [ Fe | S | A0 Sio
sdz. 148, 0+0, 0 BB

R~ tsH ¢ 100,0 | 41,13 | 3,10 4,21 | 18,49 | 100,0 | 100,0 | 100,0 | 100,0
[ A 69,40 | 53,49 | 2,42 | 2,61 | 11,36 | 90,26 | 54,00 | 43,02 | 42,64
1{ A 30,60 | 13,09 | 4,65 7,84 | 34,66 | 9,74 | 46,00 | 56,98 | 57,36
RIstsetg 100,0 | 41,13 | 3,10 4,21 | 18,49 | 100,0 | 100,0 | 100,0 | 100,0

sdz. T60+0, 0 3B

RfAtsHd 1000 | 41,13 | 3,10 | 4,21 | 18,49 | 100,0 | 100,0 | 100,0 | 100,0
[ A 69,10 | 53,60 | 1,97 | 2,62 | 11,10 | 90,05 | 43,90 | 43,00 | 41,48
1{ A 30,90 | 13,25 | 5,63 7,78 | 35,02 | 9,95 | 56,10 | 57,00 | 58,52
RIstsetg 100,0 | 41,13 | 3,10 4,21 | 18,49 | 100,0 | 100,0 | 100,0 | 100,0

sdz. 1@t 0+0, 0 A

RfAtHd 1000 | 41,13 | 3,10 | 4,21 | 18,49 | 100,0 | 100,0 | 100,0 | 100,0
[ A 68,70 | 53,75 | 1,76 2,62 | 10,81 | 89,78 | 39,00 | 42,75 | 40,16
1{ A 31,30 | 13,43 | 6,04 7,70 | 35,35 | 10,22 | 61,00 | 57,25 | 59,84
RIstsetg 100,0 | 41,13 | 3,10 4,21 | 18,49 | 100,0 | 100,0 | 100,0 | 100,0

0
] otsH Iz ¢ 2% Fe ‘

btknts] BOCddlsdsy GBBGEOMN jdedi (efw) dfimfmdzi HE,
Ctolzf desfplsd 7110, 0+0, 0 &k, +5,0+0,0 &R d 13,0
SsO¢C odHdzs dL HOddz' = IOBAZdYy 2, o' AatsH BBOc dzdIsd
69, 40 %, tdtedzdifts yjj eBj3L, @ 5363 ,d49dL o dzj yjdedd Fe o
89,7890, 26 %. wuwBHjy Odzdj Mjter o BOGd2dAd2% fHtdafs
dL o dzj yj dedsdd , B®%.00 v Mils Odztso dzj dzts, Yls ts ¢ dzO
Mih jflse j dzdatsets o dzdW dzdV s dz@ tcBOMG BB o tf 51 thdE | B H E
dLodzj yjdeds jcets o dBROcdzdlsdzzs WteOC yds .

50CdB HEREOAMs BEOC dzd s dzOW  fyj f OteOydw dzj 5B f
sBBGEOMN jddvy (MsHjtey Odzdj Fe M tHdtsotc] d@3j ®®der oz [
Uj ' r HOd Gz 2" BB B G] s8HE s dedatzs o B MBS ds
HicsBdzj dzgdd Y wfwa Y dJLd&3jdz yidedy Y [ [ wuw, ftetso jH

1 sz yj dzdz’ 2 fesBftesHEZS K &) IstsH s d-1iPz 20520 ,df0 Gk
fted 0,2 wvdz, ftHejtcOdd dL @BHMz Q) Gzd dB3d3H G dz§ dzaxf fi
fsdzlz g dzdz” 2 dL oBj ozt Y dzdz” 2 RO jted Oz zOf tcOo d dzq
2Oy tew 3 j dedztslsd BOGdedIsdese s ftsdzvw 0, 24 wvdz (IsOBd
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v OB dzd Q) L3k dz! 2SO difls OH d Odz' dzs?2 BOG dzd sdzs?2 fj §f Otc O

[ Mdesa dePy 1 =0, 2 wvdz (7T10, 0+0, O d3q

gtsH j 6y O i, RL 9 dzj j P,

L esHEd 0% J 6y @dg JIU(BqJ
Fe S Al 203 SIOz Fe S Al 203 SIOz
Rfr 8SH g 100,0 | 41,23 | 3,10 4,21 18,49 | 100,0 | 100,0 | 100,0 | 100,0
[ A 69,40 | 53,49 | 2,42 2,61 11,36 | 90,26 | 54,00 | 43,02 | 42,64

1{ A 30,60 | 13,09 | 4,65 7,84 | 3466 | 9,74 | 46,00 | 56,98 | 57,36
RIsse¢tg 100,0 | 41,23 | 3,10 | 4,21 | 18,49 | 100,0 | 100,0 | 100,0 | 100,0
1 jtej ydmls8§oOH=0, 24 vdz (1T0,071+0,0
Rf- tsH d 100,0 | 53,49 | 2,42 2,61 | 11,36 | 100,0 | 100,0 | 100,0 | 100,0
I A 68,90 | 67,48 | 0,16 | 0,66 1,98 | 86,92 | 4,60 | 17,42 | 12,01
11 A 31,10 | 22,50 | 7,42 6,93 | 32,14 | 13,08 | 95,40 | 82,58 | 87,99
RIstseg g 100,0 | 53,49 | 2,42 2,61 | 11,36 | 100,0 | 100,0 | 100,0 | 100,0

RL HOdgdz R3olgf@edalsd y'ylsts ftcd BsCtetsd3 d3OG dzd Is dzts a3
NddziLs fssHddBOjIsmMw M 53, 49% HBS 67, 48% dL o
mMsMlsQoadzv jIs 86, 92 %, MtsH j ey OdzdJ My ter fndzd  O4 I
N d dzd L dgr 2 Ctsdzyj dzlstc Ols MtsMmils DAz Hs MF,j GFD%. H tous
Yol aYdLdjd' yjdedj Y[ [ &, f sL 9 tsdzd dzts f sdzzydls:
Mtstslse jIsMisealzjls bttjBtsoOddydt s COyjMmlselkz Fe
Ctsdzyj des s OO i3detsy dLodzj yidedd N JddzjL O tsls Isj n dztsc
fjter 2, 50 %.

Il T 9BHT
LrRiMdzj HEZ) Bisj Isjodtsejdedzsj fMrte!y ROLOSCI]teqd
h jdedg" d@3 MtsH jtey Oded j o5 Mjter (3, 10%), vylbsts tsB
j Clsdoedg A Bj stsH s sBtsG Oh j dzad W , dzOtf tc ©Oo dzj dz
j o) Odzcff*y JFia] Jd fffedz o Odzd ¥ S.
OOk L cuOdkdsdjktedyj MSses MeMls0s O ¢ C
Helbsyj dz® o € d&zOMMOR Cwkfdsfmisd 110, 0+5, 0
O 5 CEOMMOE Wodv v lsdzshdtslydy agd) 4!
jdzdj MBHjteyOddw Mmjtr, ybkt MmModHujlsjd Mmise
Oizse ftod Ctolzf dzsds HtctsB dzj dzd .
knOv BOCdkdlsdOY Mmjfowoydw s € dOMMOd ¢t
, 0+0, 0 b3 tsBJ MY jude Of Is Isfors dgiz dpitsdzdf Jte 3 dIEL dcfids dits
L, 75% fted dLoi@PYREdd Fasds 9 ,s8s kil Odase dzj dzts,
OL" 80jls Mkh jMmlse j dzdesets o dzdw dzdw dz@ € Oy Miso
Holzh fi
10,0

Sexs IF =
MWW OF-F7F G=¢
Q—“Q—ﬁ' Q—.qQ—. —

WRORI T =O
Sjl_q_.

4.1 tod d3j daj dzd J SOHJOdz! dzts?2 fr g o3 sBtSG O
71+0,0 &3 (deij dwBjdaid 80
Csdeyj delstcOIlsj HE 67, 48%

B4 dz' A deff gzO My O

Hjtey Odzdd YJdzjLO 9
odzj yjdedd Fe 86, 92 %.
6.4 C oL dzts | q’Ladz yddzdy Y4 dzijL O s dMmrtsHdsGE s

a0 FOo-
I_m'l_

H o k1o fdzOdetf D fr]EJd3 MmisOo qd2s, 50 %, 4 2Wsts ffjited s ¢
LWWjiClkdodetsis: ftoj Hdztsy j dedets? Isjrdesdzsedd d f j°
sSBtOLBOoOdzd?2 o f jtojtcOBtsSlIsClk M §fdkzyj ddj &3 ¢ dzH
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RMissydzed € d
1RO SEBOYdGdfits 2tc s detcls Ols Ods o j Hj ded ¥ | SfkH Ot f

L O 2021 GBBH ( e c Wtpsw/doifomeabgosfand.kz/wp
content/uploads/2022/12/Informanimyj-obzor_2021.pdf
2 kzetsoamMEOW RrR. |, CClkh ddzOg v ff 6®@o dzj dkdidud 429 gzt

kg dzj e Odz! dets @ s fpr ! w fts ¢ s dsffrpidgtCofrfizts dglg L wffisteds
ftoetsdL o sHMIsa BB5.1/ / 1grR ¢TGN Mttps//doi.org/10.25018/0234.493
20251-0-154.giab-online.ru

3[krlsOte ¢. ¢., [OCOhjoO ¢.8., sOM BBOO 1. 5.,
BOtec Odzj y YOdzH' YIsOte" dz BBOGcdzdIsls®™ &€ BO2TM sk 3l ¢
S OL On fi)BORHZO4 T & . 330.https//doi.org/10.48081GDOV2218
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L $19.8:621.926

dbroluvoArRc Jrtdcovrvduvuvy s [lrcfRrR RYSUT?Y]
s Joaftouvft13f veffIRrRCS 1O VERfCLL tUrLYL

[ Odzr h]j 93] OC Oh o P2

e ¢mfRrR dda3. r. dBdh jocC
Af cdg] di¢ﬁﬁgcﬁﬁm]@dwiowﬂmﬁﬁ

RL d3) dz yli@E(jjtc d ©®w8 e d y qussipdssh ¢ lsdg® d B &g 4 d
B Mzemsy GBS dd  sOf Ods ) sOdedzb e dyj MS e § o d
GOl j BOdUj MSseEts Off OO0, cBiMijEdo@s) | ZHkE
sjodsdsedy i dL Bj d uj dedv t©OL dzd yde' 2 BOIs j ted
E]JBJWSBCIOBBWSCI ftesyd MMO, { toj H ifldaECdevdiuy Miftize ts 2L
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UDC 669.168

SILI CARBI BREVI EOFSYNTHEMBEBHODSROPERTI ES,
APPLI CATI ONS

Burumbayev A., Sadyk Zh.,Makisheva Zh., Temirbayeva E.

Zh.AbishexChemicalMetallurgical Institute,Karaganda,Kazakhstan

The study of silicon carbide (SiC) began in 1824 with Jacob Berzelius and was

subsequently continued in the works of Despretz (1849), Marsden (188@pkswch (1882).

Under natural conditions, SiC is a rare mineral, occurring in small quantities in kimberlite pipes.
However, SiC is widely distributed in outer space, and its concentrated particulate forms are
frequently found in meteorites. The first Siystals were discovered by Henri Moissan during

his investigation ofmeteorites in theanyons otheArizonadesert; in his honor, thaineral

was named moissanite. At present, polycrystalline SiC is produced in electric furnaces at
temperatures of 180@300 °C by the carbothermic reduction of silicon dioxide with carbon:

SiO; +3C =SiC +2C
Silicon carbide (SiC) is considered the only binary compound formed by elements of
Group IV of the periodic table. In terms of the type of chemical bonding, ihgelm covalent

crystals. Strong chemical bonds determine its high chemical, radiation, thermal, and mechanical
stability. The main properties of SiC are presented in Table 1 below.

Table 17 Main Propertiesof SiC

Melting point 2730°C
Density 3,21 g/ sn?
Hardnes®nthe Mohsscale 9-9,5
Coefficientof thermalexpansion 4,07110 K
Electricalconductivity Semiconductor
Bandgap 2,363,234 |
Bondenergy 313kJ/mol

Synthesis Methods

AchesorMethod

Silicon carbide (SiC) was synthesized in the latmeteenth century almost
simultaneouslyby several researcherfcluding Schitzenberger, Moissan, aAadheson.
Among these, the method proposed and patented by Acheson has become the principal
technologywidely used for the industriacale production dbiC [1].

The Acheson method is based on mixing silicon dioxide with-dstv carbonaceous
materials and processing the mixture at high temperatures in a specially designed graphite
electric furnace. The furnace core is typically composed of coke piecesglthwhich an
electric current is passed via electrodes. During the process, the temperature rises to
approximately 2502600 °C.

Under the influence of high temperature, a carbothermic reduction reaction occurs
between silicon dioxide and carbon, resqgtin the formation of silicon carbide and carbon
monoxide:
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Si0; + 3C =SiC +2C0O(1600:2500°C)

The duration of a single production cycle using this technology is approximately 40
hours. The main drawback of the Acheson method is the relativelgbigant of foreign and
impurity elements in theesulting product. Forthis reason, although SiC obtained thys
method mayjn somecasesform singlecrystal plateswith dimensiongeachingl0i 15 mm,
the presence of a large number of structural defacid impurities significantly limits its
application as a semiconductor material [2].

Nevertheless, SiC produced by theheson method is widely used in the manufacture of
abrasive materials and also serves as a source of the vapor phase during thefgsa@ith o
crystals using the Lely method.

LelyandLETI Methods

Among sublimation crystal growth technologies, one of the most advanced methods is
the Lely method [3]. In 1955, Ja&nthony Lely demonstrated for the first time the possibility
of obtaininghigh-purity, highquality SiC. This technology enables the formation of fikke
single crystals composed of the hexagonal3@ polytype on the surface of a cooled substrate.

The Lely method was initially implemented in an argon atmosphere insidephitgra
crucible at a temperature of approximately 2500 °C. However, such extreme temperature
conditions limited the crystal growth zone and did not allow a significant increase in the size of
the obtained SiC crystals. Despite this limitation, crystalli@@Boduced by this method made
it possible to comprehensively investigate the fundamental physical properties of the material,
including its electrical and optical characteristics.The results showed that SiC is a
semiconductor with an indirect band gapgow probability of radiative recombination, and a
band gap widththat depends on its polytypic structure. Nevertheless, due to the formation of
relatively small crystals, the Lely method is considered inefficient for industrial or mass
production [4].

This method is based on the sublimation of polycrystalline SiC at temperatures in the
range of 25002650 °C and its subsequent condensation in a keveperature region, leading
to crystal growth.Typically, in the technologicalprocess SiC is pre-pressednto a sleeve
shaped form and placed inside a carbon crucible. The temperature of the inner surface of the
sleeve is approximately 580 °C lower than that of the outer wall. As a result of this
temperature gradient, SiC vapor condenses in the coolenregeating favorable conditions
for the formation of randomly oriented single crystals. Crystal growth occurs over a relatively
wide temperature interval [5].

PhysicalVapor Transport Method

When applying the Lely method, crystal growth occurs in a random manner, and the
inability to precisely control and regulate the growth process leads to the formation of a large
number of smalkized crystals. To overcome this limitation, the use of desnystal seed to
direct crystal growth was proposed, enabling the growth of large singgal silicon carbide
[6].

This approach was first proposed in 1979 in the works of V. F. Tsvetkov and Yu. M.
Tairovandwas establishedsanimprovedversionof the Lelymethod.Today,thistechnology
is known as the Physical Vapor Transport(PVT) method. The principle of the method
involvesgrowing crystals by condensing saturated SiC vapor, formed as a result of sublimation,
onto the surface of a ppreparedsinglecrystal seed.

Polycrystalline SiC (source material) is located in the féghperature zone, typically
within the range of 180@600 °C. The vapor phase is transported to the surface of the single
crystal seed located in a relatively lowtemperatire zone, where crystallization occurs under
supersaturated conditions. In this way, the crystal size can be gradually increased by repeating
multilayer growth cycles.
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SeltPropagating HighTemperature Synthesis (SHS) and Volume Combustion Synthesis
(VCS)Methods

Among solidphase reduction technologies for producing SiC,-m&pagating high
temperature synthesis (SHS) and volume combustion synthesis (VCS) methods are widely
used. In both cases, the initial reactant mixture is prepared in the forpnesl@aped compact.

In theSHSmethod thecombustiorreactionis initially ignitedin alocalizedregionof the
reactant mixture and then spontaneously propagates through the remaining volume of the
compact due to the heat released during the reactios pfécess is characterized by a high
exothermic effect and requires minimal external energy input.

In contrast, in the volume combustion synthesis (VCS) method, the entire compact is
uniformly heated prior to reaction initiation, resulting in samultaneous chemical
transformation throughout the entire volume of the material. This approach is typically
employed when the amount of heat released during the exothermic reaction is relatively low,
whereas for highly exothermic systems, the SHS meathodnsidered more efficient [7].

Applicationsof Silicon Carbide(SiC)

Silicon carbide (SiC) is a multifunctional material characterized by high hardness,
thermal stability, chemical inertness, and a wide range of electrical properties. The combination
of these characteristics enables its widespread use across various industrial sectors [8].

First and foremost, SiC is widely used as an abrasive material. Due to its high hardness
on the Mohs scale, S#Gased abrasives are employed in the processing, girail cutting
of metals, ceramics, and composite materials [9].

The high melting point and oxidation resistance of SiC allow its application as a refractory
and structural material. Sifased components are extensively used in metallurgical furnaces,
high-temperature reactors, heat exchangers, and elements operating in aggressive environments
[10].

SiC is also of particular importance as a semiconductor material. Its wide band gap, high
breakdown electric field strength, and high thermal conductivity nfa&esuitable for the
development of higipower, hightemperature, and higihequency electronic devices.
Consequently, it is consideredpeomisingmaterial forpowerelectronics, radio engineering,
and optoelectronics [11].

In addition, owing to its higmechanical strength and wear resistance, SiC is used in the
production of protective coatings, armored components, and parts employed in friction units.
In the biomedical field, its biocompatibility is being actively investigated, and the potential for
its application in implants and sensor devices is under consideration.

Taking the above factors into account, the SiC market is expected to maintain a high
growth rateduringthe forecastperiod. The dominantcountriesand regions irSiC production
are shownn Figure 1.

During the forecast period, tiesia-Pacific region is expected to hold a leading position
in the SiC market. In countries such as China, India, and Japan, the growing demand for
advanced and upgraded technologies across various industlieding electronics,
automotive manufacturing, and the defense seastdriving increased consumption of silicon
carbide.

This region also dominates the semiconductor market, a position further reinforced by
government support measures. Owing to stateipsland strategic development programs,
demand for silicon carbide is expected to continue rising in the coming years.

China is considered one of the largest consumers of semiconductors and is pursuing an
active policy aimed at expanding domestic prdituncin this sector. In 2019, semiconductors
were designated as one of the priority arese
Beijing. This initiative focuses on increasing the production of high vatloed products. By
2025, China aims to meapproximately 70% of its domestic semiconductor demand through
local manufacturing.
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Figure 17 Leading Regionsin the SiC Market

The semiconductor industry in India is also developing rapidly. According to data from
the Department of Electronics and Information Technology, more than 2,000 semiconductor
integrated circuits are designed annually in the country. The growth in praduotiomnes is
expected to create favorable conditions for the expansion of the silicon carbide market in the
future.

In addition, the India Electronics and Semiconductor Association (IESA) has signed a
memorandum of understanding with the Singapore SemimbmdindustryAssociation (SSIA)
to promote trade and technical cooperation in the electronics and semiconductor sectors. This
partnership may stimulate the development of innovative semiconductor manufacturing
technologies and further expand the scop&limion carbide applications in India [12].

The conducted literature review demonstrates that SiC synthesis technologies, structural
characteristics, and functional properties are directiated to the wide range of its
applications. The Acheson, LelgVT, SHS, and volume combustion methods differ in terms
of product structure, purity, and size, enabling the use of SiC in applications ranging from
abrasivematerials to highechnology semiconductor devices.

In recent years, the growing interest in 3i@s been driven by its resistance to high
temperaturesstrong electric fields, and aggressive environments, agll as its ability to
improveenergy efficiency. In particular, Sifased materials are gaining increasing importance
in electronics andsemiconductor industries and are widely applied in electric vehicles,
renewable energy systems, and power electronics.

Furthermore, market analysis indicates that SiC production and consumption are
geographically uneven. While the AsRacific region leads terms of production volume and
consumption levels, North America and Europe play a crucial role in the development of high
valueadded SiGbased technologies.
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Introduction . An analysis of the world raw material base for metallurgy shbatsevery
year there are fewer and fewer highality ore raw materials, and the requirements for metal
quality, on the contraryare growing. In this regard,thereis a needfor materialswith new
complexpropertiesIn orderto improvethe quality of the metalandintroducenew promising
technologiedt isnecessary to conductdepth physicachemical research. This determines the
increased role of physical chemistry, which is the basis for obtaining a metal with given
properties.

The effectivenesand feasibility of using any ferroalloys is determined not only by their
chemicalcomposition(concentratiorof the main elementsaindassociatedmpurities),but also
by their physicechemical properties (granulometric composition, density, surface quality
melting point,etc.). The practiceof steelmakingoroductiondeterminesot only the chemical
composition of ferroalloys when assessing their quality, but also their physical properties
(melting point, density, etc.) mainly determine the effectiveneaimfing steel in a bath.

The concept of the value of mineral raw materials is based on a whole complex of
characteristics. In this case, the cost of raw materials should be divided into economic and
metallurgical.The economicvalue of raw materialsis explainedby the costsof its extraction
from the subsurface and preliminary preparation (crushing, sorting, enrichment, etc.). Factors
determining the metallurgical value include: the amount of the leading element; the content and
multiplicity of slag, déermining the amount and composition of waste rock; harmful impurities
(phosphorus, sulfur, neferrous metals, etc.); the ability of ore to enrich; physical and
physicochemicalcharacteristics(strength, granulometric composition, porosity, moisture
capady, reductioncapacity,melting point, etc.); the sizeof the deposit the conditionsfor the
formation of ores and its geographical and economic conditions. The existing methods of
metallurgical assessment of mineral raw materials can be divideésitmoated, experimental
and manufacturedgespectively,on the basisof productionindicators(accordingto the final
technical economimdicatorsof thefunctioningof theenterpriseaggregateetc.),which differ
in different levels of accuracy for the specific conditions [1].

Theelectricalresistancef materialgs of importantpracticaimportancen theproduction
of ferroalloysin electric orethermalfurnacesin industry. With a changein the electrical
resistance of the raw material locatedhe ore thermal furnace, the main parameter of this
furnace’ a change in the operating voltageassociated. The power of the furnace, its electrical
and heat | osses, Cos U, and therefore one
indicators of tle technologicaprocess theactualconsumptiorof electricity dependsn the
amountof operatingvoltage.

Materials and methodsof research A lot of work has been devoted to the study of the
electrical resistance of various raw materials componergkeofric orethermal furnaces and
much attention has been paid to the problems of electrical resistance of individual concentrates
and raw materials used for smelting varidesroalloys during the developmentof the
productionof ferroalloysin high-powerelectric furnaces [2].

174



¢ dzd&zO0B QRO teAsAOES . 01 RrRZ[IusRrRy[1 RL026

16

15

17 carbongraphitetube;21 copperclampingring; 37 water- cooledcap;4 i water- cooledbody;
51 alundglass;61 test device; 7 protective nail; 8 thermocouple; 9 bottom electrode;
107 digital ohmmeter; 11 graphite bottom for alund cans; 120p electrode; 18 water cooling;

147 cargo; 15 lever; 16i electronic device for measuring shrinkage

Figure 171 Installation (crosssection)for determining specificelectrical resistance
and shrinkage

So, in experimental practice, the method proposed by V. I. Zhuchkov was widely used,
which makes it possible to determine the electrical resistance at high temperatures with a
simultaneous establishment of the degree of softdsminkage) of materials [3].

To measure the specific electrical resistance during heating, the coarseness of the source
material (for all raw component materials) waS Bim. Measurements were carried out in the
Tammarhigh-temperaturéaboratoryfurnace Studieson changesn theelectricalconductivity
of raw materials were carried out in the range 61860 °C, the heating rate is 15 degrees/min.
Resistance measurements by the Agroskin and Shumilovsky method are made every 50 °C. To
increase the infonation content of the received data, it is recommended to automatically record
the electrical resistance in the computer's memory every 30 seconds.

For this purpose, a special scheme was developed for connecting transducers to the
Tamman laboratory furnag&igure 1). The experiment unit consists of a Tamman furnace in
which the material is heated. The starting material with a height of 4 cm is placed in a cavity of
alund glass (5) (vial diameter 3 cm) installed in the Tamman furnace.

Datarecordingwascaried outusingconverter®f signalscomingfrom thethermocouple
(8), electrodeq9, 12) anda devicefor measuringshrinkage Graphiteelectrodeq9,12) with
holes in the thermocouple (8) were installed on both sides of the material to supply Vdlgage.
lower electrodés fixed motionlessandtheupperelectrodenastheability to decreasevhenthe
material shrinksunder the influence of load. The weight (14) constantlypressesthe top
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electrodeagainsthematerial thuscreatingatight bond.Thepressur@nthematerialwas0.02
0.04MPA. Through thebottomelectrodeof thealundtube,athermocouples placedto isolate
it from electriccurrent.

A.A. Agroskin and S.N. Lyandyros studied the change in coal resistance in the cooling
processafter preheating.Studieshave shownthat when cooling coal heatedto 400 °C, its
electrical resistanceeturnsits valueto the original value. In this casethelg } valueof coal
heatedo 600

°C at room temperature is approximately halved from the initial temperature and
corresponds to the resistance of coal at 400 °C. The electrical resistance of coal heated to 800
°C is slightly restored when cooled, and the electrical resistance of coadl headt000 °C is
practicallyunchanged.

Theelectricalresistancef coaldependenthedegreef theirmetamorphismCoalsin the
middle stage of metamorphism have a maximum specific electrical resistance. Coals in the low
stageof metamorphisnarecharaterizedby afairly largeelectricalconductivity,andmaterials
in the high carbonization stage with minimal electrical resistance [4].

Theamounbf specificelectricalresistancés affectedoytheamounbof mineralimpurities.

With the increase iash, the electrical resistance of low and medium carbonation coal at room
temperatur@lecreasegndat hightemperatureg increasesThis phenomenois explainedoy

the factthatorganicmatterin coal at a low stageof metamorphisnhasa significantly higher
electrical resistancthanmineralimpurities.Whenheatedthe electricalresistancef all coal
increasesvith an increase in their ash content [5].

The electrical resistance of the bulk layer of carbon materials consists of the resistance of
thematerial itself and the resistance of the transition contacts between the reducing parts. The
electrical resistance of the raw component increases with a decrease in the size of the carbon
reducing agent. The bath of the ferroalloy furnace is a volunoetniductor of the electric field.

The distribution of current and power here depends mainly on the electrical resistance of the
raw component, which, in turn, is determined by the electrical conductivity of the reducing
agent.

Resultsand their discussion Figure 2 shows the dependence of the temperature effect
on changes in the electrical resistance of coal sludge.

h

log (p) Om-cm

0 200 400 600 800 1000 1200 1400
Temperature, °C

Figure 21 Electrical resistanceof coalsdependingon temperature
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Graphical analysis showed that in the {mperature range of Z8D0°C, coal sludge is
characterized by high electrical resistivity, indicating properties close to those of an insulating
material.Startingfrom about600°C, apronouncedleclineis observedn theresistivitycurve.

In the temperature interval of 60®0 °C, the specific electrical resistivity decreases sharply.
This behavior is explained by the thermal decomposition of organic matter present in the coal
sludge, the formation of dispersed carbon, and the enhancement of semiconducting properties.

Within therange of 7501000 °C, the electrical resistivity gradually decreases and begins
to stabilize. At this stage, the electrical conductivity of the material increases significantly due
to the intensified formation of conductive carbon structures. At tempesasibove 1000 °C,
resistivity drops sharply as a result of intensified graphitization processes, leading to a further
I mprovement in the material s el ectrical <co

The temperaturdependent variation of the electrical resistivity of coal sludgeus
directlyrelatedto its structuralandphaseransformationsThesepatternandicatethe potential
for the efficient use of coal sludge as a reducing agent and as an auxiliary raw material in
ferroalloyproduction.

Conclusions

Coal sludgalemonstrates a pronounced decrease in electrical resistivity with increasing
temperature due to thermal decomposition, formation of conductive carbon phases, and
graphitization at high temperatures. These transformations significantly enhance its klectrica
conductivity above 600 °C.

The obtained results confirm the suitability of coal sludge as an effective reducing agent
and electrically conductive component in ferroalloy smelting, contributing to improved furnace
performance and energy efficiency.
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b dzr dzDOdz BHOf B tgH MBdzgH ' ¥ Is" tcD" HOdz B OD OdzO
Y "toOdlf ) - dzts dzs f @t Grtlzy Is@diz] Yells@e ) O lse” @imidB oYy " ted B § dz
sstf sOtc B®&" dzZ@diz@zb Isd ¥ j dijQaz' dijls ' & BEdzQiiztc e * L * dzH *
UOdzH Oz W L ¢ B GOHP@elsmis’ tcOr W bidzgw ) ( fgeE 2zh § to* dz' W
NDd0 % HjVWGEj2dzZj-@Y dEjfshdlzi®R' ' d2 W (lsOBdOd
B3y » Odzd € Odz" v B J BOO CBOIZHzE B D8P MBdEO® jIsIsj toH
B - Odzd B OWOY Isr dzr@ Rl dc'dDIYHI KHG) dHLQMB @ Gz Y Is OdzH '
OdgtsyY Y 'CH Qrlaidis|'pddzj L OY " d©3gH OdzD Odz Il dz@ ' dzj tcH " W M Odz

ltedSilslsjteHn" w Bite' SIs" 6" dz dzgj O" tedzf d3 HD dz M Odzt
Cj22ds@ls j e ®uzh ¥ why ™ Gol€ydgkj SO LD @l "Qldz" v Is @deds'd y j M) daH
s dzi €' LG Edzh Jd&3gH " € WtwOCydwdz v dG3OMMOdz y
(d3d » Oded § OU ¥ dsjedsjp ) toGRltds Bdad S j l6dg fB MigM' dz' ¥ s O,
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sjodsdzsedW d' ¥ IS"©O' HOdz ¥ OwO®HT Hi§ jmjtls
BOIs j tod Chd Yo jlidis @C yd v dzOt, Isjodgsdzsedw dzr ¥ IS" D' H
+10 BB HEOCydwmrdrw Ndjf' BsBtdCjls MOfONr dr w
0 ' dZB @RS j Islsj o’ v lOECab Pl ‘Mt slsj € OdhjB et |

Ispy ' ted Bly Hajftp@dzir ¥ dzoB8dy Fdednts'y vl X d dzOy sOdzr

SiMip Oy 1h dg HO2' dzH OzDOdz BledS jlslsjten' W fMOd

g "2 hy di 5% g "2 hy di 10%

i s’ te , i ffls*' to

] D(gzlhﬁ)*‘ 4 O kBal JCUJ 2 d D(d-fh Y94 0 zasa ° JQU; 2 d

0 &&OT O &EO T
1 | 3515 | 43.10 41,15 35/14 | 48,65 44,05
2 | 3515 | 44,65 40,10 3514 | 4345 41,00
3 | 3515 | 44,00 41,20 3514 | 46,00 42,15
4 | 3515 | 48,00 43,30 3515 | 43,00 42,10
5 | 3515 | 48,70 44,25 3515 | 46,50 43,50
6 | 3515 | 46,95 43,10 3515 | 47,10 43,75
7 | 35115 | 4345 40,30 35/15 | 48,10 46,30
8 | 3515 | 46,70 42,15 3516 | 47,75 44,20
o | 3516 | 49,30 43,95 35/16 | 47,35 43,95
10 | 3516 | 49,15 44,50 35/16 | 49,50 46,41

i

2-) Iz tei juls dz@yh ‘HAD 2 T dzH @ deT @ gz g b5 1 jols

[O2" ZHOdZOOdz BEdCjlsjten' W dzgjcd'Lae’ WdLdSae
Gitdijstedwdz v Edh jd&sH jte', BOMISOYY"r B&Emififidn H jy C
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ddz. 1 "dz HjtejCIsjte BO2dzOdMZ Misr tcDr h 3
‘oz U RUKLPBwPEHEY HBOMMOMr oijdz Isr o
BODOdZzZOEZDO BN MBS  dH' & BJjtJH' . uDY"  ted
DteBlStsf BS2Tr dzgh © dz Il dz¢* HO2'" dzH OdzH T . sjfmilsjHj
s Oy Ils" 6j g Istedw dzf Yistee dzhhjQ@EBQ dujdgle dB (i b B digrizs d
Mdf OlslsOdzOHT , B"d& ftejMmMisjlkz 3 ODHO2 zZOtr dz" W B "' tc€

D ORS@BHB" 2" Y hrdzr BOt BtodSjlslsjtoH W ftcj Ml
BOMMOMr 46, 4 6 Y"teOHT, Odz Cjtl' tzGdg@=ECde 28 ,db
BZOMMOdzr v yt500dkzkkzoO® Mp2¢jifp CJidiH' . 1v"d }t0C
BO2 &zOdzr s " Hprdy 17004l deod@fdg J IsQsjitelsi'jtcz BQ MM Q@zarjYe
N S00@s B sdzH 7 @ Stels-@O@G W8N MQc24 6dz s EGZ] deHG4o , W D
1 "dz BO2 d&zOdzg' flsr cor h BEdzh jto' dg' W Otelskzr Cjtls’ to
rYfOdz jIsjls' dg dz2 ypdzgj MtsWDr IsrOfr LHTMYIsrw Y500t

r Odzff r Odzo OdzH O, Odz" dzDOdz debilsdy j dzj &6 Mmm2r Y
BOMMOdzr ¥ % O0YMm" MOLQdsZ fdz VIO®SQABAFPY N Ddzj Is
IsnL " dzlz' dzgj pDCjdzjls' dz' dz SEtGMyIsJH' . 1 O d&zOdzr Misr to
Ndlke' dz €' L BsdzkEr 2O B O2 dZOdz' fls™ MOdzr Misr tc dBO dz'

2 & Bd Sl Clsjdz nh tcils IsOMmls Ofiyr dZOtR Ws'Oda™ dz™y
dzp Is d % § dzj to ' ( Iseqtigfy il j & i) Ids@sdzHC @ @ B YYP'M9O &35 @H @ pdzy 109
Mn2ry BOW BtedCjlklsjte OOMr dzhO® O2IsOtedz’ YIsO2
( dzj € Is' € dzoslOdizH OP tc dz'l O / GRAc OS¢ y d W dZOrtcD rdaz'win'5 30 y

" dzf  BtOdeS jlishs'pAE9 1 %, Odz 10% Mmm2ry hr dzi930Ot Bt
OQcOdzr D" dzH ©® BB dzZH ' .

{ ©61sjCn j § @ gz Gzp P IS Wbz Pl t8'tedfd jj G5 Q fipr 1626 O
fMn2ry & Otddre ' dagilcri O dad 8 Pzt s’ ' dzO dz' M lsr Gadze ' 'dzj tc 6 §
Y OtcODO@ezOd3j 12 %1 3NS50 Oter BisdzH T . 1 E dzd3j Is j ot j to
Btod € jllshlsgdedz ©O2 " ted3Oh ' dz' ¥ fp di4d YosP OO Oy Bt f,

roOdzf ¥ OdzOOdzH O, " 2 7-iy O Hzr-W %HRRE 2" e teO telds 15 %clz B
Bt Cls'"¢' dzgy J dzj 2dz’ DMjtodzjdst iy Qelh § & 6z dzD Oz

h " B2 dzOdz” fylsr D" NIsT W 5% dBBEdh jte' dz N jlsC" dz' CIs
sWIsO2dz Hjf MOdZOEZODO BtsdZOH' . 1 vdz Ctdayj dzelstcOyY
fi"¢j Idjk SjL ' dHj YOYjls BtsdzOIsT dz g risie djj IsiZc {f
ftosyjMmls' v 1 CodsdBdCOdzr ¥ Isd' d3H' dz' ¢' dz MOYISO2HT

sjfisji 13t Cls' €Cj M dzOkHOdz §j2 dee' BwdCjlslsj
Etefj kS  hisjts

%M 20 Y M’ #OHOd 10%Mm" 20 vdr Y50 &
BiodCjlsksj o BidCjlsls t
1 E dzd3j 1 E dzd3j
[ oyt s 'i';lst? sj s j Ol b ° 9 'i';bt? 5] a5t j £ Ols b
- Cifls t' Cifls t'
(dzj S5’ €| [ dzj CsOdEn d [ dzj Sh' € | [ cdzj SO dn
+10610,% +10610,% +10610,% +10610,%
1 91.11/8.79 87.36/12.64 93.14/6.86 90,00/10,00
2 83.64/1636 | 79,14/20.96 85.32/14,68 81.28/18,72
3 81.27/18.73 | 66.71/33.29 82.13/17.87 70.12/29.88

Dtste’ IsT dzH ™ dzOte
[ LjtllsjkHj "MOk fjttOydw zOter B O i)' d
Isj - desdzsemf v ‘M dzj detlzf = tcbddPtcd Odazdjc Olsztc Odz@ze™ delz H j
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stslsT Yy L HOdzH " tdgjOls ' MEBPE PdzBdzz  d3il i3S dzHB' O’ O iz tzB § ¢
0 dzr dzuDdz ¥ j dzj'eihON@W dz OcdzH' dz OdkzO® BtedSjlslsjbk i
BjOdk&ztee W d ¥ EWHjkE] Isjodtsdscdwd ¢y Is"gor
sq' osH'jf'jdz dz SEtMmjIsls’ .

5Dy tdB j tzls® jBLOR MO dzr i) lsHE e jdig ' | j § Is) @& H 02 &zOte "
Od' Z0Odz BEdCjlslsjn' W WdLdCOd ¥ ybpdaj d5j o Oc

Odz' YIsOH' . 1 0Obted2 MdddSOlsr dr W P2 a0 %mrj &' diz
Otclsls™ oz SGjLf izHigk RBOMMOdzr w Oy Mmr MOy lOdzk' dzO
3500t Ok dz0 Odr § CjdH' . ¢ &O2HO, BO2 kO

B~ O COdz" Y Bjte" CIs" 6" dzgj bDMJ te MmMoOdzr Misr tc 3O dz’
tod Y dd3' dzj BO2 dzOdz' Mmisr 5%tcybitlz] dA0® BBOJ IZPHLE Nnis
BJte' Cls' € 0O 4AgdOdez @ OHH," 5 B"dz BO2 &zOdzr fisr tcD
Otclslsr oz O2IOtcdzr YISO2 Isjrdesdzsedwdzr vy Otelsr yhr dzr

v OMmlsOk Mmr dzZOYy sOter By dz J dzg S Is' € sOdzH Oz  dzb |
dzj GHY ' dgOIstcd?2 Mddzd C Ol dzr w 5% e dzh § o Btod € j Isk
sdjkz nh* " dz vyoy,jihsis® J W IsE d3j dzGc BBy - Odzed S Odz" ¥ B
OQdz' YIsOdzH T . 1 "dz BO2 d&zOdz"r st tcOr' h HjwWweEj 2" B34 = OC
Isd ' d3dH ' dz' ¢ OO dis Pwif § Is” YORBISOBOMr L jIs' f, '
LJtelslsjkzdzjte d&Bjdz BtsdzOM OYIsO EdzgjteC D" fIs' € Y s dz
sOB"™ dzOH T .

r Odzff r Odz0D OdzH O, DL "tedzj dz6 j dz BtdSC jIslsjbkz Isjnc
stslsT yMr L HOdgH ™ tcD T h toj Is' dzH j "lsT d3H T f O2 H ©dzO dzk
EdzH ' tc' g) BtgIgl v Isd" d@gH " dz' € G Jjdz Is"tcOylIsr dzf YIsT
dzbD Isd % J dzj 6RO tectOxEFCYO Is Zded dzOtc ' dz BOdzy " Iskz cjL'd
B sOzdzetee dwdzrday " dg' dziiuslilsils j G | BODM IslsOd&zDOdz € ] :
1 CMYf jtod d3j ®IOEZOR Hdz] ¢ ' L

cCHjBdJjIsls] to

1 Sariyev,0.,AlmagambetovA., etal. (2025).Developmenbf aBriquettingMethodfor Dust
from High-CarbonFerrochrome&rushingJsingVibropressingpnanindustrialScaleandlits
Subsequent Remelting. Materials, 18(11), Article 2608.
https://doi.org/10.3390/ma18112608

2 PascoalA. L. (2022). Study of thePhysical Behaviour and théarbothermal Reduction
Potential of Sel-Reducing Briquettes Producewdth Silica Fume andvarious Binders.
Sustainability,14(17),Article 10963 .https://doi.0g/10.3390/su141710963

3 Li, Y., Chen,H.,, HammamA., etal. (2021).Studyof an OrganicBinder of Cold-Bonded
Briquettes with Two Different Iron Bearing Materials. Materials, 14(11), Article 2952.
https://doi.org/10.3390/mal4112952

4 Mogalanyane J. O., et al. Evaluation of binderless briquettes as potential feed for ferronickel
processing // Minerals. 2025. Vol. 15, No. 7. Article 756. DOI: 10.3390/min15070756.

5 Dmitriev, A. N. (2025).Investigationof the Possibilityof ObtainingMetallizedBriquettes
from Ore by Direct Reduction and Pressure Application. Metals, 15(11), Article 1250.
https://doi.org/10.3390/met15111250
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l AatH] dMmdi Htse Odd?2 MmMdMmisj B3OIsdyd MS O {566
Zydls™ o @ dsdnf§ 'ts,dzfeSdiz] W te] L Ofdatsiindz) B te(BQ df'dlsin tc O o dzj dzd *
s dzlz y O Mtz ® O o dzy & gz@idnjdesstas(ndd B § I.ded] dzd ufigfodoy © 2 dzts 2
fsctej hdeslsd L dzOydlsj dz dets ftejor hOjls Meddsz Mmdf
ftedBtste®, Istsydtsimils: dJL d3jtejdzd?2 ity HJdzvjlsmw dd
o3 Msts HtojHjdz dets?2 HtsGtej hdzsmisd M sdz L 28 Is Md
J sOBddyy 1 d dO wdmizdscj 1 fHtedejHjdzm +CMmy
LaMgCuVMnGO .

s OB d&zd YO ¢ UMY jtoj i3j dzls Ocdz! dz' § L dzOyJ dzd "o OlzP# @fs fs o3
A
B3O dz¢ O AfIECAVMNO 75 [w € @, T 1/ @S°DeN) %/ ( dssdz! Ls) ]

U s u e d ut°°6 U s u € d uto°6
298.15 0,553% 0,0084 250°11 498 0,72270,0077 32710
323 0,84230,0034 381°4 523 0,6250 0,0064 2838
348 0,7680 0,0081 341°10 548 0,5560 0,0050 2526
373 0,72170,0057 3277 573 0,67840,0074 3079
398 0,7526 0,0054 3417 598 0,7690 0,0086 34811
423 0,7942 0,0082 360° 10 623 0,7822 0,0066 3548
448 0,8297 0,0049 376°6 648 0,8078 0,0085 366’11
473 0,9085 0,0091 411°11 673 0,82750,0094 37512

Cp Ax/Tmonm K)

750

700

250

23 42 23 623 1K
t Mk daies) i j Ol tedzO" L Oo dfd dstsfls: Isj  dztsj &S ts

1 Olsj BB j 6 Ols Ote dpth)Y B ) kzth § HAANOGB/HINOrs o © W o dzg- de'
SBteOLUdW) ClsT fted 323 d 473 s, s ls dztieftsn 'Od J i§ws d
WOoLBser j fJjtej n BSHB,ZMdatgjotaijvdy dzts 4 W W | € Is Odzd Z5ls ¢
fcdzEftcscotsHdzd S Boats?2 ftosotsHdBsMIsd € d&j IsOdzdzd u g -
Hd! dzj SIstedyj MEts?2 Jtesded yoOj dzssmisd, Md cgdzj stst dzj €
1dddz2v d Hts.
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a0 =- (1500+40) 3216,5+85,910°T + (872,37+23,29)0°T2, (3734735 ) ,  (3)

w0 =- (4837+£129)+ (6025,8+160,8)L0°T + (5365,63+143,17)°T?, (4735485 ) , ( 4)
0= (2657+71)i (2220,47+59,2)0°T T (3569,1795,23)C°T?, (5486735 ) .
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MtsMisOo gy B5%, Mot H j Isj deHftpldndsisjoly to dzts i ls i OtfiadaizZ  j ¢
I 5 tsdzdzed Is jodpitedfied ¢ Oy d & sBJMfjyddz MmMtcOo dzdlsj dz' o
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1440, 3/0, 80,489 -0, 78 0,23 0,79 0, 250, 24
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0,2684 | 0,2895 |0,3606| 0,3650| -0,6181| 0,539 |0,118/0,1182 0,655|0,6430
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