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cepebpa B LWITENH Npu ONTUManbHbIX YCNOBUAX MMaBKM U ONTMManbHOM cocTaBe Lnaka coctasuno 98,7-99,1 % n 79,9-98,3 %,
COOTBETCTBEHHO.
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COMPLEX FERROALLOY OBTAINING from SILICON- and ALUMINUM-
CONTAINING SILICA CLAY

Abstract. For increase of technological efficiency of raw materials in manufacture of silicon-containing alloys it is necessary to raise
reactivity of SiO, in the raw materials. The silica clay, which contains to 90 % of SiO, in amorphous, high active state, can be used as such
the raw material. The given article contains the research results of thermodynamic modelling and electrosmelting the Darbaza deposit
silica clay with obtaining a complex ferroalloy. The thermodynamic modelling has been performed by means of a software package
Outokumpu, and the electrosmelting — in an arc furnace. Temperature (from 500 to 2500°C) and iron amount (from 20 to 120 % from
the silica clay weight) effect on Si and Al distribution degree in a system silica clay-C-Fe has been determined. It has been found the
positive influence of iron on silicon extraction in an alloy (as FeSi, Fe,Si, Fe,Si,, Si) and reduction of silicon loss as SiO(g). From the
thermodynamic point of view the Darbaza silica clay can be applied for obtaining a ferroalloy FS45A10 (40 % of Si, 7.5-10 % of Al) at
2048-2100°C in the presence of 20-45 % of iron and 36 % of carbon from the silica clay weight. At the experimental electrosmelting a
charge contained 54 % of the silica clay, 22 % of coke and 24 % of steel shavings in an arc ore-thermal furnace the formation of a complex
ferroalloy contained 46-52.8 % of > Si+Al has been observed. In accordance with this parameter the ferroalloy obtained corresponds to

ferrosilicoaluminum of a grade of FS45A10.
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Introduction. Ferrosilicoaluminum applies
to the complex ferroalloys [1], which are
used for steel deoxidation and reduction of
content of nonmetallic inclusions in it. The
ferrosilicoaluminum requirement in the CIS
countries in the beginning of XXI century made 200
ths t a year [2]. Ferrosilicoaluminum is produced
from bauxites, high-ash coal, ash of thermal power
stations, carbonaceous rock [1-3]. In these raw
materials silicon is in a crystalline state. Increase
of intensity of smelting silicon-containing alloys
including ferrosilicoaluminum is possible at use
of the siliceous raw materials, which have raised
reactivity. Silica clay, which contains to 90 % of
silicon in the amorphous, high reactionary state (in
comparison with crystalline Si0,) can be used as
such the raw material. The basis of this statement is
the fact that AG®,, (SiO, amorph) =-849.8 kJ/mol, and
for Si0,(B-quartz) AG®,,, is more negative: -854.7
kJ/mol [4]. Presence of Al,O, in silica clay expands
its possibilities as the raw material; in particular
silica clay can become a potential material for

ferrosilicoaluminum manufacture. The given
article contains the research results on obtaining
ferrosilicoaluminum from the silica clay of the
Darbaza deposit (South Kazakhstan area).

Experimental Part. The researches have been
performed by means of a thermodynamic modelling
method and electrosmelting the silica clay in a mixture
with coke and iron shavings. The thermodynamic
modelling of interaction of the silica clay with
carbon and iron has been carried out with use of a
software package HSC-5.1, developed by the Finnish
metallurgical company Outokumpu [5]. This program
allows describing in detail the processes of ferroalloy
manufacture [6-8]. The modelling has been fulfilled
in a temperature interval of 500-2500°C. The carbon
amount has made 100 % from the amount theoretically
necessary for the full reduction of silicon, aluminium
and iron (36 % from the silica clay weight), and the
iron amount — from 20 to 120 % from the silica clay
weight. The equilibrium distribution of silicon and
aluminium between the initial substances and reaction
products has been determined.
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Electrosmelting a charge contained the silica clay
has been carried out in a single-phase furnace with
controlled capacity (from 5 to 25 kW). A diameter of
a graphite electrode is 3.0 cm, an internal diameter of
a graphite crucible is 6 cm. Weight of the charge is
0.7-0.8 kg. After the electrosmelting the crucible with
the charge has been cooled within 5-6 hours. Then
the crucible has been broken, and the melt products
have been weighed and analyzed for determination
of content of basic components. The alloy density
has been determined by a bottle method. Used the
information [9] about connection of the total silicon
and aluminum content (C,,, %) with the alloy
density (D, g/cm®) we have obtained the following
equations Cg = f(D):
for D =2.33-3.52 g/cm?:

C.. ., =690.679 — 545.783D + 166.151D?- 17.467D?% (1)

Si+Al

for D =3.52-6.09 g/cm’:
C.. . =130.878 —21.232D + 0.859D*

Si+Al

2

for D = 6.09-7.859 g/cm®:
C... =13755.875 - 1524.918D* + 208D* - 9.515D* (3)

Si+Al

These equations have been used for calculation
of the total content of silicon and aluminum. Several
samples of the ferroalloy have been analyzed with
use of a scanning electron microscope (JSM-6490LV
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Figure 1 — Temperature effect on aSi in a system
silica clay-C-20%Fe
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Japan). The silicon content has been determined
in certain samples by means of decomposition
with a mixture of hydrofluoric and nitric acids. At
determination of optimum technological parametres
in some cases a rototable second-order planning
method has been used [10].

The researches have been performed with the
silica clay with the following chemical composition:
77.8 % of Si0,, 11.6 % of ALO,, 1.5 % of CaO, 1.5
% of MgO, 3.4 % of Fe,0,, 1.8 % of KO, 0.7 % of
Na,0 1.7 % - other. The coke contained 87.8 % of
carbon and the steel shavings — 98.4 % of Fe.

Results Discussion. The information about
temperature effect on equilibrium  silicon
distribution degree (a, %) in a system silica clay-
carbon-iron at small iron amount (20 % from
weight of the silica clay) is represented in figure
1. It follows from the figure that the silicon turns
generally in the following compounds: SiO,,
FeSiO,, Al SiO,, SiC, Si, FeSi, SiO, MgSiO,. And
the FeSi formation is observed at T>1300 °C, and
the Si formation — at 1400 °C at that. Undesirable
formation of gaseous SiO begins at 1500 °C. The
increase in the iron amount to 120 % from the silica
clay mass leads to the disappearance of SiC. In
addition the iron content in the charge essentially
influences on equilibrium silicon distribution
degree (aSi) in the compounds FeSi, SiO(g) and Si.

The in-depth information about influence of
temperature and iron amount on silicon distribution in
silicon-containing substances is represented in figure 3.
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Figure 2 — Temperature effect on aSi in a system
silica clay-C-120%Fe
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Figure 3 — Influence of temperature and iron amount on aSi in silicon-containing substances in a system silica clay-C-mFe

It follows from the figure 3, that the increase in
iron amount from 20 % to 120 % from the silica
clay weight leads to the increase in a.Si in FeSi from
29.2 t0 86.2 %, reduction of aSi in SiO(g) from 23.1
to 5.4 %, decrease of aSi in element silicon from
50.6 % to 11.8 % and increase in silicon transition
degree from the silica clay in an alloy (as iron and
silicon silicides) from 80.6 to 95.4 %. The adequate
regression equation of temperature and iron amount
effect on the total transition degree of silicon in an
alloy (aSi))) looks like:

aSiY = -866.981 + 0.958+T - 2.58+10T - 0.397e
*Fe - 4.25103°Fe>+ 7.548+10FeeT (4)

A 3D picture of the dependence aSi) = f(T, Fe) and
horizontal sections of a response surface have allowed
to establish, that it is possible to reach aSi)_ from 80 to
89.3 % in a temperature area of 1860-2000°C and iron
amount from 93 to 120 % from the silica clay weight
(area abs, fig.4), and aSi)_ from 70 to 89 % - in a tem-
perature interval of 1775-2000°C and iron amount of
68-120 % (in area 260, figure.4).
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Figure 4 — Influence of temperature and iron amount on aSiy

Iron in the charge influences not only on the
transition degree of silicon in the alloy, but also
on the silicon and aluminium content in the alloy
(figure 5). The increase of iron amount leads to the
reduction of silicon content in the alloy from 51.7 %
to 20.8 % and aluminium content from 10.4 to 3.8
%.
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At the comparison of figures 3 and 5 it is evident,
that at constant temperature influence of the iron
amount in the charge on aSi); and C has opposite
character; at the increase of iron amount the silicon
extraction degree in the alloy increases, and silicon
and aluminium concentration in the alloy decreases.
It is obvious from figure 6.
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Figure 5 — Influence of temperature and iron amount on silicon and aluminium content in the alloy
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Figure 6 — Influence of temperature and iron amount on
silicon extraction degree in the alloy and silicon
and aluminium content in it

The alloy obtained is referred to the complex
compounds contained silicon and aluminium;
therefore it is important to know the iron amount
and temperature effect on the total content of
silicon and aluminium in the alloy (Cg,, ). At
the use of the rototable second-order planning
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method [10] the adequate equation C
T) has been found:

= f (Fe,

Si+Al

C..,, =46.18-3.757+102T+0.488+Fe+2.28¢

Si+Al
*10°eT+6.81210*eFe*-4.57¢10“T*Fe (5)

On the basis of the equation a solid response
surface and its horizontal sections have been
constructed (figure 7). It is follows from this
figure, that an alloy of a grade of FS45F10 (40 %
of Si, 7.5-12.5 % of Al, Y Si+Al = 47.5-52.5 %
[2]) can be produced in a technological area /mn
(T = 2048-2100°C and Fe = 20-45 % from the
silica clay weight). In so doing the aSi in the
alloy is 60-65 %.

At the eclectrosmelting a charge (54 % of the
silica clay, 22 % of coke, 24 % of steel shavings)
within 60 minutes a ferroalloy contained 46-52.8 %
of YSi+Al has been obtained. The electron
microscopic analysis of a surface of the ferroalloy
sample is represented in figure 8. It is follows
from this figure, that the alloy contains 48.92 % of
>'Si+Al(41.83 % of Siand 7.09 % of Al). The bottle
method has been used for determination of the
ferroalloy density, and then — the total silicon and
aluminum content Y. . in it. The alloy produced
according to the sum of silicon and aluminium
(46-52.8 %) corresponds to ferrosilicoaluminum of
a grade of FS45A10 [2].
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Figure 7 — Temperature and iron amount effect on the total silicon and aluminum content in the alloy
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Il — Content of elements
Figure 8 — Electron microscopic analysis of the alloy

Conclusions. On the basis of the research results
on obtaining an alloy contained silicon and alumini-
um from the silica clay it is possible to draw follow-
ing conclusions:

- main products of the carbothermic reduction
of'silicon and aluminium from the silica clay are FeSi,
Si, SiO(g), Fe,Si, Fe Si,, SiC, Al; the formation of
iron silicides is observed at T > 1300°C, and alumini-
um silicides — at T > 1700°C;

- the increase in iron amount from 20 to 120 %
from the silica clay mass allows to raise silicon tran-
sition degree from the silica clay in FeSi from 29.2 to
86.2 % and in the ferroalloy — from 79.6 to 94.9 %,
reduces the undesirable silicon transition in gaseous
SiO from 23.1 to 5.4 % and prevents practically com-
pletely the SiC formation;

- between the silicon and aluminum con-
centration in the alloy and silicon and aluminium
transition degree in the alloy a inversely propor-
tional dependence has been found: the increase in
iron amount from 20 to 120 % from the silica clay
weight at 2100°C reduces the aluminum concen-
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tration in the alloy from 10.4 to 3.4 %, the silicon
concentration — from 50.3 to 20 %, and the silicon
transition degree in the alloy increases from 79.6
to 94.9 %.

- from the thermodynamic point of view the
Darbaza silica clay can be applied for obtaining a
ferroalloy FS45A10 (40 % of Si, 7.5-10 % of Al)
at 2048-2100°C in the presence of 20-45 % of iron
and 36 % of carbon from the silica clay weight.
At the experimental electrosmelting a charge
contained 54 % of the silica clay, 22 % of coke
and 24 % of steel shavings in an arc ore-thermal
furnace a complex ferroalloy contained 46-52.8 % of
> Si+Al has been obtained. In accordance with this
parameter the ferroalloy obtained corresponds to
ferrosilicoaluminum of a grade of FS45A10.

REFERENCES

1 Druinskij M.N., Zhuchkov V.I. Poluchenie kompleksnykh
ferrosplavov iz mineral’nogo syr'ya Kazakhstana (Preparation of
complex ferroalloys from mineral raw materials in Kazakhstan).
Alma-Ata: Nauka.1988. 208. (in Russ.)

2 Gasik M., Ljakishev N.P., Teorija i tehnologija
Jelektrometallurgii ~ ferrosplavov  (Theory and technology
of  electrometallurgy  ferroalloys).  Moscow:SP  Intermet

Inzhiniring.1999. 764. (in Russ.)

3 Abishev D.N., Zharmenov A.A., Bajsanov S.O., Tolymtekov
M.Zh., Ahmetov A.B., Razrabotka tekhnologii i osvoenie
proizvodstva ferrosilikoalyuminiya (Technology Development and
production of materials ferrosilicoaluminum meeting). Abishevskie
chteniya— 2001: Mater soveshch. (Abishev Readings-2001:
Proceedings of conf.). Karaganda: Tri vetra.2002. 370-379. (in
Russ.)

4 Babushkin V.I.,, Matveev G.M., Mchedlov-Petrosjan O.P.
Termodinamika silikatov.(Thermodynamics of silicates). Moscow:
Strojizdat.1988. 408. (in Russ.)

5 Roine A. Outokumpu HSC Chemistry for Windows. Chemical
reactions and equilibrium software with extensive thermochemical
database. Pori: Outokumpu research. 04.2002. (in Eng.)

6 Shevko V.M., Serzhanov G.M., Ajtkulov D.K., AbzhanovaA.S.,
Tuleev M.A., Termodinamicheskoe modelirovanie sovmestnogo
vosstanovlenija metallov iz smesi oksidov s obrazovaniem hlorida
kal’cija i silicidov zheleza(Thermodynamic modeling joint recovery
of metals from oxide mixtures to form calcium chloride and iron
silicides).Kompleksnoe ispol’zovanie mineral’nogo syrja.2015. 3.
38-42. (in Russ.)

7 Shevko V.M., Serzhanov G.M., Karataeva G.B., Lavrov B.A,,
Thermodynamic features and experimental study of the extraction
of phosphorus from ferrophosphorus in presence of iron silicides.
Russian Metallurgy (Metally) 2015, 12, 1-6. (in Eng.)

8 Shevko V.M., Serzhanov G.M., Karataeva G.B., Uteeva
R.D., Vyplavka ferrosplavov s primeneniem nekoksuyushhihsja
uglej i othhodov ferrosplavov i otkhodov ih dobychi (Smelting of
ferroalloys using noncoking coal and ferro-alloys waste and their
production waste). Shymkent: YuKGU. 2015. 237. (in Russ.)

9 Dymov A.M., Tehnicheskij analiz rudy i metallov. (Technical
analysis of ores and metals). Moscow: Metallurgija. 1949. 483. (in
Russ.)

10 Akhnazarova S.L.,
ehksperimenta v khimicheskoj —

Kafarov B.V. Metody optimizatsii
tkehnologii. (Methods of



Metallurgy

experiments optimization in the chemical — technology). Moscow:
Vysshaya Shkola. 1985. 319. (in Russ.)

JINTEPATYPA

1 OpyvHckmin M.H., XyukoB B.W. lMonyyeHne KOMMMEKCHbIX
deppocnnaBoB U3 MUHEPanbHOro Cbipbsi KasaxcraHa. - Anma-ATta:
Hayka.1988.-208C.

2 Tacuk M.W., Nakmwer H.IM., Teopus wn TexHonorus
anekTpomeTannyprum  cdeppocnnasoB. - M.:C[1  WHTepmer
WHXUHUPUHT. 1999.-764C.

3 Abuwes [1.H., XKapmeHoB A.A., BaiicaHos C.O., TonbIMTekoB
M2K., AxwvetoB A.B., Paspabotka TexHOnormm u OCBOEHWEe
npou3BoacTBa heppocunmKoantioMmHmns // AbuieBckMe YTeHus—
2001: matep. coBell., Kaparanga: Tpu BeTpa. 2002.- C.370-379

4 BabywkuH B.W., MateeeB M., Mueanos-letpocsH O.I1.
TepmoaunHamumka cunukatoB. - M.: Ctpoiimnaaat. 1988.-408c.

5 Roine A. Outokumpu HSC Chemistry for Windows. Chemical
reactions and equilibrium software with extensive thermochemical

database. - Pori: Outokumpu research. 04.2002.

6 LLeBko B.M., CepxxaHoB M., Antkynos [.K., AbxaHoBa A.C.,
Tynees M.A., TepmoanMHaMmyeckoe MoAennpoBaHne COBMECTHOIO
BOCCTaHOBIIEHUSI METannoB U3 CMecu oKcuAaoB ¢ obpasoBaHuem
xnopuga KanbuMsi M cunuumpoB  xenesa//  KomnnekcHoe
Mcrnonb3oBaHne MyUHeparnbHoro cbipbs. 2015. Ne 3.— C. 38-42.

7 Shevko V.M., Serzhanov G.M., Karataeva G.B., Lavrov B.A.,
Thermodynamic features and experimental study of the extraction
of phosphorus from ferrophosphorus in presence of iron silicides.//
Russian Metallurgy (Metally) 2015, — Ne 12, — P. 1-6

8 Lesko B.M., CepxaHoB M., KapataeBa Ib., YTeeBa P[.,
Bbinnaska geppocnnaBoB C NPUMEHEHNEM HEKOKCYIOLLMXCSH Yrien
N O0TX0O4OB heppocnnaBoB M OTXOOO0B WX A06bluM. LUbIMKEHT:
HOKTIY. 2015.-237c.

9 [bimoB A.M., TexHuyeckunii aHanua pyabl U meTannos.- M.:
MeTannyprus. 1949.— 483c.

10 AxHaszaposa C.J1., Kagapos 5.B. MeTtogbl onTumusaumm
9KCMeprMeHTa B XMMuyeckon TexHornornn. — M.: Beicwas Lkona.
1985.-319C.

TYWIHAEME

KpemHuit kypamaac 6ankbimanap eHAipiciHae TeXHONOMUANbIK TUIMAINIKTI akcapTy YiiH wukisaTtTarsl SiO, peakumanbIk KabineTTinikTi
)ofapbinaty kaxeT. OcblHAaW WKKI3aTTbl MaTepuan peTiHae aiTaprblkTan peakuusnblk kabineti xxorapbl, amopdThl Typae 90 % aewtiH
SiO, kespeceTiH onoka konaaHbinybl MymkiH. Makanaaa [Jap6asa KeHOpHbIHbIH OMOKAaChIH 3NeKTPRibankeITy xeHe TepmMoaMHaMuKarbik
MoAenbAey 3epTTeynepiHiH KOpbITbIHABICHI KEMTIPINreH, TepmoanHaMmmkansik mogensaey Outokumpu kelwweHai 6argaprnamacsl kemerivMe,
an anekTpni 6ankeITy AoFanbl new kemeriMeH >xyprisingi. Onoka-Fe-C xyneciHae Si xeHe Al GeniHy aspexeciHe Temip Meriiepi
(onokaHbIH menwwepi 20 gaH 120 % pewiH) meH TemnepatypaHbid (500 aeH 2500 °C) acep eTyi aHblkTanabl. bankeiMagarsl KpeMHUAAIH
GeninyiHe SiO(g)-AeH KpeMHUALIH XOFanyblHbIH TOMeHAeyi xeHe TemipaiH oH ecep eTyi (FeSi, Fe,Si, Fe Si,, Si TypiHae) aHbiKTangp!.
TepmoaMHamukanblk TypfFbidaH KapacTblpcak: onoka maccacbiHaH 36 % kemipTeri xxaHe 20-45 % Temip kaTtbicyblHaa, 2048-2100 °C
Temnepatypaga ®C4A10 (40 % Si, 7.5 % — 10 % Al) beppobankbiMa anyra 6onaapl. 54 % onoka, 22 % kokc xoHe 24 % Gonart >KOHKacbIH
KypaWTbIH LUMXTaHbI (JOFanbl KEHAITEPMUATbIK NeLLTe) SKCnepuMeHT TypiHae xyprisrenae, PC45A10 mapkans! heppocrnmnkoanioMuHuiire
COIKEC KPEMHWI XaHe antoMUHUIAAI KypanTeiH 46-52,8 % 3 SixaHe Al kelweHai doeppokopbITna Ty3inreHairi aHbIKTanapi.
antoMuHUR,

Tyninai cespgep: onoka, Gankbima,

heppocunnmnKoantoMmMHNin

KpeMHWI, TOTbIKCbI3AaHAbIPY, TepMOoAMHaMUKanblK Moaenbaey, anekTpni

PE3IOME

Ons ynyyweHns TexHonorn4eckon acheKTBHOCTM Chipbs B NPOM3BOACTBE KPEMHUIA COAEpXaLLyX CrnaBoB HEOOXOANMO NOBbLICUTL
B Cbipbe peaKUMOoHHy crnocobHocTb SiO,. B KauyecTBe Takoro CbipbeBOro Matepuasna MoxeT GbiTb MCMOMb30BaHa OMoka, B KOTOPOM
SiO, po 90 % HaxoguTcsa B amopdHoil, bonee peakuMoHHOCNOCOGHON dopme. B cTatbe NpUBOAATCA pesynbTaTbl  MCCReaoBaHui
TEPMOAMHAMNYECKOTO MOLENUPOBaHUSI M 3MeKTponnaBku onokn [apba3vHCKOro MecTOpOXAeHUsi, C MOoMy4YeHUeM KOMMMEKCHOro
deppocnnaea. TepMmoanHaMU4eckoe MoOAEeNMPOBaHMS MPOBOAMITIOCH C MOMOLLbI0 MporpamMmmHoro koMmmnnekca Outokumpu, a anekTponnaska
- B gyroBou neun. Onpefenanock BnusHne Temnepatypbl (0T 500 go 2500 °C) n konnyecTtBo xene3a (o1 20 go 120 % oT Macchk! OMokn)
Ha cTeneHb pacnpegenenuns Si n Al B cucteme onoka-Fe-C. YcTaHOBNEHO NO3NTUMBHOE BMUSIHME XXeresa Ha M3BMeYeHne KpeMHus B
cnnas (B Buae FeSi, Fe,Si, Fe,Si,, Si) n ymeHbleHuo notepb kpemHus ¢ SiO(g). C TepMoanHaMUYECKON TOYKN 3pEHUS U3 OMOKM MOXHO
nonyuntb peppocnnas PC4A10 (40% Si, 7.5 %-10% Al) npu 2048-2100 °C, B npucytctBum 20-45 % xxenesa n 36 % yrnepopa ot Macchbl
OMOKMN: DKCMEePUMEHTaNbHO 3MEKTPONIaBKon (B AyroBol pyAHOTEPMUYECKOW NeYn) LNXTbI, cogepxaluen 54 % onoku, 22 % kokca n 24 %
CTarnbHOW CTPY>KOW yCTaHOBNEHO obpasoBaHne KommnnekcHoro dpeppocnnasa ¢ 46-52.8 % 3 Si v Al; KOTOpbIN NO COAEPXXaHUI0 KPEMHUS
1 anioMUHUS COOTBETCTBYET heppocunmkoantommHnio mapkun PC45A10.

KnioueBble crnoBa: onoka, KpemHWi, antoMUHWIA, BOCCTaHOBMEHWE, TepMOAMHaMWYECKOe MOLENUPOBaHUE, 3reKTpomnnaBka,
heppocunmnKoantoMmMHNUn
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