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Abstract: The reduction mechanism of stainless steelmaking dust and carbon pellets was investigated. The metal

oxides present in the dust were reduced by carbon with a new direct reduction technology. The direct reduction pa-

rameters were determined by measuring the rates of dust melting and reduction. The results show that the rate of re-

duction is faster than that of the melting. Both melting and reduction processes are accelerated by the direct transfer

of heat from the smelting slag. The recovery of metals is improved while the pellets were added to argon oxygen de-

carburization( AOD) or vacuum oxygen decarburization( VOD) vessels in the late period of the first smelting stage.

More carbon travels to the slag instead of to the steel because the diffusion coefficient of carbon, impacted by the

viscosity of slag and surface tension between slag and melted steel, is larger in the slag than in the steel. The viscos-

ity of slag is about 2. 54 Pa * s and the surface tension between slag and steel is about 490 mN/ m.
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1 INTRODUCTION

The smelting temperature generally reaches
1600 C or higher in stainless steelmaking opera-
tion. Under this condition, approximately 1% ~2%
(mass fraction) of the scrap charged into the fur-
nace is converted to dust'' as by-product of steel-
making process. It has been assigned as a hazard-
ous waste and banned from landfills by various
government regulatory agencies because it contains
a lot of heavy metals such as zine, lead, cadmium,
chromium and nickel, which will be leached into
groundw ater or surface water when stockpiled and
result in the pollution of environment'”. Many
dust treatment methods were developed in the
past ™, while most of them only dealt with the
recycling of zinc and lead from the dust'® 7. Solid-
ification of the dust lost the valuable metal re-
sources in it'*" and plasma treatment of the dust

I A new tech-

consumes too much electric power
nology for directly recycling the stainless steelmak-
ing dust was developed ', which was a self-
reduction process.

The improved method is aimed at recovering
the metallic elements from the dust directly to the
steel bath. In this process, the dust is mixed with
carbon as reducing agent and then formed into pel-

lets that are subsequently fed to the steelmaking

furnace AOD or VOD. Under the thermal condi
tions that prevail in the furnace, the metal oxides
in the dust are reduced by carbon. But the recovery
of chromium from the dust is not so perfect as that
of other metals.

This study focused on the mechanism of the
direct reduction process by investigating the mor
phology and diffusion of carbonide chromium re-
duced in the new technology, the factors on reduc
tion degree, the allocation of pellets in slag and
steel, and the schedule for adding pellets. More
over, the viscosity and surface tension of slag were
also calculated. There were only a few reduction
mechanisms on the direct recycling of stainless
steelmaking dust even though some of them have
been undertaken on the iron composites and chro-

14, 15 “
L I However, there were few studies

mite fines
about the mechanism of the direct reduction in
electric furnace, AOD or VOD, especially in prac

tice.
2 EXPERIMENTAL

2.1 Materials and apparatus

The stainless steelmaking dust used in the ex-
periments was taken from a house-bag. The range
of particle sizes in the dust samples was very wide
from less than 0.074 mm to larger than 0.48 mm
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and the diameters of it are given in Table 1. Ele
mental analysis of the dust samples was performed
using X-ray Fluorescence( XRF) and its composi
tion is listed in Table 2. Most of the elements
within the dust are oxidized because it was formed
in air at high temperature. X-ray diffraction( XRD)
analysis indicated that the main phases present in
the dust were Fe.03, Cr.03, CaO, NiO and ZnO
and the phase compositions are given in Table 3.
The carbon used as the reducing agent was finer
than 0. 034 mm and the CaO used as the binder in

the pellets were finer than 0. 45 mm.

Table 1 Distribution of dust particle sizes

d/mm > 0.48 0.48 0.2 0.147 0.1 0.074

w/ % 15.57 32.28 5.98 23.83 20.00 2.33

Table 2 Element composition of stainless
steelmaking dust(mass fraction, %)

Ca S G Pb Mn Mg

0.18 0. 007 1.47 2.92 3.61 1.57

Zn Ni Fe Si Cr

17. 87 1.70 20. 89 4.70 10. 28

Table 3 Main phases of stainless steelmaking
dust( mass fraction, %)

Ca0 PhO MnO MgO Zn0
0.252 3.287 4.661 2.603  22.243
NiO Fe: 05 Si0> Cr20;
2.163 29. 866 10. 07 15. 025

The pellets were made from the mixtures of
stainless steelmaking dust, carbon and CaO. They
were agglomerated by hand using a semrball
shaped ceramic bowl. Water droplets were added
to the 4 =8 g dust/ carbon/ CaO (some of them with
additive Fe powder) mixture gradually. The ball
was rolled for several minutes after the pellet was
completely formed and then dried at 120 C for 3 h.
The diameter of pellets varied from 12 to 20 mm.
Four types of carbon content of 10%, 15%, 20%
and 25% ( mass fraction) were chosen. In each
case, the binder content maintained as 5%.

The schematic diagram of experimental appa-
ratus is shown in Fig. 1. In this system, an electric
furnace was used to heat the pellets and an electri-
cal microbalance to measure and record the mass
changes of pellets at an interval of 30 s. The mass
of pellets in the thermal process were printed out

automatically using the printer that was linked to
the microbalance.

Electric scale

Printer
—Qas

Electric
furnace

Thermocouple

Fig. 1 Schematic diagram of
experimental apparatus

2.2 Experimental procedure

The furnace was heated to a certain tempera-
ture first and then nitrogen was introduced to the
furnace at 1.5 L/ min in order to prevent the oxida-
tion of carbon in the pellets by oxygen in the air
during experiments. The pellet was put into the
alumina crucible and then sent to the furnace. The
microbalance recorded the mass changes of the pel-
let and the reduction degrees of pellet were calcu-
lated according to the ratio of the mass loss and
original mass of pellets. The rates of smelting and
reduction were detected by heating two exactly
same pellets in the same way.

3 RESULTS

3.1 Reduction degree

It was found that the reduction degree ( oxy-
gen removed / maximal oxygen removed) of pellets
was related to several factors such as temperature,
reduction atmosphere and additive iron content.
Fig. 2 shows the profile of reduction degree of the
pellets, which contain 15% (mass fraction) carbon
and bear 19 mm of the measured diameter, reduced
at different temperatures of 1200, 1300, 1400 and
1500 C. The figure clearly shows that the reduc
tion degree of pellets increases with temperature,
but the effect of reduction temperature on the re-
duction degree is not obvious at relatively low tem-
perature. Fig.3 shows the effect of atmosphere on
reduction degree. Application of a nitrogen atmos-
phere in the thermal process is very important for
the pellet reduction. Fig. 4 shows the relationship
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between reduction degree and amount of additive
iron. It can be seen from Fig. 4 that the reduction
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Fig. 4 Relationships between reduction degree and

time for pellets with different Fe contents
(Diameter of pellet 19 mm, carbon 10%, 1500 C)

degree increases with more additive iron powders
because they diminish the activation energy during
metals being reduced from oxides. However it is
not suitable to add much more iron powders be-
cause carbonization will happen and more reducing
agent will be consumed, which will be discussed in
the following part.

3.2 Reduction and melting rates of pellets

In practical direct recycling operation, the
process of reduction can be classed into two stages
after the pellets are added to AOD or VOD furnace
at high temperature over 1 600 C. The metal ox-
ides are reduced directly by carbon due to the con-
tact between the particles in the first stage. In the
second stage, the reduction depends on the Boud-
ouard Reaction and the metal oxides are reduced by
carbon monoxide produced in the first stage. How-
ever, the experimental temperature in this study
was lower than that of practical operation so that
the rates of reduction and melting were much
slow. According to the observation in the run, the
effect of temperature on the rate of melting is much
great. Fig. 5 shows the thermal process of stainless
steelmaking dust pellets by using TGA and DTA.
A heating rate of 15 C/ min for TGA and DT A was
chosen up to 1300 C under argon atmosphere, as
it was sufficiently slow to allow for separation be
tween the reactions that take place during heating
up. Fig. 6 gives the profile of the effect of diameter
on reduction degree at 25% (mass fraction) of car-
bon content. Fig. 7 gives the experimental result
on the smelting rate of pellets at 1 500 C.
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Fig.5 TGA —DTA curves of pellets
(Comment: 15 C/min, Ar2 50 mL/ min)

From Fig. 5, the time for heating pellets was
attained by the heating ratio. Except for the evapo-
ration of water from pellets at initial heating, it
took about 13 min for the mass loss of pellets in
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0.367TMugo+ 0.48Mr,0,+ 0.402M a0,
100 = 0.45x0. 16+ 0.286x 0. 34+ 0.204x 0. 22+
0.35x0.10+ 0.237 x0.05+ 0.367x0.07+
80 0.48 x0.02+ 0.402x0.02
= = 0. 304 (2)
[#)
=S 60 s0, Paoc= 3.289 g/ cm’.
< where Pstands for the density of steel or slag.
.§ According to the Eqn. (1), the density of slag
_::j:’ 40 was obtained at 1550 C as
& Assoc= Paoc+ 0.07(1400- ¢/ 1400
20 = 3.289+ 0.07 x (1 400- 1550)/1400
= 3.282 (g/cm’)
. l . ] . The density of slag may be different during
0 2 4 6 8 10 12 the smelting process because the composition of
Time/min slag is not always constant, but the differences are

Fig. 6 Reduction degrees of pellets at 1 500 C
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Fig.7 Melting rate of pellet at 1 500 C

reduction process and this was similar to the reduc
tion time in Fig. 6. Because the experimental tem-
perature in Fig. 6 is higher than that in TGA-DTA
test, the former reduction time was much short. It
is very clear by comparison of Figs. 5, 6 and 7 that
the reduction rate is much quicker than that of the
molten. Therefore, metal oxides in pellets will be
reduced first, and then the reduced metals travel
from slag to the liquid steel in the direct recycling
operation.

4 DISCUSSION

4.1 Allocation of pellets in steel bath
The specific volume of slag @ can be gotten in

the way as follows''® "'

Q= Auwc+ 0.07(1400- ¢t/ 1400) (1
Pdoo c= 0.45Msi0, + 0. 286M co+
0.204M7ve0+ 0. 35Mre,0, + 0. 237M yno0 +

not so great. Although the density of the pellets
varies with different carbon content, it is very sim-
ilar to each other due to the small difference. T ak-
ing a certain carbon content pellet as an example,
its density could be gotten by Eqn. (3).

P= my/ Vo= 3.663 g/ cm’ (3)

On the other hand, the density of liquid steel
is about 7.78 g/ cm”.

After comparing the densities of slag, liquid
steel and pellets, the allocation of pellets in the
smelting bath can be determined in the place be
tween slag and liquid steel as shown in Fig. 8. It is
approximately 1/10 of the pellets present in the
liquid steel and the others in the slag. The diffu-
sion of metals reduced from pellets mostly occurred
in slag and the slag property also played an impor-
tant role in the diffusion process.

Slag layer RN x\§§~‘\~\§

N

P ellets\ Metal double layers
|~

Liquid stcels

Fig. 8 Allocation of pellets in
steelmaking bath

4.2 Schedule for pellet adding

In general, there are three stages in stainless
steels refinement by AOD furnace. The mass ratio
of argon to oxygen is 1. 2 in the first stage and 2
: 1 in the second stage for 15 min, then additions
and reducing agents are added in the last stage.
The chance for pellets adding depends on the prop-
erty of dust and slag. If pellets are added in the
first stage, the reduction degree of the metal ox-
ides is not high enough because the atmosphere in
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the furnace is oxidizability. If pellets are added be-
tween the end of the first stage and the beginning
of the second stage, there are 15 min for full reduc
tion and element transfer. Furthermore, the volat-
ilization of CO, Zn and Pb, which created in the
process of reduction, accelerates pellets decompo-
sition and melting in favor of recovery of reduced
chromium and iron.

The component of the slag will not be changed
so much in the direct recycling operation because
the amount of added pellets is small. The quantity
of added silicon and aluminum as reductant for the
reduction of Cr20; is similar to no-joined pellets.
The relationship of schedule and metal recovery ra-
tio is given in T able 4. Based on Table 4, the high-
est recovery of chromium and other metals can be
achieved when pellets with 15% carbon are added
into electric furnace in the end of the first smelting
stage. Some other relationships between the esti
mated reduction and residual carbon and initial car-
bon from TGA test are also given in Table 5.

Table 4 Relationship between joined time and
recycling ratio

Recycling ratio of metals/ %

Joined time

Fe Cr Ni Mn

Oxidizing period 98 70 98 97
Middle of first stage 99 85 99 98
End of first stage 98 98 99 99
Middle of second stage 95 92 95 94

Table 5 T GA test results using different
pellet compositions

Initial C content/ Residual C content/ Estimated reduction/

% % %
5.0 0 56
10.0 0 67
12.5 0.04 84
15.0 1.41 100
35.0 2437 100

4.3 Carbon diffusion

Carbon diffusion is related to the schedule of
pellets adding. If some carbon doesn't attend the
reduction reaction, they probably move into the
liquid steel through metal double layers. If the
metals and carbon presents in the form of Cr.C,
and Fe.C, in the steels, it would make stainless
steel products corroded in the way of intercrystal-
line and severely impair the quality of stainless

[18]

steels While carbon moves to the slag, it

scarcely damages the quality of stainless steels and
it is also beneficial to the reduction of metal oxides
in slag. In order to prevent carbon transferring in-
to steel, two ways can be taken in the direct recy-
cling practice. One is to reduce the carbn content
in pellets. The other is to change the schedule for
pellets adding to the furnace.

The main reactions of carbon and metals are as

follows:

[C]+ 3Fe™FesC (4)

2[C]+ 3Cr—Cr3(C (5)

6] C]+ 23Cr—Cr2Cs (6)

(1/6) CrisCs+ FeO ——(26/6) Cr+ Fe+ CO
(7)

(1/6) CrCs+ (1/3) Cr203 ——(27/6) Cr+ CO
(8)

The diffusion coefficient of carbon in liquid
steel is Di= 6x107°~7x 10" ° em®/s, and in slag
D2> 2.4 cm’/s at 1550 C. Some carbon without
involving in the reduction will form carbonides
through Eqns. (4), (5) and (6). On the other
hand, will be oxidized again
through Eqns. (7) and (8). It is because most pel-

the carbonides

lets lie in the slag that the carbon entered slag will
react with metal oxides in the slag. In order to re-
duce the time period of operation and not affect the
quality of steels, the amount of the pellets added
to the furnace should be 5% ( mass fraction) in
AOD furnace. Moreover, the diffusion rate of car-
bon in slag is much quicker than in steel. So the
content of carbon in steels will not rise after pellets
are put into the furnace.

T able 6 is the result of experiment with an in-
duction furnace. The residual carbon in ingot is
checked and the ratio of recycled metals in different
direct recycling parameters.

4.4 Surface tension and viscosity of slag

The surface tension between slag and liquid
steel affects the melting of pellets and the element
transfer. It was estimated by some researchers
with about 490 mN/m at 1550 C''"" and decreased
at higher temperature.

Viscosity of slag can be calculated by using
Eqns. (9) and (10).

logTE 7.368+ 2. 068Msio,+ 1.985y (9

y= 8= {2(Mreo+ Mcio+ Mna,0+ Mk,0+

2M car, + 2M sio, + 3M an0,) }/ (Msio, + 2M a1,0,)

= 8- {2x[(0.22+ 0. 1)+ 0. 34+ 0. 02+

2x0.16+ 3x0.02]}/(0.16+ 2x0.02) (10)
so, loge 2.54 Pa* s.

Under this viscosity, the balance content of
Cr20; in slag is approximately 3% at 1 550 C and
will decrease at higher temperature. According to
this, Cr203; will be easily reduced and move into
the liquid steels.
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Table 6 Summary of induction furnace tests
e r— Starter Pellets C c.ontent Crz.O3 content Fe, 03. . Fe4) . Nis) . Cr(,, Ingot  Slag
Ko, iron mass/  mass/ in ingot/ in slag/ content in  yield?/  yield’/  yield”/ mass/ mass/
kg kg % % slag/ % % % % kg kg
ALY 3. 632 7.28 1.10 19. 06 15.27 93. 08 100 54.42  6.510 1.589
A2V 2.384 4.68 0.25 4.57 2.99 98. 81 100 79.60  4.186 2.088
A3? 2. 270 6.31 18.95 7.05 94. 95 100 23.61 7.09 3.179
B1Y: 7 3.362 1.14 0.27 6.25 8.70 97.90 100 46.28  3.859 1.194
B2Y 3. 632 1.18 0.02 100 100 100 4.313 0
B3Y 4. 540 1.18 0.19 5.19 3.88 99.75 100 80.55  4.994 0.431
B4” 4. 540 0.59 0.04 100 100 100 4.767 0
B5" 4. 540 0. 454 0.03 11.67 60. 35 98. 45 100 16.84  4.40 0.163
B6" 4.549 0. 89 0.13 9.56 40. 68 98.97 100 71.94  4.567 0.163
c1 9.098 1.82 0. 06 2.42 4.09 96. 18 100 94.63  9.625 0.404
c2h® 9.173 1.82 0.10 1.93 9.61 87.78 100 94.49  9.734 0.554
3 A 8.987 1.82 0.18 0.77 2.16 95. 40 100 93.98  9.734 1.480
c4" 89 13.575 0.87 0.05 2.71 13.82 100 72.29 30.02  0.872

Pellet composition: 80% EAF Dust+ 15% carbon+ 5% dolomite

1) —No prereduction; 2) —Prereduction in air at 1 000 ‘C for 30 min; 3) —Pre reduction in nitrogen at 1 000 ‘C for 30 min;
4) —Amount of Fe in ingot-mass of starter/ amount of Fe in ingot+ amount of Fe in slag-mass of starter;

5) —Amount of Ni in ingot/ amount of Ni in ingot+ amount of Ni in slag;

6) —Amount of Cr in ingot/ amount of Cr in ingot+ amount of Cr in slag;

7) —No stirring; 8) —CaSi used as a reductant; 9) —Lime addition

5 CONCLUSIONS Times International, 1996, 20(4): 46 ~50.

1) High temperature, inert atmosphere and
addictive iron are favored for high recovery of met-
als.

2) After the stainless steelmaking and carbon
pellet is added to the furnace, it will lie in the
interface of slag and steel. 1/10 of it will be in the
liquid steel and the others in slag. The reduced
metals transfer from slag to steel. The rate of re-
duction is much quicker than that of melting and
the slag will enhance both rates.

3) The recovery of metals will be increased
when the pellets are added in the end of the first
reduction stage of smelting practice, especially Cr
reduction degree could reach as high as 98%.

4) The carbon remained in the pellets will
move into slag. It depends on the viscosity of slag
and surface tension between slag and steel. The
viscosity of slag is 2. 54 Pa * s and the surface ten-

sion is 490 mN/ m.
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