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Abstract: The equilibrium phase relations and liquidus oarg for the TiQ-containing oxide
system in reducing atmospheres are of importancangferstanding the smelting process of
Ti-containing resources. Equilibrium - quenchingesiments were conducted at 1400 °C for the
CaO-SiQ-TiO, system at oxygen partial pressure of'd@tm controlled by a CO/GQyas
mixture. The equilibrium phase compositions weralyred by scanning electron microscopy -
energy dispersive X-ray spectrometry. Perovskitellastonite, rutile, and silica were found to
coexist with liquid oxide. The 1400 °C isotherm whgn constructed for the CaO-SilO,
system, and the results revealed that lower oxygetial pressures led to shrinkage of the rutile
and wollastonite primary phase areas. The compeisdth the calculated sections by FactSage
and MTDATA indicated that the oxygen partial pressbhas an obvious influence on the molten
phase domain and clear deviations from experimetatd mainly existed in the primary phase
field of rutile. Therefore, the present results asmnificant for updating the current
TiO,-containing thermodynamic databases, giving a deepéderstanding of the related high
temperature processes.

Keywords: thermodynamic, equilibrium, ilmenite, titanomagtee smelting reduction

1 Introduction

Metallic titanium and its oxide, Ti§are widely used in different areas, for instaboee implants,
white pigment in paints, automobiles, even nucleabmarines and spacechltftThe crustal
abundance of Ti is 0.62 M% and it mainly coexists with other elements suglr@, Cr, Mn, Si,
etc. in rutile (95 - 100 wt% Tig), ilmenite (45 - 53 wt% Tig), and titanomagnetite (0 - 34 wt%
TiOy) ored’. During the smelting reduction of the ores in asblfurnace or electric furnace, Ti
oxides are mainly deported into the slag phaset@deeir higher stability compared to Fe oxides
in reducing conditiond, and Ti-bearing slags are produced with diffe@ncentrations of TiQ
(5-25 wt% for blast furnaces, 45-60 wt% for elecfiirnacesy. In order to increase the metal
extraction efficiencies, as well as the recoverytloé enormous Ti resource in slags, the
physicochemical properties of Tj@ontaining oxide systems including viscoSitystructuré’,
and crystallizatiol should be systematically investigated. Equilibrishase relations and
liquidus information can be used as the fundamedt&th to explain the variety of the
abovementioned physicochemical properties, andetbier should have the highest priority in
experimental studies.

Many metals, such as Fe, Ti, V, Mg, Al, and Cr, iak®@lved in blast and electric furnace smelting
reactions. Therefore, an extremely complicated exidystem, described as the
Ca0-MgO-CrQ-FeQ-VO4-Al,03-SiO,-TiO, system, is present in the proce@éeé:onsidering

the solid solutions and the influence of oxygentiphpressure on the oxidation states of the
transition metals Fe, Ti, Cr, and V, the difficufyr fundamental studies on this oxide system is
increased by several degrees of magnitude. Thereftre most basic and important
CaO-SiQ-TiO, system was selected as the focus for long-termaarel, which will lay the

foundation for studies of the higher order or mowmplicated systems, e.g.,



Ca0-SiQ-MgO-Al,05TiO** ™) Ca0-SiQ-TiO,-FeO*?, and TiQ-FgO-V,0"3.

The phase diagrams for the binary sub-systems od-8@, CaO-TiQ™, and the
guasi-binaries of SiETiO! have been extensively investigated during the gpasades. For the
CaO-SiQ-TiOy ternary system, studies have been mainly conductedidizing atmospheres. In
1955, DeVrieset al™” were the first to systematically study this sysianair. They constructed
the primary crystal phase fields, e.g., perovskitéle, and silica for the CaO-SjciO, section
with the 1400° C to 1900 °C isotherms. The systems valso characterized by a wide
immiscibility area. To find the effects of Tj@n the sintering of periclase-spinel mixtures, the
quasi-binary CaO- Ti@2CaO- Si@ system was investigated by Panek al.'® focusing on
compositions near the eutectic point, and the moluif CaO-TiQ in the 2CaO- SiQphase was
found to reach a maximum of 3.61 wt% by X-ray mpoabe analysis. Later in 1998, Kirschen
al.'® 20 2 yndated the primary crystal phase fields and imimiity domain using both
equilibrium experiments at 1600 °C and calculatibp¥ohler extrapolation. Major discrepancies
were found in the stability of wollastonite compdwith the results by DeVriest all*”!. The
guasi-binary systems of CaO-$i0a0-SiQ-TiO,, CaO-Si@-CaO-TiQ, CaO-SiQ@ TiO,-TiO,,
Ca0-SiQ-TiO-Ca0:TiQ, 2Ca0-Si@CaO-TiQ, as well as the Ca0O-SjaiO, system were

optimized by Daneket al®* #

with an adapted LeChatelier-Shreder equation. Kewea
significant deviation existed in the Si@ch region due to the lack of thermodynamic datahe
simulation of the liquid state miscibility gap. leducing atmospheres, the 1300 °C subsolidus of
the ThO3z-Si0,-CaO system was studied by éﬂeal.[z‘”, and a ternary phase of 3CaQCkt 3SIG

was detected in a non-oxidizing atmosphere. Irudysby Muanet al.*® a phase diagram of the
CaO-SiQ-Ti,O3 system was constructed for the equilibrium phadations of transition metal
oxides at high temperatures from 1400 °C to 170@ri€ at low oxygen partial pressures of%0
10" atm. The ternary garnet 3CaO.dj-3Si0, phase was found to replace the sphene
CaO-SiQ-TiO, phase, which is stable in air. The results inditate significant influence of

oxygen partial pressure on the equilibrium phaserablies.

The precise prediction of the properties of oxidsstams at high temperatures requires
guantitative knowledge of the thermodynamic datee €quilibrium phase relations of Ti, Fe, V,
and Cr need to be extensively investigated undérdnt oxygen partial pressures of industrial
interest. In the present work, the CaO-8KD, system was selected to enrich the fundamental
studies at 1400 °C at the oxygen partial presstite0d” atm. Comparisons of the experimental
results were conducted with predictions by Fact@agkMTDATA, as well as earlier results from
the literature, in order to evaluate the need fpdating the current thermodynamic oxide
databases.

2 Experimental
High purity oxide powders of CaO (99.99 wt%), $i(99.99 wt%), and Ti®(99.98 wt%) from

Sigma-Aldrich were used as starting materials Hieréxperiments. For each sample, 0.15 g of the



oxide mixture was accurately weighed with the preratios of the components (Table 1), then
pressed into cylindrical shape and stored in acdatir for the equilibrium experiments.

The high temperature equilibrium - quenching teghaiwas employed to determine the phase
relations and the 1400 °C isotherm for the CaO.gilQy system under a reducing atmosphere.
The experimental details have been described inpoewrious publication8® ™ %! A platinum

foil was used for supporting the small cylindrisaimple pellet, which was then suspended by a
platinum wire inside the furnace work tube. Pretiary experiments with extended lead times of
12-48 h proved that 24 h was sufficient to reachiliégium 8 Therefore, each sample was
equilibrated for at least 24 h to ensure that duyilim state was reached. Before the platinum foil
— sample assembly was pulled up to the hot zotieedfurnace, the bottom of the tube was sealed
and a reducing C&£CO gas mixture was introduced into the tube fdeast 30 min to replace the
residual air, and to generate the required oxygetigb pressure. After the stabilization, the foils

were pulled up to the hot zone for the equilibriexperiments.

After equilibration, the bottom of the tube was ope in the protection of an ice-water bath, and
the platinum foil containing the sample was dropmedl quenched in the ice water. The
guenching process was finished within seconds deroto retain the high temperature phase

assemblies and the phase compositions at room tatope

The quenched samples were dried, mounted in emsiy, rpolished, and coated with carbon for
further analysis. A MIRA 3 Scanning Electron Mictope (SEM; Tescan, Brno, Czech Repubilic)
equipped with an UltraDry silicon drift energy dispive X-ray spectrometer and NSS
microanalysis software (EDS; Thermo Fisher ScientitWaltham, MA, USA) was used to
characterize the phase assemblies and compositiotiee samples. The following parameters
were employed: an accelerating voltage of 15 kV arfieam current of 10 nA on the sample
surface. The Proza (Phi-Rho-Z) matrix correctioncpdure was used for processing the raw
datd®’!. The external standards utilized in the EDS amealysere anhydrite (for Ca,ol quartz
(for O, Ka and Si, ki), and Ti metal (for Ti, I€). The mineral and metal microanalysis standards
were supplied by Astimex (Toronto, Canada). Attesis analysis points were randomly selected

from each phase for statistical reliability.

3 Results

3.1 Oxidation state of Ti oxides

During the smelting reduction process of Ti-coritagnores, the reducing atmosphere is mainly
controlled by the reactions between C, CO, and, CGf3 explained by equations (1) - (3).
According to the Ellingham diagram in Figure 1,ccddted by HSC Chemistry &8, Fe oxides
can be reduced step-by-step by CO or C fropOkto FeO,, then to FeO, and finally to metallic
Fe at blast furnace smelting temperatte®! Simultaneously, V and Cr oxides can also be

reduced to metallic state. In contrast, Ti oxidashsas TiQ, Ti,Os; and TiO in the ores are



difficult to reduce. The different oxide stabilitgfers to the C/CO/Creactions eventually lead

to the production of a metallic Fe-V-Cr-C alloy amdiQ,-rich slag.

2C (s) + Q (g) = 2CO (gAG’ (kJ-mot) = -274.02 - 0.17 (°C)**® (1)
C (s) + G (g) = CQ (g) AG’ (kJ-mot) = -395.18 - 0.000T (°C)?*® 2)
2CO (g) + Q (g) = 2CQ (g) AG’ (kJ-mot’) = -516.34 + 0.17 (°C)**® (3)
200 AG® (kJ-mol)=A+B*T(°C)
Fe,0,Fe,0,” | | No. Reactions (200 — 2000 °C)
ST A, kJmol! | B, kJ-moll-°C1
0 - . = - -
cvceo___| 1 [2C )+ O4(g) = 2CO(g) 274.02 0.17
- + = -395. 0.
S FeO/Fe,0,—] 2 |C(5)t 048 = COx®) 395.18 0.0007
g ool CO/CO,—— 3 |2C0 (g) + Oy(g) =2COx(®) -516.34 0.17
2, / Fe/FeO ——| 4 |2Fe (5) + Oy(g) = 2FeO (5) - 485.55 0.12
5 //V/v 0s 5 |6FeO (s)+ Oy(g) = 2Fe,0, (5) -550.78 023
S -400 c/co,—|
5 \ 6 |4Fe,0,(s) + Oy(g) = 6Fe,0, (s)|  -411.87 028
S c/co 7 |2Ti (s)+ O,(g) = 2TiO (s) ~1022 018
“F -600 - Ti0/T1,05 . "
< / TirTio, 8 |4TiO (s)+ O(g) = 2Ti,04 (5) - 815.02 0.16
< / // 9 |Ti(s) + 04(g) = TiO, (5) -891.57 0.18
800 - Ti/TiO
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L L L L L 11 |2Cr (s) + O,(g) = 2CrO(g) 298.1 -0.20
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Figure 1. The Ellingham diagram for selected reidacteactions involving metallic elements Fe, Tiaud Cr.

In order to reveal the oxidation states of Ti oxidle the slag at different oxygen partial pressures

and temperatures, a predominance phase diagrahe &fit O system was plotted by FactSage

7.3 as shown in Figure 2. In blast furnace smelterggerature rangg3d, TiO, can be reduced

to lower valence oxides, 3J0s, Ti,Os, and TiO, along with continuously decreasing oxypartial

pressure. The Magnéli phases with a general forofula,O..1 (n = 4) can also be formed before

the formation of TOs. In the present work, an experimental oxygen glaptiessure of 18 atm,

1 atm total pressure, and a temperature of 1400n8@ selected as global constraints to

investigate the equilibrium phase relations of@a®-SiQ-TiO, system.
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Figure 2. Stable regions of Ti oxides as functioh$ and log(Poz/Pe) in the Ti-Q, system. The lines between

the TiQ, and TiOs regions are the phase boundaries of several Miggmeses with the formula of 0,1 (n = 4)

The Boudouard redion (3) controlled the oxygen partial pressure by @@®@/CQ, gas mixture
during the equilibration process. The prevailing/gen partial pressure could be calculated by
equation (4), where del@ (J-mol") is the standard Gibbs energy of reaction B)s the gas
constant with a value of 8.314-fol*-K™"), T is the temperature in KP®is the standard
atmospheric pressure (1 bar), whigy, Pco, Po, are the partial pressures for £@O, and @
respectively. In order to realize the experimewrthdition of P,, = 107'° atm at 1400 °C, a
total flow rate of 300 mL/min with a volumetric GIQO ratio of 0.21 was used. The experimental
Po, and T was also projected on Figure 2 with label A. Acbog to the above calculation, the
stable form of pure titanium oxides during the eipents was Ti@ and therefore this oxidation
state was adopted for the discussion in the foligvaections.

Pos) _ a6® Peoy
log (<%2) = 0.434 0+ 2log o (4)

3.2 Equilibrium phases at oxygen partial pressurefol0*° atm and 1400 °C

The microstructures of the equilibrium phases aesgnted in Figures 3(a) to 3(f), while the
corresponding phase compositions are listed in€eldblin total, four two-phase equilibrium
assemblies were found. A liquid-silica equilibrivmas confirmed in the high SiQlomain and
was represented by sample #1 in Figure 3(a) witht lgray and dark gray phases, respectively.
When the CaO concentration in the sample increfised base sample #1, a liquid-wollastonite
equilibrium was detected, as shown by sample #5dare 3(b). Furthermore, liquid-perovskite

and liquid-rutile equilibrium assemblies could hentified as the Ti@ concentration in the



samples kept increasing, as shown in Figures B@)3&d) by samples #7 and #10, respectively.

Moreover, a three-phase equilibrium of condenseasgh (liquid-silica-rutile) was confirmed in
samples #12, #13, #14, as shown in Figure 3(e) théhmedium gray (liquid), dark gray (silica),
and light gray (rutile) phases displayed by samil@. According to the Gibbs phase Rilethe

degrees of freedoffin a system can be expressed with the followingaggn (5):
f=(S-R-2-P+2=C-P+2 5)

whereSis the total number of components in the systeis,the number of independent chemical

reactionsZ is the number of constraintS,is the number of independent components,Raigdthe

number of coexisting phases, while 2 stands forethgronmental conditions of temperature and

total pressure.

For the equilibrium process of the CaO-&il0, system involving gases under partial pressure
of Py, = 1079 atm at 1400 °C, TiQ existed as Ti@ according to the predominance phase
diagram in Figure 2. Therefore, the total composevdre CaO, Si§) TiO,, CO, CQ, C, and G
thusS= 7. Meanwhile, there were 2 independent chemeadtions between equations (1) to (3),
and thusk = 2. In addition, there was one concentration tairg with a fixed CQCO ratio of
0.21 (or oxygen partial pressure), and thdis= 1. Therefore, the number of independent
components i€ =S—-R-Z=7 -2 -1 = 4. Moreover, as gas was involvetheequilibrium
process, the number of coexisting phaBas 4 for samples #12, #13, and #14 between the gas
and the condensed three-phase equilibrium of liglica-rutile. Furthermore, when the
environmental parameters of temperature and toésispre were fixed at 1400 °C and 1 atm, the
degrees of freedoifrfor the liquid-silica-rutile-gas equilibrium coufihally be confirmed a§=C

— P=4-4 = 0. This means that the composition of the g liquid oxide forms a
constrained invariant point in the CaO-&i00, system. The composition of the invariant point
can be thus calculated as the average of sampkgt#2, and #14, which yields 54.7 wt% Ji®
24.6 wt% SiQ+ 20.7 wt% CaO.

The single-phase equilibrium of liquid, shown iigie 3(f), was found in a different composition
domain in samples #15, #16, and #17, implying that liquid oxides domains may exist under
these experimental conditions. Normally, the corimrss of a single liquid phase cannot be used
for constructing the isotherm directly. It mayIdbé quite useful, however, in judging whether the

constructed isotherm is right or not. This willdiscussed in the following paragraphs.
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Figure 3. The microstructures of the equilibriunagés at 1400 °C a,, = 107'° atm.

Table 1. The compositions of the equilibrium phastes400 °C undeP,, = 107 atm.

Initial composition, wt%

Equilibrium phase composition, wt%

No. —ig, SIo, Ca0o Phases Tio Sio, Ca0

#1  12.00 75.00 13.00 Liquid 204105 432t12 74209
Silica 1.6 +0.4 98.3+0.6 0.1+0.2

#2 8.00 72.00 20.00 Liquid 15.7+1.2 528+0.8  .530.4
Silica 1.0+05 99.0+0.5 0.0

#3 2.00 65.00 33.00 Liquid 14.4+0.9 55.5+1.4 136.7
Silica 0.8+0.3 98.9+0.9 0.3+0.6

#4  10.00 45.00 45.00 Liquid 14.3+0.2 465+02 92301

Wollastonite 0.4+0.1 50.1 +0.3 495+0.3




#5 5.00 42.00 53.00 Liquid 14.8+0.6 37.3+0.5 .0480.1
Wollastonite 05+0.1 50.0+0.3 49.5+0.3
#6 28.00 28.00 44.00 Liguid 259+0.1 355+0.1 8.63:0.0(3)
Perovskite 58.8+0.4 0.1£0.0(2) 41.1+0.4
#7 42.00 22.00 36.00 Liguid 43.5+0.5 255+1.1 1.03:0.6
Perovskite 595+0.1 0.1 £0.0(2) 40.4+£0.1
#8 56.00 12.00 32.00 Liquid 549+04 199+1.1 5.22+ 0.9
Perovskite 59.6 +£0.1 0.1 £0.0(3) 40.3+£0.1
#9 69.00 5.00 26.00 Liquid 740+1.1 55+0.9 5260.2
Perovskite 59.8+0.2 0.1+£0.0(2) 40.1+£0.2
#10 80.00 7.00 13.00 Liguid 67.0+0.4 11.9+0.1 112+ 0.5
Rutile 99.5+0.2 0.3+0.0(3) 0.2+0.2
#11 65.00 18.00 17.00 Liquid 58.1+0.5 209+0.2 21005
Rutile 994 +0.1 0.4 £0.0(3) 0.2+£0.1
#12 50.00 32.00 18.00 Liquid 548 +2.3 239+12 21.3x1.3
Silica 2.9+0.0(4) 97.1 +0.0(4) 0.0
Rutile 994 +0.1 0.5+£0.0(3) 0.1+£0.1
#13 40.00 45.00 15.00 Liquid 56.0 + 0.3 235+0.2 205z%0.1
Silica 2.6+0.1 97.4+0.1 0.0
Rutile 99.0+0.1 0.5+0.0(1) 0.5+0.1
#14 30.00 60.00 10.00 Liquid 53.3+1.1 26.3+16 20.4+0.6
Silica 2.8+0.1 97.2+ 0.1 0.0
Rutile 994 +0.1 05+£0.1 0.1+£0.1
#15 10.00 50.00 40.00 Liquid 13.8+0.1 51.8+0.2 344zx0.1
#16 8.00 38.00 54.00 Liquid 104 +0.1 37.7+£0.3 1.95:0.2
#17 14.00 32.00 54.00 Liguid 11.6 £0.5 38.8+0.1 49.6+0.1

3.3 Construction of the 1400 °C isotherm atPo, = 1071 atm

Based on the above phase compositions, the 14@bfi@rm of the system d,, = 1071% atm

was constructed and projected on the CaO-SiOy plane in Figure 4. The solid line in Figure 4

is the 1400 °C isotherm based on the equilibriuspitl compositions of this study, while the

short-dashed lines are the predicted lines for afiegi the invariant points involving the

three-phase

equilibrium

of

liquid-rutile-perovskite liquid-perovskite-wollastonite, and

liquid-wollastonite-silica, respectively. In Figude the 1400 °C isotherm in air by DeVrietsal !

was also plotted as a purple dashed line to rélieahfluence of the oxygen partial pressure. The

liquid phase area was apparently enlarged whenxhgen partial pressure decreased from air to

10"° atm. There is a fair agreement of the liquid cosians for the two-liquid equilibrium of

the liquid-silica domain. However, the low oxygeartial pressure of I8 atm leads to the

shrinking of the primary phase areas of wollastmibd rutile, while the primary phase area of

perovskite was greatly extended to much higher, B lower Si@ concentrations, indicating

that the lower oxygen partial pressure had an gnélatence on decreasing the stability of 7iO

while favorable for the formation of perovskite phaAt the same time, the invariant point for the
liquid-rutile-silica equilibrium atP,, = 107'° atm moved in the direction of slightly higher O

and lower SiQ concentrations.

In Figure 5, the 1400 °C isotherm By, = 1071° atm was calculated by FactSage #3with
the Equilib module using the FactPS and FToxidelwdes. The calculated isotherms in the
primary phase fields of wollastonite and perovskitgeed well with the present experimental

results; however, the calculated liquidus area thyreexpanded towards the higher $iO



concentration region for the primary phase fielfisilica and rutile. It is worth mentioning that
FactSage also predicted a second liquid domainhé High CaO content range Bp, =
1071% atm, which coincides with the present experimentalultss as shown by the liquid
compositions of samples #16 and #17. However, thperanentally determined liquid
compositions of samples #16 and #17 were not Iddatde this computational liquid area. More
experimental data are needed to depict and fiexiaet shape of this part of the isothermal section,
as in the FactSage databases the molten oxide ghasreh too stable in the low CaO regions.
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Figure 5. A comparison of the 1400 °C isothermsnftbe present work and the FactSage prediction.

Similarly, the 1400 °C isotherm &, = 107° atm was also predicted by MTDATA &2 with

the Mtox and Mtoxsup databases and is shown inr€igy where a full assessment of the



CaO-Fe-Ti-O-MgO-AJO;s-SiO, system is availabfél. The predicted 1400 °C isotherm had a
perfect fit with the present experimental resutishie primary phase fields of perovskite, rutile,
and silica. For wollastonite, the calculation gavarger primary phase equilibrium area. It seems
that the molten oxide phase in the MTDATA databasedightly less stable than it should be and,
therefore, wollastonite extends far from the CaO,3iinary, i.e., to too high TiQconcentrations.
From the comparisons of experimental results wigtrrhodynamic predictions, it is convinced
that the database in MTDATA is more reasonablelfOx-containing system regarding to current
experimental parameters. The large deviations ictSee may come from the fact that the
database is only developed for reducing conditiwhen Ti presented, and the liquid phase is
generally modeled for binary system, while the aeyrand higher-order systems is only estimated
from the model due to lack of any experimental dathis strongly affects the FactSage
predictions in the Ti-O containing systems. Morforfis needed for the update of the Ti oxide

containing thermodynamic database of FactSage.
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Figure 6. A comparison of the 1400 °C isothermthefpresent work and the MTDATA prediction.

4 Conclusions

The CaO-Si@TiOy system plays an important role in the smeltinguotidn processes of
Ti-containing ores, as well as in the comprehenségevery of Ti resources from Ti-bearing slags.
In the present work, the equilibrium phase relatiand thePy, = 107'° atm isotherm at
1400 °C were experimentally determined using anilibgum-quenching technique. A
comparison of the experimental results betweerptesent work and the literature revealed that

lower oxygen partial pressures lead to shrinkagéhefrutile and wollastonite primary phase



areas.

In addition, the predictions by FactSage and MTDAI&abases were also compared with the
experimental results. The observed deviations filtencomputational diagrams were discussed in
detail to indicate key directions for future expeents. The fundamental data obtained from the
present work is useful for a better understandintpe reaction sequences taking place in ilmenite
and titano-magnetite ores in reducing conditionorédver, the data are also important for
updating the present thermodynamic databases lofdrider, Ti-containing oxide systems.
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(1)

(2)
3)
(4)

Equilibrium phase relations were experimental debeed for
CaO-SiQ-TiO, system at 1400 °C under oxygen partial pressurg0of
atm.

Equilibria phases of perovskite, wollastonite, lgjtand silica were found to
coexist with liquid oxide.

The 1400 °C isotherm was constructed and compattdtinermodynamic
software predictions.

Lower oxygen partial pressures led to shrinkage tleé rutile and
wollastonite primary phase fields.
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