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Abstract: An interfacial study between molten iron and the prereduced ilmenite with carbon was conducted at different melting 
temperatures by the sessile droplet method. The wetting characteristics between molten iron and the prereduced ilmenites with 
carbon were investigated by measuring contact angle of the droplet of molten iron on the prereduced ilmenite substrate. The images 
of the interface were also examined by the optical microscope and SEM equipped with EDS. The volume of molten iron increased 
with the melting temperature increasing when titania or high-content titania slag was used as the substrate. The contact angle 
decreased with the melting temperature increasing and it was independent on time at constant temperature. The contact angle was 
positively correlated with the reduction degree of the ilmenite, but the work of adhesion was negatively correlated with it. Higher 
smelting temperature was beneficial to the separation of iron and Ti oxides. The permeability of molten iron into the prereduced 
ilmenite with carbon was more obvious with reduction degree increasing owing to the high porosity of prereduced ilmenite. 
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1 Introduction 
 

The minerals, rutile (TiO2) and ilmenite (FeTiO3), 
are used as raw materials in the production of titanium 
dioxide pigments. The two main routes for pigment 
production are the sulfate process and the chloride 
process[1−4]. Ilmenite is used as feed material for the 
sulfate process and rutile is used as feed material for the 
chloride process. However, declining of rutile supplies 
requests alternative feed materials such as titania 
slag[5−9]. In industrial process, ilmenite is traditionally 
smelted in electric arc furnace for the coproduction of 
pig iron and titania slag. New smelting processes, such as 
plasma and melt circulation technology, are being 
developed for saving energy and protecting 
environment[10−11]. No matter what means are used, 
oxides in ilmenite feed may react with carbon. 
Dependent on difference of the density of the products, 
pig iron and titania-rich slag can be separated at higher 

temperature. The separation has great effect on the 
quality of the products, also on downstream production 
process. Therefore, investigation on the separation of pig 
iron and titania slag is very important. This work focuses 
on investigating wetting and interfacial permeability of 
molten iron and prereduced ilmenite pellet systems, so as 
to clarify the separation process of iron and titania slag. 

Wettability is essentially a spontaneous response at 
the interface when a liquid is brought into contact with a 
solid surface. Often, wetting is measured in terms of 
contact angle, θ, a characteristic angle forming at the 
solid/liquid/gas interface, as a result of the 
intermolecular forces acting on the liquid drop[12−18]. 
The equilibrium contact angle is characterized by 
classical Young’s equation[19], and is related to surface 
energies as shown in the following equation: 
 
cos θ=(γSG−γLS)/γLG                            (1) 
 
where γSG, γLS and γLG are the surface and interfacial 
tensions at solid/gas, solid/liquid and liquid/gas 
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interfaces, respectively. In this work, the wetting 
phenomenon between molten iron and the prereduced 
ilmenite with carbon (CPI) at the melting temperature 
larger than 1 373 K are studied. 
 
2 Experimental 
 
2.1 Raw materials 

The pig iron (chemical composition: 95.50% Fe; 
4.30% C; 0.159% Si; 0.008% Mn; 0.027% P; 0.006% S) 
from Beijing Iron and Steel Co. was machined into a 
column (about 0.7 g, diameter of 8 mm and height of 8 
mm). 
 
2.2 Ilmenite prereduced with carbon 

The ilmenite was ground and screened to particle 
size from 71 to 150 μm. For carbon prereduction, total 
10 g ilmenite and graphite were weighed precisely in 
which the molar ratio of carbon to oxygen from iron 
oxides (nC/nO) kept constant in all experiments, 
corresponding to the complete carbon conversion to 
carbon monoxide. The raw materials were thoroughly 
mixed by stirring over 30 min with the addition of 
adhesive, and then pressed into the cylindrical discs 
(diameter of 16 mm, length of 8 mm) in a steel die under 
15 MPa. The sample was placed into a vertical SiC 
furnace, and preheated for 20 min to ensure that the 
adhesive and moisture were volatilized fully. The 
preheated temperature was 823 K. Argon with the flow 
rate of 1.00 L/min was purged to the tube to provide inert 
ambience. The reaction temperatures were varied from  
1 373 to 1 673 K. 

More detailed procedure on the preparation of 
ilmenite discs prereduced with carbon was described 
elsewhere[4−5]. 
 
2.3 Wetting measurement 

Contact angle was measured by using sessile drop 
equipment, which composed of a horizontal furnace, a 
digital camera for the image manipulation and 
observation of the contact angle, a deoxidation furnace 
and a gas manometer system for controlling the 
atmosphere. 

The pig iron was polished, rinsed in acetone by an 
ultrasonic cleaner and dried afterward. The iron and the 
substrate were put into the middle of corundum tube and 
then sealed. Argon which was purified firstly to high 
purity (99.999 %) was introduced into the tube to purge 
oxygen at a flow rate of 400 mL/min. The specimen was 
heated to prescribed temperature at a rate of 5 K/min. 
More than five photographs of droplets were captured at 
each desired experimental temperature as a function of 
time. The contact angles were calculated by analyzing 
these photos with self-made software. The mean value of 

those data at the same temperature was considered as the 
contact angle at this temperature. The contact angle was 
measured by the sessile droplet of molten pig iron on the 
prereduced ilmenite substrate, and the measurement error 
was estimated to be less than 2%. Details for the 
apparatus and procedure are described elsewhere[20]. 

The interfacial topography was observed by optical 
microscope (Leitz Wetzlar−307) and JSM scanning 
electron microscopy equipped with energy dispersive 
spectroscopy (EDS) to observe the distribution of 
elements. The phases in prereduced ilmenite were 
investigated by XRD (Philips 1140, Cu Kα, 40 mA and 
30 kV). 
 
3 Results 
 
3.1 Wetting between molten iron and prereduced 

ilmenite 
Fig.1 shows a typical morphological evolution of 

molten iron on the ilmenite substrate prereduced with 
carbon at experimental temperatures from 1 465 to 1 553 
K. Prereduced temperature was 1 573 K and the 
remaining carbon in the substrate was 0.63% of total 
mass of the ilmenite substrate. The ilmenite substrates 
were reduced uniformly and the reduction degree was 
93.18%. The cylindrical iron specimen began to collapse 
at 1 467 K, indicating the melting commenced at this 
temperature. As shown in Fig.1(d), an intact wetting 
couple was formed roughly at 1 473 K, from which 
contact angle became measurable. Molten iron is 
nonwettable with the ilmenite prereduced with carbon 
even at the temperature up to 1 553 K, as well as slight 
decrease in contact angle with temperature could also be 
observed, as shown in Figs.1(d)−(f). 

Fig.2 indicates the variation of contact angle 
between molten iron and ilmenite prereduced with 
carbon at different temperatures. The experimental 
temperature was 1 553 K. Increment of the prereduced 
temperature caused increment of the contact angle 
between molten iron and the prereduced ilmenite. 
Therefore, the wetting between molten iron and the 
substrate was negatively correlated with the prereduced 
temperature. All contact angles were more than 90˚. The 
results suggested the reduction at higher temperature was 
beneficial to the separation of pig iron and titanium 
oxides. Therefore, in industry process, the smelting 
reduction temperature was more than 1 873 K. 
 
3.2 Variation of volume of molten iron with 

experimental temperature 
The images of molten iron recorded by a digital 

camera were processed with the Photoshop software, 
then the volume of molten iron could be calculated by 
self-made software. The details of the experimental  
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Fig.1 Morphological evolution of wetting couples at different experimental temperatures between molten iron and ilmenite 
prereduced with carbon at 1 573 K: (a) 1 465 K; (b) 1 467 K; (c) 1 468 K; (d) 1 473 K; (e) 1 513 K; (f) 1 553 K 
 

 

Fig.2 Morphologies of wetting couples at experimental temperature of 1 553 K between molten iron and ilmenite prereduced with 

carbon at different prereduced temperatures: (a) Original; (b) 1 373 K; (c) 1 473 K; (d) 1 573 K; (e) 1 673 K 
 
calculating procedure can be found elsewhere[20]. 

The calculating results of the volume with the 
software are shown as a function of the melting 
temperature in Fig.3. The high-content titania slag and 
titania were used as the substrates in the experiment, 
respectively. The results showed the volume of molten 
iron increased with the melting temperature increasing; 
but the relationship between the volume and the 
temperature was not linear, which agreed with the 
opinion that with the temperature increasing the density 
of metal reduced. The increasing rate of volume of 
molten iron with titania as substrate was less than that of 
molten iron with high-content titania slag as substrate. 
This may be due to the diversity of surface roughness for 

different substrates. 
Based on the experimental results, it can be deduced 

that low temperature leads to more slight difference of 
density of molten iron with high-content titania slag. 
 
3.3 Variation of contact angle 

The contact angle between molten iron and the 
substrate as a function of experimental temperature is 
shown in Fig.4(a). The contact angle decreased with the 
experimental temperature increasing; and the variation of 
the contact angle was more obvious at lower 
experimental temperature. All contact angles were much 
larger than 90˚, indicating the poor wettability between 
molten iron and prereduced products. The contact angle 
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increased significantly with increasing the prereduced 
temperature of ilmenite with carbon. It was indicated that 
the complete separation of molten iron from ilmenite in 
carbon thermal reduction process could be achieved at 
higher reduction temperature. 

Fig.4(b) shows the variation of contact angle with 
time when ilmenite substrates prereduced with carbon  
 

 
Fig.3 Effect of melting temperature on volume of molten iron 
with different substrates 
 

 
Fig.4 Variation of contact angle between molten iron and 
ilmenite prereduced with carbon at different reaction 
temperatures: (a) With various experimental temperatures; (b) 
With different time at 1 553 K 

were used at the experimental temperature of 1553 K. It 
was seen clearly that the contact angle of molten iron 
with prereduced ilmenites is time-independent, 
indicating the wetting is a nonreactive process. 
 
3.4 Interfacial permeability of molten iron and 

prereduced ilmenite 
The morphologies of interfacial permeability 

between molten iron and ilmenite prereduced with 
carbon at different prereduced temperatures were 
observed with optical microscope. As shown in Fig.5, the 
interfacial permeability was found in these specimens, 
obviously for the ilmenite substrates prereduced at 1 573 
and 1 673 K. It could be seen that the permeable layer 
thickness increased with increasing prereduced 
temperature. 

High prereduced temperature would result in the 
increase of carbon consumption, and high porosity of 
prereduced ilmenite[4]. Molten iron would penetrate 
more easily into prereduced porous ilmenite discs to 
form permeability layer. In fact, molten iron was 
non-wetted with titanium oxides. However, since the 
pores in prereduced ilmenite were big enough, the 
penetration force of molten iron into the pores depending 
on its gravity could overcome the surface tensile between 
molten iron and Ti oxides. Therefore, large amount of 
titanium oxides were surrounded by molten iron. 

Line scanning analysis of Fe, Ti, O and Si elements 
by EDS at interface of molten iron and the ilmenite 
prereduced with carbon is presented in Fig.6. The result 
showed that molten iron permeated into the substrate to 
form the layer of permeation of molten iron and the 
prereduced ilmenite, and the thickness of the interfacial 
layer was about 300 μm. During the process of 
permeation, molten iron penetrated into substrate and 
coalesced with a little amount of reduction iron in the 
pellet; therefore, the titanium oxides were surrounded by 
iron to form the layer of permeation. 
 
4 Discussion 
 

From Figs.2 and 4, it can be summarized that the 
separation between pig iron and reduced product of 
ilmenite was improved at higher prereduced temperature. 
Table 1 shows the influence of prereduced temperature 
on the phase composition of prereduced product by 
carbon. The sample reduced at 1 473 K contained iron, 
rutile, reduced rutiles, Ti3O5, carbon and pseudobrookite. 
At 1 573 K, rutile phase became invisible, which 
suggested that the reduction reaction was enhanced. 
Carbon phase disappeared at 1 673 K, which suggested 
that the pseudobrookite was reduced and decomposed 
and the reduction reaction was enhanced further. These 
results show that high temperature is beneficial to  
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Fig.5 Morphologies of interfaces between solidified iron and ilmenite prereduced with carbon at different prereduced temperatures 
(Experimental conditions: 1 553 K, 30 min): (a) 1 373 K; (b) 1 473 K; (c) 1 573 K; (d) 1 673 K 
 

 
Fig.6 Line scanning micrographs of Fe, Ti, Si and O at 
interface of molten iron and ilmenite prereduced with carbon 
 
Table 1 X-Ray diffraction analysis result of prereduced 
ilmenite samples 

Prereduced 
temperature/K 

Prereduced 
time/min 

Phases observed 

1 473 120 Fe, R, RR, PB, Ti3O5, carbon

1 573 120 Fe, RR, PB, Ti3O5, carbon

1 673 120 Fe, RR, PB, Ti3O5, 
Fe, metallic iron; R, rutile; RR, reduced rutiles; PB, pseudobrookite. 
 
producing Ti oxides by reduction. It was reported that Ti 
oxides have the poor wettability with most transition 
metals[20−22]. This might be associated with the 
increase of contact angles with increasing prereduced 

temperature for the ilmenites prereduced with carbon. 
The reduction degrees of ilmenites prereduced with 

carbon have been measured at different temperatures in 
our previous research[4]. Fig.7 shows the relationship 
between contact angle and reduction degree measured at 
the experimental temperature of 1 553 K. It can be seen 
that the contact angle increases when reduction degree 
increases. However, the increment of reduction 
temperature was beneficial to the reduction of ilmenite 
concentrate; therefore, higher reduction temperature was 
in favor of better separation of pig iron and titanium 
oxides. 
 

 
Fig.7 Variations of contact angle and work of adhesion with 
reduction degree at 1 553 K 
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Energy balance at the triple line is considered to 
explain wetting of liquid metal on a solid substrate[16]. 
The work of adhesion (energy needed to separate liquid 
iron from the substrate, or vice versa) at static state can 
be expressed as 
 
W=γLG(1+cosθ)                               (2) 
 
where W, γLG and θ are work of adhesion, surface tension 
and contact angle, respectively. Work of adhesion 
between molten iron and the prereduced ilmenite as a 
function of reduction degree of the ilmenite is also 
shown in Fig.7. Work of adhesion between molten iron 
and the substrate decreased with reduction degree of the 
ilmenite increasing, which suggested the separation of 
the molten iron and the prereduced ilmenite turned easier. 
Reduction degree and the content of titanium oxides in 
the substrate were positively correlated with reduction 
temperature. Therefore, complete separation of molten 
iron and titanium oxides can be achieved at higher 
reduction temperature in carbon thermal reduction 
process. The results are in agreement with above results. 
 
5 Conclusions 
 

1) The contact angle between molten iron and the 
substrate was positively correlated with the reduction 
temperature. Therefore, higher reduction temperature is 
beneficial to the separation of pig iron and titanium 
oxides. 

2) The contact angle decreased with melting 
temperature increasing, and the contact angle was 
independent with time at constant temperature. With the 
reduction degree of the ilmenite increasing, the contact 
angle increased, and the work of adhesion decreased. 

3) High prereduced temperature resulted in high 
porosity of prereduced ilmenite. Therefore, the 
permeability of molten iron into the substrate was more 
obvious with reduction degree increasing. 
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