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The process of carbothermic solid-phase reduction of solid chrome ore in the
crystal chrome spinelide lattice was experimentally investigated. It is established
that the recovery is developed by an electrochemical mechanism. The release of
metals occurs both on the surface and in the volume of ore grains. The transfer of
electrons to the cations from the reductant is carried out by anion vacancies formed
during the interaction of the reductant with the oxide. The primary product of
reduction is a metallic alloy of iron and chromium, which are reduction at the same
time, but at a different and variable rate, depending on their concentration in the
local oxide volume. The formation of carbides on the surface of the ore grain as a
result of the interaction of reduction metals with carbon causes the outflow of
metal atoms from the grain volume to its surface, the appearance of cationic
vacancies in the oxide, the dissolution of the metal phase and the reduction of the
reduction process. With the destruction of carbides by silicon with the formation of
silicocarbides, the process of extracting oxygen anions from the oxide lattice is
restored, which generally contributes to the resumption of the reduction process.

Key words: chrome ore, ferrochrome, solid-phase reduction, crystal lattice of
oxides, anion vacancy.

Introduction

Introduction solid-phase so-called ore layer in the lower

carbothermic reduction of iron and
chromium plays an important role in
the technology of production of
carbon ferrochrome. It proceeds in the
upper horizons of the ore-thermal
furnaces, is accompanied by the
formation of carbides of iron and
chromium and leads to the formation
of a high-carbon alloy, which later
goes through decarburization in the

horizons of the furnaces. A large
number of  works, including
experimental ones, are devoted to the
study of these processes, but their
results are interpreted ambiguously by
different authors. The consequence of
this is the presence of a wide range of
existing ideas about the mechanism of
metal reduction of metals by solid
carbon, a relatively complete



overview, which is given, for
example, in [1].

In chromic ores, iron and
chromium are found in chemical
compounds like oxide spinels
(Me*")[Me*1,0, type, along with
cations of the more difficultly
reduction metals like magnesium and
aluminum [2, 3]. Due to the equality
of charges and proximity of the ionic
radius, Fe®* cations can be mixed
indefinitely with Mg** cations, and
Cr¥ cations with Fe** and AP
cations, as a result of which the
composition of spinel in chromium
ruds in general form corresponds to
the formula (Mg®*, Fe*")[ Fe**, AI*",
Cr*10..

In case of solid-phase reduction
in such ores, unlike traditional
monometallic iron ore raw materials,
direct contact of the reduction cations
with the reduction agent can play only
a minor role, since their basic mass is
separated from the reductant by
compounds of difficult reduction
metals. In this case the most important

Experimental

The object of the research was
the rich Kempirsai chrome ores. The
experiments were carried out in a
sealed resistance furnace with a
graphite heater according to a
previously developed method for the
recovery of metals from poor and
impregnated chrome ores [4,5]. Due
to the much slower progress of the
reduction process into the volume of a
piece of rich ore, the ore was crushed
to the size of 1...3 mm, that is, almost
to the size of the ore grain. As a
reductant, thin energetic coals were
used, ground to size 0...0.63 mm. The
mixture of ore and coal was poured

link in the solid-phase reduction
mechanism in this case is the
processes in the crystal lattice of the
complex oxide, which determine its
transformation into the metal crystal
lattice. In our opinion, this is precisely
the essence of the recovery process,
without which it is impossible to
Imagine a recovery mechanism as a
whole.

Earlier, we experimentally
investigated the reduction processes
of metals in pieces of disseminated
chrome ores. The results of these
studies have led to the conclusion that
the restoration is developed by an
electrochemical mechanism, and the
channels for the rapid propagation of
the recovery process into the volume
of ore pieces are layers of non-
metallic silicates [4-6].

The purpose of this work is an
experimental study of the process of
solid-phase carbothermic reduction of
iron and chromium in the
chromespinelide lattice.

into a graphite crucible and placed in
the working zone of the furnace, the
furnace was sealed to create a
reducing atmosphere, heated and kept
at a temperature of 1400°C or 1500°C
for 60 to 180 minutes. The
temperature inside the reaction
mixture was controlled by a tungsten-
rhenium  thermocouple  BP5/20.
Crucibles with the reaction mixture
were cooled to room temperature with
the furnace. Ore grains were separated
by sieving from the remainder of the
reductant and poured into epoxy resin
for the making of microsections. The
sections were studied on optical and



electron scanning microscopes JSM-
6560LV and JSM-6460LV with wave
and energy dispersive analyzers. In
parallel, the original ore and reduction

Results

In the original ore,
chromespinelide is represented by
practically little-modified primary
ferrichrompicatite (Mg?* Fe®™)
[Fe** AI**,Cr**]0,, which is typical of
rich ores of the Kempirsay deposit
[3]. Layers and blotches of “empty”
rock are formed by agueous silicates

S A

iy

products were subjected to X-ray
phase diffraction analysis on a
DRON-4 diffractometer.

of the pyroxene 2(Mg,Fe)O-SiO,
group (Fig. 1,a). X-ray phase analysis
in the silicate phase also detected
nickel in the composition of the
complex silicate (Mg1.02F€0.0sNio.09)
SiO;,.

Figure 1 — The type of chromespinelide grains in the original ore (a) and after
reduction at temperature of 1400°C for 1 hour (b).

The content of elements (at.%) in the grain of spinelide (1) and in the waste

rock (2):
O Mg

1 56,76 9,06 3,98

2 67,92 19,38

After reduction exposure at a
temperature of 1400°C, relatively
large precipitates of metals were
found in the form of a discontinuous
shell on the surface of ore grains, and
in a slightly altered internal volume of
grains in the form of small metal
formations forming separate lines.
Between the outer metal shell and the
inner little-modified part of the grain,
an interlayer of the changed oxide
phase is visible, which, with
increasing exposure time, changes

Si Cr Fe
- 2489 531
1052 - 2,18

little in size, but becomes more
pronounced (Fig. 1, b).

In the metal phase, chromium
and iron are detected on the surface of
the former grain of ferrichromicatite
in proportion approximately to their
content in the initial ore grain
(analysis point 1; Fig.2, a). In the dark
oxide phase adjacent to the metal
shell, silicon, potassium, and calcium,
previously not detectable in the ore
grain, appear; silicon is found in
relatively  large  amounts, the



concentration of magnesium and
aluminum increases, iron disappears,
and a small amount of chromium
remains (analysis point 2; Fig. 2 , b).
In the metal phase released inside the
less-altered grain behind the dark
oxide phase, two phases of iron-
chrome alloy are slightly different in
color: iron-rich and chromium-
depleted or vice versa, iron-depleted
and chromium-rich (Fig.2, b; points 3
and 4)). In the oxide phase, adjacent

to the metal precipitated inside the
little-altered  grains, small dark
growths of magnesium aluminum
silicate with an admixture of sodium,
potassium and calcium cations appear
(Fig.2, b; point 5). In the composition
of the spinelid, the concentrations of
iron and chromium decrease, the
concentrations of magnesium and
aluminum somewhat increase (Fig. 2,
b; point 6).

Figure 2 — The new growths in the chrome spinelide grain after reduction at the
temperature of 1400°C for 1 hour

The content of elements (at.%) in the points of analysis:

@) Na Mg Al

K Ca Cr Fe

1 - - - - - - - 83,07 16,93
2 6310 - 13,99 6,70 13,70 0,51 0,34 1,65 -
3 - - - - - - 76,28 23,72
4 - - - - - - - 23,88 76,12
5 52,89 1,11 13,14 2,73 16,17 0,66 2,32 2,10 -
6 56,86 - 11,95 4,84 - - 2594 041



Figure 3 — New growths in chrome spinelide grain after reduction at 1400°C for
3 hours

The content of elements (at. %) in the points of analysis:

C O Na
4417 - -

Mg Al

- 60 48 -

The increase in the duration of
exposure at a temperature of 1400°C
to 3 hours of fundamental changes in
the nature of the distribution of the
products of reduction is not detected
(Fig. 3, a). But at the same time, the
zone  distribution  of  chemical
interaction products became clearer:
with the same width of the buffer
zone between the metal shell on the
surface and the relatively little
changed grain core, this zone was
practically cleared of metallic
secretions. In the metal shell, carbides
are reliably detected on the surface of
the grains and by micro X-ray spectral
analysis (Fig. 3, point 1; Fig. 4). X-
ray diffraction analysis revealed the
compound (Fe,Cr);,C; (Fig. 4).
Magnesium aluminum silicate with an
admixture of sodium, potassium,
calcium cations, a small content of

107 450 007

S K Ca Cr Fe Ni
46,17 9,66 -

- 61,63 0,16 908 791 1691 027 0,10 3,31 0,55 0,08 -

45,69 53,83 0,48
0,03 2051 414 -

chromium and iron cations (Fig. 3,
point 2) was formed in the buffer
zone, which became a more plastic
oxide phase, and the complex spinel
was enriched with magnesium and
aluminum inside the grains due to a
decrease in chromium and iron
cations . Small concentrations of
previously undetectable silicon and
calcium are also found in spinel (Fig.
3, point 4). In metallic particles in the
grain volume, the ratio between the
concentrations of iron and chromium
is almost equal to unity (Fig. 3, point
3).

Significant changes in the
nature of the distribution of the
interaction products and in the
composition of the phases caused an
increase in the exposure temperature
to 1500°C (Fig. 4). The outer shell of
the grains, which previously consisted



of chromium and iron carbides,
almost  disappeared; only its
individual sections survived, and
independent sphere-like formations
formed from the material of these
shells (Fig. 4, a). Instead of aluminum
silicates, magnesia and aluminum-
magnesium spinel appeared in the
buffer oxide zone (Fig. 4, b; points 1
and 2), representing MgAIl,O, and
MgO. The core of the grain is almost
completely metalized, and the core
metal, along with chromium and iron,
contains a noticeable amount of

silicon (Fig. 4, c; points 3-5). The
oxide residue in the core of the former
ore grain contains only aluminum-
magnesium spinel (Fig. 4, g; point 6).

New sphere-like formations
arising from carbides that previously
existed on the grain surface are
formed by an alloy of chromium, iron,
and silicon (Fig. 4, e and f; points 8
and 10). Only in individual
microscopic  volumes of these

conglomerates are carbides found
(Fig. 4, f; point 10).
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Figure 4 — X-ray products for chromium ore after reduction process at 1500 °C
for 3 hours

The content of elements (at.%) In the points of analysis:

C O Mg Al S
1 - 50,16 48,70 0,76 -
2 - 56,07 31,38 12,08 -
3 - - - - 8,80
4 - - - - 2,15
5 - - - - 17,553
6 - 56,56 22,53 18,74 0,34
7 - - - - 3,49
8 - - - - 1521
9 49,79 - - -
10 - - - - 8.80

Discussion

The results of experiments with
the solid-phase reduction of iron and
chromium from the crystal lattice of
almost unchanged natural
ferrihrompicatite  confirmed  the
electrochemical mechanism of this
process. Earlier [7, 8] we showed that
the essence of the reduction process is
not the removal of oxygen from the
ore by the reaction MeO + C = Me +
CO, but the reaction Me* + 2e =
MeO.

This implies the
electrochemical nature of the process,
the admissibility of the spatial
separation of metal reduction
reactions and the oxidation of the
reductant, the possibility of closing
the electrical circuit between the

Cr Fe Ti  Mn Ni Phase
0,39 - - - - Magnesium
0,30 - 0,16 - - Spinel
73,42 17,78 - - - Silicide
8353 13,14 - 0,18 - Silicide
62,61 19,86 - - - Silicide
1,84 - - - - Spinel
82,41 14,10 - - - Silicide
46,86 37,19 - - 0,74  Silicide
45,37 4,84 - - - Carbide
7342 17.78 - - - Silicide

oxidizer and the reductant by the flow
of electrons, the reduction of metals
surrounded by oxygen anions, i.e.
inside the oxide occur without the
transfer of reagents. For the formation
of a metal phase in the volume of the
spinelide, it is not necessary to bring a
reductant or cations of the metal
reduction on the surface of the metal
to the place of its separation, and also
to withdraw the reaction product in
the form of CO or CO,. The only
condition necessary for this is the
appearance of “extra” electrons in this
place, which can be localized by
cations that located in this place,
which will lead to the appearance of
metal atoms.
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Figure 5 — Scheme of formation of the metal phase in the crystal lattice of
oxides: 1 — thermal pair (anion + cation) vacancies, 2 — reduction (charged) anion
vacancies, 3 — nucleus of the metallic phase

In carbothermic reduction, a
source of "extra" electrons is a
chemical reaction of extracting
oxygen on the surface of a piece or
ore grain. As a result of the removal
of oxygen, an oxygen vacancy
charged with two electrons that is
formed in the anion sublattice of the
oxide, which is mandatory for storing
the equality of positive and negative
charges in the lattice as a whole and in
the local volume. The oxide surface is
loosened by anion vacancies, and the
“extra” electrons in an anion vacancy
under the action of the charge of
cations are displaced and localized at
the cations, reducing the charge of the
cations to zero, i.e. to a metallic state.
"Extra" electrons move with the anion
vacancy and accumulate in the places
of  disappearance  (runoff)  of
vacancies, which are  usually
associated with lattice defects. In
places where vacancies flow, cations
with a zero charge accumulate, which,
with a certain amount of them, is
accompanied by the formation of a
metallic bond between them and the

appearance of a metallic nucleus (Fig.
5).

The location of the release of
the metal phase is determined by the
rate of formation and dispersion of
charged vacancies. With a high rate of
formation and a low rate of
dispersion, the metal phase is released
on the surface. The low rate of
formation and the relatively high rate
of scattering of vacancies lead to the
formation of complexes
corresponding to lower oxides on the
surface, their  separation and
sublimation, as well as to the
displacement of electrons in the oxide
volume and the release of the metallic
phase inside the oxide one.

It is considered [1,2] that, due
to a greater change in the Gibbs
energy of the system, the primary
product of the carbothermic reduction
are carbides. It is noted that, in
accordance with the thermodynamic
parameters, iron is first reduction
from FeO, and then chromium is
reduction from the formed Cr,0;
oxide, whose carbides form a solution
of iron and chromium carbides.



In our experiments, the primary
product of reduction both on the
surface and inside the grain is a
carbon-free alloy of iron and
chromium.  The  reduction  of
chromium and iron in the lattice of
ferrihrompicatite enriches spinelide
with elements that are not renewable
under these conditions — magnesium
and  aluminum. Increased the
concentration of previously
undetectable in the spinel due to low
concentrations of silicon, sodium,
potassium, calcium and titanium leads
to the appearance of complex silicates
formed by these cations and spinel
residues dissolved in silicates between
the metal shell on the surface and the
grain core of the buffer shell.

The formation of a silicate
phase from the remnants of the ore
grain contradicts the conclusion of the
authors [2] about the impossibility of

dissolving  silicon  cations in
chromespinelides.  These  authors
believe that, according to the

geometric relationships, all cations
with an ionic radius from 44 pm to
100 pm can be included in the spinel
structure, and since rg*" = 0.39 pm
and re,>" = 106 pm, neither silicon nor
calcium should not enter the spinel
crystal lattice. The results of our
experiments rather confirm the point
of view of the authors [9-11] about
the possibility of substitution like
2Cr** — Mg™ + Si* or Cr** + AI** —
Mg® + Si** in the spinel structure and
dissolving potassium and sodium
cations in spinelide with the formation
of anion vacancies. As a result of such
substitution in the lattice of spinel is
also possible the presence of the
cation Ti*", which is detected in the
spectrum of the point 2 in Fig. 5.

Formed on the surface of the
metal alloy is gradually saturated with
carbon, which leads with an increase
in exposure at a temperature of
1400°C to the formation of carbides
in the surface metal layer. The
formation of carbides is accompanied
by a further decrease in the Gibbs
energy of the system; therefore,
gradually, the entire alloy that formed
on the surface turns into carbides. As
a result of the lower chemical
potential of chromium and iron in
carbides and the contact of carbides
with free carbon of the reductant, the
transition into the carbide layer of
iron and chromium cations from the
silicate phase of the buffer zone
begins later. This leads to disruption
of the established equilibrium
between the metal and oxide phases in
the buffer zone and is accompanied by
the dissolution of the metal
formations which located here. The
visible result is the release of the zone
from metallic inclusions.

However, the extraction of
cations from the oxide lattice and the
formation of cationic vacancies in the
silicate phase leads to an increase in
the density of the close-packed anion
sublattice [12, 13]. As a result, the
mass transfer processes in the lattice
slow down and practically stop.
Therefore, an increase in the duration
of exposure at a temperature of
1400°C to 3 hours does not lead either
to an expansion of the buffer zone or
to an increase in the amount of the
metal phase in the center of the ore
grain.

At a temperature of 1500°C,
silicon is reduction from the silicate
phase of the buffer zone by chromium
and iron carbides. Carbides are



transformed into silicocarbides [14,
15] with different ratios of silicon and
carbon concentrations and with a
lower melting point, which form
sphere-like conglomerates, freeing the
surface of the ore grain for further
interaction of the reductant with
oxygen anions. The process of
formation of charged anion vacancies
accelerate again, the recovery process
extends to the entire volume of ore
grains. At the same time, in the
central zone of the ore grain an alloy
of iron, chromium and silicon is
formed, but without the participation
of carbon (points 3, 4, 5, 7 in Fig.5).
A small amount of oxide residue from
the original chromespinelide after
extraction of iron, chromium and
silicon is converted to magnesia
spinel and magnesia. The two-phase
metal particles with different ratios of
chromium and iron found in the
samples (see Fig. 2; points 3 and 4)
are the result of the periodic nature of
the reaction of alternate reduction of
elements from the complex oxide as
the concentration of cations of either
one or the other decreases.

Conclusions

1. Solid-phase reduction of iron
and chromium in the volume of the
complex oxide is carried out
selectively Dby an electrochemical

process by the propagation in the
crystal lattice of anion vacancies
formed on the surface of the reaction
with a reductant, and associated with
the vacancies of "extra" electrons.

2. The primary product of the
carbon-thermal reduction of metals
from chromespinelides are metallic
iron and chromium. The formation of
carbides is a secondary process of
interaction of metals released on the
surface with carbon of the reductant.

3. The formation of carbides on
the reduction surface inhibits the
formation of anion vacancies in the
lattice due to the extraction of
carbide-forming metals from the
lattice, the formation of cationic
vacancies in it, and the dissolution of
the already formed metal phase,
which leads to a compaction of the
anion sublattice and the reduction of
the reduction process.

4. The restoration of silicon
dissolved in the spinelide lattice, the
replacement of carbon and the
formation of chromium and iron
silicocarbides contributes to the
destruction of the carbide shell, the
resumption of the formation of anion
vacancies and the recovery of metals
in the entire volume of spinelide.
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Tyuin

JKyMBICTBIH HOTHIKECI OOHMBIHINA TeMIp MEH XPOMHBIH KEIICHIl KOPBITIIA
KOJIEMIHJETT KaTThl (ha3aiblK TOTHIKCHI3AAHYbBI YJIEKTPOXUMUSIIBIK YPAIC apKbLIbI
CEJICKTHUBTI JKY3€Tre acaThIHbI aHBIKTAJIJIbI.

3eprrey OapbiChiHIa, OV YaEpiC DIEKTPOXUMHSIIBIK TOTHIKCHI3AHy
MeXaHM3Mi  OOWBIHIIIA  JKYPETiHI  aHBIKTAIABL. ~ MertanmapaeiH ~ OelliHyl
XPOMIITIMHETUATEPIH OCTiHAe FaHa eMmec, 1Kl (a3ackiHIa OesiHyl Je Kypel.
DneKTpoHAAp bl KaTHOHAAPFa TOTHIKCHI3AAHIBIPFHIIT apKbLUIbI OCPLITIIT, OKCHIIIICH
e3apa opeKeTTecyl Ke3iHjae mnaijga OojaThlH aHUOHBIK BaKaHCHUSIJIAPMEH JKy3ere
aceIpblIajbl. TOTHIKCHIIAHYIBIH OacTankbl ©HIMI — Oip ME3TUIAe TOTHIKCHI3IAHY
HOTEXECiHAC Maia O00JaThIH TEMIpP-XpOM KOPBITIIACH aybICTIAIbl TOTHIKCHI3aHY
XKBUTTAMIBIKTAPMEH JKYPETi.

Kinmmik ce30ep:. XxpoM KeHl, GpeppoxpoM, KaTThl (azajibl TOTBIKCHI3/IaHY,
TOTBIKTAP IbIH KPUCTAIIIBI TOPHI, AaHUOH/IBIK BAKAHCHSI.

TBEPJO®A3ZHOE BOCCTAHOBJIEHUE METAJIJIOB U3 OKCHUA0OB
BOI'ATBIX XPOMOBBIX PY /]

K.T. Axmemoel, B.E. Pomuuz,

E.Y. Kymazanues" M.T. Ycepoaes'

C.C. Mazasun’

'Kazaxcxuii acpomexnuyeckutl ynugepcumem um.C.Cetigpynnuna,
Kaszaxcman,

Z}OmCHO-YpaﬂbCKuﬁ 20Cy0apCcmeenHblil YHUGepcumen,

, Poccus

Pe3rome

ITo pe3ynpratam pabOTHI OIpEACIIeHO, YTO TBEPIO(Aa3HOE BOCCTAHOBICHUE
JKeJie3a M XpoMa B 00bEME KOMILICKCHOTO OKCHJIa OCYIIECTBIISCTCS CEICKTHUBHO
AIEKTPOXUMHUYECKHUM IPOIIECCOM MYTEM PACHPOCTPAHECHHUS B KPUCTAJUITMYECKOU
peréTKke aHMOHHBIX BaKaHCU, 00pa30BaBIINXCS HA MTOBEPXHOCTU PEArupOBaHUS C
BOCCTAHOBUTCIIEM, U CBA3AaHHBIX C BAKAHCHUAMU KIITUIITHUX» C-)JICKTpOHOB.

Y CTaHOBJIEHO, UTO BOCCTAHOBJICHHUE PA3BUBACTCS MO AJIECKTPOXUMHUUYECKOMY
MeXaHI/IBMy. BI::II[CJ'IGHI/Ie MCTAJIJIOB HpOI/ICXOI[I/IT KaK Ha HOBerHOCTI/I, TaK U B
o0beme pyaHoro 3epHa. llepemada HJEKTPOHOB KaTHUOHAM OT BOCCTAHOBUTEIIS
OCYHICCTBJ]SICTCH AHUOHHBIMHA BAaKaHCHUAMU, 06pa3y}OH_[I/IMI/IC$[ HpI/I
B3aUMOJCUCTBUA  BOCCTAHOBUTENISL C  OKCHUAOM. IlepBHYHBIM  IPOIYKTOM
BOCCTAHOBJICHUA SABJISACTCA MeTaJ'IJ'II/I‘{eCKI/Iﬁ CIIlIaB JKCJIC3a M XpPOMa, KOTOPLIC
BOCCTAHABJIMBAIOTCS OJHOBPEMEHHO, HO C pa3HOW W IEPEMEHHOU CKOPOCTHIO,
3aBHCHIHefI OT MX KOHIOCHTPAIHWHU B JIOKAJIbBHOM O6"beMe OKCHaa.

Knwuesvie cnoea. XxpomoBas pymaa, deppoxpoM, TBEpaodazHoe
BOCCTAHOBJICHUE, KpUCTAJIMUECKas peli€éTKa OKCUIOB, aHHOHHAs! BAaKaHCHSI.



