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Abstract. The article discusses waste from ferroalloy production and a review of the chemical analysis of ferrochrome slags. The authors analyze the composition of
slags, their physical and chemical properties, as well as their impact on the environment. The article examines the physical properties of existing high-carbon and refined
ferrochrome slags. The authors also analyze in detail the composition of high-carbon ferrochrome slags, their physical and chemical properties, as well as their difference
from refined ferrochrome slags, and their impact on the environment. The article also discusses the physical properties of existing slags used in the production of the men-
tioned types of ferrochrome. This article provides an overview of the composition and physicochemical properties of high-carbon and refined ferrochrome slags, identifies
the main components and determines their potential practical value.
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Introduction

The production of high-carbon and refined ferrochrome is
an important part of the metallurgical industry. These alloys
are used in the production of stainless steel, alloys with high
chromium content, as well as in other industrial fields such as
the aluminum industry, high-speed steel production and other
industries. The process of producing ferrochrome involves the
use of ore, chromium oxides and coal. However, the formation
of slags is an integral part of this process.

Slags formed during the production of ferrochrome are a
by-product formed as a result of the interaction of raw ma-
terials with a piece of iron, which is used as a reaction me-
dium for the chromium enrichment process. Slags, as a rule,
contain a significant amount of chromium, aluminum, silicon
oxides and other elements that are present in the ores and
additives used.

Slags from the production of high-carbon and refined ferro-
chrome play an important role in the alloy production process.
They have a variety of properties that can affect the processes
of alloy production, such as viscosity, density, thermal conduc-
tivity and heat capacity. In addition, during the formation of
slags, metallic and non-metallic impurities are removed from
the alloy, which affects its chemical composition and proper-
ties.

The purpose of this work is to study the properties, compo-
sition and influence of slags from the production of high-car-
bon and refined ferro-chromium on the process of obtaining al-
loys. We will also look at possible ways to use slags as second-
ary raw materials or additives for other production processes.
This aspect is of interest both from an environmental point
of view and from the point of view of optimizing production
processes.

Research methods

In accordance with the schedule, the physical properties of
22 slag ferroalloys presented by the Aktobe plant were experi-
mentally studied. Their chemical analyses are shown in Table 1.

They were synthesized at the Aktobe Ferroalloy Plant by
adding various fluxes to natural slags. Samples 1-6 (Table 1)
were obtained by adding high-carbon ferrochrome ceramic
clay to the smelting slags, samples 7-11 by adding calcium
borate to the same slags, and 12-16 by adding refined ferro-
chrome smelting slags. Refined ferrochrome smelting slags,
where from 0 to 25% of expanded clay was introduced, are
also presented for research. Chemical analyses of all slags
were performed at the Aktobe Ferroalloy Plant.

Additives are introduced into the slags in small increments
(2%). Often, in this case, the physical properties change slight-
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Table 1
Chemical analyses of natural slags
Kecme 1
Taouzu moxcunoepoir XumMuAIbIK MAaoaynapol
Tabnuua 1
Xumuueckue ananu3vl HAMypPaIbHBIX WIIAKOE
Ne . Chemical composition of the slag, %
Material Flux -
sample Cr,0; 8i0, | CaO | MgO | AlLO; | FeO | B,O; | Cr,,,
1 HCEFC slag* without additive 9,4 26,0 1,7 42,0 16,8 23 - 49
2 HCFC slag 2% expanded clay 42 28,8 3,6 42,1 19,6 1,0 - 1,3
3 HCFC slag 4% expanded clay 2,6 30,9 2.5 43,8 18,5 0,8 - 1,1
4 HCFC slag 6% expanded clay 3,0 31,5 2,4 433 18,4 0,8 - 1,0
5 HCFC slag 8% expanded clay 3,5 31,4 2,2 432 18,4 0,8 - 1,1
6 HCFC slag 10% expanded clay 32 32,1 2,1 43,0 18,5 0,8 - 0,9
7 HCFC slag 2% calcium borate 32 28,5 2,5 45,7 18,5 0,6 0,5 1,0
8 HCFC slag 4% calcium borate 3,5 27,8 3,7 44,0 17,9 0,8 1,7 0,8
9 HCFC slag 6% calcium borate 32 28,7 3,5 45,1 17,9 0,4 1,2 0,8
10 HCFC slag 8% calcium borate 5,0 27,2 43 43,0 17,2 1,0 2,3 1,4
11 HCFC slag 10% calcium borate 5,0 26,7 4.9 41,9 17,2 0,9 2,6 1,4
12 HCEFC slag 2% RFC slag** 2,3 28,7 3,0 46,1 18,5 0,5 0,05 1,0
13 HCFC slag 4% RFC slag 1,7 28,8 4,0 45,8 18,2 0,5 0,05 0,7
14 HCEFC slag 6% RFC slag 3,6 27,8 4,5 45,0 18,1 0,5 0,05 1,1
15 HCFC slag 8% RFC slag 2,3 29,4 5,7 445 17,1 0,6 0,01 0,9
16 HCFC slag 10% RFC slag 2,7 28,5 6,5 43,8 17,0 0,5 0,01 1,0
17 RFC slag without additive 7,8 25,2 | 47,1 12,4 5,5 1,1 - -
18 RFC slag 5% expanded clay 8,1 27,0 | 44,1 12,0 5,6 3,0 - 4,0
19 RFC slag 10% expanded clay 43 31,0 | 44,2 12,3 6,7 1,2 - 1,3
20 RFC slag 15% expanded clay a 4,1 31,0 | 43,1 12,7 6,9 1,1 - 1,3
21 RFC slag 20% expanded clay a 4,0 33,0 | 41,0 12,2 7,5 1,0 - 1,3
22 RFC slag 25% expanded clay 49 35,2 38,2 11,9 7,5 1,0 - 1,2

1 * —HCFC slag-high carbon ferrochrome slag;
2 ** — RFC slag-refined ferrochrome slag.

ly and to fix this, a regular change in the chemical composition
of the slag with the additive is important, i.e. it is important
to accurately enter the specified composition. This can be es-
timated by comparing the compositions of natural slags with
calculated ones (Table 2).

There can be no complete coincidence of real and calculat-
ed compositions due to unavoidable errors:

- averaging of initial samples;

- weighing of individual components;

- fusion of slag and flux at high temperatures;

- chemical analysis of finished samples.

These errors are strictly regulated, determined by the accu-
racy class of the devices and techniques used and, subject to
the technical specifications for performing this type of work,
do not exceed plus or minus 10%.

Let’s compare the compositions of natural and calculated
slags. When 2% expanded clay is added to slag No. 1 HCFC,
the Cr,0; content in it drops from 9.4 to 4.2% (Table 1), i.e. by
2.2 times, and the FeO content by 2.3 times. This contradicts
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calculations, because expanded clay has a high FeO content
(7.7%) and an increase in the amount of this additive should
lead to an increase in the FeO content in the slag, and not to
a drop. This is confirmed by the calculation. When 2% ex-
panded clay was added to this slag, the FeO content naturally
increased and amounted to 2.41% (Table 2). The two-fold dis-
tribution does not fit into the permissible TU 10%.

The conditions of sample preparation are unknown to us,
but it can be assumed that the melting was carried out in a
graphite crucible, the carbon of which recovered chromium
and iron, causing a drop in the content of their oxides in the
slag. The latter in the slag are in the form of high-tempera-
ture spinel FeO*Cr,0;, a decrease in the amount of which will
lead to a drop in the refractory slag, and it will be incorrect to
attribute the effect of changing its physical properties to the
introduced flux. The role of carbon, which led to a decrease
in the content of chromium and iron oxides in the slag, may
be decisive. This also applies to the content of Sgmet metal
chromium in the slag.
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Table 2
Calculated slag compositions
Kecme 2
Kootcoapowvin ecenmik Kypamol
Tabnuua 2
Pacuemmnvie cocmaenl uiiaKkos
No . Flux Chemical composition of the slag, %
Material
sample Cr,0, Si0, | CaO | MgO | AlLO, | FeO | B,0, | Cr,,,
1 HCFC slag without additive 9.4 26,0 1,7 42,0 16,8 23 - 4,9
2 HCFC slag 2% expanded clay 9,24 26,62 1,7 41,22 16,78 2,41 - 4.8
3 HCFC slag 4% expanded clay 9,09 27,21 1,69 40,48 16,77 2,51 - 4,7
4 HCEFC slag 6% expanded clay 8,94 27,78 1,69 39,76 16,75 2,61 - 4,6
5 HCFC slag 8% expanded clay 8,8 28,33 1,69 39,07 16,74 2,7 - 4,54
6 HCFCslag | 10% expanded clay 8,66 28,86 1,68 38,4 16,73 2,79 - 4,45
7 HCFC slag 2% calcium borate 9,21 25,49 2,69 41,17 16,47 2,25 0,84 4.8
8 HCFC slag | 4% calcium borate 9,04 25,0 3,63 40,38 16,15 2,21 1,65 4,7
9 HCEFC slag 6% calcium borate 8,87 24,53 4,55 39,62 15,85 2,17 2,43 4.6
10 HCFCslag | 8% calcium borate 8,7 24,07 5,43 38,89 15,55 2,13 | 3,19 4,54
11 HCFCslag | 10% calcium borate 8,54 23,64 6,27 38,18 15,27 2,09 391 4,45
12 HCFC slag 2% RFC slag * 9,368 25,98 2,59 41,42 16,58 2,28 - 4,8
13 HCEFC slag 4% RFC slag 9,34 25,96 3,45 40,86 16,37 2,25 - 4,7
14 HCEFC slag 6% RFC slag 9,31 25,94 4,27 40,32 16,16 2,23 - 4,6
15 HCFC slag 8% RFC slag 9,28 25,93 5,06 39,81 15,96 2,21 - 4,54
16 HCEFC slag 10% RFC slag 9,25 2591 5,83 39,31 15,77 2,19 - 4,45
17 RFC slag without additive 7,8 25,2 47,1 12,4 5,5 1,1 - -
18 RFC slag 5% expanded clay 7,49 26,74 | 44,93 11,92 6,0 1,6 - -
19 RFC slag 10% expanded clay 7,21 28,14 | 4296 | 11,49 6,45 2,06 - -
20 RFC slag 15% expanded clay 6,95 29,41 | 41,15 11,09 6,87 2,48 - -
21 RFC slag 20% expanded clay 6,72 30,58 39,5 10,73 7,25 2,87 - -
22 RFC slag 25% expanded clay 6,5 31,66 | 37,98 | 10,40 7,6 3,22 - -
HCEFC slags with the addition of calcium borate (No. 7-11) Results

also differ from the calculated ones for the reasons stated
above. In addition, there is a large deficiency in the slag of
boric anhydride B,0; against the calculated content. The cal-
cium borate supplied to the plant contains about 12% hydrated
moisture and, when charging, it is necessary to take into ac-
count the reduced content of boric anhydride in it against its
amount in the calcined substance.

A distinctive feature of RFC slags with the addition of RFC
slags (No. 12-16) is the presence of B,0;, although it is not pres-
ent in the original RFC slag (No. 17), which is added. RFX slags
with the addition of expanded clay (No. 17-22) also differ from
the calculated ones, especially for chromium and iron oxides.

The physical properties of the slags and their phase com-
position are investigated. The viscosity is determined using an
electrovibration viscometer, the temperature of the beginning
of crystallization is determined by the dependence of viscosity
on the inverse absolute temperature, the temperature of the end
of crystallization is determined by stopping the spindle of the
viscometer with complete crystallization of the tested slag, and
the phase composition is determined by thermodynamic-dia-
gram analysis.

The results of viscosity studies of all 22 slags are shown
in figures 1-4. They are divided into groups. The numbers of
the viscosity curves correspond to the numbers of the slags
according to Table 1. The first group (No.1-6) shows the tem-
perature dependence of the viscosity of slags with the addition
of expanded clay (Figure 1). All of them have a low viscosi-
ty upon melting, since they are composed mainly of forster-
ite, which has a simple phase structure of isolated tetrahedra
(Si0)* (Table 3). The addition of expanded clay does not have
a noticeable effect on the viscosity in the melted state, as can
be seen from the course of the curves in Figure 1. This is due to
the practical immutability of the initial slag structure (No. 1) of
the simplest form of isolated tetrahedra, due to the dominance
of forsterite and magnesian spinel (Table 3). Only at high clay
consumption do triple compounds appear in the slags, for ex-
ample, anorthite (CAS,) with a skeleton-type anion structure,
which makes the course of the temperature dependence of vis-
cosity smoother.

According to experimental data, the addition of expanded
clay slightly reduces the temperature of the beginning of crys-
tallization of the slag of the HCFC (Table 4). Theoretically,

T'opnwuii scyprnan Kazaxcmana Ne5’ 2024




Meramnyprig

a strong decline could not be expected. Silica (57.5%) and alu-
mina (16%) contained in clay in large quantities contribute not
to a decrease, but to the growth of high-temperature forsterite
(M,S) in the slag and the retention of refractory magnesium
spinel (MA) at a high level (Table 3).

45
4 1

3.5

¥
]

.
S —
2 [ |
15 L Z\L L

1 I SAY
0,5 2 e L\/4\-

0 : »\&__%_.4 ST
1600 1620 1840 1880 1880 1700 1720 1740 1780

Viscosity, Pa*s Temperature, °C

Figure 1. Temperature dependence of slag Nel1-6 viscosity.
Cypert 1. Ne1-6 Ko:kaapABIH TYTKBIPJIBIFbIHBIH
TeMIepaTrypara TdyeJaiiiri.

Puc. 1. TemneparypHasi 3aBHCHMOCTD BSI3KOCTH
niakoB Nel-6.

It should also be taken into account that the loss of refrac-
toriness was facilitated by the removal of a part of the spinel
FeO*Cr,0; from the slag due to its reduction to metal during
slag preparation in a graphite crucible.

It can also be noted that all the studied slags of this group
are «shorty, i.e. crystallizing in a narrow temperature range.
This can be seen both in the course of the viscosity curves
(Figure 1) and in the ratio of the temperatures of the begin-
ning and end of crystallization, i.e., the crystallization interval
(Table 4).

The addition of expanded clay does not expand, but narrows
the temperature range of crystallization. If the initial (without
additives) slag No. 1 had 43°C, then the introduction of only
2% clay narrowed this interval to 17°C (slag No. 2). This is
typical for all the slags of this group.

Figure 2 shows the dependences of the viscosity of the slags
of HCFC with the addition of calcium borate. As in the previ-
ous case, they have a low viscosity upon melting, not exceed-
ing 0.25-0.50 Pa*s. The dominant phase components of the
initial slag also play a major role here.

The temperature of both the beginning and the end of crys-
tallization of slags decreases here more intensively than in the
case of expanded clay additives. Thus, when 10% calcium
borate is injected into the slag, the temperature of the begin-
ning of crystallization decreases from 1698 to 1610°C, i.e. by
88°C. The temperature range also expands, reaching 54-86°C
with the first additives (Table 4). The phenomenon of calcium
and monticellite (CMS) borates, which are more fusible than
forsterite and magnesian spinel, is the reason for this. But the
potential capabilities of B,0; to reduce the refractoriness of
slag are not fully realized. Firstly, for reasons unknown to us,
the content of B,0; in the final slag is almost 2 times less than
in the calculated one.
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Figure 2. Temperature dependences of slag Ne7-11
viscosity.
Cypet 2. Ne7-11 KoskaapaAbIH TYTKbIPJBIFbIHBIH
TeMIePaTyPAJIBbIK TIyeJAiTiri.
Puc. 2. TemneparypHble 3aBUCHMOCTH BSI3KOCTH
niiakoB Ne7-11.

Secondly, the excess of CaO present in calcium borate, re-
acting with forsterite, lowers the amount of the latter (Table 3):

Ca0 + 2Mg0-Si0, = (Ca0-Mg0-Si0,) + MgO

But the MgO released in this case, crystallizing in the form
of more than forsterite refractory periclase (M — in Table 3),
reduces the effect of B,0;. In this regard, pure boric anhydride
having a melting temperature of 450°C or borate ore with a
fusibility of 1050°C are more effective than relatively refrac-
tory (ter. = 1230°C) and contributing a lot of CaO calcium bo-
rate. With a calcium borate consumption of 10%, the crystalli-
zation temperature drops from 1698 to 1610°C, i.e. by 880°C.
If the same amount of B,0; is added with pure boric anhydride
or borate ore, then the temperature of the beginning of crystal-
lization decreases by 150°C, i.e. almost twice as much as was
shown by us in previous studies.

Figure 3 shows the effect of slag additives produced by
refined ferrochrome on the physical properties of the HCFC
slag. These compounds are also highly mobile (less than
0.5 Pa *s) at high temperatures, since the initial structure
is mostly preserved, and the added slag is almost entirely
composed of isolated Si0, tetrahedra of bicalcium silicate,
the content of which in the RFC slag reaches 72.8% (Table
3). With the addition of RFC slags, the temperature of the
beginning of crystallization of HCFC slags decreases (Ta-
ble 4). This is due to the appearance of a relatively low-tem-
perature triple compound CaO*MgO*Si0, (CMS in Table
3) as a result of the interaction of the main components of
these slags:

2 Mg0-Si0, +2Ca0-Si0, = 2(Ca0-Mg0-Si0,)

The temperature range of crystallization of slags is small
and does not exceed 50°C (Table 4).

Figure 4 shows the effect of expanded clay additives on the
viscosity of refined ferrochrome production slags. Both the
initial and the slags with the addition of melting are very mo-
bile (0.25-0.50 Pa*s).
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Table 3
Phase composition of industrial slags
Kecme 3
Onoipicmik Koxcoapoviy (hazansix Kypamol
Tabnuua 3
Da3z06wlil cOCMAB NPOU3600CMEEHHBIX UIAKO8
Ne Phase composition, %
slag | pr | cMs M,S | MA | MCr | FCr | C,MS, | CMS, | CAS, | M,A,S;| C,S | CCr | C;MS, | C,AS
1 0.50 | 4.83 | 57,66 | 23,86 | 5,84 | 7,29
2 56,61 | 27,51 | 2,64 | 3,14 6,71 3,35
3 60,80 | 26,03 | 1,14 | 2,52 0,42 9,06
4 62,13 | 23,30 | 1,67 | 2,49 5,44 4,94
5 62,56 | 22,53 | 2,31 | 2,49 3,66 6,43
6 64,42 | 20,37 | 1,91 | 2,49 10,44 0,34
7 1,44 | 7,06 | 61,06 | 26,06 | 2,45 | 1,90
8 1,86 | 10,58 | 57,10 | 25,55 | 2,33 | 2,55
9 1,42 | 9,88 | 59,14 | 25,27 | 3,02 | 1,24
10 | 2,09 | 12,29 | 54,14 | 24,54 | 3,74 | 3,17
11 | 2,04 | 14,16 | 51,99 | 24,84 | 4,06 | 2,89
12 | 2,11 | 846 | 60,23 | 26,03 | 1,59 | 1,55
13 | 2,70 | 11,28 | 57,97 | 25,63 | 0,81 | 1,58
14 | 3,12 | 12,62 | 54,07 | 25,37 | 3,23
15 | 2,12 | 15,97 | 54,76 | 23,94 | 1,31 | 1,86
16 | 3,09 | 18,32 | 50,94 | 23,96 | 2,11 | 1,55
17 | 8,92 7,74 | 6,65 | 3,45 72,86 | 0,35
18 | 4,77 7,82 | 2,21 | 9,37 38,68 37,11
19 6,80 | 2,24 | 3,73 1,33 80,93 | 4,94
20 19,33 2,27 | 3,17 2,70 53,46 | 18,76
21 16,45 2,39 | 3,17 | 21,49 36,05 | 20,43
22 6,517 3,58 | 3,14 | 58,88 7,44 | 20,43
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4'i 13 % 35
B I 3
35
Sl 318 1 o
2T ;
i LT [
15 L l \- \ 14
1 A T 1 :
05 ‘Q‘&H \}‘* oA
i : RRESESW S Sma s e o s
1620 1640 1660 1680 1700 1720 1740 1760 1380 1440 1500 1560 1620 1680 1740

Viscosity, Pa®s Temperature, °C Viscosity, Pa*s Temperature, °C
Figure 4. Temperature dependence of slag Nel7-22
viscosity.
Cypet 4. Ne17-22 KoxkAapABbIH TYTKbIPJIBIFbIHBIH
TeMIepaTypara ToyeJIiJIiri.
Puc.4. TemneparypHasi 3aBHCHMOCTb BA3KOCTH ILJIAKOB

Nel7-22.

Figure 3. Temperature dependence of slag Ne12-16
viscosity.
Cyper 3. Ne12-16 Ko:kaapablH TYTKbIPJIbIFbIHBIH
TeMIlepaTypaFra ToyeJijiri.
Puc. 3. TeMneparypHasi 3aBUCHMOCTb BSI3KOCTH LIIJIAKOB
Nel2-16.
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The introduction of expanded clay reduces the tempera-
ture of the beginning of crystallization of slags and extends
the crystallization interval. But all of them are «shorty, i.e.
they crystallize quickly. Expanded clay is not one of the clas-
sic fluxes such as fluorides, borates, chlorides, sodium com-
pounds, which intensively reduce the refractory properties
of charges and slags. And therefore, only at high clay con-
sumption can a noticeable (more than 100°C) decrease in the
crystallization temperature be achieved (Table 4). This is due
to a decrease in the content of the highest temperature phase
in it — bicalcium silicate (tcr. = 2130°C). But the assimilation
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