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Annotation

The paper presents the results of the experimental study of the effect of solid-
phase metallization time on the yield and composition of metal obtained by
subsequent liquid-phase separation kempirsai, chrome, ore, fines (I ...2 mm) fluxed
with quartzite were subjected to solid-phase metallization sintering at 1400°C in
mixture with coal and then separated into metal and slag at 1850°C. It is found that
2 hours of metallization even at relatively low temperature 1400°C to reduce and
extract more than 80% of chromium and 90% of iron, and the degree of extraction
of both metals after 3 hours of metallization reaches 95%. The structure of the
metal obtained after the liquid-phase separation of reduction products is similar to
the structure of carbon ferrochrome. The metal contains carbides (Cr,Fe),3Ce, and
(Cr,Fe);Cs, and silicidesFeSi; and CrsSi. Increasing reduction sintering time
enriched in chromium.
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Introduction

In the metallurgical industry, serpentinite (3Mg0-2Si0,-H,0),

recovery processes play an important
role. For the production of carbon
grades of cast irons, ferroalloys,
carbon is used as a reducing agent. In
this regard, a lot of work has been
devoted to studying the mechanism of
the reduction of metals from oxides of
ores and concentrates [1-7].

Due to the high melting point of
chrome spinelide and host rocks of
Kempirsay ore, represented mainly by

during the heating process it turns into
forsterite 2MgO-2SiO, with a melting
point of ~1900°C. To obtain durable
agglomerate from small things,
sintering should be carried out at a
temperature of 1400...1500°C and
higher. To reduce the sintering
temperature, fluxing additives are
introduced into the mixture of sinter.
The most widely used fluxes are
materials containing silicon and



aluminum,

Considering the high content of
chromium in the tailings, it is also
advisable to use them for further
processing in order to extract this
element. This becomes possible after
pelletizing of dispersed particles and
their metallization. In particular, the
preliminary reduction of metals from
chrome ore since 1977 has been
carried out at the Xstrata Alloys
ferroalloy plant in Ladenburg, South
Africa [8,9]. By analogy with the pre-
reduction of iron in iron ores, the
preliminary metallization is carried
out in ore-coal pellets or briquettes,
using coke or coal as a reducing
agent. At the same time, in addition to
binder materials, such as bentonite,
fluxing additives, in particular, borate
ore or finely ground basalt, are also
introduced into the composition of

briquettes.
In the early 1980s,Mintek and
Middelburg  Steel&Alloys (South

Africa) have developed a process for
the production of ferrochrome in an
open (type of steel-smelting) DC-
smelting furnace in order to melt
unprepared chromite ore fines. At the
initial stage, ore fines in the form of
particles about 2 mm in size were
loaded onto the surface of the melt
through a hollow electrode. However,
at the end of the 1990s, after specially
conducted comparative tests of batch
feeding through a hollow electrode
and a hole in the roof, Mintek
concluded that there are no particular

Methods of experiments
The experiments were carried out

in two stages. At the first stage, solid-
phase reduction of metals from

advantages to  using  hollow
electrodes. A slight increase in the
discharge was charged when loading
through the arch opening completely
compensated by the reduction in the
cost of manufacturing solid electrodes
and in comparison with the hollow
and simplifying the charge supply
system [10].

The successful experience of
processing unprepared ore fines at the
enterprises of the company Mintek is
supposed to be used at Aktobe
ferroalloy plant. In 2014, this
company built a melting shop Ne4
with four ore-smelting direct-current
furnaces with a capacity of 80 MBA
each to extract chromium and iron
from unprepared small ore supplied
through the arch opening. Considering
that the preliminary metallization with
the use of coke breeze makes it
possible to attain the degree of iron
reduction up to 90% and chromium
up to 50%, reducing the power
consumption from 3.9 to 2.4 MWhft,
that is, by about 40% [11] It is
advisable to assess the possibility of
metallization of ore fines in order to
extract metal by fusion in ore-
smelting furnaces.

The aim of the work is an
experimental study of the influence of
the parameters of reductive roasting
of small particles of chromic ore
fluxed by quartzite on the vyield of
carbon ferrochrome during liquid-
phase separation of the reduction
products of uncombed ore fines

uncombed fine chrome ore was
carried out, and at the second stage,
liquid-phase separation of reduction



firing products was carried out. The
experiments were carried out in a
resistance furnace with graphite
heater. The original powdered
Kempirsai ore in grains of 1...2 mm in
size was moistened with a solution of
liquid glass in water and rolled in a
fine grinder (0...0,063 mm) quartzite.
The resulting fluxed powder was
dried by natural drying and mixed
with ground (0,16...0,32 mm) Korkino
coal. The materials were mixed,
poured into a graphite crucible and
placed in the working zone of the
Tamman furnace. The reduction
roasting was carried out at a
temperature of 1400°C and a shutter
speed of 60, 120, or 180 minutes. The
temperature inside the reaction
mixture was controlled by a tungsten-
rhenium thermocouple BP5/20. The
same experiment was repeated three
times. A total of 12 experiments were
conducted.

After isothermal aging, the

crucibles with the reaction mixture
were cooled to room temperature with
the furnace. The resulting reduction
products were divided by sieving.
Sifted ore particles were melted to
separate the metal and slag.
Experiments on liquid-phase
separation were carried out under the
same conditions — at a temperature of
1850°C and an exposure of 4 min. To
meet these conditions, an empty
corundum crucible was heated in the
furnace and without taking the
crucible out of the furnace, the
powder of regenerative ore fired was
poured. The molten metal-slag
mixture was stirred and the crucible
removed from the furnace. The raw
materials and the obtained slag and
metal samples were carefully weighed
to create a material balance. The type
of the initial ore particles and the
obtained products is shown in Fig.1.
Metal samples were also investigated
to X-ray diffraction analysis on a
DRON-4 diffractometer.

Figure 1. The initial fluxed ore powder (a), slag (1) and metal (2) after melting (b).



In the experiments used
Kempirsay ore composition
(Wt%)Sl,O CrzOg, 7,2 A|203, 0,40
Ca0; 7,0 SiOy; 19,16 MgO; 12,2 FeO;
0,033 P; 0,032 S. The composition of
the coal of the Korkinsky deposit
(Wt.%): humidity W'11,7%, coal ash
A°® 25,0%, volatile components:V'
41,6%, sulfur content 1,2%. The

Experimental results

The experimental results showed
that the metal yield increases with
increasing isothermal holding time
during solid-phase reduction. It was
31, 38 and 43%, respectively, at 1, 2
and 3 hours of reduction. With the
increase in the duration of this
exposure, the degree of extraction of

chemical composition of ash
(mass%):47,0 SiOy; 22,7 A1,03; 12,6
Fe,03; 5,30 CaO; 3,0 MgO; 5,60 SO,;
0,90 TiO,; 1,90 K,0; 1,30 Na,0; 4,6
P,Os; 0,30 MnO. As the fluxing
material used silica composition
(wt.%): 99,4 SiO,, 0,14 Al,Os; 0,26
Fe,O3; 0,03 MgO; 0,01 TiO,; 0,02
Na,O.

both chromium and iron increases, but
iron regenerates somewhat faster — the
degree of extraction of iron reaches
94% after 2 hour exposure, while the
degree of extraction of chromium is
only 84%. But after holding timefor 3
hours and the degree of extraction of
chromium reaches 95 % (Fig.2).
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Figure 2.The Degree of extraction of metals by a two-stage process
with different duration of reduction firing



Figure 3. Content of elements (wt. %) in metal after liquid-phase separation of solid-phase
reduction products for 1 h (t. L1 and 2), 2 h (t. 3and 4) and 3 h (t. 5 and 6)

Intensity, imp/s

Figure 4. X-ray of ferrochrome after separation of reduction products for 1 h (a) and 3 h (b):
1-(Cr,Fe)23Cs [12], 2 - (Cr, Fe);C3 [13], 3 - FeSiy [14], 4 - Cr3Si [15]

Table 1 — Composition of slag after separation



Sampleofslag | Contentofcomponents, mass. %

Reductionwithin 1 hour

1 Cr,03 FeO S|02 MgO A1203

2 13,64 1,85 37,71 26,39 20,41

3 13,27 0,62 38,21 27,20 20,70

4 12,29 2,79 39,50 23,72 21,69

5 15,36 2,15 35,41 28,26 18,83

Average 13,64 1,85 37,71 26,39 20,41
Reductionwithin 2 hours

6 9,12 1,24 37,19 30,89 21,57

7 9,09 0,34 36,75 28,72 25,11

8 6,04 0,05 40,14 32,88 20,88

9 8,08 0,54 38,03 30,83 22,52

Average 7,85 0,53 38,48 30,21 22,53
Reductionwithin3hours

10 3,81 0,62 35,94 32,59 27,04

11 2,31 0,28 27,09 25,93 44,39

12 0,94 - 35,1 36,28 27,68

13 3,41 0,54 34,04 36,07 25,94

Average 2,50 0,48 33,04 32,71 31,26

The structure of the metal
obtained as a result of the separation
of the reduction products corresponds
to the structure of carbon
ferrochrome. The metal always found
a carbide phase and silicides, and
increasing the length of the reduction
extracts the contents of silicon and,
consequently, the quantity of silicides
increases. In  this case, the
concentration of iron in the
composition of silicides increases and
decreases  significantly in  the
composition of carbides (Fig. 3).

According to the results of x-ray
spectral analysis, the main phases in

the alloy are carbides (Cr,Fe),3Cs and
(Cr, Fe);Cs. In addition to the carbide
phases, silicides are present FeSi, and
CrsSi (Fig. 4).

In the composition of the slag
with increasing the length of the
reduction extract the content of oxides
of iron and chromium is reduced. As
expected, the iron oxide content
decreases more rapidly at the
beginning. After 2-hour aging in the
slag contains about 0.5 % of iron
oxides. The content of chromium
oxides decreases more slowly and
reaches 2.5 % after exposure for 3 h
(see table 1).

Conclusion

The quantitative characteristics of
the metal and slag yield in the process
of liquid-phase separation depending
on the parameters of solid-phase
metallization of uncoated ore fines are
established. It is shown that as a result
of solid-phase metallization within 3

hours of ore particles, even at
relatively low (1400 ° C) temperature,
it is possible to ensure a high (about
95%) degree of extraction of iron and
chromium.
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AJIIBIH AJIA TOTBIKCBI3TAHFAHYCAK XPOM KEHIEP/I bOJIY
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Tyiiin

3epTTeneTin oOBEKT peTiHme Kemmipcait xpom keHi (1...2 MMm)anbiaFaH. Xpom
KEH/ll YCaKTaJlFaH KBapUUT Oap mMaTepualabl ajiblH aja ChIPTKbl TYHIPIIIKTEP/IIH
OerrepiHe KanTanraH. KeapuuTneH kanTamran keHuaepai kemipmeH 1400°C
TEeMIIepaTypachbiHAa JKEKe-)KeKe VYaKbIT Y3aKThUIbIFbIMEH 1,2 xoHe 3 carar
OOMBITOTHIKCHI3/IAaHY MPOIECTEPAl KYPri3uial. ANbIHFAaH METAUIAaHFaH KeHAEP/Il
xoFapel Temneparypanal850°Cokeke-xeke OamKbITBUIBIN, METAUT MEH KOX
OHIMJICpPIH aJbIHFaH. AJIbIHFaH HoTexenepi OoibiHma 1400°C Temneparypachinia
1 carar apanpIfblHIA@ TEMIp MEH XPOMHBIH MIBIFYbl /2% xone 82%, an ym
CaraTThIK HW30TEPMUSIIBIK YaKbITBIHAA XPOMHBIH IIbIFybl 95% neitin KeTTi.
ToThIKCHI3aHy OHIMIEPIH 06y HOTHMIKECIHIE allbIHFaH METANbIH KYPBUIBIMBI
KOMIPTEKTI (heppoXpoM KYpbUIbIMbIHA Coiikec kenexl. PentreHdaszanbik oiciMeH
KopbiTianaCryCe  sxone (Cr,Fe);C; xapOumnrepmi sxone FeSi xone CrsSi
CHIIMLIATEPI MeH KEKe a-(Cr,Fe) dbazamapasi aHBIKTAJIFaH.
TOTBIKCHI3IaHYYaKbITBl Y3aKTBIFBI aApPTTBIPYMEH OalJIaHBICTBI OHJAFBI TEMIp
cuuiua  (azackl yiIFalOHa JKOHE KEpICIHIIE — KapOWJ XpOM KeMeylHe oKel
cOoKThIpannl. IlalimamanraH 3 caFaTTBIK METalJIaHFaH XpPOM KeHJepl OeiiHy
HOTEXKECIHIE  KOXIarbl TEMIp MEH XpOM  OKCHUATEPJIH  MHUHUMAIIbI
koHneHTparusaps 0,5%Fe0 xone 2,5% Cr,03 neitin ToMmeHaen .

KinTTik ce31ep:XpoM KeHi, alJiblH ajla TOTHIKCBI3IaHy, CYUbIK(a3aabl 0ol
airy, KapOOTEPMUSIIBIK TOTHIKCHI3/IaHy, KaTThI-(Da3aibl TOTHIKCHI3/IaHY, CEIEKTUBTI
TOTBIKCBI3/IaHY, ally MOpEeXeci, XpOMIIIUHENH, GEePPUXPOMIIUKOTHT, KOMIPTEKTI
dbeppoxpoM, Xpom KapOu i, KBapI] KAOBIKIIACHI.
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AHHOTALIUSA

DOKCHEPUMEHTAIBHO U3YYCHO BIMSHUE TMPOJIOKUTEILHOCTH TBEpI0Gha3HOU
metaumsanuu npu 1400°C odurrocoBaHHBIX KBApPIUTOM YaCTHUIl KEMITUPCAUCKON
XPOMOBOH pyJibl pazMepoM 1...2 MM B CMECH C yIJIeM Ha COCTaB U BBIXOJ MeTajlIa
IpU TOCIEAYIOMIEM >KUAKO(PA3HOM pa3feieHUH MTPOIYKTOB METaUIM3alliu Ha
metaut u nak npu 1850°C. YcraHOBIEHO, YTO METAUIM3aluds B TEYCHHE 2 U
JaXXe TpU UCIHOJIb30BAHHOM OTHOCHUTENbHO HHU3Koi Temrepatype 1400°C



MO3BOJISIET BOCCTAaHOBUTHL M M3BIIeub Oojiee 80 % xpoma m 6omee 90 % xenesa, a
Ipyu METaUIM3allid B TEUEHHE 3 Y CTEMeHb W3BICYCHUS O0OOWMX METaioB
nocturaet 95%. CrTpykTypa MeTallia, TOJYYEHHOTO B PE3yJIbTaTe pa3/elieHus
MPOJIYKTOB  BOCCTAHOBJICHHS,  COOTBETCTBYET CTPYKTYpE  YIJIEPOJUCTOTO
deppoxpoma. B wmeramne coaepxarcs kapouasl (Cr,Fe)»Ceu  (Cr,Fe);Csu
cummiuabl  FeSi, u  CrSi, mpuyeM ¢ yBEeTHUYEHHEM TPOIOJIKHTEIBHOCTH
BOCCTAHOBUTEIHHOM  BBIJIEPKKM  BO3PACTa€T  KOJUYECTBO  CUJIUIUIOB U
coJlepKaHue Kelle3a B HUX, a KapOuapl oOoramfaroTcss xpomoM. [lomydaemsiii B
pe3ynbTaTe pa3AelieHHs MIJIaK 110 Mepe pOCTa MPOIOJDKUTEILHOCTH BBIICPIKKH TIPH
o0xure oOemHSIETCS OKCHAAMH Kelle3a W XpOMa; WX CpeIHEee COACpKaHHE B
ciydae 1ocie TBepaodaszHoro ooxkura B TeueHne 3 4 cHmkaercs 10 0,5 u 2,5%
COOTBETCTBEHHO.

KiroueBble ciioBa: XpomoBas pyna, MpeIBapUTEILHOE BOCCTAHOBJICHHE,
xKuakohasHoe pasliesieHue, KapOOTepMUYECKOe BOCCTAHOBJICHHE, TBEpaoda3zHoe
BOCCTaHOBJICHHE,CEJIEKTUBHOE BOCCTaHOBJICHHE, CTETICHb W3BJICUCHUH,
XPOMIITIUHETN T, PEPPUXPOMITUKOTUT, YTIIEPOAUCTHIN (Peppoxpom, KapOu xpoma,
KBapiieBasi 000JI04Ka.



