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1 Introduction

A new stainicss steelmaking shop (Ne. 4 steelmaking
shop), which was constructed as part of the Chiba Works
modernization plan, was started up in July 1994, and 1s
continuing to operate smoothly. "

The study of the production process at the new steel-
making shop was carried out from various vicwpoints,
including productivity, quality, the environment, and
others, but in deciding the refining process, first consid-
gration was given to securing a high degree of freedom
in the selection of Cr, Ni, and other main raw matcrials,
which account for the larger part of the cost of produe-
ing stainless steel. As a result, a decision was made to
minimize the use of ferrochrome, which consumes a
large amount of clectric power, and adopt the smelting
reduction furnace, which 15 a dircet reduction process
for Cr ore using oxygen and coke. taking advantage of
the location of the new plant in an integrated steel
works. Efforts were also made to cnable the plant to use
stainless steel scrap in large quantity. This paper
describes the circumstances of the development of the
stainless steel refining technology, centering on smelting
reduction for the direct use of Cr ore and also including
decarburization refining, the decision of the equipment
specifications, and an outline of operation since startup.

* Originally published in Kawasaki Steel Giko, 28(1996)4, 213 -
218

Synopsis:

Kawasaki Steel constructed a new stainless steelmak-
ing plant as a part of modernization plan of its Chiba
Works, which started its operation in July 1994, This
report describes the design of rwo main corverters in a
steelmaking shop, SR-KCB and DC-KCB. Main features
of SR-KCB are the direct use of Cr ore sand and « high
scrap melting capability. In DC-KCB, a rapid decarbur-
ization from high carbon conten! of more than 5% can
be achieved by strong stirving and large flow rates of
dilution gas. By a combination of DC-KCB and VOD,
wltra low carbon steel can be produced without excess
chromium oxidation in an ordinary reatment time.

2 Trend in Stainless Steelmaking Processes at
Kawasaki Steel

In the 42 years since Kawasaki Steel began o produce
staintess steel by the electric arc furnace at Nishinomiya
Works in 1954, numerous improvements have been
made in the equipment and process to improve produc-
tivity and quality and reduce costs. Figure 1 shows the
trend in stainless steclmaking processes during this
period, categorized by Ni type and Cr type stainless
steels.

The most important changes are represented by the
following:

(1) Start of the 1970s: Introduction of VOD for ferritic
stainless steel and start of production of martensitic
stainless steel at Chiba Works by the two-blow
process in the LD converter and continuous caster

(2) 1981: Consolidation of the company’s stainless
stecimaking shop at Chiba Works and introduction of
K-BOP (combined blowing converler)

(3) 1986: Introduction of smelting reduction process for
pre-reduced Cr pellet using two K-BOP converters
{4) 1994: Introduction of smelting reduction process for

Cr ore and vertical-bending continuous casting

machine at the startup of No. 4 steelmaking shop

The above-mentioned process and  equipment
improvements were measures o improve productivity to
meet increased demand for stainless steel or respond to
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high purity and other quality requirements, and at the
same time, were also techniques for using low-cost raw
materials to reduce costs and techniques for energy sav-
ing by shifting from electric power to coal energy. More-
over, the Chiba Works modernization plan also included
the development of technologies for reducing industrial
wasle, etc. to realize a true urban steel works.

3 Concept of New Stainless Steelmaking Shop

Figure 2 shows an outline of the refining process at
the new stainless steelmaking shop. In particular, con-
sidering the site conditions of Chiba Works as an urban
steel works, the process gives high priority to recycling
in order to ecliminate industrnial waste, based on an
awarcness of environmental problems. Concretely, a ncw
refining furnace (STAR furnace} was constructed to treat
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stamnless steel dust, and a process in which Cr-bearing
dust generated by the steelmaking shop 1s melted,
reduced, and reused as a raw malterial for stainless steel
was completed. Stwinless steel slag 1s recyeled as
roadbed material or as a submatcrial for the STAR and
other processes, and the gas generated by the new stain-
less steelmaking plant 15 recovered and used effectively
as an cnergy source for the works.

Figure 3 shows a schematic outline of the STAR
process. The dust discharged from the converters at No.
4 steelmaking shop is condensed from the dust collector
water into slurry by the thickener. The slurry is again
condensed in the tank and dried in the spray dryer and
processed into raw material for the STAR furnace.? The
STAR furnace is a coke-packed shaft-type smelting
reduction furnace with two-stage tuyeres, in which coke
is supplied from the furnace top and the raw material
(stainless steel dust) 1s blown into the furnace as powder
from the upper stage of the two-stage tuyeres, and
melted and reduced. As raw material, it 1s also possible
to use pickling sludge and other materials generated in
the works in same manner, as well as the dust generated

Steel Cold mill

making pickling

dust sludge Hat
\ / cyclone

Injection
tank

Fig. 3 Schematic illustration of STAR process
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Fig. 2 Refining prosess for the new stainless steelmaking shop at Chiba Works
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n the steelmaking shop. Dry dust is blown without fur-
ther processing, while water-bearing dust is blown as a
slurry-type material after drying in the dnier. Slag pro-
duced by the stainless steel decarburizing furnace is
reeycled as raw material for the STAR furnace and other
processes, contributing to the mimmization of industrial
wasic.

4 Development of Smelting Reduction Process
Using Cr Ore

4.1 Design Concept of Smelting Reduction
Furnace

At Chiba Works, a smelting reduction process using
two K-BOP converters had already been adopted at No.
1 steclmaking shop in 1985, Table 1 shows a compari-
son of the main differences between the smelting reduc-
tion process at No. | steelmaking shop and the smelting
reduction process adopted at the new stainless shop.

The conventional smelling reduction process at No. |
steelmaking shop used semi-reduced Cr pellet to enable
processing within the short time allowed by continuous-
continuous casting. At No. 4 steelmaking shop, equip-
ment was adopted which enables direct charging of Cr
ore inte the furnace with no need for pre-processing,.

First, an exclusive-use lance for Cr ore charging was
adopted for direct addition of Cr ore sand into the fur-
nacc with good yield.

Second, a large inner volume was adopted for the
smelting reduction furnace, making 1t possible to hold a
large quantity of slag in the furnace, in consideration of
a slag composition design that enables dilution of
gangue and desulfurization, as required when raw orc is
used.

Third, the oxygen flow rate was increased greatly over
the conventional specification, to a maximum 9350
Nm?/min, to enable smelting reduction of raw Cr ore
within a specified time.

Fourth, a strongly-stirred top and bottom blowing
converter with eight concentric-type bottom blowing

Table | Main features of SR-KCB in the new stain-
iess steelmaking shop compared with those
of K-BOP in No. | Steelmaking shop

. ”7777777{’\; H(_)l’“h-x-:-\‘o,l SR-KCBin No.4
steeimaking shop|steelmaking shop
Cr saurce | prereduced [Crore
Crore Scrap
Serap Recycled metal
1mxrcjri;rz_irlruir11rr=ruf furnncé (m’-)-—_“ 173 o liiTéhWWi
Heal capacity () 5 185
Max O, flowrate  (Noymin)| 300 | 950
l%-r:rt(-};n.gns flow rate(Nm*/min) 0.6~ 0.78 0.5 ~I3 )
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tuyeres was adopted, based on experiments and operat-
ing expericnce at No. 1 steelmaking shop, to increase
the Cr ore reduction rate and make 1t possible to melt
scrap in large quantity. The bottom blowing gas flow rate
was sct at (.5-1.2 Nm*/min't,

4.2 Development of Lance for Cr Ore Charging

Minimizing the use of ferrochrome, which consumes
a large amount of electric power, and cnabling the direct
use of raw Cr ore were the most important tasks for
increasing the degree of freedom n blending raw mate-
rials in the smelting reduction furnace at the new steel-
making shop. The lager part of the Cr ore produced
worldwide is sand, and, thus, scattering and loss into the
exhaust system were feared, depending on the method of
addition. Therefore, Cr ore addition experiments werc
carried out in advance at No. 1 steelmaking shop, and
the advantages and disadvantages of the respective
methods of addition were compared.

Table 2 shows an example of the particle size distrib-
ution of Cr ore. The sizes 150- 600 xm are fine-grained
particles which account for more than 80% of the total,
and there was concern that scattering would be a prob-
lem if charging into the converter was inappropriate.
Therefore, Cr ore addition experiments were conducted
at No. 1 steelmaking shop with the two methods shown
in Fig. 4. In method A, charging was performed by

Table 2 Typical example of particle size distribu-
tion of Cr ore

Doy . 1
Particle size 600 300 150 195
(gm)

Cumulative

I
greater than | 0.1 i vt | osod |ow7d 597
e (%E.» - I | i
Bunker
Method A

Tup lance

Method B

Dispenser

Fig. 4 Experimental mecthod for Cr ore addition in
K-BOP in No. | steelmaking shop
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pouring the ore into the converter in one batch from a
furnace-top bunker, while in method B, an exclusive-use
lance was inserted through the tap hole and the Cr orc
was blown directly into the converter. The exclusive-use
lance in method B is a 50 A steel pipe protected by a
high-alumina castable. As shown in the figure, the ore is
charged with the tip of the lance aimed toward the slag
surface. Blowing at 10 Nm*/min is possible using N, as
the carrier gas.

In these cxperiments, one aim was to investigate the
yield of the Cr ore added to the converter. For this rea-
son, the yield of Cr orc added to the converter was
defined as the sum of the Cr ore yield in the slag and in
the metal. Figure 5 shows the relationship between the
converter exhaust gas flow rate and the yield of Cr ore
during the experiments with the two experimental meth-
ods. Here, the conventional method means the method
of charging semi-reduced pre-reduced Cr pellets from
the furnace top. Scmi-reduced pellets are a lump-type
raw material in which the particle size 10-15 mm com-
priscs more than 83%, and the yield of semi-reduced
pellet is over 95%.

Figure 6 shows the particle size distribution of con-
verter dust collected by the dust collector in comparison
with the conventional method. When material is poured
in from the furnace top (experimental method A), the
dust of sizes 150-500 gm, which accounts for the larger
part of the Cr ore, increases in comparison with the con-
ventional method and experimental method B, and therce
is a high possibility that scattering loss will increase. An
analysis of the Cr component of the dust showed that the
Cr content is high in the region of 130-500 #m in exper-
imental method A. From this result as well, it was con-
sidered that direct scattering of the Cr ore would occur
with method A. In patticular, when the oxygen supply
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rate increases, the rate of scattering becomes high, With
method B, the Cr ore yield was more than 98%. More-
over, looking at the effect of the lance position, yield
became somewhat higher when the Cr ore was intro-
duced with the lance inserted deep into the converter,

The experiments described above made 1t clear that
the method of charging loose Cr ore from the furnace
top 1s not an appropriatc method of adding Cr ore
because the rate of Cr ore scattering becomes excessive
as the oxygen supply rate increases. It was also found
that Cr orc can be added with good yicld by blowing the
Cr ore into the furnace through a tance inserted in the
tap hole.

Because this knowledge was also to be used in the
design of the new steelmaking shop, a numerical analy-
sis of the gas flow 1 the converter was carnied out. The
two-dimensional gas flow was analyzed using the com-
mercial code PHOENICS. The reaction model was orig-
inally proposed by Kato ct al.” and was modified for the
use of PHOENICS. The gas flow pattern in the furnace
was calculated after adjustment to achicve agrecment
between the actual and calculated values of the post-
combustion rate in the furnace. An example of a calcu-
lation is shown in Fig. 7. In the furnace, the oxygen sup-
plied by the top-blowing lance generates a downward
flow with the furnace center as its axis, and the upward
flow increasc as the distance from the wall decreascs.

The gas flow velocity at the position of Cr ore addi-
tion was obtained from the calculated results. It is also
conceivable that Cr ore yield 15 affected by the initial
velocity of ore dropping at the addition position, as well
as by the gas flow velocity. However, under the condi-
tions used in these experiments, the dropping velocity
was approximately 0 m/s with experimental method A
and approximately 30 m/s with experimental method B.

KAWASAKI STEEL TECHNICAL REPORT
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For convenicnee, the difference between the gas flow
velocity and the dropping velocity is defined here as the
relative downward velocity of the ore. The relationship
between the relative downward velocity and Cr ore yield
is shown in Fig. 8 A clear relationship can be scen
between the two, indicating that the Cr ore yield can be
roughly estimated from the relative downward velocity.

Increasing the relative downward velocity by raising
the initial velocity of the Cr ore was also considered as
a method of improving the Cr ore yicld, but pipe wear
will become a problem if the Cr ore is transported
through piping at high speed. Therefore, the initial speed

O K-BOP in No.1 steelmaking shop  Method A
@ K-BOP in No.1 steelmaking shop  Method B
W SR-KCB in No.4 steelmaking shop  Cr lance

100

o5

90 -

BS [

Chromium ore addition yield (%)

80 PR | i i "

Relative downward velocity {m/s )

Fig. 8 Relation between Cr ore addition yicld and
relative downward velocity calculated as the
difference between downward velocity of Cr
ore and that of gas
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during addition should be minimized. Accordingly, the
most appropriate method 1 direct addition of the Cr ore
in the vicinity of the furnace center, where the down-
ward flow occurs.

The exclusive-use Cr ore charging lance was adopted
at the new steelmaking shop based on the experimental
results and the results of the numerical analysis
described above. Figure 9 shows a schematic illustration
of the Cr ore charging lance. The Cr ore is dried in
advance to ensure good transportation properties and
preveni stock hanging and to minimize the loss of heat
energy, and is then transported to the furnace top and
btown from the Cr lance. The Cr ore charging lance has
a raising and lowering function which is independent of
the top blowing lance, and is lowered to charge Cr ore
only during the smelting reduction period. The lance is a
water-cooled three-tube concentric design constructed to
withstand the thermal load in the furnace. As a counter-
measure against wear by the Cr ore, a wear-resistant
ceramic was inserted.

Figure 8 shows the yield of Cr ore in the smelting
reduction furnace. The yield when blowing from the
exclusive-use Cr ore charging lance is 97% or more, and
Cr ore sand can be used without loss, with no special
pretreatment.

Simuttancously with the improvement of Cr ore yield
described up to this point, another task related to the
direct use of Cr ore in the converter was countermea-
sures for poor reduction when charging a large quantity
of hard-to-reduce Cr ore. Experiments at No. | stecl-
making shop and experiments with a 51t test converler
confirmed that reduction is possible without problem,
assuming propet slag control (dilution of gangue con-
tent) and adequate stirring of the slag and metal.

Bunker
Conveyer

Scale hopper
J

Cr ore addition lance
Top lance

Fig. 9 Schematic illustration of water-cooled lance
for Cr ore addition in SR-KCB in the new
stainless steclmaking shop
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4.3 Operation of Smelting Reduction Furnace
with High Degree of Freedom in Raw
Materiai Blending

The new stecelmaking shop has operated smoothly
since startup in July 1994, This section describes the
main operating results of the smelting reduction furnace.

Figure 10 shows an example of the operation patlern
of the smelting reduction furnace. The operation patiern
is divided into SR-0, when the scrap and dust metal
charged into the furnace in advance are melted; SR-1,
when the furnace is heated up to the specified tempera-
ture (1 540-1560°C); SR-2, in which the smelting
reduction of Cr ore is performed; and SR-3, which is the
final reduction period. The slag composition is designed
to be suitable for smelting reduction in the same manner
as at No. 1 steelmaking shop®, the slag basicity being
set at 2.5-3.0 in consideration of the desulfurization
function and retise of slag.

Figure 11 shows the relationship between the temper-
ature of the molten steel and (T. Cr) in the slag when
using Cr ore, in companison with semi-reduced Cr pel-
lets. Under proper conditions, the reduction rate of Cr
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Blowing conditicns and raw material bal-
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— - e e - J [ SO - .
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nterial Recveled metal by ;. -
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Blowing time {nin) S | 30
Temperature {1 1540 ~ 1 0%0
Basicity {(Calr S0, R
CT.Cryin slag (%) 1.4
Croyvield (V%)

| ¢
Tapping compuosition in i T -

Cr

Sk KCB o) LT
5

orc is the same level as with pre-reduced Cr pellet or
higher. This appears to be because Cr ore is sandy,
which ig an advantage in terms of the reaction interfacial
area, while pellets are lumpy in form,

Table 3 summarizes the main operating resulis of the
smelting reduction furnace.

5 Development of High-Speed Decarburizing
Technology by Duplex Decarburization with
Strongly-Stirred Combined -Blowing
Converter and VOD

5.1 High-Speed Decarburizing Technology by
Strongly-Stirred Combined-Blowing
Converter

When decarburizing moiten 1ron or chrome-bearing
hot metal produced by the smelting reduction furnace,
high-speed decarburization is necessary in the high-car-
bon concentration region, and a converter which can
blow at a substantially higher oxygen supply rate than
the AOD becomes essential.

At the new steelmaking shop, a large amount of Cr
orc 18 used 1n comparison with No. 1 steelmaking shop,
and thc chrome concentration of the Cr-bearing hot
metal supplied to the decarburizing furnace therefore
tends to increase. Based on the knowledge obtained at
No. 1 steelmaking shop, a high-speed decarburizing
process with little Cr oxidation was developed.

Figure 12 shows the transition of C and temperature
during decarburization in the decarburizing furnace. The
chrome-bearing hot metal tapped from the smelting
reduction furnace has C = 5-6% and a molten steel tem-
perature of appreximately 1 450°C, but the temperature
drops to 1 200°C or under at the start of blowing due to
the effect of the previously charged scrap, etc. The fig-
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ure shows the Cr oxidation region determined from
Simkovich%Y equilibrium equation. Here, [Cr] = 18%,
{N1] = 8%. Oxidation procceds at lower tcmperatures
and in the lower carbon region than the equilibrium linc,
which means that it is important to raise the temperature
of the molten steel quickly in the initial period, when C
is high. For this purpose, high-speed blowing with a
large oxygen supply rate in the ivitial period was
adopted. To realize high-speed blowing, the suppressing
spitting is necessary, but a reduction in spitting was real-
ized by improvement of the fance tip and optimizing the
lance height. Figure 13 shows a comparison of Cr oxi-
dation from the start of blowing to [C] = 1.2% with the
conventional method and with the improved method. It
was possible to reduce initial-period Cr loss substan-
tiatly using the mmproved technique.

In the low carbon concentration region of [C] << 1.0%,
a technique for controliing the temperaturc within a nar-
row range around 1 700°C is necessary in order to pre-
vent erosion of the refractories and suppress Cr oxida-
tion. In the past, to suppress Cr oxidation in the low car-
hon concentration region either inereasing the dilution
gas, or increasing the stirring energy has been proposed.
However, the bottom-blowing stirring encrgy and bot-
tom-blowing dilution gas arc limited by the number of
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tuyeres, and thus dramatic increases are difficuit. Based
on numerous cxperiments at No. 1 steelmaking shop,
Kawasaki Steel developed a techmigque of biowing only
N, from the top lance in the final stage of refining as a
technology for reducing Cr loss while holding down the
increase in the temperature of the molten steel.” At No.
4 steclmaking shop, the use of top-blowing N, in the
final stage of blowing has made it possible to suppress
Cr toss while maintaining an oxygen supply rate from
the bottom tuyeres. Figure 14 shows the relationship of
the amount of Cr exidation in the low carbon concentra-
tion region and the stirring energy of the top-blowing
N,.”" In the top-blowing N, method, Cr loss was
decreased by increasing the N, flow rate (from step 1 to
2), but cven with the same N, tlow rate, Cr loss was
reduced further by lowering the lance and using a hard
blow {from step 2 to 3). Two effects of the top-blowing
N, method are conceivable: (1) the dilution cffect of the
CO gas pressure and (2) strengthening of the metal/slag
stirring encrgy by the top-blowing gas. However, based
on the effect of the lance height described above, the
influence of the increased metal/slag stirring cnergy is
considered to be greater. As discussed above, the use of
the strongly-stirred combined-blowing converter makes
possible high-speed decarburization of the Cr-bearing
hot metal produced by the smelting reduction furnace
without causing excess oxidation of Cr.

5.2 Duplex Decarburization Process by
Combined-Blowing Converter and VOD

Although Cr oxidation in the fow carbon concentra-
tion region has been substantially reduced by the top-
blowing nitrogen process, decarburization in the con-
verter fo the low carbon concentration region inviles
longer converter refining times and Cr oxidation due to
decreased oxygen utilization cfficiency for decarburiza-
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tion. Figure 15 shows an cxample of the relationship
between converter blow-cnd C and Cr loss. At C]=<
0.1-0.2%, Cr loss increases sharply due to the decrease
in oxygen utilization efficiency for decarburization. To
solve this problem, a duplex decarburization process
comprising the converter and VOD was adopted at the
new steelmaking shop. Figure 16 shows the relationship
between the oxygen utilization efficiency for decarbur-
ization and [C] in the DC-KCB and VOD. With the
VOD, it s possible to obtain a high oxygen utilization
ctficiency for decarburization even in the low carbon
concentration region by vacuum decarburization, and
decarburization with minimal Cr loss is possible. How-
cver, because the oxygen supply rate of the VOD is
small in comparison with the DC-KCB, increased treat-
ment time becomes a problem with the VOD if [C] is
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raised. Accordingly, the blow end [C) at the converter is
set at (11-0.2, and the total treatment time with the DC-
KCB and VOD is minimized to match the high-specd
casting time. By adopting this duplex decarburization
process, it is possible to equalize the treatment time in
the decarburization furnace and VOD and minimize Cr
loss.

6 Conclusion

This paper has described the design concept of the
smelting reduction furnace and decarburization furnace,
which arc the key clements in the new stainless steel-
making shop constructed as part of the Chiba Works
modernization plan. The decision of the equipment
specifications and the results since startup have also
been discussed.

To achieve a broad increase in the freedom of main
raw material sclection, the smelting reduction furnace
was newly designed to make it possible to use Cr ore
sand directly in the converter and to melt scrap in large
quantity. As the decarburizing furnace, a strongly-stirred
combined-blowing converter was adopted. This con-
verter uses dtlution gas and is capable of performing
high-speed decarburization of crude hot metal with Cr =
9-13% tapped from the smelting reduction furnace
while suppressing Cr oxidation. A duplex decarburiza-
tion process comprising the decarburization converter
and VOD secondary refining equipment makes it possi-
ble to refine products including ultra-low carbon stee!
while minimizing Cr oxidation,

The new shop began operation in July 1994 and is
performing rationat stainless stcelmaking in line with
Kawasaki Steel’s strategy for main raw materials.
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