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INFLUENCE OF THE COMPOSITION AND COOLING RATE
OF ALUMOCALCIUM SLAG ON ITS CRUMBLABILITY

A. B. Lebedey, V. S. Shuiskaya
I St. Petersburg Mining University (2 21% Line, Vasilievsky Island, St. Petersburg 199106, Russian Federation)

Abstract. The main components of metallurgical slags are iron compounds, which are extracted by reduction smelting. The process of obtaining various products
based on iron and slags of different compositions (alumocalcium self-crumbling, etc.) can be implemented in several ways. It is important to use a mode of
smelting and cooling of the alumocalcium slag formed during melting in the furnace that ensures its most complete spontaneous crumbling and high rates
of extraction of REM from it. Synthetic slags having a phase composition similar to industrial samples after the smelting of iron ores were selected for the
experiments. The simulated samples correspond to the dicalcium silicate primary crystallisation region on the ternary phase diagram of the CaO—SiO,—-ALO,
system. After crumbling, the slag was subjected to sieve analysis using a mechanical sieve. Slags with a silicon modulus £ = 2.0 that actively crumbled during
cooling were used in the experiments. A higher silicon modulus results in a lower crumblability. It was established that it is impossible to precisely limit
the composition areas of the crumbling slags at specific cooling rates. The studies showed that the crumblability of slags improves when moving towards
the centre of the dicalcium silicate region. The composition of the slags is close to the composition of the points located in the area bounded by the lines
2Ca0-Si0, - 2Ca0-Al,0, and 2Ca0-SiO, — 12Ca0-7Al,0; on one side and by the lines of the silicon modulus no higher than 2.85 —3.00 on the other side.
The granulometric composition is almost independent of the cooling rate. The temperature mode from smelting to cooling affects the crumblability of the
slags. The most promising are slags with a silicon modulus in the range of 2.85 —3.00 close to the phase triangle 12Ca0-7A1,0, - 2Ca0-SiO, - 2Ca0-AlLO;.

Keywords: metallurgical slag, alumocalcium silicate, cooling rate, slag crumblability, silicon module, sieve analysis, granulometric composition

For citation: Lebedev A.B., Shuiskaya V.S. Influence of the composition and cooling rate of alumocalcium slag on its crumblability. [zvestiya. Ferrous
Metallurgy. 2022, vol. 65, no. 11, pp. 806-813. https://doi.org/10.17073/0368-0797-2022-11-806-813

OpuzuHa/leaﬂ cmambuvs

BAUAHUE COCTABA U CKOPOCTU OXZIAXAEHUA
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AnnHomayusi. OCHOBHBIM KOMIIOHEHTOM METAJUTypIH4eCKUX IIUIAKOB SBIISIOTCS COCAWHEHUS Kejle3a, KOTOPhIe W3BJICKAIOTCS IPOBEACHHEM
BOCCTAHOBHUTENLHOH IJIaBKU. 3BeCTHO HECKOJIBKO THUIIOB IAHHOTO MPOIEcca C MOTyUYeHHEM Pa3InuHbIX POAYKTOB Ha OCHOBE XKejle3a U IUIAKOB
pa3Horo cocrasa (aJTIOMOKAJIBIHEBOrO CaMOPACCHITAONIETOCs U JIp.). PeXuM IIaBku U OXJakaAeHHs 00pa30BaHHOIO B MpOIiecce IUIAaBKK B TI€4U
ATIOMOKAJIBIIEBOTO IIJTAKa JOJKEH 00ecIiedynBaTh HanOoJIee MOJIHOE CAMOIIPON3BOIBHOE €TI0 PACCHIITAHNE, a TAKXKE BRICOKHE TOKA3aTEIIH H3BICUCHHS
W3 HETO PEIKO3eMENbHBIX MeTaIOB. [list ONBITOB B paboTe BHIOPAHBI CHHTETHUECKHE IIITAKU, CXOXKHUE MO (ha30BOMY COCTABY C MPOMBIILICHHBIMU
oOpasnamu Iocie BBIIUIABKH JKelie3ocoiepkamux pya. CMoJeanpoBaHHbIE 00pa3ibl COOTBETCTBYIOT OOJIACTH MEPBUYHON KPHUCTAJUTU3ALIUU
JIBYXKAJIBI[IEBOTO CHJIMKAaTa Ha TPOWHOI AMarpaMme COCTOSHUS CHCTEMBI CaOfsiozfAIZOT [lak mocne pacchlmaHus IMOBEPTall CHTOBOMY
aHaJIM3y C MOMOIIBI0 MEXaHHUYECKOTO cuTa. B OmbITaX MCMOIB30BAIMCH HIIAKH C KPEMHHUEBBIM MOyleM k = 2,0, KOTOpbIe aKTUBHO pacchinaiach
B MOMEHT MX OXJIaKJeHus. [Ipn yBelmueHnn KpeMHUEBOTO MOYJISl PACCHIIAEMOCTh YXY/IIIACTCsl. YCTAaHOBIICHO, YTO TOYHO OTPAaHHYHUThH 00JIaCTH
COCTaBOB PACCHINAIOIINXCS IIJIAKOB IIPU OIPEAEIECHHBIX CKOPOCTSIX OXJIAXKJICHUS HEBO3MOXHO. IIpoBeneHHbIE HMCCIEOBaHUS TOKAa3aiH, 4TO
pacchInaeMoCTh IUIAKOB YIIYUIIAeTCs 0 Mepe MPUOIMKEHHs K LIEHTPY 00JacTH IBYXKaIbIHEBOrO cuirkaTa. COCTaB MITAKOB OJIM30K K COCTaBy
TOYEK, PACIONOKEHHBIX B 00JACTH, OrpaHMYeHHON ¢ oHOM cTopomsl juuusaMu 2Ca0-Si0, — 2Ca0-AL O, u 2Ca0-Si0, — 12Ca0-7Al,0,,
¥ C IPYTOH CTOPOHBI JINHUAMH KPEMHHEBOTO MOyIist He Bhime 2,85 — 3,00. [Ipn 3ToM rpanyioMeTprudecKuii COCTaB IIOYTH HE 3aBUCUT OT CKOPOCTH
oxnaxkaeHus. Ha paccpimaeMocTh MIIAKOB BIMSET TEMIIEPATyPHBIA PEXKUM OT BBIIIABKHU 0 oxJakaeHus. Hanboee nepcreKTHBHBIMU SIBIISIFOTCSI
IIaKK C KPEMHHUEBBIM MOJIyJIeM B npenienax 2,85 — 3,00, 6nuskue k pazosomy Tpeyronbuuky 12Ca0-7Al1,0, —2Ca0-Si0, — 2Ca0-AlLO,.

Kawuesvle ca106a: Mmetammyprudeckuil 1IIaK, allOMOKAJIbLHEBBIH CUINMKAT, CKOPOCTh OXJIAXJCHHs, PACCHIIAEMOCTh IIUTaKa, KPEMHHEBBIH MOJYIlb,
CHTOBOI aHaJIN3, IPaHYJIOMETPHUYECKHIl cocTaB
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- INTRODUCTION

The proposed workflow for the complex processing
of bauxite raw materials [1 — 3] in rotary kilns involves
the production of self-crumbling alumocalcium slags
suitable for extracting rare-earth metals (REMs) from
them [4, 5] and the transfer of iron into separate slag
phase [6, 7].

The mode of heat treatment and subsequent cooling
of the slag discharged from the furnace must ensure its
complete spontaneous crumbling [8 — 10], which could
contribute to the extraction of valuable components such
as titanium, scandium, yttrium, etc., from it [11, 12].
The most important technological factors determining
phase transformations in slag are its chemical composi-
tion and cooling rate [13 — 15].

Alternative methods for extracting REMs are be-
ing developed for raw materials with a high SiO, con-
tent [16 — 18]. Slags with a silicon modulus of 2.00 are
typical for complex processing and most clearly demonst-
rate changes in the granulometric composition after self-
crumbling [19]. Complete self-crumbling of the sample
can be achieved by selecting the heat treatment and cool-
ing modes individually for each composition [20, 21]. In
this case, the stability of the system, which can be es-
timated from the ternary phase diagram, plays a crucial
role [22, 23].

0 10

Under these restrictions, slags with a silicon modulus
of 2.85 are expected to not crumble when cooled at a rate
of 30 °C/min. However, in the experiments carried out
in [24, 25], part of the slags with the specified silicon
modulus crumbled easily at the suggested rate. This
demonstrates that the region in which the crumbling oc-
curs is limited by individual conditions for each sample
(the ratio of phases and the modulus) [26, 27]. The result
of the crumbling depends on the thermal mode (sintering
temperature, holding time, and cooling rate of the com-
position) [28].

[ RESEARCH METHODS

In this work, synthetic slags with a phase composition
corresponding to the composition of real slags obtained
from smelting ferruginous high-silica bauxites and iron
ores were used [29]. The selected slag compositions on the
ternary phase diagram of the CaO-SiO,—-ALQO; system
correspond to the dicalcium silicate primary crystallisation
region [30 —32]. Fig. 1 shows the compositions of slags
with different silicon moduli (A1,0,/Si0,) [33 — 35]. After
cooling, slags smelted in a graphite crucible in the Tam-
man furnace were crumbled or crushed, then mixed tho-
roughly. A 70 g subsample was taken from the averaged
sample, after which the samples were placed in a gra-
phite crucible of a special design and heated to 1500 °C.

20 30

2Ca0-Sio,

3Ca0-Si0,

70
60 50 40 30

CaO
<

3Ca0-ALO,

12Ca0-7AL,0, Ca0-ALO,

Fig. 1. Compositions of the studied synthetic slags:
@ - slags with a silicon module of 1.50; € — slags with a silicon module of 2.00;
A — slags with a silicon module of 2.85; [l — slags with a silicon module of 4.00 [38 —40]

Puc. 1. CocTaBbl nccIeJOBAaHHBIX CHHTETUYECKHUX IIUIAKOB!
@ — LWIaKy ¢ KpeMHHUEBEIM MoxyleM 1,50; € — muraku ¢ kpeMHHEBBIM MoxyieM 2,00;
A — IIUTaK# ¢ KpeMHUEBBIM MoayiaeMm 2,85; [l — IUTaku ¢ KpeMHueBbIM Moayiem 4,00 [38 — 40]
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Table 1

Granulometric composition of slags with a silicon modulus of 2.0 after cooling, %

Tabauya 1. I'panyjioMeTpuuecKuii COCTaB IJIAKOB ¢ KpeMHUEBBLIM Moy./1eM 2,0 nociie oxaiaxaeHus, %

Slag Cooling rate, °C/min
o Grade, mm
composition, % 3 7 15 30
+0.400 - 23.6 234 -
0.400-0.315 - 13.1 8.6 -
0.315-0.200 0.4 22.9 23.0 12.6
CaO =51.5;
) 0.200 - 0.160 1.4 8.8 7.7 13.3
SiO,=15.5;
0.160-0.100 | 134 9.4 10.2 21.7
Al0,=33.0
0.100-0.063 | 30.8 9.0 10.4 21.1
0.063-0.050 | 14.9 3.8 5.0 9.5
—0.050 39.1 9.6 11.8 214
Total 100.0 | 100.0 | 100.0 | 100.0

The melting point of ferroalloys can be lowered by intro-
ducing such elements as aluminium into them [36, 37].

After holding at a set temperature for 15 min, the slags
were cooled at the rates given below to a temperature
of 900 °C, held for 15 min, then removed from the fur-
nace. The slags were further cooled in open air to room
temperature. After crumbling, the slags underwent sieve
analysis on a set of standard Retsch AS 200 sieves.
The ternary phase diagram shows the regions of slag
compositions bounded by the lines of different silicon
moduli (AL,0,/S10,). The furnace temperature was cont-
rolled automatically with an accuracy of +5 °C.

- RESULTS

Table 1 presents the results of sieve analyses of cooled
slags with a silicon modulus of 2.0. Specific slags with
a silicon modulus of 2.0 were used to demonstrate the pat-
terns obtained.

In this work, the effect of different factors on the
crumblability of slags was studied. The cooling rate and
the chemical (hence, phase) composition of slags signifi-
cantly affect their crumblability. The phase diagram of
the CaO—-Si0,—-Al O, system had regions of composi-
tions of slags, the spontaneous decomposition of which
required specific cooling rates [41 — 43].

The cooling rate of 2 °C/min from the liquidus tem-
perature to 1000 °C ensures the crumbling of all slags in
the bicalcium silicate crystallisation region. Slags con-
taining 6 —9 % SiO,, 52— 58 % CaO, 30 - 37 % AL O,
cooled at a rate of 7 °C/min crumble in the temperature
range from the liquidus to 1000 °C. Slags contain-
ing 9-14%Si0, , 47 -60 % CaO, 30 -40 % Al,O,
crumble upon cooling at a rate of 15 °C/min in the same
temperature range, and slags containing 14 % SiO,,
51 -60 9% CaO — in the temperature range from the li-
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quidus to room temperature. Fully crumbled slags comp-
letely pass through a sieve with a mesh size of 100 pm.

The optimal phase can be obtained with excess
amounts of silicon in the initial mixture [44].

It has been established that the melting temperature
and the lower cooling limit affect slag crumbling. Table 2
shows the granulometric composition of slag of a similar
chemical composition heated to different temperatures
(1300, 1350, 1400, and 1600 °C) and cooled at a rate of
30 °C/min to room temperature.

Table 3 shows a sieve analysis of slag having a similar
composition cooled from a temperature of 1500 °C to tem-
peratures of 700, 800, 900, 1000, and 1100 °C at a con-
stant controlled rate of 10 °C/min. Next, the samples were

Table 2

Granulometric composition
of the slag cooled at the same rate, %

Tabnuya 2. T'panyaoMeTpHYeCKU COCTAB NLJIAKA,
OXJIa:KIEHHOT0 ¢ OAUHAKOBOH CKOPOCTHIO, %o

Heating temperature, °C
Grade, mm

1300 1350 1400 1600

+0.400 - 3.1 3.2 5.4

0.400-0.315 - 1.1 1.1 0.4

0.315-0.200 - 7.2 7.9 5.8

0.200 - 0.160 16.5 16.9 9.4 5.4
0.160 — 0.100 12.3 8.8 3.6 10.5
0.100 — 0.063 19.1 11.7 13.7 18.5
0.063 —0.050 13.8 12.1 8.3 10.1
—0.050 38.3 39.0 52.5 438
Total 100.0 | 100.0 | 100.0 | 100.0
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removed from the furnace and further cooled in open air
at an arbitrary rate. The temperature gradient (upper and
lower values) affects the granulometric composition and
the subsequent crumbling [45].

- DISCUSSION

Fig. 2 shows a granulometric and chemical composi-

Table 3

Granulometric composition of the slag cooled at the same
rate from 1500 °C to the specified temperatures, %

Tabnuya 3. TpanyJioMeTpHYeCKHil COCTAB LILJIAKA,
OXJIAK/IEHHOT0 ¢ OUHAKOBOM ckopocThio oT 1500 °C
10 YKa3aHHBIX Temmneparyp, %

tion of the slags. Cooling temperature, °C
The studies showed that the crumblability of slags Grade, mm o Tem I oo 10(’)0 S
increases when moving from the boundaries of the di-
calcium silicate region towards the centre. The compo- +0.400 - - - - 364
sition of the slags is close to the composition of points 0.400 —0.315 - - - - 1.1
located in the area bounded on one side by 2CaO-SiO, - 0.315-0.200 - - 0.9 0.6 3.6
—2Ca0-AlLO, anq 2Ca(.)~Si02—.l'2CaO-7A1203 . lines, 0.200 — 0.160 _ _ 13 2.4 2.7
ipdhont‘ile oztlgesr SIC;e(’)(;Nl:[['}Lthe s1llclon rr;qdulus 11ne.st.no 0160—0.100 | 09 08 89 | 114 | 95
igher than 2.85 — 3.00. The granulometric composition
8 gtanuon POSIHS 0.100-0.063 | 15.1 | 154 | 236 | 235 | 11.0
of the slag was found to be almost independent of its
cooling rate [46]. 0.063-0.050 | 19.0 | 185 | 163 | 154 | 82
Approaching the boundaries of the dicalcium sili- —0.050 650 | 658 | 48.9 | 46.8 | 27.9
cate region, the cooling rate begins to significantly af- Total 100.0 | 100.0 | 100.0 | 100.0 | 100.0
100
90 a b ¢
o 80 2 I
70 -
)
I 60 -
S 50 i
.§ 40 E - 1 3
S 30 -
20 B 2 4
10 -
L I T — L
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Grades, mm Grades, mm Grades, mm

Fig. 2. Granulometric composition of slag containing:
a—51.5 Ca0, 15.5 Si0,, 33.0 AL,O,; b — 53.4 CaO, 14.1 SiO,, 32.5 Al,0,; ¢ — 56.5 Ca0, 14.2 Si0,, 29.3 A1,0,;
d—54.4 Ca0, 14.6 Si0,, 30.9 AL,O,; e - 60.5 Ca0, 13.2 SiO,, 26.3 AL,O;; f— 62.6 Ca0, 12.0 SiO,, 25.4 Al

4 — slags with silicon module 4.00 [36 — 38]

Puc. 2. I'panynoMeTpuueckuii COCTaB IIUIaKa, COAEPKAIIEro, Yo:
a-51,5Ca0, 15,5 Si0,, 33,0 AL,O,; b - 53,4 Ca0, 14,1 Si0,, 32,5 AL,O,; ¢ - 56,5 CaO, 14,2 Si0O,, 29,3 AL,O;;

d - 54,4 Ca0, 14,6 Si0,, 30,9 ALO,; e — 60,5 Ca0, 13,2 Si0,, 26,3 Al

2

0,; /- 62,6 Ca0, 12,0 Si0,, 25,4 Al

0,;
23>
1 —slags with silicon module 1.50; 2 — slags with silicon module 2.00; 3 — slags with silicon module 2.85;

2053

] — mmaku ¢ kpeMHUEBBIM MojtyieM 1,50; 2 — nutaku ¢ KpeMHUEeBBIM MoyieM 2,00; 3 — utaku ¢ KpeMHHUEBBIM MojyiieM 2,85;
4 — nmaku ¢ KpeMHHEBBIM MozryiteM 4,00 [36 — 38]
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fect the granulometric composition of the slags, as Fig. 2
clearly illustrates.

The lower the slag cooling rate, the more accurately
the crystallisation equilibrium conditions are satisfied.
Slag crumblability was expected to improve with a de-
creasing cooling rate.

After crumbling, slags cooled at a rate of 30 °C/min have
a finer granulometric composition than slags of a similar
chemical composition cooled at a rate of 7 and 15 °C/min.
This phenomenon is probably due to the formation
of a larger number of crystal nuclei during rapid cool-
ing [47].

It is also important to note that slag crumblability de-
creases with an increasing silicon modulus. In the authors’
experiments, only one slag with a silicon modulus of 4.0
crumbled and only at a cooling rate of 3 °C/min.

- CONCLUSION

The cooling rate and the chemical composition of
slags significantly affect their crumbling. It increases
with decreasing cooling rate and as the slag compositions
move away from the boundaries of the dicalcium silicate
primary crystallisation region. However, a higher silicon
modulus results in a lower crumblability.

The granulometric composition of crumbled slags is
affected by their chemical composition more than by their
cooling rate.

Based on the data obtained, from a technological
point of view, the most promising are slags with a sili-
con modulus not exceeding 2.85 — 3.00, the composition
of which is inside or close to the phase triangle bounded
by the 12Ca0-7Al,0, - 2Ca0-Si0, — 2Ca0-Al,O; lines.
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