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All slag from the production of manganese ferroalloys can be conditionally attributed to
the system MnO—CaO—Si0,—Al,0,, since the sum of these oxides reaches 95—98% with
MnO content from 18% to 48%. On the practical side, it is crucial to know the peculiarities
of the behavior of silicate systems over a wide temperature range and in the presence of
various additives. Differential scanning calorimetry was employed to study concentration—
temperature transformations in melts corresponding to manganese aluminate, the low-
temperature eutectic E1, and a manganese-rich region with 10% Al,O; content. The
conducted research indicates a congruently melting nature of manganese spinel MnAl,O,.
The preservation of short-range order during the melting of MnAlLO, affects the
thermodynamic stability parameters of the compound and the temperature at the onset
of manganese recovery during carbothermic reduction. The congruent melting of
manganese spinel implies the presence of a second eutectic E2, positioned between
MnAlO, and Al,O,. According to experimental data, the melting temperature of eutectic
E2 is lower, approximately 1720°C.
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Introduction

Phase equilibrium in the MnO—AILQO, system
affects technological parameters of smelting manganese
ferroalloys and high-manganese steels. All slag from
the production of manganese ferroalloys can be
conditionally attributed to the pseudo-quaternary
system MnO—CaO—Si0,—Al,O,, since the sum of
these oxides reaches 95—98% with MnO content from
18% to 48%. At the same time, the slag basicity
ratio, utilized in practical applications as CaO:SiO,,
varies from 1:3 to 3:2, and MnO:SiO, ranges from
1:3 to 2:1. The presence of Al,O, in the slag melt
depends on the type of ore used, and its content
ranges from 3 to 12%. In recent years, the basicity of
slags when smelting manganese ferroalloys has been

characterized by different oxide ratios using a
comprehensive approach that considers almost all
oxides present in the slag, and is expressed by the
ratio (%): CaO/Si0,, MnO/Si0,, (CaO+1.4MgO+
+MnO)/Si0,, (CaO+1.4MgO+MnO)/(Si0,+AlL0;)
[1]. The effect of Al,O, concentration and temperature
on phase equilibria is of theoretical and practical
interest. On the practical side, it is crucial to know
the peculiarities of the behavior of silicate systems
under a wide temperature range and in the presence
of various additives. The recent use of ores with high
Al O, content in the smelting of manganese ferroalloys
requires a more detailed analysis of the MnO—AIL O,
system.
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Experimental

Since manganese ores mainly contain low levels
of Al,O;, the literature provides insufficient coverage
of the influence of Al,O; on the equilibrium processes
in the MnO—Al,O, system. However, in recent years,
ores with a high Al,O, content have been increasingly
used. Additionally, according to refs. [2—4], the
MnO—Al,O, system is represented by two equilibrium
state diagrams (Fig. 1). However, while the low-
temperature part of the diagram practically coincides,
there are significant differences in the high-
temperature region.

According to ref. [2], the MnO—AIl O, diagram
indicates two eutectics: E1, which occurs at 24% Al,O;
with a melting temperature of 1520+£10°C, and E2,
occurring at 28% MnO with a melting temperature of
1770£15°C. Per the data provided, spinel MnAl,O,
melts without decomposition (congruently) at a
temperature of 1850+15°C. According to ref. [5], the
diagram shows a single eutectic, E1. At that, the
MnAlL,O, compound melts with decomposition
(incongruently) at a lower temperature of 1720°C.
Upon reaching this temperature, the forming MnAlLO,
compound decomposes into free Al,O; and a melt.
The different nature of melting and the release of free
Al O, can affect the properties of the melt. Considering
the influence of Al,O, on the thermodynamic aspects
of manganese and silicon reduction during the smelting
of manganese alloys, as well as its increased content
during high silicon recovery at the smelting of high-
silicon (MHC25) and commercial ferrosilicon
manganese (MHC17) using briquetted charge [5—7],
we have employed differential scanning calorimetry
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Fig. 1. Equilibrium state diagram of the MnO—ALQO; system
according to various data: solid line — ref. [2];
dashed line — ref. [5]; -8 results of our own
experimental research; (} — calculated data

(DSC) [8] to study concentration-temperature
transformations in melts (Table 1) corresponding to
manganese aluminate (No. 3), the low-temperature
eutectic E1 (No. 2), and a manganese-rich region
with 10% Al,O, content (No. 1).

Differential scanning calorimetry is employed
to determine phase transition temperatures, melting,
and crystallization temperatures for individual
compounds and their mixtures. In this regard, the
capabilities, accuracy, reproducibility of results, data
processing and interpretation, phase identification are
significantly more reliable compared to differential
thermal analysis method (DTA) [8].

The study was conducted using a DSC module,
measuring the local differential temperature of the
cell (Fig. 2). The differential scanning calorimetry
apparatus operated in the temperature sheath scanning
mode. The operating temperature range was 400°C to
2080°C, with a possible heating rate ranging from
5°C/min to 100°C/min. The calibration factor of the
apparatus is 20 uV/mW with a relative error of £0.5%,
and it is independent of the sample mass. The noise
level is 0.5 uV. The weight of the sample was 6 g.

The samples were crushed, pressed into a pellet,
and then heated in a helium atmosphere at an
automatically specified rate of 50 mV/h in alundum
crucibles that had been precalcined in a neutral
atmosphere and reinforced with molybdenum foil.
After melting, the samples were kept for 30 min.
Then, the cooled samples were crushed to
0.2—0.4 mm, placed in a block, attached to a
differential thermocouple, and heated. During the first
heating, the readings were not recorded. The
measurements were carried out under cooling and
subsequent heating. If necessary, without dismantling
the block, heating and cooling were repeated to verify
the consistency of the results.

Results and discussion

The nature of the transformations and
their temperature range are shown in Table 2 and
Figs. 3 and 4. When comparing the experimental
findings with the data [2,5] for the state diagram
MnO—ALQO; (Fig. 1), it is worth noting the satisfactory
agreement of the obtained results for the high-

Table 1
Chemical composition of model samples of the
MnO-ALO; system using DSC

Sample Chemical composition, %
No. MnO A1203

1 90.0 10.0

2 78.2 21.8

3 41.0 59.0

Investigation of phase equilibria in the MnO—Al,O; system by differential scanning calorimetry method
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manganese region on both diagrams.

For MnAl,O,, the experimental results are closer
to the data [2] in terms of liquidus temperature and
coincide with the data [5] for the solidus temperature.
The melting range between the solidus and liquidus
lines is about 80 degrees, which aligns with the data
[5].

Since the melting point of a system decreases
when two pure oxides are mixed, precise temperature
determination enables the identification of theoretically
equilibrium compounds and the amount of impurities
within the pure phase. Alternatively, with a known
composition, it allows for the prediction of the melting
point.

To ensure the proper interpretation of results
and provide approximate control over the experiment
in the MnO—AlO; binary system, we performed
melting temperature calculations for mixtures
compositionally similar to the samples using two
methods.

In the first method, calculations were performed
using the Raoul-Van’t Hoff equation [9]:
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Fig. 2. DSC module: 1 — bearing tungsten rod;

2 — lid with a press-fit rod; 3 — gasket of tungsten wire;
4 — molybdenum plate; 5 — crucible; 6 — thermocouples;
7 — sample

where X, is the mole fraction of impurity in an ideal
liquid phase; A is the first cryoscopic constant (K™');
AT is the melting point depression with respect to a
pure substance (K); 4H , is the fusion heat (enthalpy)
of a pure substance (J/mol); R is the universal gas
constant (8.314 J/mol-K); and 7, is the melting point
of a pure substance (K).

In the second approach, the Le Chatelier-Shreder
equation was utilized [10]:

Ty
(1 _InX ij ,

N i
where X, is the mole fraction of the impurity
component; and A, is the number of atoms in the
formula of a compound.

The calculated liquidus temperatures using
equations (1)—(3), based on data from different authors
[5,9,10] for melting temperatures and enthalpies of
formation of MnO and Al,O,, determined for MnO

and Al,O,, are provided below (Table 3).
The maximum liquidus temperature calculated
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Fig. 3. DSC curves of samples No. 1, 2, and 3 (Table 2) in
the MnO—ALl,O; system obtained during heating
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using equation (3) coincides with the phase diagram
[5]. However, the pattern of temperature change
corresponds to its gradual increase with the AlO;
content and aligns with the phase diagram [11—13].

The issue of whether the melting process of
MnAl,O, (as shown in Fig. 1) is congruent or
incongruent is primarily related to the preservation of
short-range structural bonds after melting. The
preservation of short-range order (congruent melting)
is attributed to the absence of a coordination
rearrangement in the chemical compound during the
isomorphic transformation near the melting
temperature. According to data from [14,15],
manganese spinels, such as MnTi,O,, MnV,O,,
and MnAl,O,, exhibit the same enthalpy of
spinel formation from oxides, which is equal to
38.5 kJ/mol. The enthalpy of formation for MnAl,O,
spinels, obtained calorimetrically, closely agrees with
the calculated enthalpy of formation from oxides.
This agreement suggests the retention of the
coordination number of manganese and aluminum
cations, which is characteristic of both oxides. In
manganese spinels, manganese occupies octahedral
positions with a coordination number of CN(Mn)=6,
corresponding to pure MnO. The coordination number
of aluminum in Al,O, varies from six- to four-
coordinated since aluminum cations occupy octahedral
and tetrahedral positions in a-Al,O;. In spinels,

aluminum cations are found in both octahedral and
tetrahedral positions. Therefore, the prevailing nature
of MnAl,O, melting is congruent.

Conclusions

The conducted research indicates a congruently
melting nature of manganese spinel MnAlLO,, which
aligns with the experimental data from ref. [2]. The
preservation of short-range order during the melting
of MnAL O, affects the thermodynamic stability
parameters of the compound and the temperature at
the onset of manganese recovery during carbothermic
reduction. The congruent melting of manganese spinel
implies the presence of a second eutectic E2, positioned
between MnAl,O, and Al,O;. According to
experimental data, the melting temperature of eutectic
E2 is lower, approximately at 1720°C, which coincides
with the data from ref. [5].
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JOCIIIXKEHHS ®A30BUX PIBHOBAI' ¥ CUCTEMI
MnO—-AL,O, METOJOM JN®EPEHIIATBHOI
CKAHYBAJIBHOI KAJTIOPUMETPIIL

10.C. Ilpoiioax, B.A. I'iadxkux, A.B. Pyoan, O.0. Paoues

Yci mrakm  Big  BUPOOHMIUTBA MapraHIEBHX
depocIuiaBiB MOXYTh OyTM YMOBHO BiZHECEHi OO0 CHCTEMU
MnO—Ca0O—Si0O,—Al,0;, OCKiJIbKM CyMapHUI BMIiCT ILIUX
okcuni carae 95—98% npu Bmicti MnO Bin 18% no 48%. 3
MPAKTUYHOI TOYKU 30PY BaKJIMBO 3HATH OCOOJIMBOCTI TTOBEMiH-
KU CWJIIKAaTHUX CUCTEM Y IIMPOKOMY TeMIIepaTypHOMY Jiama-
30HI Ta 3a HASIBHOCTI Pi3HMUX HOMIIIOK. IS BUBUCHHS
KOHIIEHTPALIITHO-TeMIIepaTypHUX TIEPETBOPEHDb y pO3IlaBax,
10 BiAMOBIAAIOTh MapraHIEBOMY allOMiHATy, HU3bKOTEMIIC-
patypHOoMy eBTeKTUKY El Ta MapranmeBMicHIN miasaHI i3
BmictoM 10% Al O, Gys0 3aCTOCOBaHO MeTOA AudepeHIliaib-
HOI CKaHyBaJbHOI KajjopuMeTpii. [IpoBeaeHi 1oCmimkKeHHST BKa-
3YI0Th Ha KOHIPYEHTHMI XapakTep TUIaBJICHHsI MapraHileBOi
wmminesi MnALO,. 36epexkeHHsI OIVKHBOTO TMOPSIAKY ITif yac
mwiaBieHHss MnAl,O, BIuiMBae Ha mapamMeTpu TepMOAMHA-
MIiYHOI CTaOiIbHOCTI CIOJIYKM Ta TeMIlepaTypy IIOYaTKy Bil-
HOBJICHHSI MapraHil0 Mpu KapOOTepMiuHOMY BiIHOBJIEHHI.
KoHrpyeHTHe T1aBJIeHHSI MapraHLIeBOI WIMiHENi Iepeadadyae
HasBHICTH npyroi eBrektuku E2, posramoBaHoi mixk MnAlLO,
ta AlLO;. 3a excrniepuMeHTaTbHUMU NAHUMU TEMIIepaTypa
TUIaBJIeHHST eBTeKTUKU E2 € HMXY0K0 i CTAHOBUTH MPUOIU3HO
1720°C.

KawuoBi ciaoBa: mapranueBi depocnnasu; (aszoa
piBHOBara; cucreMa MnO—ALO;; nudepeHiaibHa CKaHyBaJIbHA
KaJopuMeTpist; AndepeHiaTbHIN TEPMIUHUI aHATi3; IITiHEb.
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All slag from the production of manganese ferroalloys can
be conditionally attributed to the system MnO—CaO—SiO,—Al,O;,
since the sum of these oxides reaches 95—98% with MnO content
from 18% to 48%. On the practical side, it is crucial to know the
peculiarities of the behavior of silicate systems over a wide
temperature range and in the presence of various additives.
Differential scanning calorimetry was employed to study
concentration—temperature transformations in melts corresponding
to manganese aluminate, the low-temperature eutectic E1, and a
manganese-rich region with 10% Al,O; content. The conducted
research indicates a congruently melting nature of manganese
spinel MnALO,. The preservation of short-range order during the
melting of MnAl,O, affects the thermodynamic stability
parameters of the compound and the temperature at the onset of
manganese recovery during carbothermic reduction. The congruent
melting of manganese spinel implies the presence of a second
eutectic E2, positioned between MnAlLO, and AL, O;. According
to experimental data, the melting temperature of eutectic E2 is
lower, approximately 1720°C.

Keywords: manganese ferroalloys; phase equilibrium;
MnO—Al,O; system; differential scanning calorimetry; differential
thermal analysis; spinel.
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