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Abstract A coupled phase diagram experiment and ther-

modynamic modeling of the MgO-MnO-Mn2O3-Ti2O3-

TiO2 system at 1 bar total pressure is presented. High

temperature equilibration and quenching experiments fol-

lowed by the phase analysis using electron probe micro-

analysis and X-ray diffraction were performed to obtain

complex phase equilibria between solid solutions and liq-

uid phase in air. Low temperature phases during quenching

was inevitable in some samples which lead to inaccuracy in

the experimental data. The molten oxide phase was

described by using the Modified Quasichemical Model,

which considers short-range ordering in liquid state, and

the Gibbs energies of the extensive solid solutions (pseu-

dobrookite, ilmenite and spinel) were described using the

Compound Energy Formalism based on their crystal

structures. A set of optimized model parameters of all

phases was obtained, which reproduces all the reliable

experimental data within experimental error limits from

25 �C to above the liquidus temperatures over the entire

range of composition at air atmosphere. The model can

also predict the phase equilibria in the range of oxygen

partial pressures from metallic saturation to air. The com-

plex phase relationships in the system have been elucidated

for the first time and the database of the model parameters

can be used with FactSage software to calculate any phase

diagrams and thermodynamic properties of the MgO-MnO-

Mn2O3-Ti2O3-TiO2 system.

Keywords ilmenite � MgO–MnO–Mn2O3–TiO2–Ti2O3 �
pseudobrookite � spinel � thermodynamic modeling

1 Introduction

The MgO-MnO-Mn2O3-TiO2-Ti2O3 system is significant

for the ceramics in electronic and communication indus-

tries. The rapid development of modern microwave com-

munication technology demands new ceramic components

for electronic oscillators, filters and antenna application

having low permittivity (er\ 15) which minimizes cross-

coupling with conductors and decreases electronic signal

transition.[1–6] These ceramics should also have extremely

high-quality factor to increase selectivity and a near-zero

temperature coefficient for frequency stability (low sf). For
these purposes, recently, spinel-type (AB2O4- and A2BO4)

ceramics[2,4,7] and ilmenite-type (ABO3)
[5,6,8] ceramics

have attracted much scientific attention. In this regard, a

good knowledge of the thermodynamic stability and the

structural information (cation distribution) of extensive

spinel (Mg2TiO4-MgTi2O4-Mn2TiO4-MnTi2O4-MgMn2-
O4-Mn3O4) and ilmenite (MgTiO3-MnTiO3-Ti2O3) solid

solution within the Mg-Mn-Ti-O system can be very

important.

In the recent years, new grade of high strength steel has

been engineered by formation of an acicular ferrite type

microstructure. In this steel grade, the oxide inclusions

within the MgO-MnO-Mn2O3-TiO2-Ti2O3 system are
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intentionally controlled to induce such microstructure. This

technology is in general termed as ‘‘oxide metallurgy’’. For

the inclusion engineering[9–14] within the MgO-MnO-

Mn2O3-TiO2-Ti2O3 system, the accurate thermodynamic

database for the Mg-Mn-Ti-O system is necessary.

However, the phase equilibria in the MgO-MnO-

Mn2O3-TiO2-Ti2O3 system are very complex due to the

multiple oxidation states of Mn and Ti, and the existence of

extensive solid solutions. The goal of the present study is a

complete description of phase diagrams within the Mg-Mn-

Ti-O system. For this purpose, all the experimental phase

diagram data for the MgO-MnO-Mn2O3-TiO2-Ti2O3 sys-

tem at 1 atm total pressure with oxygen partial pressures

from metallic saturation to 1 atm were critically evaluated

and optimized to obtain the models with a set of model

parameters to reproduce all reliable experimental data in

the system. New key phase diagram experiments were also

performed using the classical quenching technique to pro-

vide missing phase diagram data in air atmosphere. All the

thermodynamic calculations of the present study were

performed using the FactSage thermochemical software.[15]

This is part of a wide research project to extend the oxide

database toward high Mn and Ti oxide region.

2 Previous Works

In this study, the quaternary Mg-Mn-Ti-O system is mainly

investigated. The phase diagram, thermodynamic property,

and structural data in solid solution for the sub ternary

oxide systems such as Mg-Mn-O,[16] Mg-Ti-O[17] and Mn-

Ti-O[18] have been critically evaluated and optimized for

the development of thermodynamic database. The opti-

mization results are used directly for this study without any

further modification, and therefore these sub systems will

not be discussed in this study.

The phase equilibria in the quaternary Mg-Mn-Ti-O

system were reviewed and investigated only by Demin

et al.[19] They studied the isothermal phase equilibrium

relationships for this system using classical quenching

method at 1100 and 1200 �C in air pO2
¼ 0:21atm

� �
. The

equilibration was done for 200 h at 1100 �C, and 100 h at

1200 �C, respectively, followed by XRD phase analysis.

Demin et al.[19] reported the presence of tetragonal spinel

phase at 1200 �C in the Mn-rich region. However,

according to the critical assessments of the Mg-Mn-O[16]

and Mn-Ti-O[18] systems by the present authors, no

tetragonal spinel phase can form at 1200 �C. We can

assume that the tetragonal spinel phase in this Mg-Mn-Ti-

O system by Demin et al. resulted from the transition from

stable cubic spinel solution due to slow quenching process

in their experiments. In the present study, therefore, the

formation of tetragonal spinel at 1200 �C was not consid-

ered. Phase equilibria of this system in the oxidized

atmosphere are still less known. No literature on equilib-

rium experiments at reduced atmosphere was found.

3 Experimental Procedure

The phase diagram study by Demin et al.[19] was only

focused on the relationship at 1100 and 1200 �C and less

accurate in certain region (Mn-rich region at 1200 �C). As
these experimental data are insufficient to reveal the phase

equilibria in the entire Mg-Mn-Ti-O system even in air

atmosphere, new phase diagram experiments were con-

ducted in this study to help the thermodynamic modeling of

this system. The phase equilibria from sub-solidus tem-

perature to liquidus temperature were determined using

classical equilibration and quenching method.

First, preliminary phase diagram calculations for the

Mg-Mn-Ti-O system were performed using the optimized

model parameters of the constituent ternary system, Mg-

Mn-O,[16] Mg-Ti-O[17] and Mn-Ti-O[18] Experimental

phase diagram study in air were designed to verify the

preliminary thermodynamic calculation results. In order to

obtain maximum phase diagram information with mini-

mum number of the experimental trials, key experimental

compositions to produce three-phase or two-phase assem-

blage were intentionally selected from the preliminary

calculations. If possible, one of phases was also inten-

tionally targeted for liquid phase in order to accelerate the

phase equilibrations. Multicomponent phase diagram

experiments at reducing condition is more complex

because the partial pressure is preciously controlled or

metallic phase should be added (or metallic crucible should

be used). However, we have experience that the phase

diagrams at reducing atmosphere (metal saturation or low

pO2
) can be generally well predicted from the thermody-

namic models with optimized parameters for the sub-bi-

nary and ternary systems.[20–23]

The detail description of preparation of starting mate-

rials, equilibration method, phase identification and com-

position analysis can be found elsewhere.[18] Raw data

were reduced with the ZAF correction using periclase

(Mg), garnet (Mn) and rutile (Ti) standards. The EPMA

provides information only on the metal content in a phase

and does not distinguish between multivalent cations. In

this study, manganese was assumed to be present as Mn2?

and Mn3? in air, while, all titanium was assumed in

quadrivalent state (Ti4?).[24]
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4 Equilibrium Phases and Thermodynamic
Models

Figure 1 shows the intermediate solid solutions in the

MgO-MnO-Mn2O3-TiO2-Ti2O3 system at 1 atm. Table 1

lists all the equilibrium phases which are observed in this

system. The optimized model parameters for each phase

are listed in Table 2.

4.1 Liquid Oxide Phase (Molten Slag)

The Modified Quasichemical Model (MQM),[25–28] which

considers short-range ordering of second-nearest-neighbor

cations in the oxide melt, was used for describing the MgO-

MnO-Mn2O3-Ti2O3-TiO2 molten slag. In the present study,

the interactions between the cations such as Mg2?, Mn2?,

Mn3?, Ti3?, and Ti4? were considered in the MQM with

O2- as a common anion. That is, MnO, MnO1.5, TiO1.5,

and TiO2 were considered as the components in liquid slag.

The components are written as MnO1.5 and TiO1.5 rather

than Mn2O3 and Ti2O3 simply to emphasize that Mn3? and

Ti3? ions are distributed as independent particles in the

liquid slag not as ion pairs. The brief description of the

MQM is given elsewhere.[16–18]

Optimized parameters for the binary and ternary sub-

systems within Mg-Mn-Ti-O (MgO-MnO-Mn2O3-Ti2O3-

TiO2) slag solution was obtained previously.[16–18,22] The

second-nearest-neighbor ‘coordination numbers’ of Mg2?,

Mn2?, Mn3?, Ti3? and Ti4? used in the present study are

the same as the previous studies.[16–18,22] In other words,

the coordination number of Mn3? and Ti3? are identical to

each other, which is 3=2 of Mg2? and Mn2?; and 3=4 times

of Ti4?. Once binary interactions for all the binary system

are known and well determined, then parameters can be

used to predict the Gibbs energy of ternary system. In the

MQM, different geometric interpolation technique can be

used to predict the Gibbs energy of the ternary liquid

systems from the binary model parameters. The details of

the interpolation technique are explained elsewhere.[29] A

Kohler-like ‘‘symmetric approximation’’[29] was used for

all 10 ternary systems within MgO-MnO-MnO1.5-TiO2-

TiO1.5 system. When the predicted Gibbs energy with

interpolation technique is not accurate enough to reproduce

the phase equilibria in ternary higher order systems, addi-

tional ternary excess parameters can be employed. No

ternary model parameters are used in 10 ternary systems

except the MgO–MnO–TiO2 system, which shows a

remarkable predictive ability of MQM from the binary

parameters. To reproduce the liquidus measured from the

current experiments, two ternary model parameters was

used for MgO-MnO-TiO2 system (will be discussed later).

4.2 Pseudobrookite Solid Solution

The pseudobrookite compounds generally have an

orthorhombic structure and belong to the Cmcm space

group.[30] The solid solution has the general formula

AB2O5, where all the A and B cations are distributed in two

non-equivalent octahedrally coordinated cation sites, the 4c

(or M1 or A) sites and the 8f (or M2 or B) sites, producing

AO6 and BO6 octahedra, respectively.[31,32] Well known

pseudobrookites are Fe2TiO5 (pseudobrookite), FeTi2O5

(ferropseudobrookite), MgTi2O5 (karrooite), MnTi2O5,

Al2TiO5, (Mg,Fe)Ti2O5 (armalcolite), Ti3O5, etc. In fully

ordered pseudobrookite, all the A cations reside in the 4c

sites while all the B cations reside in the 8f sites. In fully

disordered pseudobrookite, the composition of both 4c and

8f site are (A0.33B0.67). This structural information was

properly implemented in the development of the present

thermodynamic models for the pseudobrookite solid solu-

tion in the Mg-Mn-Ti-O system.

A two-sublattice pseudobrookite model[18] in the

framework of the Compound Energy Formalism (CEF)

(Hillert et al.[33]) was developed in the present study to

describe the Gibbs energy of pseudobrookite solution in the

Mg-Mn-Ti-O system.

The Gibbs energy of these cation site exchange reactions

between the M1 and M2 sites are the model parameters;

they are denoted by D and I parameters and described

elsewhere.[18,21] The Gibbs energies of sixteen endmember

are required for the model. Sixteen end-member Gibbs

energies are required for the model. Among them, the

Gibbs energies of four end-members (GGG, GTT, GGT, and

GTG) were previously fixed in the Ti-O system,[23] five end-

members Gibbs energies (GMM, GMG, GMT, GGM, and GTM)

were already fixed from Mg-Ti-O system,[20] and five end-
Fig. 1 Schematic diagram of the solid solution phases in the MgO-

MnO-Mn2O3-TiO2-Ti2O3 system
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members Gibbs energies (GJJ, GJG, GJT, GGJ, and GTJ)

were already fixed from Mn-Ti-O system.[19] The Gibbs

energies of the remaining two end-members (GMJ, GJM)

were obtained in the present study using the site exchange

reaction model parameters (D) as shown in Table 2). Very

small value of model parameter was used in the present

study (DJMT) to fix the solubility of the pseudobrookite

solid solution measured from the present experiments. In

the present study, no excess Gibbs energy parameter was

required.

4.3 Ilmenite Solution

The ilmenite compound has a trigonal (distorted hexago-

nal) structure and belongs to the R�3 space group.[34–37] The

solid solution within ilmenite compounds has a general

formula of XYO3, where all the cations (X and Y) are

distributed in two non-equivalent octahedrally coordinated

cation sites (A and B) occupying 2/3 of the interstices. At

high temperature (above the critical ordering temperature,

Tc) cations get randomly distributed within A and B cation

sites and the space group symmetry change from R�3 to

R�3c.[38,39] The order–disorder transition for general ilme-

nite solution are still not well known, therefore, the tran-

sition to disordered structure was not considered in this

study. Similar to pseudobrookite solid solutions, the Gibbs

energy of the ilmenite solution is expressed using the CEF

explained elsewhere.[18] The Gibbs energies of six end-

members are required for the model. All these Gibbs

energies were fixed previously: GGG, GGT, GJG, and GJT

from the Ti-O and Mn-Ti-O system,[18] GMG and GMT from

the Mg-Ti-O system.[17] Therefore, the Gibbs energy of the

ilmenite solution in the Mg-Mn-Ti-O system was predicted

from the end-member Gibbs energies determined in the

previous Ti-O,[18] Mn-Ti-O[18] and Mg-Ti-O[17] system

with a very small excess Gibbs energy parameter optimized

Table 2 Optimized model

parameters in the MgO-MnO-

Mn2O3-TiO2-Ti2O3 system

[J/mol and J�(mol�K)-1]

Liquid solution (Liq)(a): MgO-MnO–MnO1.5–TiO2–TiO1.5

q001
MgO;TiO2ðMnOÞ¼ � 62760 q011

MgO;TiO2ðMnOÞ¼ 117152

Pseudobrookite solid solution (Psb)(b): MgTi2O5-MnTi2O5–Ti3O5

DJMT¼ GJM + GMTð Þ � GMM + GJTð Þ = 33472 DMJT¼ GMJ + GJTð Þ � GJJ + GMTð Þ = 0

Ilmenite solid solution (Ilm)(b): MgTiO3-MnTiO3-Ti2O3

LMJ:T¼� 2092 LMJ:G¼� 2092

Cubic spinel solid solution (CSpi)(b): Mn3O4-Mn2TiO4-MnTi2O4-Mg2TiO4-MgTi2O4-MgMn2O4

LJT:M¼� 146440 LJG:M¼� 146440 LMJ:T¼� 20920 LMJ:G¼� 20920

Tetragonal spinel solid solution (TSpi)(b): Mn3O4-Mn2TiO4-Mg2TiO4-MgMn2O4

LJT:M¼ 33472

The name in parenthesis is abbreviation used in this study, and, the notation M, J, K, L, G, T means Mg2?,

Mn2?, Mn3?, Mn4?, Ti3?, Ti4?, respectively

(a) The Gibbs energies of pure solid and liquid MgO, MnO, TiO1.5, and TiO2 were taken from Eriksson and

Pelton,[43,44] and those of solid Mn2O3 and pure liquid MnO1.5 (= 0.5 Mn2O3) were taken from Kang and

Jung.[40] The notation for the ternary parameters can be found elsewhere[29]. (b) The Gibbs energy of

pseudobrookite endmembers in the Ti-O, Mn-Ti-O and Mg-Mn-O were taken from Panda and Jung,[19,21,23]

and those of Mg-Ti-O system were taken from Du and Jung[20]

Table 1 Stable intermediate solid solutions observed in the Mg–Mn-Ti–O system

Phases(a) Structure(b) Space groups Model(c)

Pseudobrookite (Psb) (Mg2?, Mn2?, Ti3?, Ti4?)4c [Mg2?, Mn2?, Ti3?, Ti4?]2
8f O5 Cmcm CEF

Ilmenite (Ilm) (Mg2?, Mn2?, Ti3?)A [Fe3?, Ti3?, Ti4?]2
B O3 R�3 CEF

Cubic Spinel (CSpi) (Mg2?, Mn2?)T [Mg2?, Mn2?, Mn3?, Mn4?, Ti3?, Ti4?, Va]2
O O4 Fd�3m CEF

Tetragonal Spinel (TSpi) (Mg2?, Mn2?, Mn3?)T [Mg2?, Mn2?, Mn3?, Ti4?, Va]2
O O4 I41/amd CEF

Monoxide (Mono) MgO-MnO-MnO1.5-TiO2 Fm�3m BWRM

Rutile (Rut) TiO2-TiO1.5-MnO P42/mnm BWRM

Liquid (Liq) MgO-MnO-MnO1.5-TiO2-TiO1.5 MQM

(a) The name in parenthesis is abbreviation used in this study. (b) Cations shown within a set of brackets for the solid solutions occupy the same

sublattice, and Va represents vacancy. (c) CEF: Compound Energy Formalism[33]; BWRM: Braggs William Random Mixing Model[29]; MQM:

Modified Quasichemical Model[25–28]
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in this study to increase the stability of ilmenite solution for

ternary MgO-MnO-TiO2 system (see Table 2).

4.4 Cubic Spinel, Tetragonal Spinel, Monoxide

and Rutile Solid Solution

Apart from the above-mentioned phases, several solid

solutions having distinctive crystal structures and solubility

limits are observed in the MgO-MnO-Mn2O3-Ti2O3-TiO2

system, as listed in Table 1. Cubic and tetragonal spinels

were modeled separately due to different crystal structure

and availability of information on phase transforma-

tion.[16–18,40] Two-sublattice model in the framework of the

Compound Energy Formalism (CEF)[33] was used to

describe both the spinel phases. Mg2?, Mn2?, Mn3?,

Mn4?, Ti3? and Ti4? cations are present in two cationic

sublattices in spinel: tetrahedral site (T) and octahedral site

(O). Vacancy was also introduced in the octahedral site to

model non-stoichiometry toward oxygen-rich composition.

The monoxide solid solution is the solid solution based

on MO oxides where M2? is a divalent cation such as

Mg2?, Ca2?, Fe2?, Mn2?, Co2?, Ni2?, etc.[41] It is often

called as halite (rock salt) solution for its structural simi-

larity with NaCl crystal (halite). Rutile has a body-centered

tetragonal structure which has non-stoichiometry toward

the Ti2O3 direction and is usually expressed as TiO2-d.
[18]

As the defect mechanism is not clear, all divalent, trivalent,

and tetravalent cations are assumed to mix randomly on the

cationic sublattice. Both monoxide and rutile solution were

modeled using the Bragg-Williams random mixing

model[29] and the results from the previous studies[16–18]

were used without any modification.

4.5 Stochiometric, Metallic and Gas Phases

In this study, the Gibbs energies of Magnéli phases (Tin-
O2n-1, n C 4), Mg6MnO8 and other stoichiometric oxides

(MnO2-, a-Mn2O3, b-Mn2O3) were taken from previous

studies[16,40,42] (now stored in FACT pure substance data-

base) and the Gibbs energies of all metallic phases and

gasses species were taken from the FACT pure substance

database.[15]

5 Experimental Results

The purpose of the present experimental phase diagram

study was to determine the liquidus and sub-solidus phase

equilibria in the ternary Mg-Mn-Ti-O system in air. The

results of phase diagrams experiments are summarized in

Table 3. The BSE images and XRD patterns of several

equilibrated samples are presented in Fig. 2 and 3,

respectively. The equilibration time was long enough (12-

70 h) to bring the samples to equilibration before getting

quenched in ice-cold water. For lower temperature, long

equilibration hours were chosen. The small standard

deviation (2r B 0.01) in the composition of each solid

phase in Table 3 indicates the samples were very well

equilibrated. For liquid phase, exsolution behavior has

been seen which could lead to a large standard deviation in

the equilibrium composition. Therefore, area analysis

(20 lm 9 20 lm or/and 10 lm 9 10 lm) was performed

for liquid (glass) phase, and spot analysis of 1 to 3 lm in

diameter was performed for solid phases. No Mg, Mn and

Ti solubility was found in Pt crucible and no Pt was

detected in oxide phases. EPMA cannot distinguish dif-

ferent oxidation states of metals, so the experimental

composition results are only summarized as Mg, Mn and Ti

metallic composition in Table 3.

As can be seen in the microstructures in Fig. 2(a), (b),

(c), and (d), the equilibrium solid phases (pseudobrookite,

ilmenite, spinel, rutile) were very well developed in each

sample. Exsolutions are seen in liquid phase. Samples

MMT7 was quenched to single glass, which shows no shift

in the composition from the original starting composition.

This confirms the accuracy of composition analysis for

liquid phase. Six samples (MMT 3, 5, 6,10-12) at different

temperatures forms two phase equilibria of ‘pseudo-

brookite ? ilmenite’ (For example, see Fig. 2b for

MMT3). It should be noted that the composition of MMT3

was originally designed for ilmenite single phase region,

but very small amount pseudobrookite phase was also seen

possible due to slight deviation of original composition.

XRD analysis of MMT5 (see Fig. 3b) also confirms the

presence of these two solid solutions: ilmenite (PDF: 04-

076-3017, SG: R�3) and pseudobrookite (PDF: 01–086–

0148, SG: Bbmm). Three phase equilibria of ‘liq-

uid ? pseudobrookite ? spinel’ at 1450 �C (MMT1) and

‘liquid ? pseudobrookite ? rutile’ at 1500 �C (MMT4)

can be clearly seen in Fig. 2(a) and (c), respectively. XRD

analysis of MMT4 (see Fig. 3a) confirms the glass peak

along with the pseudobrookite and rutile phase (PDF: 04–

014–8907, SG: P42=mnm). MMT 8 and 9 at 1550 �C show

two phase equilibria of ‘liquid ? pseudobrookite’ and

‘liquid ? rutile’, respectively. No evidence of any ternary

stoichiometric compound was found within the tempera-

ture and composition ranges investigated.

Within the Mg-Mn-Ti-O system in air, a large amount of

manganese is still present as Mn2? rather than Mn3?, while

all titanium could be assumed in Ti4? state. As Mn2?/

Mn3? ratios in the equilibrated samples are not known, the

proper way to present experimental data is to compare the

experimental data with the calculated phase diagram of the

MgO-MnO-TiO2 in air, as shown in Fig. 4.
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6 Critical Evaluation and Optimizations

New phase diagram experimental data from this current

study and experimental data available from the litera-

ture[19] were simultaneously considered to obtain a set of

Gibbs energy functions for all the phases in this quinary

MgO-MnO-Mn2O3-Ti2O3-TiO2 system.

Predicted phase diagrams of the MgO-MnO-Ti2O3 in

Mn saturation and MgO-MnO-TiO2 in air are calculated at

1000 �C and presented in Fig. 5. Monoxide, spinel and

ilmenite solutions are stable under reducing atmosphere

(Mn saturation), and all the solution phases are stable in air.

Because Ti has Ti3? and Ti4? in reducing condition (Mn

saturation), and Mn is only in Mn2? state, the spinel phase

is stable along the MnTi2O4-MgTi2O4. Ti2O3-rich ilmenite

solution, and MgO-MnO monoxide solution are also well

developed under the reducing atmosphere. However, under

oxidizing condition (air), Mn has both Mn2? and

Mn3?states and Ti is only in Ti4? state. As results, Mn3?

containing cubic and tetragonal spinel solutions compass-

ing Mg2TiO4-MgTi2O4-MgMn2O4-MnTi2O4-Mn3O4-Mn2-
TiO4 are developed. In addition, ilmenite solution of

MgTiO3-MnTiO3, and pseudobrookite solution of MgTi2-
O5 dissolving excess Mn oxide (MnTi2O5) are also formed.

The isothermal phase diagrams of the Mg-Mn-Ti-O

system in air are calculated in Fig. 6 from the present

thermodynamic models with optimized parameters. Pseu-

dobrookite and ilmenite solutions show line solid solutions

while stability areas of cubic spinel, tetragonal spinel and

liquid solutions are changed significantly depending on

temperature. The new phase diagram experimental data in

this study are compared with the calculated phase dia-

grams, which shows reasonable agreement at all tempera-

tures. The experimental data of Demin et al.[19] at 1100 and

1200 �C (see Fig. 6a and b), except the stability of

tetragonal spinel phase at 1200 �C, are well reproduced in

Table 3 Equilibrium experimental results for the Mg-Mn-Ti-O system in air

Sample Starting composition Temperature Time Phases(a) (#) Phase composition, mole fraction

TiO2 MgO MnO C Hours Ti Mg Mn

MMT1 0.50 0.20 0.30 1450 12 Liq (11) 0.496 ± 0.008 0.128 ± 0.006 0.376 ± 0.010

Psb (22) 0.647 ± 0.005 0.215 ± 0.006 0.138 ± 0.005

Spi (10) 0.318 ± 0.008 0.294 ± 0.007 0.388 ± 0.010

MMT2 0.50 0.20 0.30 1500 12 Liq (4) 0.493 ± 0.017 0.112 ± 0.029 0.395 ± 0.046

Ilm (15) 0.508 ± 0.004 0.246 ± 0.003 0.246 ± 0.003

MMT3 0.50 0.20 0.30 1400 24 Psb (10) 0.645 ± 0.003 0.212 ± 0.004 0.143 ± 0.002

Ilm (10) 0.502 ± 0.006 0.204 ± 0.007 0.294 ± 0.008

MMT4 0.70 0.10 0.20 1500 24 Liq (24) 0.647 ± 0.015 0.045 ± 0.025 0.308 ± 0.030

Psb (14) 0.669 ± 0.005 0.207 ± 0.007 0.124 ± 0.004

Rut (9) 0.996 ± 0.001 0.001 ± 0.001 0.003 ± 0.001

MMT5 0.60 0.30 0.10 1400 24 Psb (17) 0.657 ± 0.007 0.268 ± 0.009 0.075 ± 0.003

Ilm (5) 0.505 ± 0.001 0.332 ± 0.015 0.163 ± 0.007

MMT6 0.60 0.30 0.10 1450 24 Psb (43) 0.652 ± 0.006 0.278 ± 0.006 0.07 ± 0.006

Ilm (7) 0.499 ± 0.006 0.345 ± 0.012 0.156 ± 0.012

MMT7 0.50 0.20 0.30 1550 40 Liq (27) 0.500 ± 0.009 0.203 ± 0.010 0.297 ± 0.009

MMT8 0.60 0.30 0.10 1550 40 Liq (16) 0.502 ± 0.008 0.260 ± 0.056 0.255 ± 0.057

Psb (11) 0.659 ± 0.009 0.283 ± 0.012 0.058 ± 0.003

MMT9 0.70 0.10 0.20 1550 40 Liq (17) 0.678 ± 0.026 0.153 ± 0.044 0.169 ± 0.041

Rut (5) 0.997 ± 0.001 0.001 ± 0.001 0.002 ± 0.001

MMT10 0.60 0.30 0.10 1500 24 Psb (31) 0.659 ± 0.006 0.271 ± 0.007 0.070 ± 0.002

Ilm (9) 0.505 ± 0.005 0.344 ± 0.007 0.151 ± 0.005

MMT11 0.50 0.20 0.30 1250 70 Psb (6) 0.642 ± 0.009 0.225 ± 0.008 0.134 ± 0.002

Ilm (24) 0.497 ± 0.004 0.210 ± 0.004 0.293 ± 0.004

MMT12 0.60 0.30 0.10 1250 70 Psb (11) 0.646 ± 0.003 0.284 ± 0.008 0.070 ± 0.007

Ilm (3) 0.497 ± 0.007 0.355 ± 0.010 0.148 ± 0.007

(a) Liq = Liquid, Psb = Pseudobrookite, Spi = Cubic spinel, Ilm = Ilmenite, and Rut = Rutile

#means the number of analysis for each phase
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this study. Kang and Jung[40] reviewed the experimental

data of pure Mn3O4 and reported that tetragonal spinel

transforms to cubic spinel at about 1175 �C in air. In

addition, for the Mg-Mn-O[17] and Mn-Ti-O[18] systems, it

is already known that the transition temperature of Mn3O4

tetragonal spinel to cubic spinel solution decreases with

Fig. 2 Backscattered electron images (BSE) of the equilibrated samples. (a) MMT1, (b) MMT3, (c) MMT4, and (d) MMT8

Fig. 3 XRD patterns of equilibrated quenched samples. (a) MMT4, and (b) MMT5
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increasing the solubility of Mg and Ti oxides in spinel

solution. Therefore, this disagreement about tetragonal

spinel phase in Fig. 6(b) happens most probably due to the

fast transformation of equilibrium cubic spinel phase (MnO

mol.% C 60) to tetragonal distorted cubic spinel (tetrago-

nal spinel) in the quenching process by Demin et al.[19] A

positive excess parameter for tetragonal spinel was intro-

duced to reproduce its stability area at 1100 �C, as shown
in Fig. 6(a).

As the stability of different solid solutions are sensitive

to temperature, which we can see clearly from the opti-

mization results in Fig. 6, formation of low temperature

phases during quenching was inevitable. Therefore,

quenched phase formation was a big issue in the current

investigation. At 1250, 1400 and 1450 �C, the two phase

pseudobrookite and ilmenite formation is well reproduced

from current thermodynamic optimization. The tie-line

calculations are also performed at starting composition

which are in good agreement with the experimental data.

At 1450 �C, three phase equilibria were found at one of the

equilibrated compositions which seem to lie exactly at the

four-phase boundary of the cubic spinel, pseudobrookite,

ilmenite and liquid phase stability (see Fig. 6e). And, slight

deviation in the sampling composition or equilibration

temperature can lead to formation of any two to three-

phase combinations. And, overall quenching issue, there is

good possibility of transition of some section of sample

from one phase to another. A negative excess parameter for

cubic spinel was used to reproduce the three phase equi-

libria at 1450 �C, as shown in Fig. 6(e). Due to low viscous

slag, exsolution effects occurred from the slag phase during

quenching at 1500 and 1550 �C, which leads to large error

range in the EPMA analysis, as shown in Fig. 2(c) and

(d) and displayed in Fig. 6(f) and (g). At 1500 �C, the

three-phase stability between liquid, pseudobrookite and

rutile are well reproduced within experimental error range.

The ilmenite ? pseudobrookite and liquid ? ilmenite

phase formation at 1500 �C was difficult to reproduce

which might be due to bad quenching or exsolution of

ilmenite phase at low temperature. MMT10 at 1500C was

believed to be initially Psb ? CSpi, but, due to quenching

issue, the ilmenite phase got formed at low temperatures

which got stable at the equilibrated samples. Initially,

MMT2 is believed to be liquid phase at 1500 �C as shownFig. 4 Graphic representation of experimental data in MgO-MnO-

Mn2O3-TiO2 system from oxygen corner

Fig. 5 Predicted phase diagram of Mg-Mn-Ti-O system at 1000 �C. (a) Phase diagram of the MgO-MnO-Ti2O3 in Mn saturation, and (b) MgO-

MnO-TiO2 in air condition. See Table 1 for abbreviation of phase names
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Fig. 6 Calculated phase diagrams of the MgO-MnO-TiO2 in air along with the experimental data by Demin et al.[19] and in the present study
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in the Fig. 6(f). But, due to quenching issue, ilmenite

phases in the samples got stable (the solid solution closest

to the sampling composition) at low temperature. There-

fore, the liquid composition also goes towards right (lower

Mg-side). At 1550 �C, the phase equilibria are in good

agreement with the current modeling within the experi-

mental error limit. For solid phase, the standard deviation

(2r) was found to be less than 0.01. Unfortunately, there

are no reliable experimental phase diagram data in this

quaternary system at reducing condition for comparison.

Figure 7 shows the predicted phase diagram of MgO-

MnO-Ti2O3 system in Mn saturation at 1500 �C and

1900 �C. The parameters of solid solutions are fixed

already in order to reproduce the phase diagrams in air

condition (explained earlier). As, no phase diagram data

are present for the reduced condition (or Mn saturation),

the liquid region was fixed from using ternary interpolation

from binary parameters. Above 1500 �C, the liquid phase

starts forming from MnO-Ti2O3 side. With increasing

temperature, cubic spinel (CSpi) and ilmenite (Ilm) phase

get destabilized from MnO-Ti2O3, as shown in Fig. 7(b).

Phase equilibrium experiments needs to be performed for

this system at reduced condition in order to confirm the

current prediction shown in Fig. 7.

The calculated liquidus projections of the Mg-Mn-Ti-O

system in Mn saturation and in air condition are presented

in Fig. 8. No ternary stochiometric compound was

assumed. The thin lines and thick lines represent the iso-

therms and invariant lines, respectively, and primary

crystalline phases are indicated. Cubic spinel solution is

very stable in both reducing and oxidizing conditions.

While ilmenite, monoxide and cubic spinels are crystal-

lized as primary solid phases in reducing condition, addi-

tional rutile and pseudobrookite phases are formed in air.

The predicted invariant reactions involving liquid phase in

air are summarized in Table 4.

The predicted isopleth of the Mg2TiO4-Mn2TiO4 in air

atmosphere is presented in Fig. 9(a). The relative amount

of cubic spinel and ilmenite at subsolidus temperatures (for

example, 1200 �C) can be varied with composition; the

amount of ilmenite increases with increasing Mn2TiO4.

Figure 9(b) shows the predicted cation distribution in

Mg2TiO4-Mn2TiO4 spinel solution at 1200 and 1400 �C. In
the calculations, we assumed only spinel solution by sup-

pressing the formation of ilmenite solution. There is no

difference in Ti4? cations in octahedral site for 1200 and

1400 �C, but the competition of Mg2? and Mn2? in octa-

hedral and tetrahedral sites can be found depending on the

composition. For example, at equimolar composition of

Mg2TiO4 and Mn2TiO4, Mg2? and Mn2? cations have

tendency to occupy tetrahedral and octahedral sites,

respectively.

7 Summary

Thermodynamic optimization of the MgO-MnO-Mn2O3-

TiO2-Ti2O3 system at a total pressure of 1 atm has been

carried out. Due to lack of phase equilibrium data in oxi-

dizing atmosphere, phase diagram experiments on the Mg-

Mn-Ti-O system in air were carried out, followed by the

phase characterization using the XRD and EPMA. The

stability of solid solutions is so sensitive at high tempera-

ture, it was very difficult to get a good quenched sample.

The thermodynamic models with optimized parameters

reproduced all the reliable experimental data within

experimental error limits and were used to predict

unknown phase diagrams and structural cation distribution

data in spinel solution. However, more experimental

studies need to be performed for better understanding of

stability of solid and liquid solutions. The present database

containing optimized parameters along with general ther-

modynamic software, such as FactSage, can calculate

phase equilibria, thermodynamic properties and structural

data of the MgO-MnO-Mn2O3-TiO2-Ti2O3 system at any

given set of conditions under 1 atm total pressure.

Fig. 6 continued
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Fig. 7 Predicted phase diagrams of MgO-MnO-Ti2O3 system in Mn saturation, (a) 1600 �C, and (b) 1800 �C

Fig. 8 Predicted liquidus projection of the Mg–Mn-Ti–O system. (a) Mn saturation, and (b) air

Table 4 Invariant reactions

involving liquid phase in the

Mg–Mn-Ti–O system in air

atmosphere, predicted from the

present optimization

No.(a) Phases in equilibrium with liquid Composition (mole fraction) Temp., �C

Ti Mg Mn

1 CSp ? Ilm ? Psb 0.52 0.39 0.14 1551

2 CSp ? Ilm ? Psb 0.51 0.16 0.33 1463

3 Ilm ? Psb ? Rut 0.59 0.01 0.40 1379

(a) The number indexs of the invariant reactions are the same as the ones in Fig. 8(b)
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