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Abstract. The authors studied the physical properties of the slags of CaO—Si0,—A1,0,—MgO system containing cerium oxide. The developed slags
are based on a calcium silicate system, the basicity (CaO)/(Si0,) of which has a great influence on the slag properties. Generalization of the performed
studies results allowed obtaining new data on the effect of basicity in cerium-containing slags of the studied oxide system on viscosity, tempera-
ture of crystallization onset and structure. Experimental studies of the physical properties of cerium-containing slags showed that with an increase
in basicity of 2.0 — 5.0, an increase in temperature of crystallization onset and viscosity is observed associated with structure of the formed slags.
An increase in basicity from 2.0 to 5.0 contributes to an increase in viscosity from 0.20 to 0.41 Pa's at 1500 °C and an increase in the crystallization
temperature from 1397 to 1497 °C. The structural analysis showed that the structure of the cerium-containing slag is influenced by both the Si** ion
and the AI** ion, which are grid-forming agents. Silicon ions in this system are present in the form of [SiO, ]-tetrahedra, whereas aluminum ions are
present in form of [AlO,]-tetrahedra and [AlO]-octahedra. With an increase in basicity 2.0 to 2.5, the silicon structure becomes more complicated,
and then at a basicity of 3.5 — 5.0 it becomes simpler, whereas the aluminate one becomes more complicated due to an increase in the content of CaO,
which participates in charge compensation of polymerized structural units [AlO, ]-tetrahedra with the formation of a more stable tetrahedral structure,
and as a result of increased slag viscosity. Slags of the studied oxide system containing 15 % Ce,O, are characterized by a sufficiently high liquid
mobility in the considered basicity range.
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AHHomayus. ViccnenoBansl (pU3MUYECKHE CBOICTBA NIJIAKOB CHCTEMBbI CaofS1027C62037A12037Mg0, colepiKaIuX OKCHA nepus. B ocHoBe
pa3paboTaHHBIX LLIAKOB KaJbIMH-CHIIMKaTHAs cucTemMa, 0CHOBHOCTB (Ca0)/(Si0,) koTopoii Oka3biBaeT 60JIbINOE BIMSHUE HA CBONCTBA lIIJIAKa.
O06o0uIeHNne pe3yIbTaToOB BHIMOJHEHHBIX HCCIIEI0BAaHUN TO3BOJIMIIO MOJYYUTh HOBBIC JaHHBIC O BIMSHUHM OCHOBHOCTH B LIEPUICOAEPIKAIINX
IIJIaKaX MU3y4aeMON OKCHHON CHCTEMBI Ha BSI3KOCTh, TEMIIEPATypy Hauala KpUCTAIUTH3alNHU U CTPYKTYPY. DKCIIEpUMEHTAIBHBIC HCCIICI0BAHHS
(hu3KMYeCcKUX CBOMCTB 3THX MIJAKOB MMOKA3alM, 4TO C POCTOM OCHOBHOCTH OT 2,0 1o 5,0 HaOmomaeTcst pocT TeMIepaTypbl Hadaia KpUCTa-
JIM3ALUK U BSI3KOCTH, YTO CBSI3aHO CO CTPYKTYpOil (opMHpyeMbIX HITaKOB. [OBBINIEHHE OCHOBHOCTH CIIOCOOCTBYET MOBBILIICHHIO BS3KOCTH
ot 0,20 1o 0,41 ITa‘c mpu Temneparype 1500 °C u moBbImeHHIO TeMIepaTypsl kpuctamumsanuu ot 1397 no 1497 °C. [lomydeHHbIE pe3ynbTaThl
MOKA3a/IM, YTO Ha CTPYKTYPY LEPUICOAEPIKAIIETO IUIAKA BIUSAIOT Kak MOH Si*", Tak u uon AI3Y, KoTopbIe SBISIOTCS CETKOOOPA30BaTEISIMU.
Honbl KpeMHUS B pacCMaTpUBAEMOM CHCTEME NPUCYTCTBYIOT B Buje [SiO, ]-TeTpasnpos, Torna Kak HOHbI aIIOMUHMS TIPUCYTCTBYIOT B BUJIE
[AlO, ]-terpasnpos u [AlO ]-okrasapos. C noBbIIIeHHEM OCHOBHOCTH OT 2,0 110 2,5 KpeMHMEBast CTPYKTypa YCJIOKHAETCS, & 3aTEM IIPU OCHOB-
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HoctH 3,5 — 5,0 ynpomaercs. AJTIOMUHATHAsI CTPYKTYpa YCIOXKHSETCS 3a CYET MOBBIIMIeHUs copepkanns okcuaa CaO, KOTOpPBIH ydacTByeT B
KOMIIEHCALMK 3aps/a MOoJMMEPU30BAHHBIX CTPYKTYpHbIX eaunull [AlO,]-TeTpasapos ¢ oGpasoBanuem Gonee cTabUIbHON TETpadsapUYECcKOM

CTPYKTYPBI, U, KaK CIEICTBHUE, MOBBIIIEHHOH BsI3KoCTH nulaka. [llmaku n3ydaemoii okcuaHoi cucteMsl, cogepxkammue 15 % Ce,O

,0,, XapakTepu-

3y10TCA B pacCMaTpUBA€MOM JHara3oHe OCHOBHOCTH JOCTATOYHO BBICOKO# JKUOKOIIOABHUXXHOCTBIO.

Kniouesule cnoea: BA3KOCTh, TeMIepaTypa Hauajla KpUCTAUIN3ALMH, PAMAHOBCKAsl CIIEKTPOCKOIHS, OKCH LiepHs, 1Ak, (a3oBbli COCTaB, CTPYKTypa

jraka
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- INTRODUCTION

Viscosity stands out as one of the most crucial physi-
cal properties of slag, as metallurgical processes hinge
on phenomena influenced by heat and mass transfer
within both slag and metal [1; 2]. Exploring the utili-
zation of rare earth element (REE) oxides represents
a promising avenue for decreasing the viscosity of refin-
ing slags. Investigations into the impact of cerium oxide
additives on slag’s physical properties have revealed
that cerium oxide reduces both viscosity and crystalli-
zation temperature [3 — 5]. Recent studies have demon-
strated that incorporating rare earth oxides into slag can
diminish the activity of ALLO, oxide in the slag while
enhancing the slag’s adsorption capacity for Al,O, inclu-
sions in the metal [6 — 8]. Additionally, the equilibrium
between refining slag containing Ce,O, and molten steel
deoxidized with aluminum hints at the potential for intro-
ducing a small amount of cerium, which may transfer
into the steel [9 — 11], thereby facilitating micro-alloying
and modification [12]. However, to date, the influence
of basicity on the physical properties of cerium-contain-
ing ladle slags remains unexplored in both domestic and
foreign literature.

This study aimed to investigate the physical proper-
ties of slags within the CaO-Si0O,~Ce,0,-Al,0,-MgO
system. By consolidating research findings, we sought
to generate new insights into the impact of basicity
on the viscosity, temperature of crystallization onset, and
structure of cerium-containing slags within the studied
oxide system.

[ RESEARCH METHODS

The slags of the CaO-SiO,-Ce,0,-Al,0,-~MgO
oxide system were melted in a resistance furnace using
graphite crucibles under an argon atmosphere. Analyti-
cal grade oxides were calcined for 2 — 3 h at a tempera-
ture of 800 °C prior to melting. Viscosity measurements
of the slags were conducted in graphite crucibles using
an electric vibrating viscometer, with continuous cooling
of'the melt from a homogeneous-liquid to a solid state [13].
A molybdenum rod with a diameter of 1.5 mm served
as the measuring spindle. The temperature of the slag
was monitored using a VR 5/20 tungsten-rhenium ther-
mocouple. The crystallization temperature of the slags
was determined according to Frenkel’s theory of viscous
flow. For this purpose, graphs were plotted in coordinates
Inn — 1/7, with breaks indicating the onset temperature
of slag crystallization [14]. The results of viscosity and
crystallization temperature measurements are presented
in Table 1 and Fig. 1.

The structure of test slag samples was investigated
using a Raman microscope spectrometer U 1000 with
a laser having an excitation wavelength of 532 nm.
The obtained spectra, within the wave number range
of 450 — 1250 cm™!, are depicted in Fig. 2. The observed
lines in such spectra can be clearly attributed to vibra-
tions of the molecules of the material under study.
Depending on the frequency, intensity, and shape of these
lines, conclusions about the structure of the slags can
be drawn [15]. This transformation can be attributed
to the characteristics of the slag structure. Fig. 2 displays

Table 1. Composition, temperature of crystallization onset and viscosity of experimental slags

Ta6auya 1. CoctaB, TeMnepaTypa Ha4yajia KPUCTAJUIM3AIUN U BI3KOCTh IKCIIEPUMEHTAIBHBIX IIJIAKOB

Oxide content, % s . o Viscosity, Pa's, at T, °C
CaO | SiO, | Ce,0, | MgO | ALO, e’ 1500 1550
41.3 20.7 15 8 15 2.0 1397 0.20 0.16
44.8 17.2 15 8 15 2.5 1419 0.22 0.17
48.2 13.8 15 8 15 3.5 1463 0.26 0.18
51.7 10.3 15 8 15 5.0 1497 0.41 0.23
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Fig. 1. Dependence of viscosity of the slags on temperature
at basicity of 2.0 (@), 2.5 (M), 3.5 (A) and 5.0 (©)

Puc. 1. 3aBUCUMOCTb BS3KOCTH LINIAKOB OT TEMIIEPATYPbI

npu ocHosrocTH 2,0 (@), 2,5 (M), 3,5 (A) 1 5,0 ()

the Raman spectra of slag samples with varying basicity,
featuring peaks: in the low-frequency region with wave
numbers around 600 cm™', representing Al-O stretch-
ing vibrations in [AlO,] octahedra within the range
of slag basicity from 2.0 to 2.5; as basicity increases
to 3.5 — 5.0 units, peaks emerge in the region of about
550 cm™!, attributed to the transverse motion of bridging

of basicity on the structure of the formed slags and their
viscosity.

For further quantitative determination of changes
in structural units with different basicity of the slag,
the Raman spectra (Fig.2) were deconvoluted by the
Gaussian method using the PeakFit software with
the correlation coefficient of minimum 0.99. The results
of deconvolution of the silicate region of Raman spectra
are shown in Fig. 3 and Table 2.

[ RESULTS AND DISCUSSION

The viscosity dependence of the studied slags on tem-
perature, within a basicity range of 2.0 to 5.0, is illustrated
in Fig. 1. As basicity increases, slags transition gradually
from fluid states with low crystallization temperatures
to those with higher viscosity and crystallization onset
temperatures (Table 1).

The slag structure formed at a basicity of 2.0 is low-
polymerized. As noted earlier, it is characterized by
the presence of [AlO]-octahedra, which function as grid

Table 2. Proportion of structural elements

Ta6bauya 2. 1011 CTPYKTYPHBIX 371€eMEHTOB

oxygen inside the Al-O—Al bond; peaks in the range Slag B 03 o BO
pf ?2(1)0—]800 cr}rll’;, reﬂPectli(ng.Al}: Oh.st;etching Vibrat]ijons ] 20 048 052 052
in tetrahedra. Peaks in the higher wave numbers
. 4 . . . 2 2. 41 . .
region (800 — 950 cm™!) are associated with the silicate > 0 0.59 0.59
structure ([SiO,]-tetrahedra). The intensity and shape 3 3.5 0.53 0.47 0.47
of these peaks allow for the evaluation of the influence 4 5.0 0.88 0.12 0.12
[SiO,]
[AIO] 4
Or. 04
Al-0O-Al
=
&
Z | Al-0-Al ?
= (oN
“ 2
1
1 1 1 1 1 1
450 550 650 750 850 950 1050 1150 1250

-1
Wave number, cm

Fig. 2. Raman spectra of the slags at basicity of 2.0 (1), 2.5 (2), 3.5 (3) and 5.0 (4)

Puc. 2. PamaHOBCKHE CIIEKTPBI H3y4aeMbIX IUIaKoB mpu ocHoBHocTH 2,0 (/), 2,5 (2), 3,5 (3) n 5,0 (4)
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Fig. 3. Deconvolution of the silicate region at basicity of 2.0 (a), 2.5 (b), 3.5 (¢) and 5.0 (d)

Puc. 3. JIexoHBOITIOIMS CHIIMKATHON o0nacTu npu ocHoBHOCTH 2,0 (a), 2,5 (b), 3,5 (¢) n 5,0 (d)

modifier (Fig.2), along with two depolymerized struc-
tural units of silicon: [SiO,]*" with an increased propor-
tion of non-bridging oxygen to 0.48 (Q%) and [Si,0,]1%
with a proportion of one bridging oxygen increased
to 0.52 (Q%) (Fig. 3, Table 2). This structure arises due
to the presence of structure modifiers — calcium and
cerium oxides — in the slag. Their dissociation in melts
releases additional O* ions, which interact with [A1O,]-
and [SiO,]-tetrahedra, disrupting the aluminate and sili-
cate melt structures [16; 17]. Consequently, these slags
exhibit a low crystallization temperature (1397 °C)
and low viscosity (0.20 and 0.16 Pa-s) at temperatures
of 1500 and 1550 °C (Table 1).

As the basicity increases to 2.5, the silicate structure
becomes more complex. Its polymerization degree rises
from 0.52 to 0.59, while the proportion of non-bridg-
ing oxygen decreases from 0.48 to 0.41, and the pro-
portion with one bridging oxygen increases from 0.52
to 0.59 (Table 2). In high-basicity slags containing Al,O,,
AI¥" ions are absorbed by the silicate structure, acting
as grid-forming agents, thus enhancing the complexity

208

of the silicate structure [18]. The increased complex-
ity of the slag structure elevates the onset temperature
of crystallization to 1419 °C and viscosity to 0.22 and
0.17 Pa-s at temperatures of 1500 and 1550 °C (Table 1).

As the basicity increases to 3.5 and 5.0, a peak emerges
in the region of about 550 cm™!, attributed to the transverse
motion of bridging oxygen inside the Al1-O—Al bond.
The relative Al-O—Al intensity gradually increases with
increasing basicity, while the opposite trend is observed for
[AlO,] octahedra. This indicates an enhanced Al-O-Al
bond and a decreased proportion of [AlO,] octahedra,
leading to polymerization of the aluminate grid. Addition-
ally, an increase in the slag basicity from 3.5 to 5.0 results
in higher peak intensity in the region of wave numbers
650 — 800 cm™!. This is attributed to symmetrical stretch-
ing vibrations [AlO,]*~ (Q%)) and [ALO,]* (Q3)) [16; 17],
indicating that the aluminate structure in the molten
slag (Fig. 2) has become more complex, resulting in an
increase in the crystallization onset temperature to 1463
and 1497 °C. Viscosity increases to 0.26 and 0.18 Pa's
at temperatures of 1500 and 1550 °C and a basicity
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of 3.50 and to 0.41 and 0.23 Pa-s at temperatures of 1500
and 1550 °C and a basicity of 5.0.

Alongside the polymerization of the aluminate struc-
ture at basicities of 3.5 and 5.0, the silicate structure
becomes simpler, and the polymerization degree decreases
from 0.47 to 0.12 (Table 2). CaO oxide can act not only
as a grid modifier but also as a charge compensator due
to the excess of Ca?" ions formed with increasing basi-
city. Ca®" cations will compensate for the polymerized
structural units of [AlO,]-tetrahedra, leading to the for-
mation of a more stable tetrahedral structure and resulting
in increased slag viscosity [19; 20]. Cerium ions can act
as charge compensators and stabilize the aluminate struc-
ture [3; 21; 22].

- CONCLUSIONS

Experimental studies of the physical properties
of the slags within the CaO-SiO,—-Ce,0,-Al,0,-MgO
oxide system have indicated that increasing the basicity
from 2.0 to 5.0 leads to higher viscosity and temperature
of crystallization onset. This phenomenon is attributed
to the structure of the resulting slags. With the augmenta-
tion of basicity, the aluminate structure becomes more
complex, while the silicate structure becomes simpler
due to an excess of Ca** ions, which serve as charge com-
pensators for the polymerized structural units of [AlO,]
tetrahedra. Overall, the slags within the studied oxide
system containing 15 % Ce,O, exhibit sufficiently high
fluidity within the considered basicity range.
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