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Abstract

New iron-making process, ITmk3, can produce pure iron nuggets directly from fine ore and fine

coal. ITmk3 is a simple and environment friendly process including less CO; emission. The features

of the iron nugget are high density, high purity, etc. and it is an excellent iron source for

steelmaking. Because of the successful operation at a pilot plant in US, several projects of

commercial-scale plants are being planned in the world.
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1. Introduction

The main current of the iron-making process is
the BF-BOF system. If this system can be called
first generation and the natural gas based direct
reduction (DR) process such as MIDREX process can
be called second generation, the new process can be
called third generation. The new iron-making
process, I'Tmk3, is an abbreviation for Ironmaking
Technology Mark Three. ITmk3 can produce pure
iron nuggets directly from fine ore and fine coal.
Research and development work on ITmk3 was
started in 1996 and has been carried out intensively
both in and outside of Japan.

In 1999 a pilot plant for 3,000 tons/year was built
at Kakogawa Works of Kobe Steel, Ltd., and the
basic process concept was verified. In 2002 a pilot
demonstration plant (PDP) for 25,000 tons/year
capacity was constructed in the United States and
iron nuggets were continuously produced. The
testing at PDP ended successfully in 2004 and now
commercial ITmk3 projects are being planned. This
paper reviews the background of development,

fundamental research, developmental steps, and
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Fig. 1 Change of pellet temperature and CO, CO..
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commercialization of the process.
2. Background of Development

The BF-BOF system needs a pre-treatment plant
for raw materials such as coke oven and sintering
plant, and capacity has been expanded to more than
10,000 tons/day. On the other hand, the system has
lost flexibility in raw materials and production. The
DR process uses the clean energy of natural gas, but
location is limited to oil-producing countries.

In the 1980s new processes were developed, such as
smelting reduction, to utilize fine ore and coal which
are abundant as natural resources'. After that
time, the FASTMET process featuring the rotary
hearth furnace (RHF) was developed which can
produce directly reduced iron (DRI) using carbon
composite iron ore. FASTMET has been commer-
cialized by Kobe Steel, Ltd. and MIDREX*"*. On the
development of the FASTMET, a new phenomenon
has been observed that can separate metal quickly
from gangue minerals by raising temperature® .
This is the ITmk3 process which is reviewed in this

paper, applying this reaction principle.
3. Reaction Mechanism

Research on the self-reduction of carbon compos-
ite pellets has a long history. In 1953, a technical
paper was published in Japan®, and a process patent
was filed for in the US in 1965°.

Fig.1 shows the reduction behavior of the pellet
temperature and CO, CO; contents when the pellet
was reduced at 1450°C in Nitrogen atmosphere.

Soon after charging the pellet, it was heated quickly

(3min) (5min) (6min) (9min)

Fig. 2 Overall & cross sectional view of time
sampled pellets.
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Fig. 3 Operation ranges of Ironmaking process on
Fe-C system.
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and a large amount of CO and CO, were evolved.
After 5 minutes, gas generation decreased and
reduction ended. After that, the pellet temperature
dropped once. This point corresponded to melting. 7
minutes later, the reaction from reduction to melt-
ing was completed.

The behavior from reduction to melting was
investigated by observing the cross section after
removing from furnace and quenching to interrupt
the reaction. Fig.2 shows the outward appearance
and the cross sectional views of the samples. The 3
minutes sample shows a typical cross section of DRI
in the middle of reduction with an un-reacted core in
the center. The 5 minutes sample, which was the
sample just before melt down, kept the original
round shape. However, a dense metallic iron shell
was formed on the surface and the inside contained
the molten slag separated from metal and a large
void space. At 6 minutes, the metallic iron phase
melted, and slag was separated from molten metal.
At 9 minutes, the metal and slag were separated
completely.

From a series of experiments, the following

reaction steps were considered.

Reduction Fe.O, + yCO — xFe + yCO; - (1)
Gasification CO; + C —> 2CQ +erererrrrereeenes )
Carburization C — € ooeeeeeresssmn. (3)
Melting Fe (Solid)—=>Fe (Liquid) ««-+ee-seeeee- (4)
Separation of metal and slag ~ «-+oreororeeeeees (5)

These reactions are accelerated by strong radia-
tion heat, and the series of reactions is completed in
about 10 minutes. Comparing with the residence
time of 6-8 hours in a blast furnace and 6 hours in
the DR shaft furnace, the rapid reaction rate is
notable.

The results of the fundamental study, show that
for the carbon composite pellets the metal can be
separated from the slag at a relatively low tempera-
ture. In Fig.3, the operation range of ITmk3 is
shown for the Fe-C system to compare it with other
iron-making processes. The blast furnace process
(the first generation) produces carbon-saturated hot
metal at around 1500°C. The gas based DR process
(the second generation) and FASTMET process
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Table 1 Test furnaces to develop ITmk3 Process

Facilities Capacity Remarks
Tube Furnace 3 pellets Horizontal type
Box Furnace 40 pellets One chamber
Box Furnace 2 200 pellets Two chamber
Kakogawa Pilot Plant 350 kg/h Rotary Hearth Furnace

Table 2 Chemical compositions of tested raw
materials (Unit: mass%)

Ore Coal
Type T.Fe FeO SiO, AlLO; CaO Type Ash VM F.C.
01 6810 0.01 0.92 047 0.05 C1 975 1588 75.37
02 69.61 3022 142 041 046 C2 890 19.60 71.60
03 66.42 028 252 118 028 C3 995 36.41 53.63
04 6267 035 392 222 0.02 C4 1352 2.00 84.48
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operate at temperatures where no liquid is gener-

ated. On the other hand, operational range of

ITmk3 (the third generation) is located in the coexis-

tence phase of solid and liquid, and carbon content

can be controlled between 2.5% and 4.0%. The

reaction mechanism of coal based DR processes such

as FASTMET is based on step (1) and (2) above.

ITmk3 is the evolved process adding other steps of

(3) to (5) to the traditional processes. Conditions of

step (3) to (5) can be explained as follows.

1) “Non-uniform system” of three phases of solid,
liquid, and gas

2) “Non-steady state conditions” due to rapid
reaction under strong radiation atmosphere

3) “Non-equilibrium conditions” under which the
reaction occurs as long as reactive materials
exists.

Control of the above conditions is the key of

ITmk3 process.
4. Process Development

The ITmk3 process has been developed using the
test facilities in Table 1. Using the tube furnace, the
reduction and melting behavior was investigated
and the reaction mechanism was analyzed just
mentioned in the previous chapter. The box furnace
tests were carried out to examine the mass behavior
of the feed pellets. In these tests, the availability of
iron ore and reductant coal was examined under the
combination of 4 ores x 4 coals in Table 2. The ores
were selected from hematite, magnetite and differ-
ent S10./AlLO; ratios. Coals were selected based on
the content of volatile matter and the fluidity index.
Through the series of tests, it was confirmed that
ITmk3 was a very flexible process for raw materi-
als.

In order to confirm the process concept and to
industrialize technology, a pilot plant was built in
the Kakogawa Works of Kobe Steel, Ltd"”. A rotary
hearth furnace (RHF) was selected from the follow-
ing points of view.

1) Production of iron nuggets in one unit
2) Heat supply by burner combustion

3) Continuous operation
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1) 1 BoOUGERIC X 2 Hgkils

2) BREMREEIC X 2 n#

3) ifEL

[RIECAE R (L, T 2 — 79RO F AR Tl s LR Tnis

A E) 2 nIckET s N, & S IcBRE R (CFD:

Computational Fluid Dynamics) @ F#E:% W TR

WD 4 RGN 2 st L CRali{b 217 - 72,
gtk 7 o 2 7 o —AFig. 4 128953, HEE R

Lo THEZFEChEk3EhEsh 5,

1) FEEMILG EMaRERE L TRMRE~XLY v b
(bLLR7U 7y b)) k(b d %,

2) Bk, WS Ny b ZREFEREICEA
L ThO# « 5200 « iRRlT %,

3) N TIERELERRICE R S, mERICHEL L T
Rigk& 25 71chdkd %,

4) WFHES 2 3B TIMIER B S AR TRV, T Ok
REEL THEXY %,

5) NI H 2R N — F — TIREE L TINEd %,

NA By NT S5V OeREERIg 51T, AN E R,

Kk DBEH%ZFig. 6 IZRd, L v FRRASINICER

DV =T, ARAEFEERS OFEFICIES 9 03k

CEOBEADB T ) TTEV, ELY — I8V TRL y

Shinagawa Technical Report

The furnace was designed based on the reduction
and melting behavior of the laboratory tests, and
optimized by simulating the atmospheric gas flow
using a CFD (Computational Fluid Dynamics)
model.

The process flow of ITmk3 is shown in Fig.4. Iron
nuggets are produced through the following steps.

1) Fine ore and coal are mixed and agglomerated
to become carbon composite pellets (or briquettes)

2) The pellets are dried, then fed to the RHF for
heating, reduction and melting.

3) Melted pellets are coalesced to be nuggets and
discharged from the RHF after cooling, then slag
is separated from the nuggets.

4) The heat of the RHF waste gas is recovered by
a heat exchanger and the combustion air is pre-
heated.

5) In the RHF, the pellets are heated by gas-fired
burners.

The overview of the pilot plant is shown in Fig.D,

and the inside view of the furnace and the products

are shown in Fig.6. In the feed zone, the view is not
clear because of soot generation by devolatilization
of volatile matter in reductant coal. In the reduction
zone, the pellets are heated and the reduction pro-
gresses under the controlled atmosphere not to melt
the pellets. In the melting zone, the pellets are
rapidly melted down and separated the iron from
the slag. The final products are cooled in the cooling
zone and discharged from the RHF in the form of
solid iron nuggets and slag particles. Chemistry and
amount of slag produced are determined based on
raw materials, and the slag is equivalent to blast
furnace slag.

The operation was started in October, 1999 and
continued for 6 months. Through the operation the
process concept of iron nuggets being continuously

produced using a combustion furnace was verified.
. Mesabi Nugget Project

In the state of Minnesota, USA, there are old iron
ore mines called Mesabi Range. Silver Bay by Lake
Superior is one of them. In 2001 the plan came up to

construct the pilot demonstration plant (PDP) here
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Fig. 6 Inside views of the furnace and the products.
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which can produce 25,000 tons of iron nuggets per
year. This plan was supported by the following four
major groups.

1) The state of Minnesota who would like to
promote local industries and create employment
2) A mining company who is interested in produc-

ing value-added material for the iron unit market
3) An Electric Arc Furnace (EAF) based steel

producer who would like to secure a high quality
iron source
4) Kobe Steel who developed this process and
would like to industrialize it
In September 2001, Mesabi Nugget, LLC was estab-
lished to construct and operate PDP by the state of
Minnesota, “Cleaveland-Cliffs, Inc.”, the largest
mining company in north America, and “Steel
Dynamics, Inc.” the major EAF based steel pro-
ducer, etc.

Construction of PDP started in 2002, and the first
iron nuggets were successfully produced in May
2003. The operation consisted of four campaigns and
the main purposes were as follows.

#1 campaign: mastery of operational skills and
continuous operation

#2 campaign: optimization of process parameters (1)
#3 campaign: optimization of process parameters (2)
#4 campaign: overall plant performance test

In August 2004, the #4 campaign was successfully
completed. Through the campaigns a lot of data
were obtained and analyzed. The results are to be
utilized for designing commercial plants. Photos of
PDP and product iron nuggets are shown in Fig.7
and Fig.8.

At PDP, the magnetite ore was supplied from

Mesabi range, and US bituminous coal was used as
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a reductant. 2.65 tons/hr of iron nuggets were
stably produced at the performance test of #4
campaign.

The iron nuggets produced at PDP were melted at
EAF shops of Steel Dynamics Inc., etc. and superior
melting characteristics were confirmed. The major
features of the iron nuggets are, 1) high density, 2)
ideal size for transportation and charging to EAF,
3) moderate carbon content, 4) without heavy
metal slag component, 5) non-pyrophoric (100%
metallized), 6) stable quality (uniform chemical
compositions), etc. It was demonstrated and verified
that the iron nuggets can be superior iron sources
for steel-making to traditional iron units such as

scraps, DRI, and pig iron.
6. Refractory of RHF

Through the development of ITmk3, refractory
design of RHF was one of the most important
technical constituents. Because the RHF handles
heating, reduction, melting, then cooling of pellets,
the following items have to be considered for selec-
tion of refractories.

1) Heat resistance against pellet melting tempera-
ture (high temp atmosphere)

2) Anti-corrosion resistance against dusts coming
from input raw materials

3) Anti-spalling resistance of hearth refractory
which suffers from cyclic temperature change due
to hearth rotation

For the selection of a hearth refractory for the
Kakogawa pilot plant, a “panel spalling test” was
conducted. The refractory candidates were lined up
to form a panel in the test furnace, then cyclic
heating was carried out simulating actual operating
conditions. After the test, performance of the tested
refractories was evaluated by visual observation of
surface cracks, etc. Based on the results, a high
alumina brick was selected, then installed at
Kakogawa pilot RHF. This refractory worked fine
during the operation.

After the completion of pilot operation at
Kakogawa, the refractory samples were taken out

from various parts of the furnace, and detailed
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analysis was conducted including EPMA. Also the
adhered dust samples on the refractory surface were
taken and used for slag cup testing, which was
carried out to evaluate the corrosion resistance of
the refractory candidates for designing the
Minnesota PDP. From the testing, a lot of useful
findings were obtained including the fact that there
was an obvious difference in corrosion between 1500
and 1550 ‘C atmosphere for some refractories.

At Minnesota PDP, the influence of installation
methods was investigated. For example, the same
kind/grade of refractories were installed differ-
ently, they were both gunned and poured. At PDP,
total operation period was 230 days, which was long
enough for refractory evaluation, therefore, the
results of the evaluation should be very reliable.
After PDP operation, the selected and installed
refractories showed good performance, based on
that the selection and design of refractories for a

commercial furnace was optimized.
7. Features of Process

The features of the ITmk3 process can be summa-
rized as follows.

1) The produced iron nugget in an excellent iron
source for steelmaking.

2) Low energy consumption due to shorter reac-
tion time and lower process temperature than
conventional methods

3) Environment friendly process including less
CO; emission

4) High flexibility raw material selection includ-
ing low grade iron ores and non coking coal

5) Low capital investment due to simple process

6) Flexible operation including easy start-up and
shut-down of plant featuring RHF
For item 3) above, greenhouse gas emission was

compared between ITmk3 and BF-BOF systems®

and shown in Fig.9". For the BF-BOF steelmaking
system, the boundary of this study is up to crude
steel production. For ITmk3, iron nuggets are
produced at a mining site and shipped to the EAF
melting shop. I'Tmk3 does not require a coke oven or

sintering plant, and utilizes 100% of the chemical
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Fig. 9 Estimation of CO, emission.
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energy of coal by itself, which results in reduction
of CO: emissions by 23% compared to BF-BOF
system. ITmk3 process is advantaged if it is located
at a mining site. The mining companies have been
supplying iron ore for BF, however, they can in-
crease profits of their product if they introduce this
new process. Their market will grow toward
steelmaking such as BOF and EAF. For the user
side, usage of the iron nuggets will contribute to
higher productivity, lower production cost, and
higher quality, etc. ITmk3 removes oxygen from
iron ore, and can produce and supply iron units
without slag directly to steelmaking shops. Due to
this reduction of transportation volume and weight,
ITmk3 has the potential to change the overall

logistic system in the steel industries.
8. Future Outlook

Because of the successful operation of the Mesabi
Nugget project at PDP, construction of a 500,000-
tons/year commercial-scale plant will start soon in
US. Also, several projects are being planned in
Australia, Brazil, Ukraine, India, etec.

The ITmk3 process can produce high quality iron

units using fine iron ore and coal which are
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