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Summary

Energy consumption and CO2 emissions in steel production by electric arc furnace mills is
one quarter to one third that of blast furnace mills. Furthermore, electric arc furnace steel is
the most appropriate method for effectively reusing or recycling valuable iron and steel
scrap (hereinafter referred to as “steel scrap”) from high quality steel sheet containing rare
earth. Such steel sheet is used in automobiles and many other products. For that reason,
steel production by electric arc furnaces has an essential role to play in building a
recycling-oriented or low carbon emission society.

Electric arc furnace mills can now manufacture high-quality steel sheet using waste scrap
obtained from the scrap market as the main raw material. This has been made possible by
technology that enables the production of high quality steel materials through the
application of tramp elements or precious metals from low grade scrap and advanced
process control that prevents the brittleness caused by copper and reduces compositional
disparity. As a result, it is thought that electric arc furnace mills can now make steel sheet of
sufficient quality for automobile manufacture. If domestic steel scrap could be recycled
back to the automotive industry, the country’s largest consumer of steel, the scale of that
industry’s consumption would produce a large flow of recycled resources. We have set
ourselves the challenge of manufacturing steel sheet for automobiles using the electric arc
furnace method with 100% steel scrap as raw materials, achieving so-called
Product-to-Product recycling of resources in the automotive industry.

Important points in considering the recycling of steel scrap as steel sheet for automobiles
include 1) establishing a broad collection network sufficient to deal with the growing use of
higher tensile steel and thinner sheet in the automotive industry, 2) being able to produce
stable properties to ensure confident use of products, and 3) effectively utilizing the alloy
elements typically included in recycled steel scrap to produce high-performance steel sheet.
In the current research project, based on the results of the FY2012 research project, we
conducted further manufacturing of prototype steel sheet to address issues in achieving
actual use of recycled steel in automobile bodies.

FY2012 Research Project Results

We conducted manufacturing of prototype steel sheet suitable for automobiles using the
structure manufacturing technology based on fine grains developed by the Ultra Steel
Project led by Japan’s National Institute for Material Science (NIMS) adapted to bainite
structures, obtaining the following results.

e Trial manufacturing of steel sheet suitable for automobiles using 100% steel scrap (50:50
mix of new scrap waste and heavy scrap).

Note: New scrap waste is low-contaminant scrap from manufacturing cuttings of automobile companies.

e Manufacturing of prototype steel using volume production facilities with a balance of
tensile strength (TS) and elongation (EL) equivalent or greater than 980 MPa class steel
used by blast furnace mills (See Summary Chart 1).

e Even in the sections where the coil winding temperature (CT) fluctuated significantly
from the targeted temperature, the TS-EL product remained stable (trial manufacturing
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thickness: 2.0mm).
e In comparing properties for different uses, we did not find any problematic properties in
comparison with current blast furnace products.
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Summary Chart 1: FY2012 Research Project Results: TS-EL Properties of
Prototype Steel Sheet

Goals of Prototype Steel Manufacturing in Current Fiscal Year

The prototype steel sheet manufactured in FY2012 utilized the structure manufacturing
technology based on fine grains developed by the Ultra Steel Project led by NIMS adapted to
bainite structures where 1) the fine granulation was refined using the thermo mechanical
treatment process during hot rolling processing (y grain size: 10 um level), 2) bainite and
martensite-austenite constituent (MA) structures were formed from the fine prior-y grains,
3) the material was wound into coils of steel within the y range and bainite transformation
achieved. As a result, the prototype steel sheet was high-performance steel sheet made with
a highly robust manufacturing process.

In FY2013, the original manufacturing concept and composition of materials, etc., remain
the same as did the goals of achieving tensile strength (980 MPa class) and elongation (16%
or more). However, we also set the following new goals.

1. Use 100% steel scrap of which 30% or less will be new scrap waste
(remainder heavy scrap).
(Reduce dependence on new scrap waste in consideration of stable
procurement of suitable scrap)

2. Sheet thickness to be from 1.2 mm to 1.4 mm.
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(trial manufacture of sheet thickness within the scope of practical
application to address high tensile and thin sheet needs of automobile
steel sheet)

3. Verify the TS-EL balance across the steel sheet and in the rolling direction.

Based on these goals, we aimed to ensure stable product quality that could be maintained
under large volume manufacturing conditions.

Targeted Composition and Actual Constituents of the Prototype Material

The constituents of the prototype material are as indicated in Summary Table 1 below. In
our trial manufacturing for this year, the proportion of new scrap waste in the steel scrap
used was 16%. Since this figure falls within the average ratio of new scrap waste in steel
scrap sold on the domestic market over the past five years (10% to 20%), it is thought that
our results simulate those obtained from using market-sourced steel scrap. In the
previous year, our prototype material contained a low concentration of copper (Cu =
0.16%) because of the high proportion of new scrap waste (50%). This year, however, Cu =
0.24%, which is equivalent to the average concentration found in market-sourced steel
scrap.

Summary Table 1: Composition

c | ss | wn | P | s | cuo [ N | c | wmo
%

Targeted 0.19-020 | >010 | 040 | 0015 | 0.003 0.30 010 | >100 | >0.30
FY2012results| 0.18 1108 | 053 | 0029 | 0.005 0.16 0.11 1.01 0.30
FY2013results| 0.20 1.001 | 043 | 0032 | 0.007 0.24 011 1.01 0.30

v | n [ a [ sn [ P [ B | ca | Ti o N

% ppm

[Targeted - - 0.030 0.015 - - - - 20.00 40
FY2012results| 0.017 0.007 | 0023 | 0018 | 0.010 | 0.0016 | 0.0020 | 0.008 36 78
FY2013results| 0.013 0.009 | 0009 | 0019 | 0.000 | 0.0026 | 0.0017 67

Manufacturing Performance of the Prototype Coil

Because the manufacture of prototype coil with a thickness of 1.4 mm and 1.2 mm involved
rolling this class of high tensile strength steel for the first time, we gave priority to
threading performance in the finishing rolling process. For the first half of the coil length,
we began rolling with a temperature slightly higher than the targeted temperature for
structure control and shifted down to the targeted temperature control value after verifying
that coil winding was stabilized. Summary Chart 2 shows the rolling temperature results
when producing prototype steel sheet with 1.2 mm thickness, where the shift to the
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targeted temperature control value can been seen starting around the 500 meter rolling
length point. Samples were obtained from the coil and steel properties mechanically
evaluated at the points shown by the vertical broken lines on Chart 2. Samples were taken
at 18 locations over the rolling length of the 1.4 mm coil and at 22 locations of the 1.2 mm
coil. For each sampled location, a test piece was cut across the width of the coil and tensile
strength tested in the direction of rolling for 11 points and at right angles to the rolling
direction at 7 points in order to evaluate the characteristic scatter in TS over length and
width. Quality verification testing was carried out by taking appropriate sampling based on
the results of the elongation tests.

= DT : finishing mill delivery tenperature
=<=<+MT: middle cooling temperature
IFDT-MT*CT Results = + CT: coilwinding temperature
- S Sampling locations
e B 1T
:z::: - i FDTJ
k¢ v ANV s it MT
- \‘ ~” g v U
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W
0 100 200 300 400 500 600 700 800 900 1000
Rolling length, meters

Summary Chart 2: Rolling Temperature Results
(t=1.2 mm coil)

Values of Mechanical Properties

Summary Chart 3 (t = 1.4 mm) and Summary Chart 4 (t = 1.2 mm) indicate the TS-EL
properties of the prototype coil in the direction of rolling at a point % across the width. In
the charts, the red dots (®) represent points in the targeted temperature control zone while
the x marks plot the points outside the targeted temperature control zone. The red dotted
lines represent the minimum TS and EL standards for 980 MPa cold-rolled steel sheet for
automobiles. The properties of current 980 MPa class steel sheet lie close to the TS x EL =
16,000 (MPa,%) line. As can be seen by the position of the points within the targeted
temperature control zone for the prototype sheet with t = 1.2 mm and t = 1.4 mm, the
prototype sheet meet the standards and also can be found to have superior TS-EL balance
compared with current blast furnace mill products.

Summary charts 5 and 6 indicate the TS-EL properties for the t = 1.2 mm and t = 1.4 mm
prototype steel sheet for points within the targeted temperature control zone across the
coil width. The red dots (®) represent points from one quarter to three quarters across the
coil while the x marks represent the properties of points on both edges. It can be seen that
the t = 1.4 mm prototype steel has extremely limited scattering even across the width of the
coil and lies substantially above the TS x EL = 16,000 (MPa, %) line for current blast
furnace products.
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Summary Chart 3: TS-EL Properties (t = 1.4 mm)
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Summary Chart 4: TS-EL Properties (t = 1.2 mm)
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Summary Chart 5: Distribution of TS-EL Properties Across the Coil

(t=1.4 mm)
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Summary Chart 6: Distribution of TS-EL Properties Across the Coil
(t=1.2 mm)

Similar to the t = 1.4 mm material, the prototype material with t = 1.2 mm also has
extremely limited scattering even across the coil and lies substantially above the TS x EL =
16,000 (MPa,%) line for current blast furnace products.

Summary charts 3 and 4 demonstrate that TS-EL properties are good for points within the
targeted temperature control zone while those points outside the targeted temperature
control zone are inferior. The reason is that the structure at the points with inferior
properties was a pearlite + bainite structure where pearlite was at the fracture origin. In
comparison, the points with good properties were bainite + martensite-austenite
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constituent (MA) structures, confirming the targeted structure had been achieved. The
pearlite structure occurred because the targeted cooling was not carried out in the first half
of the coil because of the priority giving to threading performance. Its formation can be
avoided by using specific controlled cooling.
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Summary Chart 7: Relationship between tensile strength and yield point

(t=1.4 mm)
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Summary Chart 8: Relationship between tensile strength and yield point
(t=1.2 mm)

In engineering automobile body strength, the yield point is important because its
properties determine the structural strength of the material. Summary charts 7 and 8 show
the relationship between tensile strength (TS) and yield point (YP) on the edges of the coil
width and those on the section between the two edges. In the 1.4 mm prototype steel sheet
the yield-tensile ratios (YR) were concentrated around 0.7 regardless of where the test
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points were on the coil, suggesting excellent structural strength stability. On the other hand,
the TY across the width of the 1.2 mm prototype steel sheet show a tendency for the YR to
rise on the edge portions. If the entire width of the coil is considered, the YR can be said to
fluctuate in the 0.7 to 0.8 range, but with this tensile strength class of steel, if the absolute
values are considered, it can be said that these variations are not necessarily large. The
reason for the differences is thought to be that there is a greater amount of microstructures
resulting from martensite-austenite constituents (MA) in the edge portions because they
tend to be easier to cool than the middle portion across the coil. With the 1.4 mm prototype
steel sheet, a stable YR can still be achieve without considering any special temperature
control of the cooling of edges, but in the case of the 1.2 mm steel sheet it would be
necessary to give some consideration to temperature control during the manufacturing
process to counteract the ease with which the edges of the coil cool.
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Summary Chart 9: Anisotropic nature of yield point (t = 1.4 mm)
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Summary Chart 10: Anisotropic nature of yield point (t = 1.2 mm)

P-16



Summary charts 9 and 10 show the yield point in the rolling direction and perpendicular to
rolling. Both the 1.4 mm and 1.2 mm prototype steel sheet demonstrated an anisotropic
nature in that the YP in direction C perpendicular to the rolling direction had higher YP
values. Looking at the coil manufacturing conditions for the current project, it is through
that the finishing rolling exit temperatures were low, resulting in the reduction deformation
structure continuing to affect the steel sheet after entering the final stand post-finishing
rolling. We believe that this anisotropy can be reduced by shifting to a higher finishing
rolling exit temperature and ensuring complete recrystallization.

Important Properties for Automobile Body Steel Sheet

We took samples from the portion of the prototype coil chosen to represent the mechanical
properties of the coil and evaluated formability, weldability, chemical treatability,
crushability on impact of parts, and delayed facture resistance. Among these properties,
those especially important for improving the performance of automobile bodies are 1) the
stability of spot welding strength and, underpinning that property, the demonstration of a
stable fracture form, 2) demonstration of stable plastic transformation under large
deformations such as experienced with collisions without accompanying breakdown
phenomena, such as material rupturing, and 3) adequate delayed facture resistance.
Particularly with this class of high grade tensile strength steel, when large elongation values
are desired, microstructures dependent on the transformation induced plasticity (TRIP)
effect are used in many cases. However, transformation induced martensite is a brittle
structure from the perspective of delayed fracture susceptibility. Moreover, in this grade of
steel, the carbon content is close to 0.2% in many cases, making it difficult to achieve good
spot weldability. In both the 1.2 mm and 1.4 mm prototype steels, 1) using the cross
tension test, the most stressful testing method, button fracture or heat-affected zone
(HAZ) fracture forms were observed, resulting in a stable fracture mode and hence stable
weld strength. For such spot welding, no special welding conditions or welding equipment
are required; 2) in the crushing on impact test for parts, no fracturing was demonstrated
and a stable buckling mode was observed; 3) in the evaluation of delayed fracture
resistance, the surface of a cross section of the steel sheet immersed in an 0.1N aqueous
solution of hydrochloric acid was observed. However, no crack generation from hydrogen
embrittlement was seen. Among other properties evaluated, none presented any problems.

Consequently, it was thought that the prototype steel sheet produced in the current project

had the basic properties to be used in automobile bodies throughout the series of
evaluations.
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Future Issues

In terms of the properties of materials, the issues for further reducing the scatter of values
are as follows.

e Reduce the degree of anisotropy (clarify the temperature control zone for finishing
rolling).

e Determine methods to control temperature on the width edges of the coil (for 1.2 mm
thickness steel).

These issues, however, are considered to be completely achievable through the trial
manufacturing process.

e With manufacturability, it will be necessary to give repeated consideration to stable
threading performance in rolling, however, the current trial manufacturing has provided
reference data on control goals.

Through the current trial manufacturing, we verified the following.

e We were able to manufacture a prototype steel sheet of a thickness within the range for
use in automobile bodies using mass production facilities.

e The mechanical properties were proven to be suitably excellent, even in comparison with
blast furnace products.

e The prototype materials satisfied all important properties for improving the performance
of automobile bodies.

Going forward, from the perspective of completing our development of automobile steel
sheet and of expanding the scope of application, we believe the following issues need to be
addressed.

1) The property that differs steel sheet for automobiles the most from steel sheet for
construction and other applications is surface quality. Steel sheet for automobiles must
have extremely flat and corrosion resistant surfaces that are uniform and stable. Since it
has been pointed out that the tramp elements in electric arc furnace mills affect the
surface quality of steel by, among others, thickening the surface layer during the
manufacturing process, it is necessary to develop technology to control the quality of
the surface layer of electric arc furnace steel.

2) Using that surface layer quality control technology, we also plan to process the surface
of the steel sheet to meet anti-corrosion specifications for use in automobile bodies.
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Resource Properties and Recycling for the Automobile Industry

As shown in Summary Chart 11, steel scrap contains the alloy elements necessary for the
production of high tensile steel sheet. Moreover, end of life vehicle (ELV) scrap is a valuable
source of iron containing many precious alloy elements. If these alloys and source of iron
can be effectively utilized and recycled into automobile steel sheet, it would create a large
resource recycling network within Japan. From an economic point of view, it would
contribute to stabilizing prices and costs. From the perspective of reducing CO; emissions,
it would also contribute to reducing new CO2 emissions.
would require an industry-wide effort, but, taking the opportunity of our current research,
we would like to develop a new business model or environmental model for resource

recycling.

The press yield of steel plate for automobile
bodies: 65-70%. The remainder is new scrap

Average composition of tramp
elements in scrap market material.

waste
Cu:0.25~0.30%
: iace it=
Steel sheet for automobile k;o'dlzezsé k700 kg/unit Cr:0.20%
new scrap waste: g Ni:0.10%
| Vehicle production volume: 10 million units/year | 5n:0.02%
Mo:0.03%

| New scrap waste: 2.2 million metric tons/year |

ELV etc.

\ 4

\‘ Scrap generated by production of drive and

power train systems.

Tramp elements utilized
effectively in production of steel
sheet for automobiles

—

T

For example, Many Cr:1.0%, Mo0:0.1%
etc, are contained depending on a
partsystem.

Realizing these advantages

Increase steel grades (high tensile steel)
applicable to automobiles,

& From JATCO website
Domestic production : 3 million sets/year

Expandthe automobile <electric arc furnace
steel pipeline.

Summary Chart 11: Recycling for the Automobile Industry
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3.2 BHERSY

HIER 41 FY2012 O EFEZBEE 2. £ 3.1 2o By & Lz, FEeFEOHIC Cr,
Mo Z&ATEY, 827 7 v 7 %FEETHESIFECHLE LIRS TH D,

# 3.1 BRLZERS

[ | si [mn ] P | s [ cu| Ni | cr | Mo [ sn | A o | N
mass% ppm
0.19 1.00 1.00 20 | 40
(01850 k ~ u L | 04 [0015[0003| 03 | 0.1 y" 0.3 |0.015| 0.03 o | o
0.205% )

AXBORE. BEME.
[ Wi, AU e T2 RAEERL , ThBAOBE R ERORERETTE UL,
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3.3 BUGHS&M:
(BT U 7= S 3 25
- AU (E F)

A7 Ty TG, G ARH, BN, HHE R

* SR SRR (i (LF)
BeRARHE, A& LDHE, BN, FeRNMEYE

(2) Waat L7k st
SRR —FRfE, AT L—HBE, HET SRR, R — Ak AVBRAE
3.4 JEIESAH:
A JEE O JESE ot CRAE L 72 SR O R A B 2 €L ISR & Uiz, 7277 LEIEIC e, H

JERENRSE « A1 BFESEIREE ANHV VB D 1272 B WABEME b & o 728, Wb 2B L, EAEEE
LD ANT O ET L & L,
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4. HRORALME

4.1 HE

RENL, 27T v 7 HFR 41 IRTHEAE T, 146ton ZER L7z, EWNAE— X BICEEM B
ok, B EICHBERK T, A7 7 v 7RI 100% E L, 2o, Hilr b g s 2 e En]
HE72 16% & L7,

ERNA~E—d1E, RKREMOTEILRHZTL T AX L THH S Cr: 0.20%. Mo : 0.03% % &
ATEY, 27 Z7y7HkD Cr, Mo ZAHMFIHTE TS, FRMIZIZA B HEOEREIR «
T—hL A U RZNLRETDHERE (Cr:1.0%, Mo: 0.1%%) 2B AT HZ LT, ERD AT
T THOLT XA ZNLVOFENERNFRETH D,

LU - 800E, s (CCM) T, 925X210mm D AT 7 14 A (142ton) A FHHAATS,

(¥ 4.1)
# 4.1 WBRERE
LMBEOREAR | HBBORY) B
295v7| BERAE— 76.86 46.68
AR el 14.22 8.64
(ton) At 91.08 55.32
RIMEER 146.40

4.1 HEEgEETOEE G OUEER)
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AT ZIIAMBIRR A (B OREFIAL, Wi EINn 2 RAE) 2170, REMICIER 4.2 1737 &80
9ARZFEIEH & LTz,

FIETIE, 1.2mnm A 1240 (X4.2) & 14mm N1 aAf LA 8ETCEH~, Z0o2a/1vx L
NI =zl L, o rEgD ML, FRYEL CRERGEICHE L7,

+® 4.2 GFEERE
CHNo. |RSTHAX| EE (ke) wE
N5-9772-51| 925x210 9,461 ASTHREHR
N5-9772-52 | 925x 210 9,461 £ 3E
N5-9772-53 [ 925x 210 9,461 ASTHRER
N5-9772-54 | 925x 210 9,461 £ 3E
N5-9772-55 [ 925x 210 9,461 [£3E M
N5-9772-56 [ 925x 210 9,461 £
N5-9772-57 [ 925x 210 9,461 [£3E M
N5-9772-58 | 925x 210 9,461 AS5THRER
N5-9772-59 [ 925 x 210 9,461 £ 3E
N5-9772-60 [ 925 x 210 9,461 [£3E M
N5-9772-61| 925%210 9,461 [E 3R
N5-9772-62 [ 925x 210 9,461 [£3E M
N5-9772-63 [ 925x 210 14,772 A5THRER
N5-9772-64 [ 925x 210 13,932 A57BRER
HWE=E (kg) 142,238

X

X 4.2 BIEMONEEER
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4.2 B

(DR
BRI ~LF @ HREL KX EBbohhol=78, CCM I IEEZRIE L, BEISMH%
B ERERICE 2 TRl St 2 i L=,

Q5B A, SRR

PRAATEAZ TIIMAN LTt AMBIREZIT W E OMER AT o 12,

* 4.3 12, WAL B I OER 7 7O EE RS, AT 7OV o AEIE, K
43D LBV THD, $FALESIE, HWEY DEL T2 LN TE T, £/2. AT T TORS
EENT, $FALFOEZWNIE Yy 77 v 7470 $HAANLZE L TN Z &35,

* 4.3 BFR HHTRE R
%
BFHR C Si M n P S Cu N i Cr
B1iEE 0.19 1.00 1.00
) (01854 E ~0.20 0.40 0.015 | 0.003 0.30 0.10
%1 UE Rk
R)

L L F &4 0.200 1.000 0.43 0.032 | 0.007 0.24 0.11 1.01
9772-64A 0.217 1.001 0.42 0.030 | 0.007 0.24 0.11 1.01
9772-64B 0.215 1.017 0.42 0.032 | 0.007 0.24 0.11 1.01

257 9772-64C 0.233 1.013 0.42 0.031 | 0.007 0.24 0.10 1.01
9772-64D 0.225 1.007 0.43 0.031 | 0.007 0.24 0.11 1.01
9772-64E 0.216 1.001 0.42 0.031 | 0.006 0.24 0.10 1.01
9772-64F 0.204 0.998 0.42 0.031 | 0.006 0.24 0.12 1.01

%
BFHA Mo \Y; N b Sn P b B Ca Ti
BHEZE 0.3 0.015

L] L F &4k 0.30 0.013 | 0.009 | 0.019 | 0.000 | 0.0026 | 0.0017 | 0.006
9772-64A 0.29 0.013 | 0.007 | 0.019 | 0.000 | 0.0029 | 0.0015 | 0.006
9772-64B 0.29 0.013 | 0.008 | 0.019 | 0.000 | 0.0024 | 0.0010 | 0.006

255 9772-64C 0.30 0.013 | 0.006 | 0.019 | 0.000 | 0.0027 | 0.0019 | 0.006
9772-64D 0.29 0.013 | 0.008 | 0.019 | 0.000 | 0.0027 | 0.0011 | 0.006
9772-64E 0.29 0.012 | 0.006 | 0.019 | 0.000 | 0.0022 | 0.0009 | 0.006
9772-64F 0.29 0.013 | 0.008 | 0.019 | 0.000 | 0.0024 | 0.0012 | 0.006

% ppm
B HA Al 0] N
BiZE 0.030 20[3@0) | 40[@0)

£k L F &#& 0.009 67 67
9772-64A 0.012 24 66
9772-64B 0.010 21 73

255 9772-64C 0.009 21 66
9772-64D 0.010 27 72
9772-64E 0.010 21 69
9772-64F 0.010 24 69

%1 xxx |RiE,BAVETEIHSEERL , ThUAOEEFEFOREEMTAEL £,

%2

RHEAE, FREAMEA L,

CeqW=C+S1/24+Mn/6+Ni/40+Cr/5+Mo/4+V/14

Pecm=C+51/30+Mn/20+Cu/20+Ni/60+Cr/20+Mo/15+V/10+5B
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