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Abstract. Modern Russian steelmaking plants use predominantly alumina-containing materials for liquefying lime in a ladle-furnace unit, which replaced
fluorspar. Alumina-containing materials currently available on the market cannot be used directly in steelmaking without preliminary preparation
(refining, heat treatment or briquetting), or are simply unsuitable for ladle processing of steel. This work describes laboratory studies on the produc-
tion of refining alumina-containing fluxes by sintering in units such as machines for pellets firing or producing agglomerate (in the temperature range
of 1200 — 1500 °C) from clean metallurgical waste (fine dust from the production of alumina and burnt lime), meeting the requirements of steelmaking
plants by chemical composition and mechanical properties. A comparison was made of sintering technological schemes with the introduction of hydra-
ted lime and a mixture of hydrated lime and calcium carbonate in a 1:1 ratio as a source of CaO. We determined that the maximum permissible CaO
content in sintered briquettes when using a mixture of hydrated lime and calcium carbonate in the charge, which does not lead to hydration destruction
in air, is in the range of 2.3 — 3.6 %, depending on the holding temperature. The maximum permissible content of Al,O, in sintered briquettes when
using hydrated lime in the charge, which does not lead to hydration destruction in air, is in the range of 9.5 — 31.7 %, depending on the holding tem-
perature. In existing fuel units it is possible to obtain fluxes by sintering only when using hydrated lime as a source of CaO, because adding calcium
carbonate to the charge (9 — 22 %) requires an increase in holding temperature (above 1500 °C) or holding time (more than 25 min).
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AnHomayus. CoBpeMeHHbIE CTalICIUIABIIBHbIC IPSANPUATHS Poccun jist pa3KipKeHNst U3BECTH Ha arperare KOBII-IIeYb IPHMEHSIOT IPEHMYIIeCT-
BEHHO IIIMHO3EMCOZIEPIKAILMEe MaTepUaIbl, KOTOPbIEe MPHUILIM B3aMEH IUIaBUKOBOMY wimary. JlocTynHbIe ceifuac Ha pbIHKE IMHO3EMCOEpIKAIIUe
MaTepHalIbl He MOTYT OBITh HCIOIb30BAHbI HAPSMYIO B CTAJICIUIABIIIBHOM IPOM3BOJCTBE 0€3 IIPEeIBapUTEIbHON HOATOTOBKY (paUHUPOBAHUS,
TepM0o0OPabOTKY MK OPUKETHPOBAHMS ), THOO MPOCTO HEMIPUTOHBI ISl KOBIIEBOH 00paboTku cranu. B manHoit paboTe onucaHbl labopaTtopHbie
HCCIICOBAHMS IO IIOTYyYEHUIO PadUHUPOBOYHBIX NIMHO3EMCOACPKAIMX (DIIFOCOB METOZOM CIEKAaHHS B arperarax II0 THILYy MAIIHH JUIi 0OKHTa
OKaThIIIICH HITH POU3BOCTBA ariomepara (B Temneparypraom narepsaie 1200 — 1500 °C) U3 4UCTBIX OTXO0B METAILTYPIrHYECKOr0 IPOU3BOJICTBA
(MEIKOYICIIepCHAs IBUIh IIPOU3BOJCTBA NIIMHO3EMA H OOOMOKCHHOI M3BECTH), OTBEHAIOIIUX TPEOOBAHUAM CTANCIUIABIIBHBIX IPEMIPUITHH 110
XMMHYECKOMY COCTAaBY U MEXaHHUECKUM CBOWCTBaM. [IpoBeseHO cpaBHEHHE TEXHOJIIOIHYECKHX CXeM CIEKaHHUs C BBEIICHUEM B Ka4eCTBE UCTOU-
Huka CaO runpaTHpOBaHHON M3BECTH M CMECH I'MAPATHPOBAHHON M3BECTH U KapOOHATa Kaiblus B cooTHomeHuu 1:1. [IpenensHo pomyctumoe
cozepkanne CaO B criedeHHbIX OpPUKETaX IPH MCIOIb30BAaHUH B LIIMXTE CMECH I'MAPATUPOBAHHOM U3BECTH U KapOOHAaTa KabLisl, HE IPUBOASILEE
K THIPATAllMOHHOMY Pa3pyIICHUIO Ha BO3/LyXe, HAXOAUTCS B quana3oHe 2,3 — 3,6 % B 3aBHCHMOCTH OT TeMIIEpaTypbl BbLICpKKHU. [IpenensHo no-
nyctumoe conepkanue Al,O, B crieueHHbIX OPUKETAX MPH UCTOJIL30BAHUH B LIMXTE TMIPATMPOBAHHON M3BECTH, HE PUBOJIAIEE K TM/IPATAlMOH-
HOMY pa3pyIICHHIO Ha BO3yXe, HAXOAUTCS B nuamnasone 9,5 — 31,7 % B 3aBUCHMOCTH OT TEMIIEPaTyphI BEIICPIKKH. B CyIIecTBYIOIIX TOITUBHBIX
arperarax BO3MOXKHO IOJYYHUTb (IIIOCHI METOZOM CIIEKAHMS TOJIBKO MPU MCIIOIb30BAaHNH B KauecTBe MCTOUHMKA CaO ruapaTupoBaHHON M3BECTH,
TaK Kak j1o0aBieHHe kapOoHaTa Kaublus B muXTy (9 — 22 %) TpebyeT yBenuueHus TeMIepaTypsl BeLaepkku (oime 1500 °C) i ee IpogomKu-
TenbHOCTH (Oosee 25 MUH).
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[ INTRODUCTION

The fluxes and slag-forming materials used in metal-
lurgy exert significant influence on production techno-
logy, as well as the chemical composition and quality
of smelted steel. The quantity of detrimental impuri-
ties (such as sulfur, phosphorus, and gases like oxygen,
hydrogen, and nitrogen) is contingent upon the type
of additives employed, which constitutes a fundamental
determinant in achieving high-quality steel.

In the ladle-furnace unit (LFU) utilized for steel pro-
cessing, lime serves as the primary slag-forming material,
boasting a melting point exceeding 2500 °C. To lower
the slag’s melting point during extraction, flux is intro-
duced alongside lime to induce liquefaction. In the past,
fluorspar was widely employed for slag liquefaction in
LFUs; however, its usage has recently been minimized
or entirely phased out due to various adverse factors
including its short-term efficacy, diminishment of lining
resistance in the slag belt zone, and environmental con-
cerns [1 —3].

Alumina-containing fluxes, surpassing fluorspar in
several aspects, emerge as a promising alternative to fluo-
rine-based materials. These alumina-containing materials
can be employed either independently or in conjunction
with fluorspar, even for steel grades designated as “alu-
minum-free” [4]. Notably, aluminothermal slags derived
from ferrovanadium and aluminothermal chromium pro-
duction have gained significant traction as alumina-con-
taining fluxes. However, a major drawback lies in their
market scarcity due to the limited production of ferroal-
loys via aluminothermal reduction. Additionally, other
available alumina-containing materials often require pre-
liminary treatment (such as refining, heat treatment, or
briquetting) before they can be utilized in steelmaking,
or they may prove unsuitable for the ladle processing
of steel [5 —7].

When procuring fluxes, steelmaking plants impose
criteria concerning both chemical composition and
mechanical properties. Fluxes are expected to be sup-
plied in the form of lumps or briquettes, with overall
dimensions ranging from 10 to 50 mm. The fine fraction
(0 — 5 mm) should not exceed 10 % of the total mass,
while moisture content is to be kept below 1 % in summer
and up to 6.5 % in winter. Consumers may also specify
requirements regarding the strength properties of bri-
quettes/lumps. A summarized outline of the chemical
composition requirements for alumina-containing fluxes
is presented in Table 1.

The required quantity of alumina-containing flux for
processing in the LFU is determined through the balance
equation of aluminum utilization in ladle processing:

Al ec = Alres + Aldeox + Alair + Alsl +Al

S evap’

where Al__ is residual aluminum, Al is deoxidation
aluminum, Al ; is air oxygen-oxidized aluminum, Al is
furnace slag-oxidized aluminum, and Al___is evaporated
aluminum.

evap

Aportion of Al,0, needed for lime liquefaction is gene-
rated through the interaction of aluminum with dissolved
oxygen in steel, while another portion results from com-
bustion on the slag surface and subsequent deoxidation.
The remaining portion is introduced in the form of flux
to facilitate free-running slag. Despite its technological
efficiency, aluminum is deemed economically impracti-
cal due to its high cost as a source of Al,O;. According
to the balance equation, it’s estimated that aluminum con-
sumption is distributed as follows: Al __— 15 %; Al
18 %; Al —38 %; Al — 28 %; Al —1%.

Given the current industrial environmental constraints
and stringent steel quality requirements, developing
alumina-containing flux production technology in an
environmentally sustainable and cost-effective manner
emerges as an urgent challenge.

deox

] MATERIALS AND METHODS

An essential consideration in flux production via sin-
tering is the meticulous selection of charge materials.
Firstly, these materials must not introduce harmful impu-
rities that resist removal during heat treatment and could
potentially contaminate the processed steel. Secondly,
they should be relatively amenable to briquetting, as sin-
tering technology involves the heat treatment of lump
material. Thirdly, availability on the market is crucial.

The recycling of metallurgical waste to yield marke-
table products has gained significant traction in recent
times. Among such wastes is the dust collected from
the filters of roasting furnaces. This paper focuses on
the processing of dust originating from alumina calcina-
tion and limestone roasting furnaces.

Alumina calcination involves the dehydration of alu-
minum hydroxide at elevated temperatures. Aluminother-
mal slag, utilized in rotary tube furnaces or fluidized-bed
furnaces at temperatures reaching up to 1200 °C, rep-
resents the final stage in the Al,O; production process
chain. Inevitably, during the calcination processes in
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Table 1

Consolidated requirements for the chemical composition of alumina-containing fluxes
imposed by metallurgical enterprises in Russia

Tabnuya 1. CBOJAHBIE TPEGOBAHUS K XUMHYECKOMY COCTABY IVIMHO3eMCOAepKaNIUX (PJIrocoB,
npeabsBiisieMble MeTALIYPrudecKUMH npeanpustusimu Poccun

Content in
Element steelmaking flux, % Features of use in the LFU
min ‘ max
min, %
ALO, 50 ‘ 80 Reduces the melting point of CaO
max, %

CaO 20 30 o
Forms a low-melt eutectic with Al O,

MgO 8 20

Fe,O, 2 6 Worsens the desulfiding process

MnO 1.5 2.0 Limitation on the use of corundum production slags and alumina-containing ores

Sio, 3 15 without refining

Pt S, 0.02 0.30 Transfer to metal and require additional refining
Cr,0O, 2 10 Form carbides, worsen further processing
Tio | 5 Restriction on the use of aluminothermal slags from ferrotitanium and chromium
2 metal production
Recovered and converted to metal
V,0,+ Nb,Oq 1 1 Restriction on the use of aluminothermal slags from ferrovanadium and
ferroniobium production
Na,0 +K,0 1 8 Restriction on the use of slag from secondary aluminum production

various units, nanoscale dust is generated. Research cited
in [8] indicates that the size of dust nanoparticles falls
within the range of 50 — 300 nm. Approximately 14 %
of the fine alumina dust is carried away from the furnace
by flue gas during calcination, which is then directed
to multicyclones and electric filters [9]. However, this
dust, containing nanoparticles, is unsuitable for use in
the classical technology of electrolytic decomposition
of ALLO, due to its hygroscopic nature, leading to exces-
sive hydrogen content in aluminum metal. Nonetheless,
this material finds applicability in the iron industry as
a source of Al O, in steelmaking fluxes.

When selecting a source of CaO for flux production
via sintering, one should consider a chain of chemical
transformations: CaCO, — CaO — Ca(OH), — CaCO,.

Fine-dispersed carbonate rocks, burnt, or slaked lime
can serve as a source of CaO, each carrying its own set
of advantages and disadvantages. Limestone (CaCO;)
necessitates no preliminary preparation before briquet-
ting. However, during sintering, its decomposition
into CaO and CO, absorbs heat (178 kJ/mol). Burnt lime
(Ca0), on the other hand, doesn’t undergo significant mass
loss during sintering due to the absence of crystal hydrate
moisture. Yet, its slaking during briquetting releases
heat (65 kJ/mol), which is not conducive to the process.
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Slaked lime (Ca(OH),) offers several advantages over
the aforementioned materials:

— it requires no preliminary preparation and can
hydrate in air during storage;

— it facilitates convenient briquetting as it doesn’t
generate heat when interacting with water;

— heat absorption during its decomposition into CaO
and H,O (65 kJ/mol) during sintering is almost 3 times
less than the heat absorbed during the decomposition
of CaCoO,.

In industrial settings, burnt lime is typically obtained
by calcinating carbonate rocks in shaft or rotary furnaces
at temperatures ranging from 1000 to 1250 °C [10].
Analogous to alumina calcination, this process generates
micro-sized dust particles (6 — 60 pm), which are typi-
cally collected in bag filters or electric filters [11]. While
this dust shares a similar composition with the burnt
material, its smaller particle size renders it more prone
to rapid hydration in the air during storage. Nonetheless,
this fine dust can also serve as raw material for the pro-
duction of sintered alumina-lime fluxes.

An integral aspect of working with dispersed mate-
rials involves their preparation for heat treatment. In this
study, cold briquetting was employed. Drawing from suc-
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cessful experiments involving porous alumina-containing
materials [12], a binder based on polyacrylamide was
utilized. This binder exhibits low consumption (0.6 %
of the mass of the briquetted raw material) and is comp-
letely removed at sintering temperatures.

The production technology of alumina-lime fluxes,
designed to withstand hydration and subsequent destruc-
tion during sintering, from pure components encompasses
the following operations:

— production of briquettes from pure components;

— heating the material to the holding temperature;

— maintaining a constant temperature during holding;
— cooling in ambient air.

In laboratory settings, sintering was conducted in
a resistance furnace equipped with a graphite heater.
The technologies employed in ore pellet roasting and
agglomerate production served as the foundation for flux
production. The temperature range for laboratory experi-
ments was selected in accordance with the existing pro-
cess characteristics of fuel units. Literature data indicates
that the maximum roasting temperature for iron ore pel-
lets is around 1400 °C [13 — 17], while for chromite pel-
lets, it ranges from 1400 to 1500 °C [18 —22]. Hence,
the temperature holding interval ranged from 1200
to 1500 °C. During laboratory experiments, the average
heating rate was maintained at 20 °C, and the duration
of holding at a constant temperature ranged from 15
to 25 min. Following heat treatment, the sintered bri-

quettes were cooled in ambient air, after which their mass
and geometric parameters were measured. Subsequently,
the briquettes were stored in air, at a temperature of 21 °C
and a relative humidity of 50 %, to monitor any changes
in mass. Weighing and recording the mass change
of the briquettes were conducted once every seven days
until the mass stabilized.

Two series of experiments were conducted utilizing
different sources of CaO: a mixture of hydrated lime and
calcium carbonate in a 1:1 ratio (series /) and hydrated
lime along (series 2). The proportion of AL,O, in the bri-
quettes before sintering varied from 50 to 80 % in both
cases, with increment of 5 %. The chemical composition
of the raw materials is provided in Table 2.

[ RESULTS AND DISCUSSION

After the briquettes had cooled in air, an external eva-
luation of their post-sintering state was conducted. Based
on their appearance, the heat-treated briquettes were cate-
gorized into four conventional groups (Fig. 1).

The STATISTICA software package was employed
to process the results and identify factors influenc-
ing the hydration destruction of sintered briquettes.
The dependent variable was the percentage of mass gain
during storage in air, while the independent variables
included the temperature of sintering (°C), sintering time
(min), composition of initial briquettes (%), change in
density and volume of briquettes during sintering (%), and

Table 2

Chemical composition of raw materials

Tabruya 2. XumuvecKHii cOCTaB UCXOAHBIX MATEPHAIOB

Material ALQO, dust CaO dust
Element ALO, | Fe,0, | Na,0+K,0O| CaO | MgO | SiO, P S
Content, % 99.53 0.01 0.45 98.76 | 0.50 0.70 0.01 0.03

L}
i

Fig. 1. Appearance of heat-treated briquettes:
a — sintered; b — semi-melted; ¢ — melted; d — collapsed/cracked

Puc. 1. Buemrnuii Buj tepMooOpabOTaHHBIX OPUKETOB:
a — crieYeHHbIe; b — OIUIaBJICHHBIC; ¢ — PACIUIABUBIINECS; d — Pa3pyLINBIINECS/TPECHYBIINE
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Ay g, = 6.5334 — 0.00414,,, + 0.7228(% Ca(OH), ,)

0,
AWlhydr s A)

Amy g, = 13671 +0.0135(% ALO; ) — 0.0017,,,,

Fig. 2. Influence of holding temperature, Ca(OH), and Al,0, content in sintered materials on change in mass:
a — when using a mixture of CaCO, and Ca(OH), ; b — when using Ca(OH),

Puc. 2. Biustnue Temneparypsl Boiniepxu, cogepxkanns Ca(OH), u Al,O, B criedeHHbIX MaTepuaiax Ha MU3MEHEHHE MacChl:
a — ipu ucnonbzosanuu cmecu CaCO, u Ca(OH),; b — npu ucnons3oanuu Ca(OH),

phase composition of sintered briquettes after holding in
air (%). Fig. 2 illustrates the primary factors influencing
the hydration destruction of briquettes for the two series
of experiments.

In addition to quantitative evaluation, qualitative
assessment of the visual state of briquettes during air stor-
age was conducted. For experiments in series /, the ini-
tial signs of hydration degradation, accompanied by mass
gain, were observed as early as the 7" day of air storage,
with the mass gain concluding on the 56" day of observa-
tion. For the experiments in series 2, the first indicators
of hydration degradation were observed only on the 28"

day of air storage, with the mass gain ceasing on the 100"
day of observation. The results of X-ray structural analy-
sis of sintered briquettes that remained intact during air
storage are presented in Table 3.

The results of the comprehensive evaluation by
regression equations, determining the maximum permis-
sible content of free CaO and Al O, in sintered briquettes
for two laboratory series, are presented in Table 4.

It has been established that in series /, where the pro-
cess of calcium aluminate formation coincides with
the decomposition of calcium carbonate and calcium
hydroxide, it is necessary to elevate the temperature

Table 3

X-ray structural analysis of sintered briquettes not collapsed during storage in air

Tabnuya 3. PeHTreHOCTPYKTYPHBIH aHAIN3 clleYeHHbIX OPUKETOB, He Pa3pyIIMBINUXCS IPU XPAHEHHH HA BO3/lyXe

Share
i‘l’fgs inoi;?(ifl(z&e gg};:r‘f Hgﬁﬂ;‘jg ALO,, | CaO-ALO,, | 12Ca0-7ALO,, | CaO2AL,0;, | 3Ca0-ALO,, | CaO-6AL0,,
ber before ture, °C min % # % % # %
sintering, %

1 50 1500 15 0 9.10 90.90 0 0 0
1 75 1500 15 2290 | 2510 0 38.20 13.80
2 50 1200 15 78.30 21.70 0
2 50 1200 25 0 0 65.90 0 34.10 0
2 70 1400 20 | 1400 | 5340 15,30 16.10 1.20 0
2 55 1400 20 | 440 3.40 92.30 0 0 0
2 50 1400 20 0 2.50 97.50 0 0 0
2 50 1500 25 0 0 86.30 13.70 0
2 80 1500 25 | 2690 | 2590 0 40.60 6.50 0
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Table 4

Ultimate content of CaO and AL O, in sintered briquettes

Tabnuya 4. Ipenennuoe copepxanue CaO n AL O, B cieyennbIxX Opukerax

Series Limit content Holding temperature, °C
number | of elements in briquette, % | 1200 | 1250 | 1300 | 1350 | 1400 | 1450 | 1500
J CaO 2.3 2.5 2.6 2.9 3.1 3.6 3.6
(Ca(OH),) 3.0 | 33) | 35 | 38 | &4 | &4 | 4N
2 ALO, 9.5 13.2 16.9 20.6 243 28.0 31.7
(>1500 °C) and/or extend the holding time (>25 min) 2. LarionovL.M., Kondratyev V.V., Kuzmin M.P. Ways of using

to ensure the completion of all structural transformations.
Conversely, series 2 demonstrates that hydration-resistant
materials can be produced at relatively low temperatures
(starting from 1200 °C) within the specified time interval
(15 — 25 min).

[ ConcLusions

The maximum allowable content of CaO in sintered
briquettes, which prevents the destruction of the sintered
material during air storage (in the case of using a mix-
ture of hydrated lime and calcium carbonate as a source
of Ca0), falls within the range of 2.3 to 3.6 %, depending
on the holding temperature during sintering, correspond-
ing to a mass gain of 3.8 %.

The maximum allowable content of Al,O, in sintered
briquettes, which avoids the destruction of the sintered
material during air storage (in the case of using hydrated
lime as a source of CaO), ranges from 9.5 to 31.7 %,
depending on the holding temperature during sintering,
corresponding to a mass gain of 0.3 %.

Given the existing fuel units, fluxes can only be pro-
duced when hydrated lime (series 2) is utilized as a source
of CaO. This is because when a mixture of hydrated
lime combined with calcium carbonate (series /) is used
as a source of CaO, a holding temperature exceeding
1500 °C is required, which is unattainable with the exis-
ting fuel units, or by extending the holding time to over
25 min.

The most favorable source of CaO for flux production
via the sintering method is the hydrated dust from lime-
stone roasting furnaces. This is attributed to the fact that
during sintering, its heat absorption is three times lower
than that of limestone.
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