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Abstract:

This paper introduces the progress of steelmaking
technology development in the JFE Group and describes
the problems of future steelmaking technology. In the
refining field, a new converter type hot metal pretreat-
ment process (DRP™ process) suitable for low hot
metal ratio has been adopted in all districts, and a real-
time in-furnace estimation model of the refining process
mainly in converters was constructed. An advanced
method to control the morphology of non-metallic inclu-
sions in bearing steels has been developed to produce
high-quality steels. In casting area, stable high-speed
casting and defect-free slab production techniques to pre-
vent surface defects and reduce center segregation were
developed. In the field of refractories and slag utilization,
the use of thermal insulation materials to create thermal
margins, horizontal recycling technology for refractories,
and expansion of steelmaking slag recycling were pro-
moted.

1. Introduction

Until now, the Japanese steel industry has main-
tained international competitiveness through high pro-
ductivity, high quality and energy saving. In the future,
however, the pursuit of eco-processes which realize the
world’s high level of energy efficiency, and eco-prod-
ucts, meaning high-performance steel materials that
contribute to realizing a low-carbon society, will
become increasingly important.

In particular, promoting a GX (Green Transforma-
tion) strategy for realizing carbon neutrality in 2050 is
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the highest priority issue for the iron and steel indus-
try". At the same time, DX (Digital Transformation) is
also becoming a necessary and indispensable condition
for pursuing further progress in high productivity and
high product quality.

JFE Steel aims to achieve revolutionary high pro-
ductivity and stable operation by proactively promoting
DX, as seen in implementation of CPS (Cyber Physical
System) to all processes?”, and ultimately to realize
intelligent steel works through integrated CPS of the
entire works.

Our commitment to satisfying both improved reac-
tion efficiency, productivity improvement and high
purity in the refining process, and high productivity
and high quality in continuous casting remains
unchanged from the previous report”, but in recent
steelmaking technologies, we have worked to evolve
GX and DX in order to achieve these goals. This report
presents an overview of recent progress and the future
prospects of steelmaking technology at JFE Steel.

2. Development of Refining Technologies toward
Achievement of Carbon Neutrality

2.1 Hot Metal Pretreatment Process

In responding to higher requirements for purity in
steel materials, there is a strong need for reduction of
the impurities such as phosphorus (P) and sulfur (S) in
the refining process. JFE Steel has reduced the amount
of steel slag and improved the quality of steel materials
by reducing P and S in advance by hot metal pretreat-
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Fig. 1 Concept of new dephosphorizasion process of hot metal with converter-type furnace (DRP™) ©

ment.

For hot metal desulfurization, the mechanical stir-
ring (KR) desulfurization method has been adopted
from the viewpoint of securing a stable desulfurization
capacity under fluorine-free refining. As described in a
previous report”, other technologies used at JFE Steel
include lime aggregation control by powder blasting
technology in hot metal desulfurization” and improve-
ment of slag utilization efficiency by a hot slag recy-
cling technology”.

In dephosphorization, conventionally, hot metal
dephosphorization was performed by dephosphoriza-
tion in the torpedo car at East Japan Works (Chiba)
and West Japan Works (Kurashiki), and technologies
for improving phosphorus removal and for dephospho-
rization without using fluorspar and soda ash were
developed®.

However, in order to advance GX, reduction of the
hot metal ratio and an increase in the ratio of scrap
and other cold iron sources is demanded in the steel-
making process. Therefore, a decision was made to
change over from the conventional torpedo car process
to a converter-type dephosphorization process at all
districts, as this method has the advantages of a fast
oxygen supply rate and the large inner volume of the
reactor.

Converter-type dephosphorization has been per-
formed at East Japan Works (Keihin) and West Japan
Works (Fukuyama), and a technology for stable low-P
hot metal which achieves dynamic blowing control cor-
responding to the formation of Fe(O in the slag was
established”.

In addition, the DRP™ (Double-slag Refining Pro-
cess) method shown in Fig. 1 was developed®. In the
DRP method, cold iron sources are melted by the oxi-
dation reaction heat of Si in the hot metal in the con-
verter, and intermediate deslagging is performed after
desiliconization of the hot metal. As a result, the
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amount of SiO; carried over to hot metal dephosphori-
zation can be reduced, and high-efficiency hot metal
dephosphorization with reduced consumption of lime
and generation of steel slag is possible. Recently, a total
recycling technology for dephosphorization slag was
also established with the aims of reducing metal loss to
the dephosphorization slag during dephosphorization
treatment and utilizing the sensible heat of the slag®.
Figure 2 shows the process flow. In recycling of the
dephosphorization slag to the next charge, it is neces-
sary to (1) prevent rephosphorization during desilicon-
ization and (2) prevent slag foaming in the slag ladle
during intermediate deslagging. For (1, the basicity
during desiliconization was optimized, and for (2), a
technique to sedating slag foaming by spraying water
into the slag ladle was developed. The establishment of
total recycling technology for dephosphorization slag
has resulted in a 2% decrease in the hot metal ratio and
a reduction of approximately 60% in metal loss.

The developed DRP method has made it possible to
reduce the hot metal ratio from 90% with the conven-
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tional Zero Slag Process (ZSP) to 82% under the condi-
tion of a hot metal dephosphorization ratio of 80% or
more”. Installation of equipment for the DRP method
was completed in FY 2021 at all districts of JFE Steel’s
two integrated steel works (Keihin and Chiba Districts
of East Japan Works, Kurashiki and Fukuyama Dis-
tricts of West Japan Works, although the steelmaking
plant at Keihin was shut down in 2023), contributing to
CO» reduction activities through reduction of the hot
metal ratio.

On the other hand, in stainless steel refining,
dephosphorization in the torpedo car had been per-
formed to an ultra-low P concentration of [P]
<0.005%, but a fluorine source (CaF») was used to
promote slag formation. Therefore, in order to prevent
rephosphorization from the top slag, the composition
of the top slag has been controlled to the C,S coexis-
tence region, so that dephosphorization can be per-
formed up to [P] <0.005% after treatment without
using CaF,'".

2.2 CPS Implementation in the Refining Process

Promotion of DX is becoming a necessary and
indispensable condition for pursuing further progress
in high productivity and high quality. In particular,
because non-equilibrium reactions are frequently the
controlling reactions in refining processes, prediction is
difficult using only a theoretical reaction model. In the
above-mentioned control of the dephosphorization
reaction based on the formation of Fe(O, the Fe.O con-
centration in the slag was estimated based on the con-
verter oxygen balance obtained from the exhaust gas
analysis value, and the progress of converter-type hot
metal dephosphorization was estimated using the esti-
mated result together with a coupled reaction model
for dephosphorization.

In converter refining control, JFE Steel developed a
real-time estimation model for information on the
internal state of the converter, such as the hot metal
composition and temperature, slag composition, etc.,
and reflect that information in top- and bottom-blow-
ing conditions and sub-material charging operations in
order to control the hot metal composition and tem-
perature within the target range'". It is difficult to
improve estimation accuracy of conventional physical
models and the above-mentioned internal state estima-
tion model based on the mass balance due to unknown
external disturbances and error in the measured values.
In the new model, error is corrected by combining a
physical model and the mass balance model, and a
model that enables highly accurate estimation of the
internal state of the converter in real time was devel-
oped, as shown in Fig. 3.

In refining reactions, there are also cases where
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Fig. 3 Real-time state estimation model during decarburiza-
tion in converter

measurement is difficult in the high temperature field,
and much work requires human judgments. However, it
has become possible to reduce variations in human
judgments thanks to the evolution of measurement
technologies and image analysis, for example, automa-
tion of the converter slag outflow judgment method
using infrared images and CNN (Convolutional Neural
Network)'?, and automation of profile extraction of
the solid iron (mushroom) on the tuyeres of the bottom
blowing converter'?.

Future developments will include implementation
CPS to the total steelmaking process, including control
of secondary refining processes.

2.3 Technologies for Expanding Thermal
Margins

Because treatment in the steelmaking process is per-
formed under high-temperature conditions, it is
extremely important to prevent heat loss by radiation
from the transfer vessels. When using conventional heat
insulating materials, reduced life of the wear refracto-
ries has also been reported.

At JFE Steel, microporous insulation material was
applied to all 3 transfer vessels, namely, ladles, the blast
furnace pot (hot metal ladle) and torpedo cars'®.
Microporous insulation material has a lower thermal
conductivity coefficient than still air due to the follow-
ing 4 effects: (D Low heat conduction between the indi-
vidual particles, because the material consists mainly of
small-diameter, nearly spherical silica, (2) Suppression
of heat conduction by gases due to the small pore
diameter, 3 Little convection, also owing to the small
pore size and (4) Prevention of radiant heat transmis-
sion by use of infrared reflective particles. However, as
issues, the heat resistance temperature of microporous
insulation is at most about 1 000°C, and its material
strength is lower than that of refractory insulation
bricks.

The insulation locations and thickness of micropo-
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rous insulation material were studied in advance by
unsteady heat transfer calculations so as to maximize
the insulting effect. Figure 4 shows an example of the
effects of applying microporous insulation to three
types of transfer vessels. In all cases, the shell tempera-
ture was reduced by applying insulation, and the ther-
mal loss of the molten steel ladle, blast furnace pot and
the torpedo car decreased by 36%, 45% and 25%,
respectively. In addition, there was no decrease in the
life of any of the vessels due to insulation.

The heated powder addition technology using a
burner'®, which is a heat compensation technology
developed for stainless steel production, is also under
development in the NEDO (New Energy and Industrial
Technology Development) project “Hydrogen Utiliza-
tion in Iron and Steelmaking Processes (GREINS:
Green Innovation in Steel)” as a technology for acceler-
ating scrap melting in the converter for carbon
steel 19,

2.4 Expansion of Recycling

To achieve carbon neutrality, in the future, it will be
necessary to achieve a resource-circulating type steel
works for reduction of energy consumption, and it will
also be important to expand the application of material
recycling. Although recycled refractories were conven-
tionally applied to repair materials and other low-grade
refractories, use in refractories equivalent to the origi-
nal, or so-called “horizontal recycling,” is desirable.
One issue for horizontal recycling is contamination by
impurities and foreign substances. JFE Steel and Shi-
nagawa Refractories Co., Ltd. jointly developed a new
recycling flow, in which alumina-SiC-C system bricks
are sorted and recovered and, in particular, the content
of impurities with particle diameters of 1 mm or less
after classification is held to no more than 1%, are used
as the raw material for refractories in the hot metal
ladle'”. Even if recycled bricks containing 70% or less
of recycled materials are used, there is no problem in
operation.
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In the area of steelmaking slag, slag generated in
hot metal pretreatment is recycled in the refining pro-
cess as much as possible. Steel slag contains iron and
phosphorus, and in particular, the content of phospho-
rus is comparable to Japan’s imports of phosphorus
resources. It can be said that recovery of iron and
phosphorus from steelmaking slag will contribute to
improvement of iron yield and effective utilization of
phosphors resources. In research on high-temperature
reduction from steel slag'® and recycling of phospho-
rus as a resource, research under NEDQ’s Strategic
Energy Conservation Technology Innovation Program/
Theme-setting type business collaboration scheme is
continuing'”, following a NEDO Leading Research
project.

3. Development of Manufacturing Technologies
for High-Grade Steel

3.1 Manufacturing Technology for Bearing Steel
with Suppressed Formation of Spinel-type
Inclusions by Optimization of Slag
Composition

Because nonmetallic inclusions (hereinafter, inclu-
sions) in refining and steel products have an adverse
effect not only on operation, but also on material qual-
ity, it is desirable to control their composition and mor-
phology, or to reduce their total amount. Particularly
in high carbon steels such as bearing steel, in which
fatigue resistance properties are required, MgO-Al,03
spinel-type inclusions have been observed in the crack
origin area. Spinel-type inclusions are thought to form
as a result of the reaction of Mg, which is formed by a
reaction between [Al] in the molten steel and (MgO) in
the slag or refractories, and Al>Os3 inclusions, which are
a deoxidation product, and the slag composition has a
large influence on the formation of spinel-type inclu-
sions?”.

It has been reported that reducing the activity of
(MgO) by reducing the concentration of CaO/SiO»,
CaO/Al>O3 or (MgO) in slag is effective for suppressing
spinel-type inclusions.

In secondary refining processes such as the ladle
furnace (LF), it is difficult to suppress the formation of
spinel-type inclusions only by reducing the CaO/SiO»
or CaO/ Al;,O3 of the slag because the MgO in the
refractories dissolves into the slag during treatment and
increases the MgO activity of the slag.

Therefore, a method for suppressing reduction of
(MgO) by [Al] by delaying the timing of Al addition to
the molten steel to shorten the duration of reaction
with the (MgO) in the slag was studied. The results of a
molten steel-slag reaction experiment at the laboratory
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scale revealed that (1) Almost no spinel-type inclusions
can be observed before Al addition, (2) the average con-
centration of MgO in inclusions increases rapidly after
Al addition, and spinel-type inclusions form, and (3
the average concentration of MgO in the inclusions can
be held to a low level by controlling the final slag com-
position?".

The results of changing the slag composition and
the timing of Al addition during LF operation in the
actual operation process confirmed a decrease in
[T.Mg] concentration and spinel-type inclusions in the
steel at the end of treatment.

Based on the research results described above, the
[Mg] concentration in steel was reduced, and the rolling
fatigue life of bearing steel was improved.

3.2 High-speed Casting Technology

As noted in the previous report”, JFE Steel is con-
tinuing to promote technology development to accom-
plish stable high-speed casting, including () Develop-
ment of technique for prevention of breakout (BO) due
to constraint or rupture of the solidified shell in the
continuous casting mold, (2) Development of mold
powder that enables lubrication and prevents entrain-
ment and other defects during high-speed continuous
casting, 3 Development of technique that prevents
surface cracks due to the brittleness temperature at the
bending and straightening positions in continuous cast-
ing and @ Development of technique that prevents
internal cracks due to increased solidification interface
strain and increases the cooling capacity.

BO prediction and judgment based on the tempera-
ture behavior when rupture of the solidified shell
occurs utilizing multiple thermocouples embedded in
the copper plates of the casting mold has been used.
However, many threshold values exist and adjustments
are individually performed, and misdetection due to
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width changes and measurement temperature anoma-
lies were problems. As shown in Fig. 5, a technique for
detecting BO was developed®”, in which the character-
istic temperature pattern during normal operation is
estimated by performing a principal component analy-
sis of the temperature data at numerous points on the
continuous casting mold, and the degree of operational
anomaly is indexed by Q statistics obtained by sum-
ming up the squares of the difference in the estimation
error between the actual measured temperature values
at each position and the estimated pattern at all points.
For detection of various types of BO, such as BO due
to remelting of the solidified shell, BO due to entrap-
ment of foreign matter, etc., ongoing development is
being carried out with the aim of achieving a real-time
monitoring technique for the solidified shell thickness
at the outlet of the continuous casting mold by ther-
mocouples embedded at multiple points in the mold*.

3.3 Technologies for Molten Steel Flow Control
in the Casting Mold

Inclusions and air bubbles that are entrapped in the
initial solidified shell during continuous casting and
remain in the finished product may cause surface
defects and internal defects.

In order to quantitatively evaluate the effect of mol-
ten steel flow on the entrapment of inclusions and bub-
bles by the solidified shell, laboratory-scale experiments
on the entrapment of inclusions and bubbles in the
solidified shell, quantitative evaluation of the effect of
molten steel flow by numerical calculation, and investi-
gation of the inclusion and bubble distribution on the
continuous casting slab with evaluation of the molten
steel flow of the slab were performed. The results clari-
fied the fact that a molten steel flow velocity of 0.05 m/
s is the critical flow velocity that determines whether
inclusion and air bubbles are entrapped or not**
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(Fig. 6).

Based on this knowledge, JFE Steel developed a
technology that makes it possible to reduce defects
even under a condition of high throughput by using an
electromagnetic flow control device (FC mold) using
static magnetic fields at two levels (upper, lower)as elec-
tromagnetic brakes, as shown in Fig. 7. An investigation
of the relationship between the defect occurrence posi-

tions and the casting conditions and molten steel flow
conditions in the mold confirmed that entrapment of
air bubbles can be suppressed by applying the electro-
magnetic brake to maintain a Stuart number of 3.5 or
higher as a magnetic field condition (the Stuart number
expresses the ratio of an external force term and inertial
force term)”. The FC mold has been introduced at all
JFE Steel high-speed continuous casters and is demon-
strating its effectiveness.

3.4 Technology for Reduction of Centerline
Segregation

It is necessary to improve the centerline segregation
of continuous casting slabs in order to improve the
mechanical properties, low temperature toughness and
hydrogen-induced cracking (HIC) properties of heavy
plates, steel pipes and similar products®®. Centerline
segregation is caused by the flow of P- or S-enriched
molten steel, which is caused by solidification shrinkage
or bulging at the end of solidification. JFE Steel has
developed a technology to reduce segregation by
decreasing the concentrations of these elements in
dephosphorization and desulfurization and a technol-
ogy to reduce segregation by means of slab soft reduc-
tion technology®” suppresses the flow of molten steel
at the end of solidification.

A technology that reduces centerline segregation in
linepipes with strict sour resistance specifications, etc.
was developed at Fukuyama No. 6 continuous casting
machine. To reduce centerline segregation, it is import-
ant to apply the appropriate soft reduction for the
amount of solidification shrinkage and thermal con-
traction near the final solidification position. Table 1
shows the content of optimization of the soft reduction
technology at the end of solidification. Centerline seg-
regation, which becomes a point of origin for HIC in
the center-of-thickness area, was successfully reduced
as a result of these efforts.

The crater end meter, which was developed espe-

Table 1 Developed technologies for center-line segregation in slabs by soft reduction at the end of solidification

Purpose

Technology

Content

Solidification completion position measuring
device (Crater end measurement system)

-Optimization of soft reduction by grasping
solidification completion position

Optimization of soft reduction

IBSR, Intentional Bulging Soft Reduction

-Reduction of reaction force under soft
reduction by prevention of reduction in
narrow face

-Improvement of soft reduction efficiency at
the center of width

Conversion of convex roll in soft reduction

- Prevention of narrow face reduction and
reaction reduction by roll taper

Toughening of soft reduction rolled segments

- Increase in soft reduction speed by increase in
load capacity
- Decrease in center deflection of segment
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cially for accurate measurement of the solidification
position, is a “World’s First” technology that enables
automatic measurement of the solidification comple-
tion position (crater end) of slabs during casting, and
employs an electromagnetic ultrasonic method that
excites and receives ultrasonic waves by a completely
noncontact technique ** . Figure 8 shows the configu-
ration of the crater end meter. Simultaneously with
accurately identifying the widthwise direction and posi-
tion of the crater end, intentional bulging soft reduc-
tion (IBSR) that does not reduce the short side and
division of the soft reduction roll*” and formation of a
convex profile are used to apply soft reduction effi-
ciently. Based on measurement of the displacement of
the segment during soft reduction, the strength and
toughness of the segment undergoing soft reduction
are also improved so as to reduce variations in the soft
reduction speed in the transverse direction.

As a result of these improvement, it has become
possible to conduct soft reduction at a reduction rate
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close to the theoretical value. As shown in Fig. 9, segre-
gation of manganese in the slab width direction was
greatly reduced after optimization of the soft reduction
method.

3.5 Suppression of Uneven Solidification of
Hypo-Peritectic Steel

Continuous casting of hypo-peritectic steel (steel
containing 0.08 to 0.18 mass% C) is increasing, center-
ing on high-tensile steel plates for automotive applica-
tions and heavy plates for shipbuilding, etc. During
casting of hypo-peritectic steel, slabs are susceptible to
surface cracks caused by uneven solidification in the
casting mold due to volumetric changes, etc. associated
with changes in the crystallographic structure during
solidification. When surface cracks occur, off-line slab
conditioning is necessary after casting. In order to
apply hypo-peritectic steels to heavy plates for ship-
building, high-tensile strength products, etc., the con-
ventional practice was to add alloying elements as a

7
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measure to avoid surface cracks. However, JFE Steel
developed and industrialized a new technology
(Fig. 10), in which uniform growth of the solidified
shell at the mold outlet side is promoted by intention-
ally inducing a mild cooling condition in the initial
solidification part by machining round grooves in the
mold and filling them with Ni*". This technique does
not cause any problems in terms of mold life, and satis-
fies both quality improvement and rationalization.

For preventing surface cracks in slabs of high-tensile
steel for automobiles, a multifaceted approach was
taken using laboratory prediction methods for
hypo-peritectic composition and mold flux suitability
assessment methods. And low-viscosity, high-crystallin-
ity mold flux with chamfered molds, allowing for uni-
form inflow of molten flux and controlled cooling
within the mold preventing fine cracks within the mold.
Furthermore, by using a finite element analysis model
with crack propagation, we have improved the appro-
priate secondary cooling patterns, preventing the
occurrence of corner cracks and establishing stable
manufacturing techniques for high-tensile steel for
automobiles.*?.

3.6 New Continuous Casting Machines

To improve productivity and achieve higher quality
at each of JFE’s steel works, No. 7 continuous casting
machine (7CC) was constructed at Fukuyama in 2010
and No. 7 continuous casting machine (7CC) was con-
structed at Kurashiki in 2021.

Fukuyama 7CC is a continuous casting machine
that achieves high productivity, with a production
capacity exceeding 200 000 tons/month with a sin-
gle-strand machine, and enables production of
high-quality sheet products by installation of the
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above-mentioned FC mold. Fukuyama 7CC boasts the
highest per-strand productivity among the main con-
tinuous casting machines in Japan".

Kurashiki 7CC enables production of large-section
slabs, and at the same time, a new quality control tech-
nology capable of realizing stable casting of large
heavy slabs was introduced*?.

4. Future Prospects for Steelmaking Technology

4.1 Electric Arc Furnace Melting/Refining
Technology

Figure 11 shows this JFE Steel’s roadmap to carbon
neutrality”. Simultaneously with innovative technolog-
ical initiatives such as the Carbon Recycling Blast Fur-
nace and Direct Hydrogen Reduction of Iron Ore
through NEDO’s “Green Innovation Fund Project'>”
for 2050, the company is also studying the introduction
of a High-Efficient Large Electric Arc Furnace for
2030.

To reduce impurities when melting high-grade
steels, expanded use of DRI (Direct Reduction Iron)
and impurity reduction are necessary when introducing
the electric arc furnace in a steel works, and more
sophisticated electric arc furnace refining is required.
JFE Steel plans to utilize the electric arc furnace tech-
nology*” developed at its Sendai Works, at the same
time, will also introduce a test electric arc furnace in a
Green Innovation Fund Project” and develop electric
arc furnace melting and refining technology.

4.2 DX of Steelmaking Technology

As mentioned in the Introduction, DX will be nec-
essary and indispensable for pursuing higher productiv-
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ity and product quality. From this viewpoint, JFE Steel
is promoting remote operation and automation
through CPS implementation in all processes.

In the refining area, an In-furnace State Estimation
Model has also been established for the RH degasser,
in addition to the converter, as described in this article.
In the future, we plan to develop models for other
refining processes and achieve integrated temperature
control and operational optimization of the total refin-
ing process, with the aims of energy minimization,
alloy minimization and sub-material minimization.

In the casting process, online control that can
respond to the quality issues already mentioned is
required. For example, a real-time estimation model for
the molten steel flows in the continuous casting mold
has been developed based on the results of measure-
ments by thermocouples in the mold and a 3D transient
model*”. Asymmetrical flows due to disturbances such
as nozzle clogging, etc. can also be estimated by this
model using mold temperature information, and in the
future, application to real-time estimation and control
of the molten steel flows in the casting mold is
expected.

5. Conclusion

High productivity and high purity in steel materials
and improvement of product quality were accom-
plished through the development of the techniques/
technologies introduced in this review. In the future, we
are committed to improving customer satisfaction by
further reduction of lead times, etc., and to achieving
higher quality in steel products and contributing to
protection of the global environment. Simultaneously
with these efforts, we will also promote a fusion of GX
and DX in the steelmaking field toward the achieve-
ment of carbon neutrality in 2050.
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