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Llenvlo pabomer agunuce uzuko-xumuueckue UCCIe006aAHUA XUMUKO-MUHEPANoZuYe-
CK020 €OCMaea wiiaka npou3600CHEéad HU3ZKOY21epoOUCHo20 (eppoxpoma, npeonazaemozo K uc-
NOJ1b306AHUI0 6 KAYECHI8e KOMNOHEHMA JHCApOCMONK020 sadcywe2o mamepuana. B pesyromame
UCC1€008ARUIL YCMAHO0BIEHO, YN0 OCHOGHOU KPUCMANIUYECKOU (Pa3oii 6 wiiaKe A6AAemMca Opmo-
cunukam Kanvyus 6 eude moouguxayuu y-Ca,SiO4, Komopwiii maxiice 4acmuuHo RPUCYmMcmeyem 6
suoe a-Ca,SiOy, u maznesuanvuvie cunuxamol ¢ sude popcmepuma Mg,Si0,. Ocnosnvie ceolicmaa,
maxue Kaxk njiomHocms, yOeabHas NO6EPXHOCHIb, OUCHEPCHOCHb, MYZONIABKOCHb WAKA, Onpede-
JAIOMCA CEOUCHBEAMU OOMUHUDPYIOW,€20 MUHEPana opmocuiukama Kaivyus. B ycnoeusax meonen-
HO20 OCMBIGAHUA WINAKOB0Z0 PACNIA6A OCHOGHOU MUHEPAL € COCHmage WNAKA, OPMOCUIUKAM
kanvuyus f-Ca,SiO,, nepexooum 6 moouuxayuio y-Ca,SiO, ¢ yeeruuenuem oovema Kpucmaniuue-
cKoui peuwiemku na ~12%, umo npueodum K camopaspyuieHulo u nepexooy uwiiaka é nulieguoHoe
cocmosanue. Pezynomamut uccnedosanuii yoenvHoil no6epxHocmu, ONPedeaeHus cCPeoHez0 pasmepa
yacmuuy, pe3yipbmamsl CUNO6020 GHATU3A NOKA3AIU, YO UCCTeOYemblil WNAK NPeOCmasisiem co-
001l MOHKOOUCNEPCHBLIL NOPOULOK CEPO20 UEEMA CO CEOYIOUUMU XAPAKMEPUCHUKAMU: YOCTbHAA
nosepxnocms 2955 cm’/2, cpeonuii pazmep wacmuy 6,8 mxm, ucmunnan niomuocms - 3,01 Zem®,
nacvinnas niomuocms - 739 xz/m°. Ilpu npumenenuu monKoOUcnepcHozo winaka npou3eo0cmed
HU3KOY211epoOUCHO20 (Peppoxpoma ¢ Kauecnee KOMHOHEHMA KOMNOZUUHOHHBIX GANCYUUX MOIICEm
OblmMb UCKNIOYEH IHEP2O3aMPAMHbBLI RPOUECC €20 MOHK020 nomona. B nacmoawee epema winax
nPOU3600CMEA HU3KOY2NEPOOUCHIOZ0 (PeppoXpPomMa NPAKMUYECKU He UCHOJIb3Yemcs 6 Kauecmee
6MOPUYHO20 MUHEPATILHOZO CBIPbS, 0OHAKO (PUUKO-XUMUYECKUE CEOICHEA COCMAGTAIOWUX W1AK
MUHEPA068 NO360IAI0M PEKOMEHO0BAMY €20 6 KAUecmee KOMNOHEHmMA 014 U320MO6AeHUs Heapo-
cmotikux mamepuanoe. Pezynomamol puzuko-xumuueckux uccie006anuil Moym Ovims UCHOJIb30-
6aHbl 014 paspadbomKu IPGeKmueHbIX MEXHON02UN KOMNIEKCHOU NepepadomKu wiaKkoé HU3Ko-
yanepooucmozo heppoxpoma.
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The aim of the work is physicochemical studies of chemical and mineralogical composi-
tion of the slag from the production of low-carbon ferrochrome proposed to use as a component
of heat-resistant binder. As a result of studies, it was found that the main crystal phase in the slag
is calcium orthosilicate in the form of y-Ca,SiO, modification, which is also partially in the form
of a-Ca,Si0,, and magnesian silicates in the form of forsterite Mg,Si0O,. The main properties of
the slag such as density, specific surface, dispersiveness, refractoriness are determined by the
properties of the dominant mineral- calcium orthosilicate. Under conditions of slow cooling of
the slag melt, the main mineral in the slag composition, i.e. calcium orthosilicate p-Ca,SiO,4 pass-
es into y-Ca,SiO, modification with increase in the volume of crystal lattice by ~ 12%, which
leads to self-destruction and transition of the slag to a dust state. The results of studies of the spe-
cific surface, determination of the average particle size, the results of sieve analysis showed that
the slag from the production of low-carbon ferrochrome is a finely dispersed gray powder with
the following characteristics: the specific surface is 2955 cm?g, the average particle size is 6.8
um, the true density is 3.01 g/cm?, the bulk density is 739 kg/m®. When using the finely dispersed
slag from the production of low-carbon ferrochrome as a component of composite binders, the
energy-consuming process of its fine grinding can be eliminated. Currently, the slag from the
production of low-carbon ferrochrome is practically not used as a secondary mineral raw materi-
al. However, the physicochemical properties of the minerals making up the slag allow to recom-
mend it as a component for the manufacture of heat-resistant materials. The results of physical
and chemical studies can be used to develop effective technologies for integrated processing of
low-carbon ferrochrome slags.

Key words: low-carbon ferrochrome production slag, surface morphology, elemental composition, spe-
cific surface, calcium orthosilicate, magnesium orthosilicate, polymorphous modifications
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INTRODUCTION

At present, the huge volumes of industrial
wastes accumulated in the dumps of enterprises create
serious problems both in the environmental aspect
polluting the surrounding environment and in the
economic aspect, since considerable financial re-
sources are spent to the conservation and maintenance
of the dumps.

Large-tonnage mineral wastes of metallurgi-
cal industry under certain conditions of their prepara-
tion can become full-fledged raw materials for pro-
duction of various types of composite binders [1, 2].

At the same time, when applying various ac-
tivation methods, the efficiency of using technogenic
raw materials in the technology of composite binders
increases significantly [3-5].

In the Russian Federation, in the dumps of
Chelyabinsk Electrometallurgical Plant alone, more
than 8.2 million t of low-carbon ferrochrome slags
have been accumulated [6].

In Kazakhstan, at Aktobe Ferroalloy Plant of
Kazchrome Transnational Company JSC, when pro-
ducing the low-carbon ferrochrome, more than
200000 t of slag are generated annually, which are
sent to the company’ disposal area. Kazchrome
Transnational Company JSC is the world leader in the
quality and volume of chrome raw materials produc-
tion, ranked second in the global ferroalloy market.

Over 15 million t of industrial wastes are ac-
cumulated in the company’s slag disposal area, of
which about 8-9 million t are slag of low-carbon fer-
rochrome production. The costs for the slag wastes
disposal and the slag disposal area maintenance are
the major economic and environmental problem fac-
ing the company.

In world practice in the production of ferroal-
loys, importance is attached to the integrated use of
large-tonnage slag wastes according to environmen-
tally friendly technologies.
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The European Union provides for a compre-
hensive audit of any technology for registration, eval-
uation, authorization and restriction of chemicals in
accordance with the European Union Legislation on
Registration, Evaluation, Authorization and Re-
striction of Chemicals — REACH [7].

In the processing of slags from the production
of ferrochrome, the problem of ecological safety is no
less important, since chromium is recognized as a
dangerous carcinogen [8, 9].

According to the chemical and mineralogical
characteristics, slags from the production of low-
carbon ferrochrome [10-12], characterized by a ten-
dency to self-decomposition and transformation into
fine powder [13], are among the wastes of ferroalloy
production.

A distinctive feature of the slags from the
production of ferrochrome is their refractory and heat-
resistant properties [14, 15].

The published works analysis showed a small
amount of research and proposed directions for using
the slag of low-carbon ferrochrome production in ag-
riculture for soil liming, in foundry for making self-
hardening mixture, in road construction as a mineral
filler for preparing asphalt concrete, as a raw material
for cement production [16, 17].

The analysis of the published works showed
that there is a small number of works on the use of
slags from the production of low-carbon ferrochrome
in the technology of heat-resistant binders and con-
cretes.

According to the authors of [18], ferroalloy
slags can be a promising raw material for heat-
resistant binders and concretes with a temperature of
application from 800 to 1800 °C. It is shown that the
replacement of sodium silicofluoride with ferro-
chrome slag as a hardener in heat-resistant concretes
on liquid glass made it possible to increase the tempera-
ture of their use.

The possibility of using metallurgical ferroal-
loy slags as components for the manufacture of heat-
resistant concretes was also shown in [19].

The rationale for the use of self-decomposing
ferrochrome slag of Chelyabinsk Electrometallurgical
Plant for the manufacture of heat-resistant concretes
is given in [20].

As a result of studies in [21], based on bind-
ers using the waste of a ferroalloy plant, slag-alkali
heat-resistant concretes with a temperature of applica-
tion of 1100 °C were obtained.

The authors’ work [22] presents the results of
developing a technology for processing stabilized slag
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of low-carbon ferrochrome, and its composition and
structure were investigated.

It should also be noted that the authors of [23-
25] examined the current state of the theory and prac-
tice of heat-resistant binders and concretes, general-
ized theoretical provisions on the possibility of ob-
taining heat-resistant compositions using technogenic
raw materials and various binders.

Currently, the slag of low-carbon ferrochrome
production is not used as a secondary material re-
source for building materials production, which is
associated with insufficient research on the slag prop-
erties, as a mineral raw material, and insufficient re-
search on the formation of structure and properties of
building materials and products based on it.

To create of efficient and safe technologies
for integrated processing of low-carbon ferrochrome
slags requires physicochemical and technological re-
search combined with a technical and economic as-
sessment of the effectiveness of the technologies de-
veloped.

EXPERIMENTAL PART

The physical and chemical studies of the slag
sample microstructure of low-carbon ferrochrome
production were carried out using JSM-6490LV
scanning electron microscope of JEOL company (Ja-
pan), which also determined the elemental chemical
composition by the energy dispersion method.

The X-ray phase analysis of the slag was car-
ried out using DRON-3 diffractometer with CuK, ra-
diation with a nickel filter. The goniometer counter
speed was 8 gon/min. The tube voltage is 40 kV, the
tube current is 20 mA.

The slag’s specific surface and the average
particle size were determined by the dispersed materi-
al air permeability method using PSKh-K (TICX-K)
computer multifunctional device produced by Rus-
pribor LLC (Russia).

The sieve analysis of the slag was carried out
using Analysette 3 vibration sieve device of
FRITSCH company (Germany).

The results of the study of the slag sample
surface morphology and the energy dispersion analy-
sis are shown in Fig. 1. The surface of the studied slag
sample is polydisperse in nature, while there are both
dusty particles and larger dense particles having a
detrital and fragment form.

The studies of the elemental chemical compo-
sition (Table 1) showed that the slag composition has
a significant content of such elements as Ca, Si, Mg,
Cr, Al, which characterizes the mineralogical slag
composition.
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Fig. 1. The surface morphology and the elemental composition
when scanning the slag sample of low-carbon ferrochrome pro-
duction
Puc. 1. Mopdosorust moBepXHOCTH U DIIEMEHTHBIH COCTAB TIPH
CKaHUpPOBaHUHN o6pa3ua 1J1aKa Nporu3BOACTBa HU3KOYIJIEPO AU~
cToro geppoxpoma

Table 1
The elemental chemical composition of the slag sample
(mass %)
Tabnuya 1. JneMeHTHBIN XUMUYECKHIA cOCTaB 00pa3ua
uaka (mac. %0)

) Mg Al Si Ca Cr

42.34 4.83 2.21 10.21 | 36.20 | 4.21

The chemical slag composition (mass per-
cent): SiO, — 24.12%; Al,O3 — 4.69%; CaO — 55.40%;
MgO — 8.92%; Cr,03 — 6.86%.

The X-ray investigation of the slag showed
that the main crystalline phase in it is y-Ca,SiO,, there
are also a-Ca,SiO,4, and magnesian silicates, possibly,
in the form of magnesium orthosilicate — forsterite
M9281O4

On the slag diffractogram (Fig. 2), the most
intense diffraction reflections with d = 3.81; 2.79;
2.74; 1.88; 1.62A correspond to the phase y-Ca,SiOj,.

The diffraction maxima with d = 2.71; 2.66,
1.72A, are apparently due to the presence of a-
Ca,Si0, in the slag. The presence of this phase in the

slag indicates that o — o'y — o'y, — p — y modifica-
tion transformations did not occur completely, and a
small amount of a-Ca,SiO, is present in the system.
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Fig. 2. The diffractogram of the slag of low-carbon ferrochrome
production
Puc. 2. luppakrorpamma nuraka mpou3BOACTBAa HU3KOYTIICPOIH-
cToro deppoxpoma

The reflections with d = 3.81; 2.74; 2.66 indi-
cate the presence of forsterite Mg,SiOy.

The results of studies of specific surface,
determining the average particle size, the results
of sieve analysis showed that the slag production
of low-carbon ferrochrome is a fine gray powder
with the following characteristics: the specific sur-
face is 2955 cm?/g, the average particle size is 6.8 um,
the true density is 3.01 g/cm®, the bulk density is
739 kg/m®. By the chemical composition, the slag
can be referred to the main with the lime factor
My = 2.16, determined by the percentage (%CaO +
%MgO0)/(%Si0,+%Al,03), with low activity factor
Ma = 0.18, determined by the percentage of Al,O3
and SiO; content in the slag.

RESULTS AND DISCUSSION

The dominant mineral of slag from the pro-
duction of low-carbon ferrochrome is calcium ortho-
silicate Ca,SiO, (2Ca0-Si0,); therefore, its physical
and chemical properties are determined by the basic
properties of slag. Complex polymorphism and asso-
ciated volume changes in the structure leading to self-
destruction of the mineral are inherent in calcium or-
thosilicate Ca,SiO,.

When producing the low-carbon ferrochrome
under conditions of slow slag melt cooling down, the
main mineral in the slag composition, the calcium
orthosilicate Ca,SiO, passes into y-Ca,SiO, modifica-
tion with increase in the crystal lattice volume by
~12%, which leads to the slag self-destruction and
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transition to a dusty state. Due to the polymorphous
transformations and high dispersion, the slag of low-
carbon ferrochrome production was also called “‘self-
destructing”.

Magnesium orthosilicate forsterite Mg,SiO; is
known only in the form of one modification; there-
fore, forsterite present in the slag does not undergo
volumetric structural changes upon slow cooling of
the slag. Petrographic studies showed that in the pol-
ydisperse slag medium, forsterite Mg,SiO, is present
in the form of larger dense particles of a detrital and
fragment form.

Unlike the so-called “belite” mineral, i.e. B-
modification of calcium orthosilicate B-Ca,SiOy,
which is the mineralogical component of Portland
cement clinker, formed in the slag of low-carbon ferro-
chrome production, y-Ca,SiO,4 modification has practi-
cally no hydraulic activity and binding properties.

The scheme of modification transformations
in the system CaO - SiO,, according to which calci-
um orthosilicate Ca,SiO, exists in four polymorphous
modifications a, o', B, v, is presented in [23].

According to other authors, for calcium or-
thosilicate Ca,SiO,, there are five polymorphous vari-
eties: o, o, B, vy, taking into account the fact that for
a'-modification there are high-temperature o'y and
low-temperature o', modifications [24]. Fig. 3 shows
the scheme of polymorphous transformations of cal-
cium orthosilicate Ca,SiO, modifications, described in
detail and summarized in [25].

In [26], the results of Ca,SiO, phase poly-
morphous transitions parameters (Table 2) and the
characteristics of calcium orthosilicate Ca,SiO, indi-
vidual polymorphous modifications (Table 3) are pre-
sented.

680-630°C

I By

/' UL (690£20) °C
- ———
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@ T uy (1160£10)°C
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o
850-900 °C H 150-860 °C ‘7

Fig. 3. The scheme of polymorphous transformations of dicalcium
silicate Ca,SiO,
Puc. 3. Cxema nomuMopdHBIX NpeBpalleHnii MoanpHUKAIHIT
IBYXKableBoro cumkara Ca,SiOy

<3500°C
630-620 °C
—_—

(69020) °C Py
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Table 2
Ca,Si0,4 phase polymorphous transitions parameters
Taonuya 2. Ilapamerpsl (a3oBbIX NOJIUMOPGHBIX Me-
pexonoB Ca,SiO,

Phase polymorphous transitions of
Ca,Si0, modifications

o'yl —a'ylove o' me Bl By y—o'v
Temperature, 650-

oC 1440 1160 | 979 690 <510| 711

AVimoitcaions | 8.3 | +0.3 | +1.6 | +1.2 [+115[ +5.1

Table 3
The characteristics of Ca,SiO4 polymorphous modifications
Tabauya 3. XapakrepucTUKH NoauMopdubix mogudpuramuii Ca,SiO,
Ca,Si0,4 polymorphous modifications
Parameters ; . .
Y a'm oL o'y o} B
Symmetry Rhombic Monoclinic Rhombic Rhombic Hexagonal Monoclinic
Density, kg/m® 2970 3240 3230 3300 3070 3310

Such minerals of the slag of low-carbon fer-
rochrome production as calcium orthosilicate
Ca,Si0,, and forsterite Mg,SiO, have high refractori-
ness. Thus, larnite mineral Ca,SiO, is the most refrac-
tory slag mineral, it melts congruently at 2130 °C, and
refractoriness of forsterite mineral Mg,SiO, is
reached at 1900 °C [27, 28]. Due to these properties,
the slag of low-carbon ferrochrome production can be
used as a component of mixture in the heat-resistant
materials production.

CONCLUSIONS

As the result of conducted studies, the chemi-
cal and mineralogical composition and main physical
and technical properties of the slag from the produc-
tion of low-carbon ferrochromium were determined.

62

As the result of physical and chemical studies, it was
established that the main mineral of the slag of low-
carbon ferrochrome production is calcium orthosili-
cate Ca,SiO,4, magnesium orthosilicate in the form of
forsterite Mg,SiQ, is also present in the slag.

The slag from the production of low-carbon
ferrochromium is characterized by high dispersive-
ness, conditioned by changes in modification changes
of the dominant material — slag of calcium orthosili-
cate Ca,SiO,. As a result of thermal conversion under
the conditions of slow slag melt cooling down, the
calcium orthosilicate Ca,SiO, passes into y-Ca,SiO4
modification with increase in the crystal lattice vol-
ume by ~12%, which leads to the slag self-destruction
and transition to the finely dispersed state.
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The slag under study represents finely dis-
persed powder of grey colour with the following
characteristics: specific surface 2955 cm?/g, regular
particle 6,8 um, real density — 3000 kg/m®, packed
density — 739 kg/m°.

When using the finely dispersed slag of low-
carbon ferrochrome production as a component of
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composite binders, the expensive process of its fine
grinding in mills can be eliminated.

The results of present physical and chemical
studies will contribute to solving the issues of rational
and efficient use of the slag of low-carbon ferro-
chrome production in technology of building materials,
including as a component of heat-resistant binders.
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