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Graphite and CaO–Al2O3 Based Slag Powders

Ji-Ook PARK,1)* In-Hyeon JEONG,1) Sung-Mo JUNG1) and Yasushi SASAKI2)

1) Graduate Institute of Ferrous Technology (GIFT), Pohang University of Science and Technology (POSTECH), Pohang, 790-
784 South Korea.  2) School of Materials Science and Engineering, UNSW Australia, Sydney, 2052 Australia.

(Received on December 16, 2013; accepted on March 10, 2014)

In-situ observations of metal-slag separation behaviors between CaO–Al2O3 based slag, iron and graph-
ite powder mixed pellets by a confocal laser-scanning microscope (CLSM) have been carried out to find
the effective way to use high Al2O3 iron ore in CCA reduction processes. Since a particular type of high
Al2O3 iron ore such as laterite contains small amount of NiO and Cr2O3, the effect of NiO and Cr2O3 on the
metal-slag separation behaviors were also studied. The observed metal-slag separation behaviors were
analyzed based on the equilibrium phase fractions calculated by FactSage and carbon diffusion simulation
in an iron sphere particle with a spot carbon source condition. Based on these in-situ observations and car-
bon diffusion results, starting temperature of metal-slag separation was found to correspond to the eutec-
tic temperature of CaO–Al2O3 based slag. The iron carburization was initiated by slag melting and most of
iron particles were melted within about 20 s after slag melting. The rapid carburization after slag melting
was introduced by the good wettability between solid iron and molten slag. NiO and Cr2O3 additions did
not change the fundamental behaviors of metal-slag separation at least up to about 3 mass%. Based on
these results, it was confirmed that high Al2O3 content iron ore can be used in CCA reduction process by
using CaO–Al2O3 based slag.

KEY WORDS: metal-slag separation; high Al2O3 iron ore; iron carburization; spot source diffusion; CaO–
Al2O3 based slag.

1. Introduction

Due to the depletion of high-grade iron ore resources in
the world, high Al2O3 iron ores have been forced to use. The
change of iron-ore compositions is resulting in some prob-
lems for blast furnace (BF) operation. In the sintering pro-
cess, the low fluidity due to the increase of Al2O3 content
produces uneven sinter ore properties in the sintering bed,
and the increase of Al2O3 tends to produce coarse calcium
ferrite phase which brings bonding strength degradation and
the low reduction degradation index.1,2) In BF operation,
high Al2O3 content in the slag causes poor slag discharging
due to its high viscosity and increase of slag volume as well.

In direct reduced iron (DRI) processes, however, the slag
composition is not so demanding compared with that of BF
process. Consequently, DRI process will be one of the pos-
sible choices to effectively use high Al2O3-containing iron
ore. In coal-based DRI processes, fine iron ore and coal are
agglomerated in the form of carbon composite agglomerate
(CCA), and CCA is reduced to iron by using a rotary hearth
furnace or rotary kiln.3–5) In CCA smelting reduction pro-
cesses, good metal-slag separation is practically important
to avoid extra cost and time for final iron nuggets.

In the current coal-based DRI processes with low Al2O3

iron ores, the finally formed slag compositions are in the
region of ‘a’, ‘b’ and ‘c’ shown in Fig. 1 due to their low
melting temperature and the ease of slag composition con-
trol. Consequently, the coal-based CCA reduction behaviors
with the slag composition ‘a’, ‘b’ and ‘c’ have been well
studied.6–10) However, these slag compositions are not suitable
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Fig. 1. Low melting temperature slag regions in CaO–Al2O3–SiO2

ternary phase diagram.
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for high Al2O3 iron ore due to the increase of slag volume.
Thus, to effectively and extensively use high Al2O3-containing
iron ores with CCA reduction process, alternative slag
design must be developed.

Among high Al2O3 iron ores, some of them contain low
SiO2 content. To use this type of iron ores, CaO–Al2O3

based slag in the region ‘d’ (Fig. 1) is attractive because of
small amount of requiring additives to design the suitable
slag composition and its low slag melting temperature. It has
been also found that the viscosity of the slag in the region
‘d’ is similar to those of slags in the regions of ‘a’, ‘b’ and
‘c’.11)

The coal-based direct reduction process consists of sever-
al steps of (1) iron ore reduction, (2) carburization & melting
of reduced iron, (3) slag melting, (4) metal-slag separation
and molten iron coalescence. These steps with the slag
region ‘a’, ‘b’ and ‘c’ have been already studied.6–8,12) Ohno
et al.6) investigated the effect of metal-slag separation based
on slag melting temperatures and viscosities with slag
region ‘b’ and ‘c’. Nogueira et al.7) also observed clear
metal-slag separation behavior with slag ‘a’. Kim et al.8,12)

studied the role of liquid phase on the metal-slag wetting/
separation behavior in the slag composition ‘a’ based on in-
situ confocal laser-scanning microscope (CLSM) observa-
tion. But none of them focused on the metal-slag separation
behavior of the slag region ‘d’ which can be practically
important to use high Al2O3 ore for CCA reduction process.

In the present study, as a first step study to effectively use
high Al2O3 iron ore in CCA reduction process, the metal-
slag separation behaviors of the pellets consisted of the mix-
tures of iron, graphite and CaO–Al2O3 based slag particles
have been investigated. Since a particular type of high Al2O3

with low SiO2 iron ore such as laterite sometimes contains
small amount of NiO and Cr2O3, the effect of NiO and Cr2O3

on the metal-slag separation behaviors were also studied.
Based on these results, the role of molten slag and the effect
of carburization rate on metal-slag separation were also dis-
cussed.

2. Experimental

Ohno et al. carried out in-situ CLSM observation to clar-
ify the effect of slag melting on metal-slag separation.6)

Experimental details in this study were almost the same with
their method except using CaO–Al2O3 based slag.

2.1. Preparation of Samples
Synthetic slags were prepared by melting the compressed

mixture of chemical grade CaO, Al2O3 and SiO2 at 1 773 K
in Ar atmosphere. After holding for 24 hours at 1 773 K, the
molten slag was quenched by pouring on a water cooled Cu
plate to make glassy materials. After crushing and sieving
the glassy slag, X-ray fluorescence analysis was used to
confirm the slag composition. Compositions of the synthetic
slag were shown in Table 1. Since the melting point of slag
sample D is higher than 1 773 K, some amount of unmelted
solid slag phase could exist in the quenched sample. To min-
imize the effect of the solid phase existence, the quenched
samples were fully ground with the size of around 45 μm–
100 μm and well mixed.

To find the effect of NiO and Cr2O3 on metal-slag sepa-

ration behaviors, 0.99, 1.96 and 3.85 mass% of Cr2O3 and
0.99, 1.96 and 3.85 mass% of NiO were added in slag B to
slag G, respectively. Small amount of Cr2O3 greatly increas-
es melting temperature of the CaO–Al2O3 based slag, while
NiO does not as shown in Table 1. Typical CaO–Al2O3–SiO2

based slag H with low melting point was also prepared for
comparison with CaO–Al2O3 based slag. “Melting tempera-
ture” of slag in this study is defined as temperature where
all the solid phase disappears and was estimated from Fact-
Sage equilibrium calculation.

Prepared slag, electrolytic iron and graphite powders
were mixed by a particular mixing ratio as shown in Table
2. Slag mixing ratio to Fe was fixed to 0.612 based on
mass% ratio between total iron and gangue material in a par-
ticular type low SiO2 containing limonitic Laterite ore.13)

Graphite mixing ratio to Fe was changed to 0.01, 0.03, 0.05
and 0.10 based on mass% ratio. The sizes of iron source and
graphite powders were –50 μm and that of synthetic slag
powder was sieved to 45–100 μm. After homogeneously
mixing synthetic slag, iron and graphite powders, this mix-
ture was pressed with 5 MPa for 2 minutes by CIP method
to make a pellet (Dia. 5 mm × height 2.5 mm).

2.2. Experimental Procedure
A CLSM was used for in-situ observation of CCA pellet

melting behaviors with heating. A pressed pellet (about
50 mg) was put in the Al2O3 crucible (OD: 9 mm, ID: 8 mm)
and placed to heating stage. Inner chamber was sealed and
purged with high purity Ar before experiments and flow rate
of 200 mL/min was kept during observation. The pellet was
rapidly heated to 1 323 K with heating rate of 300 K/min
and then maintained for 30 seconds at that temperature.
After stabilization, the sample was heated to 1 773 K with
75 K/min heating rate. Although slight higher metal-slag

Table 1. Experimental slag compositions for in-situ observation.

Sample
Content (mass%) Melting

T (K)CaO SiO2 Al2O3 Cr2O3 NiO CaO/SiO2

Slag A 52.00 6.60 41.40 0 0 7.9 1 690.77

Slag B 51.49 6.53 40.99 0.99 0 7.9 1 418.14

Slag C 50.98 6.47 40.59 1.96 0 7.9 1 737.97

Slag D 50.00 6.35 39.80 3.85 0 7.9 1 847.56

Slag E 51.49 6.53 40.99 0 0.99 7.9 1 690.79

Slag F 50.98 6.47 40.59 0 1.96 7.9 1 681.51

Slag G 50.00 6.35 39.80 0 3.85 7.9 1 665.04

Slag H 40.4 39.7 19.9 0 0 1.0 1 603.00

Table 2. Material mixing ratios between electrolytic iron, graphite
and synthetic slag.

Electrolytic
Iron

(Mass%)

Graphite
Powder

(Mass%)

Synthetic
Slag

(Mass%)

Carbon Mixing
ratio to Fe

(Mass% base)

Slag Mixing
ratio to Fe

(Mass% base)

61.65 0.62 37.74 0.01 0.612

60.89 1.83 37.28 0.03 0.612

60.16 3.01 36.83 0.05 0.612

58.40 5.84 35.76 0.10 0.612
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separation temperature was observed at 100 K/min heating
rate than 75 K/min in the present study, the difference was
less than 5 degree which can be neglected. Ohno6) also
reported that different heating rate did not make any differ-
ences in metal-slag separation temperature in the range of
10 K/min–100 K/min.

Whole processes with heating were observed and recorded
to determine (1) iron melting start temperature, (2) metal-slag
separation start temperature and (3) metal-slag separation
finish temperature. The metal-slag separation start tempera-
ture was defined as being defocused temperature due to the
start of liquid slag or iron droplets coalescence, and the met-
al-slag separation finish temperature was defined as a large
spherical iron droplet shown-up temperature. After the con-
firmation of the metal-slag separation, the sample was rap-
idly cooled to room temperature to minimize carburization
after the metal-slag separation. Thermodynamically Cr2O3

will not be reduced, but NiO can be reduced. However, the
reduction of NiO in solid slag by solid carbon is not easy
since it is difficult to contact each other. Therefore, we can
assume that NiO would not be reduced before slag melting.
In the preliminary experiments, it was found that about more
than 5 min was required for the full NiO reduction. The dif-
ference between separation start time and finish time is
about 24 sec. Therefore, it can be assumed that the effect of
the NiO content decrease after slag melting due to NiO
reduction on the metal-slag separation behavior will be
small.

3. Results

3.1. In-situ Observation of Melting and Separation
Behaviors

The observed melting and separation behaviors for slag A
were shown in Fig. 2. They showed (a) Fe–C melt forma-
tion, (b) Slag melting initiation, (c) start of metal-slag sep-
aration (starting of coalescence of small metal droplets or
slag droplets) and (d) accomplishment of metal-slag separa-
tion (a large liquid metal drop formation). These steps were
observed in all experimental conditions except the pellet
that had 1 mass% of graphite to Fe mixing ratio. In this case,
full melting of Fe was not achieved. The observed metal-
slag separation sequences of the pellets with CaO–Al2O3

based slag were almost the same with those of slags in the
region ‘a’, ‘b’ and ‘c’ (shown in Fig. 1).

3.2. Effect of Carbon Mixing Ratio on Metal-slag Sepa-
ration Behaviors

The iron melting start temperature, metal-slag separation
start temperature and metal-slag separation finish tempera-
ture as a function of carbon mixing ratio to Fe were shown
in Fig. 3. It was found that liquid Fe–C formation tempera-
ture was almost the same with Fe–C eutectic temperature of
1 420 K regardless of carbon mixing ratio, even with
1 mass% C mixing ratio. It was also found that metal-slag
separation start temperature of about 1 603 K also did not
depend on the carbon mixing ratio to Fe.

Since the melting point of Fe-1.0 mass% C alloy is

Fig. 2. Confocal in-situ observation images during heating. (a) Fe–C melt formation at eutectic temperature, (b) Slag melt-
ing initiation, (c) Metal-slag separation start and (d) Metal-slag separation finish.
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around 1 623 K, the observed initiation of iron melting at
1 420 K for 1 mass% carbon mixing pellet means that some
iron particles were carburized over 2.1 mass% while the
remained part of iron particles was barely carburized. Pos-
sibly due to this reason, full metal-slag separation was not
observed in the case of 1 mass% carbon mixing pellet, and
the separation finish temperature with 3.0 mass% carbon
mixing pellet was much higher than those with 5.0 and
10.0 mass% carbon mixing pellet. These results suggested
that sufficient amount of carbon must be supplied to Fe par-
ticles to promote metal-slag separation. Therefore, in the
present study, the metal-slag separation behaviors of pellets
with 10.0 mass% C have been mainly studied. This carbon

Fig. 3. The effect of carbon mixing ratio on iron melting start tem-
perature, metal-slag separation start temperature and metal-
slag separation finish temperature.

Fig. 6. Temperature dependence of equilibrium phase fraction in Cr2O3 containing CaO–Al2O3 based slags. (a) 0.99%
Cr2O3, (b) 1.96% Cr2O3 and (c) 3.85% Cr2O3. Liq: liquid phase, C2S: CaO·2SiO2, CA: CaO·Al2O3, C3A:
3CaO·Al2O3, CCR: CaCr2O4.

    

Fig. 4. Temperature dependence of equilibrium phase fraction of
CaO–Al2O3 based slag. Liq: liquid phase, C2S: CaO·2SiO2,
CA: CaO·Al2O3, C3A: 3CaO·Al2O3.

Fig. 5. The effect of Cr2O3 content on metal-slag separation start
and finish temperature.
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content was enough to carburize iron at more than the con-
centration of eutectic point, but the observed large amount
of the residual carbon after experiments indicates that car-
bon was not fully consumed.

As shown in Fig. 3, if carbon mixing ratio exceeds
5 mass% C, both of the separation start and finish tempera-
tures were not affected by carbon mixing ration. This simply
suggests that metal-slag separation behavior was mainly
governed by slag melting and following iron melting but not
the amount of carbon if carbon is sufficiently supplied. In
other words, the excess carbon had negligibly small effect
on the metal-slag separation behaviors.

To understand metal-slag separation behaviors, the equi-
librium phase fraction of CaO–Al2O3 based slag (slag A) as
a function of temperature was calculated by FactSage and
shown in Fig. 4 along with the metal-slag start and finish
temperatures. A large amount of liquid phase (about 80%)
suddenly formed at about 1 603 K by the eutectic reaction
between 3CaO·Al2O3 (C3A) and CaO·Al2O3 (CA) and
CaO·2SiO2 (C2S) phases, and this eutectic melting temper-
ature is almost the same with the observed metal-slag sepa-
ration start temperature shown in Fig. 3.

3.3. Effect of Cr2O3 and NiO Contents in Slags on
Metal-slag Separation Behaviors

The metal-slag separation start and finish temperatures as
a function of Cr2O3 content with carbon mixing ratio of
10 mass% were shown in Fig. 5. As shown in Fig. 5, the
Cr2O3 addition did not show any distinct increase of sepa-
ration start temperature in spite of melting point increase by
Cr2O3 addition. The metal-slag separation finish tempera-
tures slightly decreased with Cr2O3 content.

The calculated phase fraction changes of CaO–Al2O3

based slags with various Cr2O3 content as a function of tem-
perature along with the metal-slag start and finish tempera-
tures are shown in Fig. 6. A large amount of liquid phase
was suddenly formed at the temperature of around 1 600 K
due to the eutectic reaction. The metal-slag separation start
temperatures of three different Cr2O3 containing slags were
almost corresponded to eutectic melt formation temperature
of each slag as like the case of CaO–Al2O3 based slag with-
out Cr2O3.

The effect of NiO content on metal-slag separation start
and finish temperature was shown in Fig. 7. The metal-slag
separation start and finish temperature were dropped about
25 degree by a small addition of NiO and then gradually
decreased with increase of NiO content. Figure 8 shows the

Fig. 7. The effect of NiO content on metal-slag separation start and
finish temperature.

Fig. 8. Temperature dependence of equilibrium phase fraction in NiO containing CaO–Al2O3 based slags. (a) 0.99% NiO,
(b) 1.96% NiO and (c) 3.85% NiO. Liq: liquid phase, C2S: CaO·2SiO2, CA: CaO·Al2O3, C3A: 3CaO·Al2O3, MeO:
NiO.
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calculated phase fraction changes of CaO–Al2O3 based slag
with various NiO contents as a function of temperature
along with the metal-slag start and finish temperatures. As
already mentioned, NiO was unlikely to be reduced before
slag melting. Therefore, the phase fraction changes were
calculated based on the initial NiO contents.

The eutectic liquid slag formation temperature was slight-
ly lowered with increase of NiO contents. After the small
amount of eutectic melt was formed, the amount of liquid
phase was gradually increased with increase of temperature.
The metal-slag separation in the slag with NiO additions
started at the temperature of first inflection point after eutec-
tic in liquid fraction curve except slag E. In case of slag E,
liquid fraction changes from 30% to 80% in a very short
temperature range so at the separation start temperature,
more amount of slag can be existed than calculation. Inter-
estingly, liquid slag fraction at the metal-slag separation
start temperatures in base slag (as shown in Fig. 4) and
Cr2O3 added slag (as shown in Fig. 6) were corresponded to
liquid fraction at the first inflection point after eutectic of
NiO contained slag.

3.4. Metal-slag Separation Behavior of Conventional
CaO–Al2O3–SiO2 Slag

The phase fraction changes of the conventional CaO–
Al2O3–SiO2 based slag (slag H) and temperature of separa-
tion start and finish with 10.0 mass% C are shown in Fig. 9.
Slag H has relatively low melting temperature compared
with CaO–Al2O3 based slag. The slag H almost started to
melt at around 1 533 K, so the separation start temperature
was also low compared with the high basicity slag. Never-
theless, temperature difference between separation start tem-
perature and finish temperature in CaO–Al2O3–SiO2 based
slag is about 60 K which is more than two times higher than
that of CaO–Al2O3 based slag. It simply implies metal-slag
separation in slag H, iron and graphite mixture pellet is main-
ly governed by iron melting not by slag melting behavior.

4. Discussion

4.1. Particle Configuration
It is noted that metal-slag separation behaviors were con-

trolled not only by thermodynamics but also kinetics. The
slag melting is determined simply by temperature. The
eutectic melt will be produced at the eutectic temperature
and whole slag will be melted at the melting point.14) How-
ever, iron melting will be controlled by iron carburization
process. It means that iron melting will be strongly influ-
enced by iron and graphite particles configurations such as
the iron particle size, relative amounts of graphite with iron
and contact condition between carbon and iron particles.

In the present study, the average particle size of iron,
graphite and slag powders were about 50 μm, 50 μm and
70 μm, respectively. Since their particles diameters were rel-
atively close, it is reasonable to assume that these particles
were 3-dimensionally closely packed. By assuming the each
particle shape is a sphere, the particle number fractions of
iron, graphite and slag particles are about 0.52, 0.19 and
0.28, respectively, under the C/Fe ratio (mass% base) of 0.1.
For the calculation, the density of Fe (7.6 g/cm3), C (2.0 g/cm3)
and slag (3.0 g/cm3) are used. In the closed packed structure
the coordination number is 12. Thus, in the present experi-
mental condition, one iron particle was supposed to contact
with 6 iron particles, 3 slag particles and 2 graphite particles
as a first approximation. Namely, the skeleton of the pellet
was constructed by 3-dimensional closed packed iron parti-
cles and several iron particles were replaced by graphite and
slag particles.

The particle configuration with Ohno et al.6) was quite
different. Their average particle size of iron, graphite and
slag particles were about 150 μm, 25–32 μm and 25–32 μm,
respectively. Under this condition, the large iron particles
formed the skeleton of the pellet, and graphite and slag may
occupy the space between the large iron particles. Namely,
the contact condition between iron and graphite particles in
the present study was quite different from that in Ohno et
al.6) The particle configurations of (a) the present study and
(b) that with Ohno et al.6) were schematically shown in Fig.
10. These different particle configurations possibly intro-
duce different iron carburization behavior. Thus, simple
comparisons among the experimental results about metal-
slag separation behaviors without considering the particle
configurations are misleading.

4.2. Carburization of Iron Particles
As already shown in Fig. 3, small amount of iron was

melted at the eutectic temperature. However, most of iron
remained as solid phase until slag melting, possibly due to
the poor contacting between them. The carburization of iron
particles during CCA reduction will be initiated from the
point contact with carbon particles. Thus, the understanding
of a spot source carbon diffusion process in iron particles is
very important to investigate metal-slag separation process.
Thus, the numerical simulation of the spot source carbon
diffusion process was carried out in the present study.

The diffusion coefficient of carbon in austenite, DC,
depends on the carbon concentration and also liquid phase
will be formed at the contacting spot with increase of carbon
concentration.

To simplify the calculation, (1) the value of DC was rep-
resented by the values at the average carbon content, (2) the
liquid phase formation was neglected and (3) assuming the
constant temperature of 1 573 K although actual diffusion

Fig. 9. Temperature dependence of equilibrium phase fraction in CaO–
Al2O3–SiO2 based slag. Liq: Liquid phase, CS: CaO·SiO2,
CAS2: CaO·Al2O3·2SiO2, C2AS: 2CaO·Al2O3·SiO2.
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process was non-isothermal as a first approximation. In this
study, the following expression for DC (m2/s) by Ågren15)

was used,

... (1)

where yC = xC/(1–xC), xC being the mole fraction of carbon
and T is the absolute temperature. As shown in Figs. 6 and
8, the metal-slag separations started after at about 1 573 K.
To understand this behavior, the C diffusion process in Fe
particle at 1 573 K was evaluated as a first step. The C con-
centration at the spot is fixed to 1.3 mass%. The values of
DC at 1 573 K with average C concentration of 0.65 mass%
was 4.90×10–10 m2/s. The geometry of calculation is sche-
matically shown in Fig. 11. The small circle was patched on
the top of a Fe sphere particle (dia. 50 μm). The aim of the
calculation is simply to examine the diffusion rate difference
between under the spot source and the general surface
boundary source conditions. Therefore, the simple sphere
particle was used for the diffusion rate calculation in the
present study although the actual shape of Fe particles is not
sphere.

The circular area was used as the spot source of carbon.
Under these conditions, the 3-dimensional carbon concen-
tration distribution in the Fe sphere was solved by using
commercial code COMSOL multiphysics. COMSOL numer-
ically solved the following the diffusion equation of (2) as
a function of time by using finite element method.

.............................. (2)

In the calculation, the mesh size near the spot source is set
to 0.1 μm, and the mesh size far from the point source is
3 μm. The total number of the meshes was about 40 000.

The average carbon content (mass%) in the Fe particle as
a function of time with various spot areas are shown in Fig.
12. The diffusion rates were increased with spot source
areas as expected. In the case of surface source diffusion
with the same conditions, the concentration reached to the
surface concentration only after 0.1 second. Namely, the dif-
fusion rate with a spot source was quite slow compared with

that of surface source diffusion. With the spot area’s diam-
eter of 2 μm, the average C concentration of the Fe sphere
reached to about 1.3 mass% after 60 second. In the actual
case, however, the required time is expected to be much
more short by the following reasons; (1) the number of con-
tacting spots will be more than one, (2) DC will increase
with the C concentration, (3) the liquid phase formation pos-
sibly enhance the C diffusion rate and (4) the diffusion pro-
cess was not isothermal process but temperature was raising.
Actually temperature increased about 25 K between start
and finish of metal-slag separation. Taking into account
these C diffusion rate enhancing effects, it is reasonable to
assume that the C concentration in the iron sphere can reach
to the solidus line concentration (1.3 mass C %) within 20–
30 second after contacting with carbon.

As shown in Fig. 4, metal-slag separation was finished
within about 20 seconds after eutectic slag melting. If most
of iron particles existed as liquid phase at around the eutec-
tic slag melting temperature, the pellet will be simultaneous-
ly melted down with slag melting. The maintaining the
shape of pellets even after eutectic slag melting means that
most of iron particles will be existed as solid particles at the

Fig. 10. Particle configurations of (a) the present study and (b) that
with Ohno et al.6)
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slag melting temperature, or iron was not carburized well
before eutectic slag melting. In other words, all iron parti-
cles must be melted within 20 seconds after eutectic slag
melting. As already discussed, the C concentration in the
most iron particle was increased to the solidus line concen-
tration within about 20–30 seconds at 1 573 K. Thus, it is
possibly assumed that iron particles melting can be achieved
after the slag melting. The metal-slag separation behavior of
Cr2O3 added CaO–Al2O3 based slags shown in Fig. 6 can be
explained similarly based on the rapid carburization process
introduced by the eutectic slag melting.

In the cases of NiO contained CaO–Al2O3 based slags, the
metal-slag separation did not start after the eutectic slag
melting but started after the total liquid fraction reached at
about 80% as shown in Fig. 8. It is well known that the vis-
cosity of partially molten materials or solid suspension liq-
uid is very large. There are several models to describe the
viscosity of these melts, and Roscoe model has been widely
used.16) The relative viscosity of a suspension of rigid solid
particles is given by

....................... (3)

where, η liq = the liquid viscosity without solid particles
(Pa·s), ηeff = the effective viscosity (Pa·s), Φ = the volume
percentage of all the solid phases. The density diffrence
between solid and liquid slag is small so that the volume
fraction can be assume to close to the mass fraction. Gener-
ally molten slags with large solid phase fraction have high
viscosity. For example, the slag visicosity with Φ = 0.7
became 1 400 times larger than that without solid phase.
Even with Φ = 0.5, it has 16 times larger value. The high
viscosity slags could prevent the spread out of slag on the
solid iron surface. Consequently, iron carburization was
delayed. These calculations suggested that the existence of
large amount of slag without solid particles suspension will
be preferable for easy metal-slag separation. In other words,
the slag composition as close as to the eutectic point is
favored for the easy metal- slag separtion.

For the CaO–Al2O3–SiO2 based slag (Fig. 10), the metal-
slag separation took about 40 seconds after slag melting. It
was about 2 times longer than those of CaO–Al2O3 based
slag. As like the case of CaO–Al2O3 based slags, the molten
slag could help to contact carbon and iron particles to pro-
mote carburization process. As shown in Fig. 9, the eutectic
liquid slag formation temperature of slag H was about 60 K
lower than those of high CaO–Al2O3 based slag. Thus, the
carbon diffusion process can start at relatively lower tem-
perature. However, the value of DC was small at the lower
temperature condition and larger carbon concentration was
required to reach to the solidus line at lower temperature.
These factors could make the carbon diffusion process much
slower than those in CaO–Al2O3 based slag. Namely, the
metal-slag separation behavior of slag H can be also
explained based on the rapid carburization process intro-
duced by slag melting.

4.3. The Role of Molten Slag
As discussed in the previous section, iron particles were

supposed to be rapidly carburized after slag melting. During
the carburization process, the contact between iron and
graphite particles must be continuously maintained. The

contact point, however, will be soon lost after some amount
carbon diffused to an iron particle without any pushing forc-
es. Recently Kim et al.8) and Jeong et al.17) investigated 3
phases co-existed interfacial phenomena among slag, iron
and carbon particles. Kim et al.8) confirmed that molten slag
could introduce the attractive force between iron and graph-
ite particles. After slag melting at a particular temperature,
it spread out over the solid Fe and carbon particle surface
due to the good wettability of slag on solid iron and carbon.
Along with slag spreading, the carbon particle was pulled
towards solid iron particle and finally contacted with the
iron particles. They found once carbon and Fe particles con-
tacted, these never separated. With developing carburization
process with time after the contact, some amount of liquid
iron will be formed between carbon and solid Fe particles.
Generally liquid iron did not wet with carbon. Jeong et al.,17)

however, found out that liquid iron became wet with carbon
surface if molten slag was coexisted. Therefore, the pro-
duced liquid iron contacted with molten slag and carbon
could wet well with the carbon surface so that the contacting
area between carbon and liquid Fe particles increased with
time and enhanced the apparent carburization rate. These
processes are schematically illustrated in Fig. 13. Namely,
(a) each solid iron and graphite particle came to close after
slag melting, and finally (b) they contacted each other. Then
(c) the liquid iron phase was formed due to carburization
reaction. (d) The contacting area between a graphite particle
and liquid iron increased with time since liquid iron wetted
well with graphite under molten slag co-existence.

It was already reported that the slag melting behaviour
has strong effect on the direct contact carburization reaction
by several researchers.9,18–22) In these studies, the slag melt-
ing behaviour means minerals in iron ore and ash in cokes
change from solid phase to liquid phase. Matsui et al.19)

reported the effect of minerals of iron ore on carburization
behaviour. Heru et al.20) and Chapman et al.21) investigated
the effect of ash on carburization behaviour. These studies
confirmed that easy melting of mineral and ash had an
advantage for the carburization reaction. The effect of mol-
ten slag in these previous results can be explained by the
promotion of the direct contact between carbon and iron
particles introduced by slag melting.

4.4. Industrial Applications
All results in the present study and previous studies

showed that slag melting had a very important role to
achieve clear and easy metal-slag separation. Molten slag
provided good contact between iron and graphite particles
and also enhanced the carburization rate by assisting the
extension of contact area between liquid iron and graphite
surface. CaO–Al2O3 based slag near the eutectic composi-
tion produced the large amount of eutectic liquid phase at
around 1 573 K, as already mentioned, this melting behavior
is preferable for easy metal-slag separation. Along with the
good the metal-slag separation, high desulfurization and
dephosphorization abilities are expected from CaO–Al2O3

based slags due to their high basicity. Thus, CaO–Al2O3

based slags is very effective to use high Al2O3 iron ore in
CCA reduction process.

η ηeff liq= − −( . ) .1 1 35 2 5Φ
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5. Conclusions

The in-situ confocal laser-scanning microscope observa-
tion of metal-slag separation behaviors between CaO–Al2O3

based slag, iron and graphite powder mixed pellets were car-
ried out to investigate the feasibility to use high Al2O3 iron
ore in CCA reduction processes. The observed metal-slag
separation behaviors were analyzed based on the equilibri-
um phase fractions calculated by FactSage and the rate of
carbon diffusion in iron particles. The obtained results are
summarized as follow:

(1) In CaO–Al2O3 based slag and that with Cr2O3 added
slags, the metal-slag separation was found to start after the
eutectic slag melt was formed.

(2) In NiO added CaO–Al2O3 based slags, the metal-
slag separation did not start after the eutectic melt forma-
tion, but started at the first inflection point after eutectic in
liquid fraction curve. High viscosity of liquid with solid par-
ticles suspension at around the eutectic melt formation tem-
perature could prevent the spread out of slag on the solid
iron surface, and delayed the carburization process.

(3) The carburization of iron particles dominantly
occurred after slag melting since molten slag made it possi-
ble to maintain the contact between iron and graphite parti-
cles.

(4) The carburization rates could be enhanced after liq-
uid iron was formed due to the contact area increase by the
good wettability of liquid iron with graphite surface under
the molten slag co-existence condition.

(5) The use of CaO–Al2O3 based slags on CCA reduc-
tion process is feasible to meet the demand of low grade
high Al2O3 iron ore utilization.
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Fig. 13. Schematic views of the carbon and iron particle contact area change with time.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 350
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 350
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50222
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata pogodnih za pouzdani prikaz i ispis poslovnih dokumenata koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /JPN <>
  >>
>> setdistillerparams
<<
  /HWResolution [1200 1200]
  /PageSize [596.130 795.120]
>> setpagedevice




