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ABSTRACT

The article presents the research results on the electrothermal production of a ferroalloy from an
amorphous sedimentary rock tripoli. The studies were carried out by electric melting in a single-
electrode arc furnace using the second-order rotatable experiment planning (Box-Hunter plan).
The influence of the amount of coke and steel chips on the degree of extraction of silicon into
the alloy and the content of silicon in it is determined. It was found that silicon from tripoli to
ferroalloy passes by 49-90.6%, and the silicon content in the alloy is 28-48%. Ferrosilicon grade
FS25 (23.0-29% Si) is formed in the presence of 30-33.6% coke and 40.6-45.0% steel chips, grade
FS45 (41-46.6% Si) with 32.1-40.9% coke and 26.2-37.0% steel chips. The maximum degree of
silicon extraction (90.0-90.3%) in FS45 grade ferrosilicon (42.6-43.5% Si) is observed in a small
coke range (36.0-37.3%) and steel chips (33.0-35.2%). Using tripoli instead of quartzite in the
charge makes it possible to reduce the duration of the process by 1.2 times.
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Introduction

According to [1], the world reserves of tripoli, a
sedimentary rock containing up to 86% SiO,, are >
1.1 billion tons. The main part of tripoli consists of
opal-like silica and a small number of shells of
diatomaceous algae [[2], [3]]. Therefore, silica in
tripoli is mainly in an amorphous state, a
characteristic feature of which is an increased
reactivity in comparison with the crystal form [4].
Using this property of amorphous silica, in contrast
to the known methods of its application [[51, [6],
[71, 181, 91, 1011, it was proposed to use tripol as a
silicon-containing raw material to produce a
siliceous ferroallov [11] for the smelting of which
quartzite is used [[121, [131, [141, [151]. The article
presents the results of studiesto determine the
optimal parameters for the electrothermal
production of silicon ferroalloy from tripoli.

Experimental part

The studies were carried out on the setup
shown in Figure 1.

The main components of the installation
include an arc single-electrode electric furnace,
transformer, and short circuit. An electric furnace is
a unit lined with chrome-magnesite bricks. The
hearth of the furnace is made of a carbon-graphite
block, which served as the lower conductor. A
graphite electrode with an internal diameter of 9
cm and a height of 20 cm was installed on the
hearth. The space between the crucible and the
lining was filled with graphite chips with a particle
size of 0.1-0.3 cm. The upper current conductor
was made of a graphite electrode with a diameter
of 5cm.
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| - General view, Il - Electric melting
Figure 1- Installation for electric melting of tripoli

The furnace was equipped with a mechanical
device for moving the electrode. The installation
used a single-phase furnace transformer brand
TDZhF-1002. The transformer was equipped with a
thyristor power regulator. Maximum power 56kV-A.
The short net was made of aluminum tires. An
aluminum bus was connected to a graphite hearth
using three copper studs. The upper electrode is
connected to the aluminum bus by a flexible copper
cable 2 cm in diameter. In the upper part, a
detachable refractory cover 7 cm thick was
installed on the lining.

Before melting, tripoli was ground in a ball mill
to fractions <0.1 m and pelletized in the presence
of bentonite clay on a bowl granulator. Dried
granules 1-1.5 cm in size were mixed with coke and
steel shavings. The charge was melted in portions
(300-500 g each) in an arc furnace at a voltage of
20-50 V and a current of 400-500 A. The melting
time of the last charge was 30 minutes. After
melting, the crucible with the charge was removed
from the furnace and cooled for 4-5 hours. Then
the crucible was broken. Alloy and slag were
weighed. The content of metals in the alloy was
determined using Scanning electron microscopy. In
addition, the density of the alloys was determined
by the pycnometric method (P, g/cm?3), using which

the silicon content in the alloy was determined
from the expression [16]:

CSi=690.679-545.783-P+166.151-P*-17.467-P° (1)

The degree of extraction of silicon into the alloy
(aSi, %) was determined from the ratio of the mass
and metal in the alloy to the mass of metal in the
charge.
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Figure 2- DTA analysis

Figure 2 shows a tripoli derivatogram, which
shows that the heating of tripoli was accompanied
by two endothermic effects. The first at 50-220 °C
and the second at 600-830 °C. The first effect is
associated with the decomposition of magnesium
and calcium carbonates. The weight loss of tripoli
was 13.52%. Figure 3 shows the SEM analysis of
tripoli dried at 200-230 °C for 30 minutes.

|

Spectrum 1

Full scale 4749 imps. Cursor 0.000 keV

Element | C (0] Mg | Al Si K Ca

Weight, % 2.63 | 53.93 | 0.85 | 4.41 | 283 | 1.6 | 4.9

I- electronic image, Il- elemental composition
Figure 3-SEM analysis of tripoli
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It can be seen that in the original tripoli the Si
concentration is -28.3%, Al-4.4%, 0-53.93%. After
burning at 800 °C the tripoli contained mass %:
71.6% SiO,, 9.2% Al,0s, 7.5%Ca0, 1.5% MgO, 2.1%
K20, 4.9% Fe,0s3, 0.2% TiO,, 2.8% CO,, and coke,
mass %: 5.1% SiO,, 2.0% Fe,05, 1.8% Al,05, 1.5%
Ca0, 0.4% MgO, 0.8% S, 1.2% H,0, 85.8% C, 1.4%
others. In steel chips, Fe was -96.9%, C -1.5%, Si-
0.2%, Mn 0.3%, others (Ni, Cr, Cu) —1.1%.

The studies were carried out by the method of
planning experiments using a rotatable plan of the
second order (the Box-Hunter plan) [17].
Regression equations for the influence of
technological parameters on the degree of silicon
extraction into the alloy and the silicon content in
it, as well as a graphical representation of the
parameters for optimizing the determination,
respectively, according to the methods [[18], [19]].
As independent variables using the amount of coke
(C) and steel chips (St), % of the mass of tripoli. The
intervals of variation of independent variables are
shown in Table 1, and the matrix of experiment
planning and their results are shown in Table 2.

Table 1-Variable intervals

Table 2-Experiment design matrix and results

= Variables Technological

'°§" Coded Natural optimization parameters

—

8

S| X X2 C,% | St, Qs s Csi Csi

o«

2. % (exp), (distr), (exp), (distr),

= % % % %

1 1 -1 324 28 736 | 767 | 422 | 438

2 +1 -1 43.6 28 53.8 | 573 | 355 | 36.8

3 1 +1 324 42 69.2 | 687 | 324 | 320

4 +1 +1 43.6 42 59.3 | 59.2 | 29.1 | 284

5 + 0 46.0 35 495 | 47.7 | 28.0 | 27.8
1.414

6 - 0 30.0 35 69.3 | 68.1 | 36.0 | 35.3
1.414

7 0 + 38 45 69.8 | 70.8 | 30.8 | 318

1.414
8 0 - 38 25 792 | 752 | 479 | 46.0
1.414

9 0 0 38 35 83.8 | 89.3 | 42.0 | 424

10 0 0 38 35 89.9 | 893 | 415 | 424

11 0 0 38 35 89.0 | 89.3 | 42.8 | 424

12 0 0 38 35 83.0 | 89.3 | 426 | 424

13 0 0 38 35 89.3 | 89.3 | 432 | 424

Level Coded look Natural look
Coke Steel Coke Steel
shavings shavings
X1 X2 C % St., %
Zero level 0 0 38 35
Lower -1 -1 324 28
level
Upper +1 +1 43.6 42
level
Upper star +1.414 +1.414 46 45
shoulder
Lower Star -1.414 -1.414 30 25
Shoulder

Using the method described in [18,] and the
data in Table 2, the following regression equations
were obtained:

aSi=-696.16+34.52-C+9.012-5t-0.503-C?-
0.166-5t2+0.063-C-St; (2)

CSi=-179.25+11.92-C+0.965t-0.173-C2-
0.036-5t2+0.021-C-St. (3)

Figures 4 and 5 show volumetric and planar
images constructed in accordance with [19] of the
effect of coke and steel chips on the degree of
silicon into the alloy and the
concentration of silicon in it.
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I- volumetric image, Il- planar image

Figure 4-Influence of coke and steel chips on the
extraction of silicon into an alloy

Figure 4 shows that the degree of extraction of
silicon into the alloy from 80 to 90% is observed at
32.1-41.2% of coke and 25.9-41.8% of steel chips
(shaded area in the figure), and from 90.0 up to
90.6% at 36.0-37.3% coke and 33.2-35.0% steel
chips (shaded area of Figure 4).
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Table 3 - Boundary values of technological parameters in
the production of ferroalloys from Tripoli

3 Point in Technological parameters
s b o the figure | Coke, %| Steelchips,% CSi,%| aSi, %
L g, - a 321 32.5 410 | 80.0
\\3%\}%“ 5| i o b 37.0 37.0 41.0 88.9
% i c 40.9 32.2 410 | 80.0
[ N d 36.3 26.2 466 | 80.0
I | X 30.0 40.6 290 | 583
Wi e h 30.0 45.0 230 | 477
t 333 45.0 29.0 62.5
| - volumetric image, Il - planar image o 36.6 34.0 43.5 90.3
e 36.0 34.5 43.0 90.0
Figure 5- Effect of coke and steel chips on the silicon s 37.0 35.2 42.6 90.0
content of the alloy p 37.3 34.5 43.0 90.0
r 37.0 33.0 44.0 90.0

A ferroalloy containing from 41 to 47% silicon
(ferrosilicon grade FS45 [20]) is formed in the nfyz
region (Figure 5), in which the amount of coke is
from 30.3 to 41.6%, steel chips - from 25 to 37%.
Low-silicon ferrosilicon (FS25) is formed in the xht
region in the presence of 30.0-33.3% coke and
40.6-45% steel chips. Figure 6 shows combined
information on the effect of coke, and steel chips
on aSi and CSi.
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Figure 6 - Combined information on the effect of coke
and steel chips on the extraction of silicon into the alloy
and the content of silicon in it

The choice of optimal conditions for obtaining a
ferroalloy from tripoli was determined based on the
accepted conditions: aSi 280% and CSi>41%. The
region abcd meets these conditions. Table 3 shows
the boundary parameters of the three regions in
Figure 6.

Table 6 shows that ferrosilicon grade FS45 is
formed from tripoli in the presence of 32.1-40.9%
coke and 26.2-37.0% steel chips. The degree of
extraction of silicon into the alloy is 80-90.6%.
Ferrosilicon grade FS25 is formed with a large
number of steel chips - 40.6-45.0% and less coke -
30.0-33.3%. However, the extraction of silicon into
the alloy, in this case, is only 47.7-62.5%. It is
necessary to dwell on the region espr, in which aSi
is 90.0-90.3%, and the concentration of Si in the
alloy is 42.6-43.5%. Such indicators are achieved
with 36-37.3% coke and 33.0-35.2% steel chips.

Figure 7 shows photographs of ferroalloys
obtained with various amounts of coke and steel
chips.

The numbers in the photographs correspond to the
melting numbers according to table 3
I- ferrosilicon FS25 (Si=29-32%), |I- ferrosilicon FS45
(Si=41.5-43.2%)
Figure 7-Photos of some ferroalloys obtained from tripoli

It should be noted that in comparison with
the conventional charge, which uses quartzite, the
smelting of ferrosilicon from tripoli is more
intensive. So, for experiment No.14, the duration of
melting of the last portion of the charge decreases
from 30 to 25 minutes, i.e. 1.2 times.
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Conclusions

Based on the studies carried out on the
production of ferroalloys by electric melting of
tripoli, the following conclusions can be drawn:

- silicon from tripoli into ferroalloy is extracted
by 49-90.6%, and the silicon content in the alloy
was 28-48%;

- ferrosilicon grade FS25 (23.0-29% Si) is formed
in the presence of 30-33.3% coke and 40.6-45.0%

steel chips, grade FS45 (41-46.6% Si) with 32.1-
40.9% coke and 26.2-37 % steel chips;

- the maximum degree of extraction of silicon
(90.0-90.3%) in ferrosilicon FS45 (42.6-43.5% Si) is
observed in a small range of coke (36.0-37.3%) and
steel chips (33.0-35.2%);

- in comparison with the standard charge, the
duration of the smelting of ferrosilicon from tripoli
is reduced by 1.2 times.

Cite this article as: Shevko VM, Mirkayev NM, Aitkulov DK. Electrothermal production of ferroalloy from tripoli. Kompleksnoe
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TpenenaeH ¢peppoKOPbITNAHbI 3/IEKTPOTEPMUANBIK TICIIMEH any
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TYWIHAEME

MaKkanaga amopdTbl WeriHai Tay KblHbICTapblHaH - TpenengeH ¢eppoKoOpbITNAHbI
3/IeKTPOTEPMUANDBIK,  OHAIPYAI 3epTTey HaTuKenepi KenTipinreH. 3epTreynep ekiHWi peTTi
3KCNEPUMEHTTI poToTabenbaj ocnapaay aaiciH (Bokc-XaHTep »kocnapbl) KongaHa oTbipbin, 6ip
3NEKTPOATbI AOFafbl MewTe 31eKTpMeH 6ankbiTy apKpiabl Kyprisingi. Kokc neH 6onat
JKOHKANapPbIHbIH, MesLllepi KpeMHUINAIH KOpbITnafa LWbIFapblly A3peKeciHe >KaHe OHAafbl
KpPeMHUIA[H KypamblHa acepi aHblkTanabl. TpenengeH deppocnnaska KpemHuin 49-90.6% - fa
ayblicaZbl, an KopbITnagafbl KpemHuit menwepi 28-48% - abl Kypahabl. Kokc 30-36.3% KaHe
6onat oHkanap 40.6-45.0% KaTbicybiMeH deppocuanumini mapkansl PC25 (23-29% Si)
Kypblnagpl, Kokc 32.1-40.9% kaHe 60naT sKoHKanap 26.2-37% kesiHge beppocuanumii mapKkanbl
®C4A5 (41-46.6% Si) Tysineni. ®c45 (42.6-43.5% Si) mapkanbl dpeppocunnumiise KpemHuiai
anypplH, eH, »Kofapbl gapexeci (90.0-90.3%) warbiH Kokc MHTepBanbiHAa (36.0-37.3%) KaHe
6onaT KoHKacbiHAa (33.0-35.2%) 6aiikanaabl. KBapumMTTiH, OpHbIHA Tpeneaai KoaaaHy NpPoLecTiH,
»KanfacyblH 1,2 ece asanTtaabl.

TyliiH ce30ep: Tpenen, aneKTpAik 6ankbITy, TepMmoanHaMUKa, deppoKopbiTna, beppocnamumin
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AHHOTALUMUA

B craTbe npuBOAATCA pe3ynbTaThl  MCCAELOBAHUNA  3/1EKTPOTEPMMUYECKOrO  MONydYeHUs
deppocnnaBa M3 amopdHOM 0CaAO4YHOW Mopoapl-Tpenena. MccnepoBaHusa NPUBOAWIUCH
3/71eKTPONNABKOW B  [yroBOM  OfHOS/NEKTPOAHOM Me4yn C  WCNo/Jb30BaHUEM  MeToAa
poToTabenbHOro MAaHWpPOBaHMA 3KCMepumeHTa BTOporo nopsaka (nnaH Bokca-XaHTepa).
OnpeseneHo BAUAHME KOIMYECTBO KOKCA M CTa/IbHOM CTPYXKKU Ha CTeneHb U3BEYEHWA KpemMHUA
B CMJ/IaB M COAEPNKaHWEe B HeM KpeMHus. HallieHo, YTo KpemMHuit 13 Tpenena B dpeppocnnas

Noctynuna: 29 mas 2022 u3BneKaetca Ha 49-90.6%, a coflepiKaHne KpeMHUA B CnnaBe cocTaBuao 28-48%; Gpeppocunnumii
PelieHsuposanue: 05 utoHa 2022 mapku ®C25 (23-29% Si) obpasyetca 8 npucytcteum 30-33.3% kokca u 40,6-45.0% cTanbHOM
MpuHaTa B nevatsb: 25 urons 2022 CTPYKKM, Mapkn ®C45 (41-46.6% Si) npu 32.1-40.9% Kokca U 26.2-37% CTaNbHOW CTPYXKKY;

MaKCMManbHas cTeneHb nssneverms kpemHua (90.0-90.3%) B deppocununumin ®C45 (42.6-43..5%
Si) oTMeyaeTcs B HebobLWOM UHTepBane Kokca (36.0-37.3%) v cTanbHOWM cTpyKKM (33.0-35.2%).
B cpaBHeHMM CO CTaHAAPTHOW LUMXTOM NPOAOKWUTENbHOCTb BbINAaBKM deppocuavuma us
Tpenena cokpauiaetca B 1,2pasa.

Kniouesbie cnoea: Tpenen, sSNEKTPONNABKa, TepMoAMHaMUKa, deppocnnasbl, deppocuanuuii
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