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INTERACTIONS BETWEEN LIQUID SLAG AND GRAPHITE DURING THE REDUCTION OF METALLIC OXIDES

INTERAKCJE POMIEDZY CIEKEYMI ZUZLAMI, A GRAFITEM W TRAKCIE REDUKCJI TLENKOW METALICZNYCH

High global demand for metallic elements such as Fe, Cr, Ti, Mn leads to an intensive technological development of
metal recovery. One of the ways is to recover metals from metallurgical slag. The sessile drop method was adopted in order to
study the interactions between liquid slag and graphite. Steelmaking slag was used during this research. The slag used included
converter slag and slag from chrome steel melting as well as their mixtures with other modifiers. The analysis covered six
types of slag in the temperature ranging from 1100°C to 1600°C in the argon atmosphere. In the course of research mass
spectrometry and scanning microscope were used. The following were set for the examined samples during the reduction
process: liquidus temperature and the nature of interactions (wettability or its lack). It was observed that the volume of slag
samples dynamically changed in the course of the reduction of metallic oxides.
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Duze zapotrzebowanie dzisiejszego Swiata na pierwiastki metaliczne np. Fe, Cr, Ti, Mn, powoduje bardzo intensywny
rozwdj technologii ich odzysku m.in. z zuzli metalurgicznych. Przy uzyciu techniki lezacej kropli wykonano badania wspétod-
dzialywania cieklych zuzli z grafitem. Do badai wykorzystano zuzle stalownicze: konwertorowy i z wytopu stali chromowych
oraz ich mieszanin z innymi modyfikatorami, analizie poddano sze$¢ zuzli w zakresie temp 1100-1600°C w atmosferze
argonu. W badaniach wykorzystano réwniez spektrometr masowy oraz mikroskop skaningowy. Okreslono temperature liquidus
dla analizowanych prébek, jak réwniez charakter interakcji — zwilzanie lub jego brak — w trakcie trwania procesu redukcji.
Zaobserwowano dynamiczne zmiany objetosci probek zuzlowych w trakcie zachodzenia procesu redukcji tlenkéw metalicznych.

1. Introduction

Enormous energy consumption and greenhouse gas-
es production are one of the major problems connected
to metallurgical industry. Iron ore reduction and carbur-
izing iron in high temperatures are the main factors con-
tributing to CO and CO, production as well as to high
energy consumption. If it is possible to speed up the
iron ore reduction in the liquid phase and to successful-
ly carburize iron in low temperatures, such a technology
will be extremely valuable in terms of reducing the en-
ergy consumption in the blast furnace. It is common
knowledge that reduction processes in liquid phases are
extremely complex and that their mechanism is not yet
fully understood [1].

The blast furnace process uses to a large extent the
phenomenon of iron oxides reduction in liquid phases,
especially in the primary slag zone and the dripping
zone. The currently used blast furnace technologies use
mainly carbon dust as substitute fuel. Its share contin-
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uously increases with every ton of pig iron used. That
is why when it comes to reduction, it seems important
to understand the interactions between liquid slag phases
containing elevated concentration of iron oxides and car-
bon in various forms. When it comes to metallurgy the
reduction process very often takes place in slag which
has various concentrations of FeO.

In such a case the reducer can be present in the
form of: solid carbon, carbon in an iron solution and gas
— CO. Slag foaming accompanies the reduction process.
It is a characteristic feature of widely used metallurgi-
cal processes. It is most common in converter process-
es, EAF, reduction in liquid phases (SR). It is used in
secondary metallurgy, blast furnace processes and alter-
native iron production methods. In the course of these
processes this phenomenon can be desirable or not. Due
to the universal character of this reaction authors have
been doing a lot of research in order to characterize
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the specific mechanism and the kinetics of reduction in
liquid slag phases as well as to describe slag foaming.

Other optional uses of FeO reduction in liquid phas-
es consist in recycling and utilization of the products
of metallurgical processes that contain iron (e.g. dust,
mill scale, silt, etc). For some time methods which use
these semi products have been in focus and have been
widely promoted due to the following factors: a) the use
of natural resources as production materials has been
decreasing, b) waste reduction by means of diminishing
the amount of unused waste, c) indirect energy savings.

Dust and silt recycling in integrated metallurgical
plants may be done using one or more methods which
involve: sintering, cold agglomeration, insufflation, di-
rect reduction (DR) as well as reduction in liquid phases
(SR). The choice of the method depends on several fac-
tors such as environmental requirements, energy policies,
the situation of the production plant, its recycling strate-
gies as well as the feasibility study of technological and
economic aspects [3].

While the probable reduction mechanism in liquid
slag phases has been widely accepted by researchers,
the specific mechanism controlling the kinetics of the
process has still remained unclear [6]. The factors con-
trolling the reduction rate include the following: physical
properties of slag phase, phase-to-phase voltage between
gas - slag, slag — reducer, slag — metal and slag densi-
ty. The reduction rate is also influenced by such factors
as the type of carbon used and the size of its particles
(subdivision surface). Other important issues involve: the
influence of the dynamic viscosity rate which dynami-
cally changes in the course of the reduction process, the
influence of surface tension of liquid slag as well as the
interactions between liquid slag phase and the reducers
used (most often carbon reducers) [1-9].

Gas phase in the form of CO, CO; is the product of
the reduction process. Gas diffusion leads to slag foam-
ing. The authors of this paper [2] conducted research
into foaming properties of 6 types of slag in dynamic
conditions using an X-ray tube in order to control the
behavior of foaming slag and the height of the foam.
They enumerated foaming indices for all types of slag.
The conclusions drawn show that the behavior of slag
foam in dynamic conditions suggests a more complicated
system than in the case of static conditions. The behav-
ior of foam is characterized by certain fluctuations, the
presence of thin films on gas bubbles which have not
been covered by any existing theories or models of slag
foaming [2].

The authors of this paper [4] investigated the ki-
netics of the reactions taking place on the borders of
slag/carbon phase division in the temperature of 1500°C
for different carboniferous materials: synthetic graphite,

natural graphite and two types of charcoal (active, py-
rolytic). Two types of slag were used in the course of this
investigation: the first type of slag had an increased iron
oxides concentration - 31,52% Fe,Os; and C/S - 1,67,
the second had an increased concentration of silica —
36,3%S10, and C/S — 1,22 [4].

The sessile drop method was used during this re-
search. The experiment was conducted in a tubular re-
sistance furnace in the argon atmosphere. All carbonif-
erous materials are not wetted by slag number 1 (with a
small influence of the time of the process). After some
time natural graphite and active carbon (charcoal) show
dynamic wettability by slag number 2, which contains an
increased amount of silica. Synthetic graphite, however,
still seems to be a non-wettable system. The reduction
process was predominant in the case of ferruginous slag
and it took place in all carboniferous materials. In case
of slag number 2 the reduction of silica was the main
reaction. It partially proceeded with substantial amounts
of unreacted SiO, visible in the section. The time was
1800s or longer.

The obtained results show the importance of the
chemical composition of slag and carbon materials as
far as the reduction process is concerned [4]. Many re-
searchers mention two basic mechanisms of iron oxides
reduction in the processes involving liquid state. Direct
reduction of liquid iron oxide by means of solid carbon
takes place according to the following reaction:

(FeO) + C, = CO, + Fe, (1)

Indirect reduction of iron oxides by intermediate
gas phases takes place according to reaction 2 and
Boudouard reaction 3 which plays an important role in
the kinetics of the reaction:

(FeO) + CO, = COy, + Fe, )

CO, + C=2CO 3)

These reactions require iron oxide diffusion from the
slag volume to the subdivision surface, a chemical reac-
tion on the borders of slag/gas division, CO, diffusion
into the interfacial area and a chemical reaction within
the gas/carbon and liquid slag/carbon interfacial areas.

The authors mention the results obtained by Sarma
and his associates, who conducted research into FeO re-
duction from liquid slag for concentrations below 10%
and basicity 1. The reduction took place in the temper-
ature 1300-1500°C and different carbon materials were
used. In the course of their research they discovered that
when coke was used as a reducer the reaction rate was
much faster than in the case of graphite and active car-
bon. They also suggested a mixed model of controlling



the kinetics of the entire reaction. Bafghi and other re-
searchers, who were also interested in slag foaming with
the use of graphite as a reducer of iron oxides in the
temperature of 1300°C, claim that the reaction rate is
affected by the chemical composition of slag. As a rule
the overall reduction rate is controlled by different stages
in series. For graphite the limiting stages include trans-
portation of mass in liquid phase as well as gas — slag
reaction. The gas — carbon reaction does not play any
role in the case of this process.

Figure 1 shows wettable systems and non wettable
systems as well as border values for each of them
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Fig. 1. Border values of wetting angles

Paper number 4 presents wetting angle measurement
in case of different carboniferous materials. Figure 2
presents the results of changing in the wetting angle in
the function of time.
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Fig. 2. The changes in the wetting angle for slag 2 and various car-
boniferous materials [4]

Picture number 1 shows slag 1 and 2 after approx.
30 minutes of exposure to natural graphite in the tem-
perature of 1500°C
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Picture 1. High temperature (1500°C) images of natural graphite with
slag 1 (left) and slag 2 (right) after approximately 30 min of contact
(4]

The authors [4] have drawn the following conclu-
sions from their research: in case of slag rich in iron
oxides all carboniferous materials show a lack of wetta-
bility (which does not increase with time). The beginning
of dynamic wetting takes place after 3000s for natural
graphite, after 7000s for charcoal 1 and after 5000s for
charcoal 2. The reaction rate and the measured amount
of waste gases CO and CO2 show substantial differences
for different slag — carbon systems.

The wettability characteristics do not depend on the
type of carbon materials used. When the iron oxides
concentration is low, the reduction of silica in case of
slag 2 is the dominant reaction. The overall reaction rates
were similar for both types of graphite. As researchers
did not expect the wettability to play any significant role
at this stage, they measured the reaction rates before the
dynamic wetting took place. The results show internal
reactivity of carboniferous materials with slag rich in sil-
ica. In the temperature of 1500°C the dynamic wetting
takes place long after obtaining the steady state of the
reduction reaction. The wetting phenomenon is a result
of the reaction products settling in the interfacial areas.
The results show that the chemical composition of slag
and of carboniferous materials plays an important role
in the process [4].

The authors [5] conducted research into the possibil-
ity of chrome recovery from slag used in stainless steel
melting. Chrome could be recovered by means of reduc-
tion from liquid phase. Slag containing approx. 2,66%
Cr203 and C/S - 1,35 was subjected to modification
of its composition by adding Al203 and SiO2. Using
a hot thermocouple technique the researchers measured
the melting temperature. They observed a decrease in
temperature in case of every modification. The results
are shown in Table 1.
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TABLE 1
Slag weight, basicity, T, measured using a hot thermocouple
technique [5]

Slag| Description Welght of Mixed Slag (&) C/S FE"g

SA SiO* APO?| Total CC)
SA No addition [10.0 - - 10.0 |1.35] 1444
SB | 5mass% SiO? |10.0 0.6 - 10.6 |1.14| 1387
SC | 10mass% SiO*> |10.0 1.2 - 11.2 [0.99] 1328
SD | 20mass% SiO? [10.0 2.4 - 12.4 |0.78] 1292
SF |10mass% AI’03[10.0 - 1.2 11.2 [1.35] 1299

The rate of chrome recovery for all temperatures is
quite slow. It is linked, however, to the addition of the
above mentioned fluxes. These fluxes make it easier to
obtain liquid slag and to obtain an earlier stage of reduc-
tion and as a result they improve chrome recovery index.
Furthermore, adding SiO2 is more effective because of
its impact on C/S index [5].

Paper [6] describes research into slag foaming which
is a result of FeO and carbon reaction in liquid slag.
Carbon was introduced in different forms, such as raw
carbon, charcoal (pyrolytic, active) and graphite. Gener-
ally speaking, the production rate of gaseous CO from
(FeO)-C reaction increases together with a rise in FeO
concentration in slag when the concentration ranges from
15 to 45%. The reaction rate measures per unit of ex-
ternal surface area is almost the same as for graphite,
active and bituminous carbon - even despite larger inter-
nal surface area and higher reactivity of active charcoal
(bituminous). The CO diffusion rate can be used to in-
terpret the behavior of slag during foaming. The foam
height increases with a rise in FeO concentration in slag
in the range from 15 to 25%. With higher FeO con-
centration the height of foam decreases — even despite
higher rate of gas generation. This happens because the
influence of decreasing the slag foaming index (when the
FeO concentration goes up) is more significant than an
increase of gas generation rate. Slag viscosity decreases
and slag density increases together with a rise in FeO
concentration in slag. Those two factors speed up the
process of bubble drainage from foam and as a result
affect its height (the foam decreases). When carbon was
used, a diffusion of an additional could be observed.
This component came from volatile parts of carbon. The
volatile parts, however, did not seem as effective in terms
of slag foaming as those produced during CO reaction.
It can be the case as gas bubbles generated during the
reaction are smaller, which results in a production of
more stable foam. What is more, when certain types of
carbon (anthracite) were used in the course of research,

diffused volatile parts caused carbon disintegration and
led to a creation of new, additional reaction surfaces.
This led to an increase in CO generation rate, which
resulted in higher initial foam. This phenomenon, how-
ever, did not increase slag foaming per mass unit of car-
boniferous materials that were blown in. The influence
of different forms and amount of carbon as well as the
size of particles should be examined further in order to
understand and optimize the foaming process [6]. It was
also stated that the mechanism controlling the reduction
rate remains to a large extent unclear [6].

The blast furnace process and especially the drip-
ping zone are particularly important because the reduc-
tion in liquid phases is very intensive there. The possi-
bility of liquid slag to drip in lower parts of the furnace
as well as the aeration of those lower parts affect the
efficacy of the furnace. The authors [7] conducted an
investigation into the interactions between coke and syn-
thetic slag of the blast furnace type in the temperature
of 1500°C. They used the sessile drop method during
their research. They carried out experiments lasting up
to 300min. They observed a reduction of SiO, from a
mixture of silica and carbon. The reduction began in the
temperature of approx. 1400°C in neutral environment
and proceeded according to the following reaction:

(Si0,) + C, = SiO; + CO, 4)

Si0; + 2C; = SiC, + CO, (5)

Combining equations 4 i 5:
(Si02) + 3Cs = SiC + 2CO ©6)

The conclusions drawn were as follows: wetting of
the slag/coke system improved quickly when the slag
basicity decreased within the range of 1 — 1.6; when
slag basicity was high coke did not show any wetting
properties — even after a long exposure to slag. On the
basis of a chemical analysis of the gas produced during
slag/coke reaction the researchers showed that the wet-
ting and non wetting behavior of the slag/coke system
depends significantly on the kinetics of silica reduction
on the subdivision surface of phases as well as on the
chemical composition of slag and coke. High content
of ashes in coke and a relatively high concentration of
silica in coke and in slag are conducive to the kinetics
of silica reduction and wetting of the system. As a con-
sequence, a sudden increase in slag/coke wettability was
determined by a decrease in slag basicity and an increase
in the amount of ash in coke. Wettability of graphite by
slag was minor. It was connected to a minimal amount
of ash in graphite. The conducted chemical analysis of



drops suggests that the chemical composition of slag af-
fects significantly the kinetics of wettability. This is due
to the fact that the silica reduction rate is higher for slag
samples containing higher silicon concentration. The au-
thors state that dynamic wetting can take place after the
reduction conditions become stable and that the reaction
products settle in the reaction area. Iron and SiC set-
tling on the surface of slag/coke play an important role
when it comes to changes in wetting conditions. The
research shows that the slag/coke surface phenomena,
which improve wettability, are related to an increase in
oxides reduction. These oxides can be reduced by carbon
on the border of phase division, such as silica. The re-
search also suggested an influence of settling substances
on a decrease in surface tension, and what follows on
improving their wettability. The authors concluded that
further research is necessary into the casting ability in-
dex in relation to slag/coke wettability for different parts
of the blast furnace [7].

Researchers [8,9] conducted an experiment using
the sessile drop method for two carboniferous mate-
rials (metallurgical coke and natural graphite) and for
slag from the electric arc furnace process in the tem-
perature of 1550°C. The aim of this research was to
improve the understanding of basic rules governing the
interaction between slag and carbon in the electric arc
furnace process. The following conclusions were drawn:
metallurgical coke was highly effective in terms of iron
oxide reduction, it had high gas generation rate but low
foaming capacities. The researchers had expected that the
diffusion of ash components from slag (mainly the diffu-
sion of silica) by means of decreasing the surface tension
would significantly affect the slag foaming. Despite this
fact, large amounts of produced gas in slag/coke chemi-
cal reaction did not stay in the volume of the liquid but
it left the reactive system. On the other hand, natural
graphite proved to be capable of iron oxides reduction
in the entire volume of slag. The reaction, however, pro-
ceeded more slowly. Slower rate of gas generation and
higher values of surface tension result in better gas reten-
tion thanks to stable foaming. The gas generation rate is
an important parameter when it comes to characterizing
the carbon/slag relations. It seems inevitable to optimize
the best ranges of reaction rates in order to retain gas
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in the volume of slag so that slag foaming could occur
[8,9].

2. Individual research

Research was conducted into the behavior of liquid
slag phases on the border of slag/graphite phase division
in the course of the reduction process. The changes in
liquid slag volume were analyzed. Basic materials used
during this research should be treated as waste materials
from metallurgical processes. These materials included:
BOF slag, mill scale, chrome steel melting slag. Basic
slag included: converter slag (BOF) — sample V as well
as stainless steel melting slag — sample IV. A mixture
on the basis of the above mentioned slag was made for
the purpose of this research. Mill scale and pure oxides
were added to basic slag - SiO, and Al,O;. What fol-
lowed was a synthesis in the liquid phase in a chamber
furnace in the temperature of 1450°C in alund crucibles.
The following sets of slag were prepared:

Sample I — a mixture of chrome slag + scale + pure
SiO02 + pure Al203

Sample II — a mixture of chrome slag + converter
slag + scale + pure SiO2 + pure Al1203

Sample III — a mixture of + converter slag + scale
+ pure SiO2 + pure AI203

Sample IV — chrome slag

Sample V — BOF slag

Sample VI - synthetic 4 component slag melted
from pure oxide components

After slag was ground in a vibrating mill a spec-
tral analysis of its chemical composition was conducted.
The composition of different types of slag was shown in
Table 2.

Then slag was ground in an agate mortar. Cylindri-
cal shaped samples (3-3mm) were formed. They were
placed on graphite plates and inserted one by one into a
horizontal pipe furnace. Graphite served as a source for
carbon and constituted a reducer. Reduction took place
in the argon atmosphere.

The analysis was conducted using high temperature
optical microscope EM201, a device produced by Hesse
Instruments which is equipped with image analyzer (Fig-
ure 3 shows a diagram of the workstation).
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Chemical composition of analyzed slag

Sample 1 Sample 11 Sample III Sample IV Sample V Sample VI
[%]
MgO 1,63 MgO 1,80 MgO 2,86 MgO 3,23 MgO 4,74 MgO 1,15
AI203 | 12,51 | AI203 | 11,65 | AlI203 | 13,52 | A1203 | 6,78 | AI203 | 0,88 | AI203 | 13,65
Si02 | 28,72 | SiO2 | 26,63 | SiO2 | 26,31 | SiO2 | 2847 | SiO2 | 18,85 | SiO2 | 59,78
P205 0,06 | P205 0,15 P205 0,20 | P205 0,06 | P205 0,50 | P205 -
K20 0,05 K20 0,04 K20 0,15 K20 0,04 K20 0,88 K20 -
CaO | 2542 | CaO | 3096 | CaO | 2580 | CaO | 4890 | CaO | 50,70 | CaO | 20,72
TiO2 0,76 TiO2 0,73 TiO2 0,12 TiO2 1,29 TiO2 0,17 TiO2 -
Cr203 | 4,83 | Cr203 | 4,81 | Cr203 | 0,00 | Cr203 | 9,64 | Cr203 - Cr203 -
MnO 1,11 MnO 1,08 MnO 1,21 MnO 1,59 MnO 2,40 MnO -
FeO 19,21 FeO 22,02 FeO 29,72 FeO - FeO 20,87 FeO -
BI 0,89 B1 1,16 BI 0,98 BI 1,72 BI 2,69 BI 0,35

1-halogen lamp 2 - specimen t.c. 3 - furnace with double t.c.
4 - CCD-camera 5 - specimen carriage

3

&

1
1

T

Fig. 3. Research equipment: a) a diagram and b) a picture of the measurement workstation

The images of the sample surfaces at the beginning,
in the middle and at the end of the reduction process on
the graphite plates are shown in Figure 4.

Picture 3 shows samples after they were taken out
from the furnace. One can observe differences in shape.
Sample V did not go through liquid phase. Sample III
underwent intensive foaming. Sample IV attained the
liquid state but the diffusion of gas in liquid state did
not take place.

As a result of this experiment the temperature of
transition of slag to a liquid state was obtained. These
temperatures were presented in Table 3.

TABLE 2
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Fig. 4. Changes in the slag shape and its state of matter when exposed
to graphite

sample | sample lll
sample IV sample V

Picture 3. Selected samples on graphite washers

TABLE 3
The flow temperature of slag on graphite plates
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decrease — this suggests a change in a direction of a
slag/graphite wetting system.
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Fig. 5. Wetting angles for selected slag samples with graphite

Figure 6 presents a change in the sample areas (their
volumes) in the function of temperature. In case of sam-
ples I, II, IIT one can see a change in the surface area of
the sample when the temperature increases in the course
of the reduction of metallic oxides from the volume of
liquid slag. In other two cases (samples IV and V) the
surface area (volume) did not change and remained sta-
ble. In case of sample IV it might suggest that the degree
of reduction was small or reduction did not take place
at all in the liquid phase. In case of sample V it can
suggest that slag did not liquefy at all.

aitiple Shownvaies Arsa

Sample I‘Sample I ‘ Sample III ‘ Sample IV ‘ Sample V ‘ Sample VI

Flow temp. (obtain spherical surface) [°C]

1153 ‘ 1291 ‘ 1250 ‘ 1544 ‘ - ‘ 1282

Slag/graphite wetting angles presented in Fig. 5 in-
creased to over 90° which shows there is no slag/graphite
wetting taking place in the first stage after obtaining the
liquid state — this is partially supported by data from
literature [4,7]. In the case of longer duration of the re-
duction process the wetting angles change, their values

Fig. 6. Changes in the surface areas of samples in the function of
temperature

In order to verify the possibility of reduction in
liquid slag phases samples II and VI were selected for
area analysis using a scanning microscope. Samples were
submerged in resin and metallographic specimens were
prepared. They were dusted with gold in order to analyze
them with a microprobe.
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3. The results of the conducted analysis Table 4 presents the chemical composition of initial
slag analyzed on the basis of slag powder by means of
SAMPLES II and VI SEM

Picture 5 presents a specimen of the slag drop sur-
face area (sample II) after the reduction process in the
temperature range 1291-1350°C.

Picture 4 shows powdered slag and the area of con-
ducted analysis

Picture 4. Powdered slag before the experiment (SEM)

TABLE 4
Chemical composition of slag before the experiment (SEM)

Slag chemical composition — “powdered slag”

[%]
pole C (0] Mg | AL Si Ca Ti Cr | Mn Fe
P1 382 | 31,63 | 2,51 | 5,15 | 11,35 | 30,98 | 0,56 | 1,23 | 1,39 | 11,37
P2 426 | 35,71 | 2,36 | 6,43 | 12,67 | 26,13 | 0,76 | 1,14 | 1,37 | 9,17

Srednia | 4,04 | 33,67 | 244 | 579 | 12,01 | 28,56 | 0,66 | 1,19 | 1,38 | 10,27
.duze” P1 | 341 | 3034 | 245 | 6,59 | 10,55 | 29,65 | 0,74 | 2,49 | 2,05 | 11,73

SE 09-Feb-10 WD56 . 2 s 09-Feb-10 WD56 .4mm 15.0kV x:

Picture 5a. Sample nr II Picture 5b. Smaller “crater” from sample II
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TABLE 5
The analysis of visible “craters” in the sample volume
Area of analysis near by right edge of bigger “crater”
c | o [m|a | si|[ca|n|ca|[m|r
[%]
Pl | 4834 | 22.86 | 0.66 | 228 | 410 | 1208 [ 030 | 157 [ 076 | 7.04
Area of analysis near by left edge of bigger ‘“crater”
P1 | 19441 | 23,72 | 1,86 | 6,24 | 10,11 | 22,81 | 0,35 | 3,93 | 1,44 | 10,13
P2 | 59,82 | 30,82 | 0,32 | 0,95 | 2,29 3,58 | 0,03 0 0 2,19
Area of analysis bottom of bigger ‘“crater”
P | 6445 | 319 [ 002|033 | o051 [ 183 [ 0 | 007|004 ] 083
Area of analysis bottom of smaller ‘“crater”
Pl | 5243 | 3186 | 027 | - | 310 | 873 [ 000 | 017 [ 0,00 | 344

Carbon concentration in slag (sample II) before the
experiment ranged from 3,41-4,26%. After the experi-
ment the analyzed empty “craters” (bubbles) suggest a
significant increase in carbon concentration in the ana-
lyzed spots. The concentration at the bottom of the crater
and at its edges is particularly high and it can be even
10 or 12 times bigger than before the experiment. It
can mean that CO or CO, was present in this spot dur-
ing the process. This was probably a gaseous product
of the reduction process. In the course of quick cooling
and solidification of the liquid, carbon diffusion occurred
according to Bell’s reaction:

2C0(g) = COz(g) + CS (7)

After theoretically temperature inversion 979K the
diffusion of carbon in solid form occurs, but obviously
it’s depends from composition of carbon oxide, dioxide

and pressures. The durability of oxides below this tem-
perature is much smaller than of carbon dioxide. The
presence of one of the reduction products may suggest
that the reaction took place within the volume of slag.
Finding pure iron, another reduction product, proved to
be impossible. This can be explained by short duration of
the reduction process. Table 6 and 8 present the analysis
results obtained by means of using a scanning micro-
scope on the areas of sample cross-sections for the se-
lected parts of the drop. The edges of interfacial slag/gas
craters show a decrease in carbon concentration and an
increase in the concentration of other elements that are
present in slag.

Picture 6 presents powdered slag and areas of con-
ducted analyses for sample VI

Picture 7 a 1 b presents the specimen of the slag
drop surface (sample VI) after the reduction process in
the temperature range 1282-1490°C.

TABLE 6
Chemical composition for different spots on the surface of the slag drop (sample II)
Left — top side drop C (0} Mg Al Si Ca Ti Cr Mn Fe
4-point 10,60 | 27,18 | 2,45 | 7,58 | 13,30 | 28,99 | 024 | 1,01 | 096 | 7.71
Mean
Right — top side drop C (0] Mg | AL Si Ca Ti Cr | Mn Fe
2- point 2646 | 27.82 | 1,94 | 722 | 759 | 18,03 | — | 586 | 098 | 4,12
Mean
Drop center C (0 Mg Al Si Ca Ti Cr Mn Fe
4 point 1137 | 2342 | 1,93 | 414 | 11,07 | 21,96 | 2,79 | 2,98 | 2,65 | 17,71
Mean
Down side drop (graphite) C (0) Mg | Al Si Ca Ti Cr | Mn Fe
4-point 12,23 | 28,06 | 1,76 | 345 | 14,71 | 29,89 | 2,34 | 033 | 2,76 | 4,49
Mean
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Picture 6. Powdered slag before the experiment (SEM)

TABLE 7
Chemical composition of slag VI
Slag chemical composition - “powdered slag”
[%]
Area of analysis C (0] Mg Al Si Ca
P1 2,99 42,04 1,57 7,85 30,39 15,16
P2 3,48 44,33 1,49 8,43 28,93 13,33
Mean 3,24 43,19 1,53 8,14 29,66 14,25
Bigger area of analysis
P1 3,93 43,13 1,38 7,44 29,90 14,22
Picture 7a. Sample nr VI Picture 7b. Bigger crater from sample VI
TABLE 8

Chemical composition for different spots on the slag drop surface (sample VI)

M AL i
Top side of drop ¢ ‘ 0 ‘ g ‘ ‘ Si ‘ Ca
[%]

3-point 879 | 36,18 | 147 | 812 | 3237 | 13,07
Mean

Center side of drop C (0] Mg Al Si Ca
4-point 850 | 3643 | 147 | 863 | 3205 | 1293
Mean

M Al i
Down side of drop (graphite) ¢ o & Si Ca

3-point

10,81 34,64 1,31 7,85 32,28 13,11
Mean




4. Conclusions

The conducted analysis focused on the behavior and

the interactions of slag exposed to solid graphite in the
course of the reduction process of metallic oxides in ion-
ic liquid. The following conclusions can be drawn from
the obtained analysis results:

1.

Despite the lack of wetting phenomenon between
slag and graphite the reduction process takes place
with different intensity. This fact is supported by the
changes in the sample volumes resulting from the
diffusion of gaseous products such as CO, CO2. The
gas diffusion (and slag foaming) affects the volume
of the liquid drops.

Carbon concentration on the surface of the crater
(bubble) and on its edges is 10 to 12 times bigger
that the initial concentration in slag

A transitional period (sample I and VI) could be
observed for the changes in the sample volume af-
ter the temperature of liquid state had been reached.
The sample surface did not get bigger. Only when the
temperature increased did the sample volume change
intensively. The incubation period shows that the slag
solution needs to reach a certain temperature in or-
der for the reduction to take place. It can also suggest
that the physical properties, such as viscosity, surface
tension change.

Basic slag: converter slag (sample V) and stainless
steel melting slag (sample IV) have higher melting
temperature. In case of sample IV it is the result of
Cr203 presence in slag, in case of sample V it is
because of CaO.

Thanks to the modification of slag’s chemical com-
position it was possible to obtain lower melting
temperatures for samples I, II, III. These samples
contained BOF and stainless steel melting slag. Dur-
ing the experiment the reduction of metallic oxides
took place in each of the samples, which was in fact
the aim of the experiment. The volume of samples
I and III doubled from the moment it liquefied to
the end of the experiment. This may suggest that
slag has very good foaming properties or that the
reduction process was extremely intensive.

Received: 10 April 2010.
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6. Further research is expected to focus on the influence

of selected factors on the efficiency and kinetics of
the reduction process of liquid slag and the possibili-
ty of recovering certain elements — Fe, Cr, Ti and Mn.
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