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STUDYING THE PHASE EQUILIBRIA
IN MnO-SiO, SYSTEM BY THE DIFFERENTIAL
SCANNING CALORIMETRY (DSC) METHOD

Introduction. The formation of rational composition of molten slag is critical for smelting of manganese ferroal-
loys. From seventy to ninety per cent of manganese ferroalloy slags are presented by manganese and silicon
oxides. Information about phase equilibrium in MnO—SiO, system has an important value for the development
of new and the improvement of operating processes of beneficiating and agglomerating manganese raw material,
manufacturing manganese ferroalloys, and smelting high-manganese electrical steels.

Problem Statement. The analysis of scholarly research data on the diagram of the equilibrium state of
MnO—Si0, system has shown a difference between the temperature of eutectic melting and that of peritectic
melting and a fundamental difference in the nature of these two types of melting. The diagram does not show the
polymorphic transformation of rhodonite.

Purpose. The purpose of this research is to study the behavior of manganese orthosilicate and metasilicate and
the eutectic between them for specifying the structure of the MnO—SiO, system equilibrium state diagram.

Materials and Methods. The DSC method has been used to determine the temperature of phase transforma-
tions, melting and crystallization, of the samples that correspond to rhodonite (MnSiQ,), tephroite with rhodonite
(Mn,SiO, + MnSiO,), and the eutectic located between them in terms of composition.

Results. The temperature of tephroite congruent melting, the solidus and the liquidus of rhodonite incongruent
melting have been determined more accurately. For the first time, the temperature of rhodonite polymorphic trans-
Sformation at the phase transition y-MnSiO, <> B-MnSiO, accompanied with a volume fluctuation of up to 2%
has been experimentally established. This has made it poss ible to plot the horizontal line of polymorphic transfor-
mation on the MnO—Si0, system diagram.

Conclusions. The obtained data on the equilibrium state of MnO—SiO, system have given a clear idea of the
slag system structure, which allows us to optimize cooling during the manganese agglomerate production; to ratio-
nally select the slag melting conditions for the ferrosilicon manganese production; to improve slag thickening after
the release of smelting products; to justify slag crystallization behavior for the production of slag-cast products.

Keywords: MnO—Si0, system, DSC, phase equilibrium, y-MnSiO, <> B-MnSiO,, and polymorphic trans-
Jformation.
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The formation of molten slag rational composi-
tion appears to be important for smelting manga-
nese ferroalloys. In the electric steelmaking pro-
cesses, usually, the slag ratio does not exceed 0.2
for smelting most ferroalloys (except for ferrosili-
con). However, in the case of producing ferrosi-
licon manganese, the slag ratio is 1.2—1.4 and, in
the case of producing medium-carbon ferroman-
ganese and metallic manganese, it is 2.5—3.0. For
the most part, in addition to manganese oxides
(30—70%), the raw oxide manganese materials
(ore, concentrate, agglomerate), contain waste rock
that is mainly represented by silicon oxides (20—
30%), calcium oxides (5—10%), and aluminum
oxides (2—5%) [1]. Both the low-phosphorus
slag (LFS) and manganese charge slag (MCS)
obtained by the electrometallurgical dephospho-
rization, from fluxless smelting of high-carbon
ferromanganese, contain 45—58% MnO and 25—
35% SiO,. In oxide melts of the above composi-
tions, SiO, is the structurant [2], while MnO is
the main inoculant. Therefore, the interaction
between manganese oxides and silicon oxides is
a key factor for the study of the physicochemical
processes of manganese raw material beneficia-
tion and agglomeration, as well as for the produc-
tion of manganese alloys.

Recording the phase equilibria in the MnO—
SiO, system is critical both for developing new
and improving the existing processes of manga-
nese raw material beneficiation, for manganese
ferroalloy production, as well as for the high-man-
ganese electrical steel smelting. In the MnO-SiO,
system, there have been synthesized the two man-
ganese compounds: Mn,SiO, orthosilicate (70.92%
MnO) and MnSiO, metasilicate (54.19% MnO) [3].
Mn,SiO, orthosilicate corresponds to natural Mn
olivine. The olivine group members are Mn,SiO,
tephroite (Mn, (Fe  SiO,), Mn, Fe SiO, kne—
belite (Mn,, Fe 8104) and MnCa&O glauco—
chroite. Mn81O s ‘metasilicate is 1sostructura1 nei-
ther with the olivine group, nor with MgSiO,
and CaSiO,,

The analysis of the diagrams of the equilibrium
state of MnO—SiO, (Mn—S) system presented in
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Fig. 1. DSC module: 7 — bearing tungsten rod; 2 — cover
with a press-fit rod; 3 — ring of tungsten wire; 4 —molybde-
num plate; 5 — crucible; 6 — thermocouples; 7 — sample

[3—11] has shown that in J. White’s early publi-
cation [3], there is a diagram showing two pe-
ritectics melting incongruently: the first one
(Mn,SiO,) on the side of MnO melts with de-
composition to MnO + liquid, and the second one
(MnSiO,) on the side of SiO, melts with decom-
position to SiO, + liquid. There has been shown
one eutectic pomt between Mn,SiO, and MnSiO..
The distinctive feature of the phase diagram by
EP. Glasser [5] is that Mn,SiO, melts congru-
ently, while MnSiO,, as in the previous case,
melts incongruently. In addition, this diagram
shows two eutectics. The first eutectic (E1: 74.1%
MnO, 25.9% SiO,) located between MnO and
Mn2SiO4 melts at a temperature of 1315 °C, and
the second one (E2: 61.5% MnO, 38.5% SiO,) lo-
cated between Mn,SiO, and MnSiO, melts at
1250 °C. Following the main features of EP. Glas-
ser’s diagram, the authors [6] have calculated dif-
ferent values of temperature for eutectic and pe-
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Fig. 2. DSC curves of the samples No. 1—3 (Table 1) of the MnO—SiO, system obtained by (a) heating and (b) cooling

ritectic melting. Moreover, the temperature and
concentration boundaries of delamination into
two liquids on the SiO, side have been specified.
There are records on the presence of the three
modifications of rhodonite: a-, f-, y-MnSiO,, of
which a-MnSiO, is metastable at normal pres-
sure and within the whole range of temperature
[12]. The parameters of the crystal structures of
y-MnSiO, and B-MnSiO, have been given. They
virtually coincide with natural bustamite for
B-MnSiO, [3]. However, none of the phase dia-
grams of MnO—SiO, system considered in the
research works has featured this polymorphic
transformation. At the same time, the phase dia-
grams of CaO—Si0O, and Al,0,—SiO, systems
show regions of modification transformations. In
order to clarify the above features, we have stu-

Table 1. Chemical Composition
of MnO—SiO, System Model Samples

Sample composition, %
Element
MnSiO, | Eutectic 2 (E2) | Mn,SiO, + MnSiO,
MnO 54.2 61.5 70.0
SiO, 45.8 38.5 30.0
102

died the behavior of manganese orthosilicate and
manganese metasilicate as well as the eutectic
between them while heating and cooling them
with the use of the differential scanning calori-
metry method [13].

Differential scanning calorimetry (DSC) is used
to determine the phase transition temperature,
as well as the temperature of melting and crystal-
lization for individual compounds and mixes the-
reof. In comparison with the differential thermal
analysis (DTA) method, this one has much more
reliable capabilities, accuracy, reproducibility of
results, experimental data processing and inter-
pretation, and phase identification [13].

The studies have been carried out on a DSC
module to measure local differential temperature
of the cell (Fig. 1). The device (that is differential
in design) operates in the mode of temperature
sheath scanning. The operating temperature
ranges within 400—2080 °C, the possible heating
rate varies from 5 to 100 °C/min. The calibration
coefficient of the device is 20 pV/mW with a re-
lative error of = 0.5%, and it does not depend on
the sample mass. The noise level is + 0.5 pV. The
sample weight is 6 g.

ISSN 2409-9066. Sci. innov. 2022.18(2)
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The samples are crushed, pressed into a pellet,
and heated in a helium atmosphere at an auto-
matically given rate of 50 mV /h in alundum cru-
cibles that have been precalcined in a neutral at-
mosphere and reinforced with molybdenum foil.
Having been melted, the samples are kept for
30 min. Then, the cooled samples are crushed to
0.2—0.4 mm, placed in a block connected to a dif-
ferential thermocouple and heated. During the
first heating, the indicators are not recorded. The
measurements are carried out during cooling and
reheating. If necessary, heating and cooling are
repeated to check the consistency of the results
without dismantling the block.

When two pure oxides are mixed, the melting
point of the system decreases, therefore, the ac-
curate record of the temperature allows us to de-
termine theoretically the equilibrium compounds

and the amount of impurities in the pure phase
or, with a known composition, to predict the mel-
ting point.

Two methods have been used to make calcula-
tions of melting temperature of the mixes that are
similar to the samples in terms of composition,
which allows the correct interpretation of the re-
sults of the experiment in the MnO—SiO,, binary
system and its approximate control.

According to the first method, the calculation
is done with the use of the Raoul-Van’'t Hoff
equation [14]:

X,= A AT, A= 1

2 ATRTT M
AHf

XZ(m()le%) = 100 ) RTZ ’ A‘]: (2)
0

where X, is the mole fraction of impurities in ide-
al liquid phase, A is the first cryoscopic constant

Tuble 2. Test Parameters, Probable Temperature and Transitions in MnO (Mn)—SiO, (S) System

'If\?gt Cfg;lt);jﬁ;?;ét\: ;Ef Temperature (°C), transitions

1 |54.2% MnO,
45.8% SiO,,
Heating: 1166.5 1253.1 1289.8 1361.2
740°C —»1480°C  |y-MnS+E1 — B-MnS+ E1 |B-MnS+ E1— liquid + |B-MnS — liquid + |liquid + tridymite —
Vating= 19mV/h + B-MnS + tridymite — liquid
Cooling: 1162.3 1253.1 1289.8 1361.2
1480°C — 740 |p-MnS+E1 —y-MnS +E1 |liquid + p-MnS — liquid + tridymite |liquid — liquid +
V. iing = 15mV /h — B-MnS+ E1 — B-MnS + tridymite

2 161.5% MnO,
38.5% SiO,.
Heating: 1165.0 1250.4
700°C —»1490°C  |y-MnS+Mn,S — E1 E1 (p-MnS+Mn,S) — B B
Ve = 15mV/h | (B-MnS+Mn,S) — liquid
Cooling: 1162.0 1251.3
1490°C — 700 E1 (B-MnS + Mn,S) — liquid — E1

ooiing— 1omV/h | —y-MnS+Mn,S (B-MnS+Mn,S)

3 [70.3% MnO,
29.7% SiO,,.
Heating: 1164.2 1249.0 1348.0
740°C —»1570°C  |y-MnS+Mn,S — E1+Mn,S — Mn,S+ Mn,S+ liquid — liquid
Viaing = 1omV/h | E1+Mn,S + liquid _
Cooling: 1161.5 1251.0 1344.0
1570°C — 740 E1+Mn,S — y-MnS+Mn,S | Mn,S+ liquid — liquid — Mn,S+
Ve = 15mV/h —E1+Mn,S +liquid

Note: V... — sample heating rate. V. — sample cooling rate.
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Fig. 3. Phase diagram of MnO—SiO, system: - - - - proposed line of the y-MnSiO, < p-MnSiO, polymorphic transformation;

— - data obtained by P.F. Glasser; ®- experimental data

(K™"), AT is the melting point depression with re-
spect to pure substance (K): AH, is the fusion heat
(enthalpy) of pure substance (J/mol), R is the
universal gas constant (8.314 ] /mol - K), T is the
melting point of pure substance (K).

In accordance with the second method, the Le
Chatelier—Shreder equation is used [15]:

TO
InX °
N
where X is the mole fraction of impurity compo-
nent, N, is the number of atoms in the formula of
a compound.

The object of the study is represented by the
samples that have the composition correspon-
ding to that of MnSiO, rhodonite, Mn,SiO, +
+ MnSiO, tephroite with rhodonite, and the eu-
tectic located between them (Table 1). The tran-
sition temperature and the character thereof are
given in Table 2 and in Fig. 2.

The inhomogeneous melting and crystalliza-
tion (Fig. 2) indicate a gradual transition of the

104

T= 3)

liquid structure into that of the crystalline state.
Having a composition corresponding to tephroi-
te, the melt consists of microclusters of the crys-
talline tephroite type, and its crystallization and
melting are followed by ordering and disordering
in the liquid. This phenomenon is clearly visible
near the melting point on the DSC diagrams
(Fig. 2, b). After ordering in the liquid during
crystallization, there may be observed a rigidly
vertical peak that corresponds to the crystalliza-
tion of a chemical compound.

The smooth pattern of the eutectic crystalli-
zation (Fig. 2, b) is caused by the additional for-
mation of rhodonite and tephroite from the liquid
due to the redistribution of silica, since at eutectic
melting, rhodonite is decomposed in the reaction:

Mn,SiO, + MnSi.O,, .. — 2{2Mn*" +
+ [SiO, ] Jliquid + {3Mn> +[Si,0, ¢ Hliquid, (3)

ie. new clusters on the basis of [SiO,]* and
[Si40,,]% silicon—oxygen motifs appear.

The transformations in the sample that corre-
sponds to rhodonite in terms of composition are

ISSN 2409-9066. Sci. innov. 2022.18(2)
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stepwise. At the temperature of peritectic trans-
formation (1290 °C), free silica release is followed
by the simultaneous formation of a liquid from
two clusters:

Mn,Si,O ;g = {2Mn*" + [8104]47}1iquid
+ {3Mn? +[Si,0,]* Jliquid + SiO,_ . (4)
Further melting at the liquidus line at a tem-

perature of 1362 °C is accompanied by the trans-
formation of solid tridymite into a cluster:

(31\/[11?r +[Si309]67) liquid + SIOZ solid
- (31\/[112+ + [814011]6i)liquid‘ (5)

The proposed mechanism of polymorphic
transformations in the solid and liquid states dur-

ing melting and crystallization in MnO—SiO,
system is logically interconnected with the con-
cepts of the nature of the chemical bonding of
silicon in manganese-silicate melts, which have
been developed in [2, 16—19].

During polymorphic transformations, additio-
nal horizontal lines corresponding to the transfor-
mation points are plotted on the diagrams. These
lines separate stability envelopes of individual
modifications of the same compound. This pheno-
menon is observed if one of the components has
two or more polymorphic modifications. As it has
been mentioned, in MnO—SiO, system, MnSiO,
rhodonite compound is represented by several modi-
fications, two of which (y-MnSiO, and B-MnSiO.,)

Table 3. Comparative Characteristics of the MnO-SiO, System
Phase Diagram Parameters Based on the Data Obtained in Various Studies

Value, characteristics, source
Parameters, dimension The stud
2] [4] [5] presented heyrein

Compound:
— Mn,SiO,:
Composition, %:
MnO 70.92 70.92 70.92 70.30
SiO, 29.08 29.08 29.08 29.70
Melting point, °C 1336 1345 1345 1316
Type of melting MnSiO.;: incongruent congruent congruent congruent
Composition, %:
MnO 54.20 54.20 54.20 54.20
SiO, 45.80 45.80 45.80 45.80
Solidus ¢, °C 1273 1291 1291 1290
Liquidus ¢, °C none known none known 1367 1361.6
Type of melting incongruent incongruent incongruent incongruent
Eutectic 1 (MnO — Mn,SiO,) absent present present present
Composition, %: — 741 74.1 741
MnO — 25.9 25.9 25.9
SiO, — 1315 1321 1315
Melting point, °C
Eutectic 2 (Mn,SiO, MnSiO,) present present present present
Composition, %: 64.95 61.66 63.01 61.50
MnO 35.05 38.34 36.99 38.50
SiO, 1230 1250 1251 1250.8
Melting point, °C
Polymorphic transformation on the diagram, °C:
Heating y-MnSiO, — B-MnSiO, absent absent absent 1164.2—1166.5
Cooling B-MnSiO,— y-MnSiO, absent absent absent 1161.5—1162.3
Meant¢, °C — — — 1164.0
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are stable within a certain temperature range. Ho-
wever, this phenomenon is not plotted on any of
the studied diagrams [5, 10—12]. We also have
estimated the polymorphic transformation tem-
perature that is consistent with that previously ob-
tained [12]. The y-MnSiO, < B-MnSiO, poly-
morphic transformation occurs at a temperature
of 1161—1166 °C that is below the eutectic point
temperature. On the side of SiO,, up to the vertical
line of Mn,SiO , there appears a temperature ran-
ge of stability of y- and - modifications, which enab-
les us to indicate this phenomenon on the phase dia-
gram of the MnO—SiO, system (the dashed line)
(Fig. 3). The comparative characteristics of the
phase diagram parameters of the MnO—SiO, system
(according to the data provided by various authors
and those obtained in our studies) are given in Table 3.

Conclusions

1. The horizontal line at a temperature of
1164 °C, which reflects the y-MnSiO,« B-MnSiO,
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AOCHLIKEHHA ®ASOBUX PIBHOBAI B CUCTEMI MnO—SiO,
METO/JIOM JINUD®EPEHITIAJIBHO-CKAHYIOUYOT KATOPUMETPIT (JICK)

Beryn. ITiy yac BuniaBku MapraniieBux (hepocijiaBiB BasKIMBe 3HaUeHHsT Ma€ (hOPMYBaHHS PAIliOHATIBHOTO CKJIAY IJIAKO-
Boro poamuiasy. [lmaku mapramniesux depocmiasis Ha 70—90 % mpeacTaBieHi OKCuzaMi Mapratifio Ta KpeMuio. Bimomocti
npo asosi pisrosarn B cicremi MnO—SiO, € BaroMuM 1moKazHUKOM [IJIs PO3POOKM HOBHX i BJIOCKOHAJIEHH] J[II04HX ITpoILe-
ciB 30araueHHs Ta Orpy/IKyBaHHS MaPraHIleBOl CUPOBIHU, OTPUMAHHS MapraHileBrX (DepOCILIaBiB, & TAKOK BUILIABKU €JIEKT-
pocTasi 3 MiABUIIIEHNM BMiCTOM MapTaHIIio.

IIpo6iemartnka. AHali3 HaBe/CHUX B JIiTepaTypi JaHUX CTOCOBHO Jiarpamu piBHOBaxxHOro cTamy cucremu MnO-SiO,
[IOKA3aB PI3HUILIO TEMIIEPATYP eBTEKTUYHOTO il IEPUTEKTUYHOTO IJIABJEHHS Ta IPUHIIMIIOBY PO30IKHICTh y Xapakrepi 1/1aBs-
siennsi. Ha piarpami BizcyTHi fani mozo noaiMopgHoro nepeTBOpeHHs POIOHITY.

Mera. BuBdeHHs MOBEAIHKN OPTO- | METACUJIIKATy MAaPraHIlio, a TAKOK eBTEKTUKHU MisK HUMU /IS yTOYHEHH Oy I0BU Jlia-
rpamu piBHOBaxkHOro cTany cuctemu MnO-SiO,.

Marepiamu Ta meroau. Mertogom /JICK Busnauero temiepatypu $ha3oBUX MepeTBOPeHb, MJIABJIEHHS i KpucTatizaiii
3PasKiB, IO BIAIOBIAAIOTH 3a CKJIazoM pofoHiTy (MnSiO,), Tedpoity 3 pomonitom (Mn,SiO, + MnSiO,) Ta eBTekTHII, pO3-
TAIIOBAHOI MiK HIUMH.

PesyabraTi. YTOUHEHO TeMIepaTypy KOHTPYEHTHOTO IJIaBJeHHs TedpoiTa, CoMiayc i JiKBilyC iIHKOHTPYEHTHOTO T1JIaB-
JieHHsI POJIOHITY. Briepiiie ekcriepuMeHTaIbHO BUZHAUEHO TEMIIEPATYPY HOJIMOPMHOro 1epeTBOPEeHHsT POIOHITY pH (has3o-
Bomy nepexozi y-MnSiO, < B-MnSiO,, mo cynpoBoKyeTbes 3minoio 06’emy 10 2 %. Lle 103800 HanecTn na iarpamy
crany cucteMu MnO-SiO, ropusoHTaIbHy JiHIIO IT0JiIMOP(HHOT0 NEPETBOPEHHS.

Bucnosku. OTpumani fani po piBHOBakHMIT cTan crcteMir MnO—SiO, po3mHpIooTs yABIEHHS TP0 O6yI0BY MIIAKOBUX
CHCTEM, 10 JIO3BOJISIE: ONMTUMIZYBATH MPOTIEC OXOJIO/IKEHHST 111/l Yac BUPOOHHUIITBA MAPTaHI[EBOTO arJIOMEPaTy, ParioHaIbHO
migibpaT MIAKOBUI PEKIM IIABKY TIPU BUPOOHUIITBI (hepOCUTiKOMapraHI[i0, CKOPEryBaTH [IPOLEC 3aryIeHHs IIIAKy ITic-
JISt BUILYCKY TIPOAYKTIB IJIABKH, OOIPYHTYBATH PEKUM KPUCTAJIZAIT IIIAKY TPU BUPOOHUIITBI IIIAKOJIUTHX BUPOOIB.

Kniouoei crosa: cucrema MnO—SiO,, /ICK, dazosa pisnosara, nomimopgue nepersopenns y-MnSiO, < B-MnSiO,.
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