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PREFACE

Two years ago in May, the first Baosteel Biennial Academic Conference (BAC) was held here, during
which extensive exchanges were conducted on the theme of “the sustainable steel the sustainable future”.
The conference has achieved fruitful results thanks to the energetic support and active participation of friends
from all walks of life, which still remains fresh in our memory.

Today, we are delighted to gather again on the riverside of Huangpu River. The theme of this conference
is “technology innovation and circular economy”, an extension and deepening of the theme of the previous
BAC. A comprehensive, harmonious and sustainable scientific outlook on development featuring people first is
being implemented in the country. The new round of development planning of national economy puts forward
more stringent requirements on metallurgical industry for energy saving, consumption reduction and environ-
mental protection.

The world crude steel output exceeded 1 and 1. 1 billion tons respectively in the past two years. The year
2005 witnessed a global output increase by 5.9% over the previous year, almost all coming from developing
countries and over half of which was contributed by Asia. There is still a big potential market for steel pro-
ducts; steel remains an irreplaceable engineering material; it still plays a vital role in the economic develop-
ment of the world.

However, we fully recognize the fact that excessive energy consumption and overburden to the environ-
ment have constrained the sustainable development of steel industry. To relax the constraint and overcome the
bottlenecks, we need to embark on a road of circular economy featuring energy saving and consumption reduc-
tion through technological progress and innovation which propel the sustainable development.

Among the over 400 technical papers contributed by both domestic and overseas authors, 240 of them
have been chosen and placed in the proceedings (in three volumes) afier a professional and careful selection.

Hereby, heartfelt gratitude is extended to authors, members of the academic committee of the con-
ference, advisors, experts, staff of the preparatory committee and editing team of the proceedings, for their
great devotion and contribution to the successful convening of the conference as well as the publication of the
proceedings. Due to limitation of the time, the proceedings still have a great potential for further improvement.

We are sincerely looking forward to your precious advices.

0 lz

XU Lejiang

President of Baosteel Group Corporation
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Ultrafine Grained Steels Managing Both High Strength and Ductility

Nobuhiro TSUJI
(Dept. Adaptive Machine Systems, Osaka University, Suita 565 - 0871, Japan)

Abstract : Mechanical properties of the ultrafine grained ( UFG) steels having mean grain sizes much

smaller than 1 wm were systematically shown from the original experimental data. The UFG steels performed

very high strength that reached to 2 ~ 4 times of the starting materials having conventionally coarse-grained

structures. On the other hand, the uniform tensile elongation was commonly limited within a few percents when

the materials have single-phased UFG structures. The limited uniform elongation was explained in terms of ear-

ly plastic instability. On the basis of the understanding, the ways to manage both strength and ductility in the

UFG steels were indicated.

Keywords: severe plastic deformation; thermomechanical processing; grain refinement strengthening ;

plastic instability; strain hardening

0 Introduction
Grain refinement has been always one of the
most important subjects in microstructure control of
structural metallic materials. However, the minimum
mean grain size that has been conventionally a-
chieved in bulky materials is around 10 pm. In case
of commercial steels, the champion value has been 5
pm in the steel plate thermomechanically processed
by so-called controlled rolling '''. On the other
hand, it has become recently possible to fabricate
the steels with ultrafine grained (UFG) structures of
which mean grain size is smaller than 1 pm, at least
in laboratory scales [*). One of the ways to obtain the
UFG steel is thermomechanical processing under
critical conditions, where phase transformation from
heavily deformed austenite to ferrite is basically
used. For example, grain sizes around 1 pwm have
been achieved in carbon steels through heavy one-
pass deformation at low temperatures around 500 C
in undercooled austenite region followed by rapid
cooling ">’ The other route to realize the UFG struc-
tures is severe plastic deformation above logarithmic
equivalent strain of about 4 *!, The SPD can be ap-
plied not only to steels but also to most of workable
. metals and alloys, and the UFGs in 100 nm dimen-
sions or even nanocrystals have been obtained in va-

rious kinds of metals and alloys 1.

The UFG materials perform the strength 2 ~ 4
times higher than that of the conventionally grain-

sized materials %!

. On the other hand, however,
the UFG materials usually exhibit limited ductility
(especially limited uniform elongation) ). This
imbalance between strength and duectility is the big-
gest issue of the UFG materials for practical applica-
tion in the future. If the issue can be overcome, the
UFG materials are quite attractive, because high
strength can be achieved in simple chemical compo-
sitions without special alloying elements. The me-
chanical properties of the UFG materials have not yet
been systematically clarified. In the present paper,
strength and ductility of the UFG ferritic steels are
systematically shown from the experimental evi-
dences, and the way to manage both strength and

ductility in the UFG steels is discussed.

1 Experimental

A Ti-added ultralow-carbon interstitial free
(IF) steel was highly deformed by the accumulative
roll-bonding (ARB) process, in order to obtain an
UFG structure. The ARB is a kind of SPD process u-
sing rolling deformation, which was originally devel-
oped in the present author’ s group “*'. Fig. 1 illus-
trates the principle of the ARB process. Two pieces
of the plain IF steel sheet 1 mm thick, 30 mm wide
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and 300 mm long were stacked after degreasing and
wire-brushing the contact surfaces. The stacked
sheets were spot-welded at the top and tail ends,
held in an electric furnace set at 500°C for 600 s,
and then roll-bonded by 50% one-pass rolling using
a two-high rolling mill with a roll diameter of
310 mm without lubrication, The roll-bonded sheet
was cut into two and the above mentioned procedures
were repeated up to 7 cycles. Because von Mises e-
quivalent strain for 50% rolling is 0. 8, the total
strain applied to the material by 7 cycles of the ARB
is 5.6. The ARB processed sheets were annealed at
various temperatures ranging from 400°C to 800°C

for 1.8 ks to change the grain size.

Surface treatment| +——— ‘ Cutting l -

C —1

i

Degreasing
Wire-brushing

Roll-bonding

) +
Stacking Heating N
— ] > [

i
TL____I

Fig.1 Schematic llustration showing

the principle of the ARB process

Another thermomechanical processing [ w

as
applied on a plain low-carbon steel (JIS-SS400) to
fabricate another kind of UFG structure. The detailed
procedures of the process were shown in the previous
article /”?, The sheet of the SS400 having fully mar-
tensitic structure was obtained by austenitization and
water-quenching. The martensite sheet was conven-
tionally cold-rolled by 50% total reduction and an-
nealed at various temperatures from 200°C to 700°C
for 1. 8 ks. By annealing under appropriate condi-
tions, the UFG structures composed of UFG ferrite
with mean grain size of 100 nm and nano-carbide
dispersing within the UFG ferrite matrix uniformly

(78] This is a simple but novel

can be formed
process to obtain multi-phased UFG structure in car-
bon steels (1.

Microstructures of the obtained UFG steels were

observed on the sections perpendicular to the trans-
verse direction ( TD) of the sheets by means of scan-
ning electron microscopy ( SEM ), electron back-
scattering pattern analysis in a field-emission type
SEM ( FE-SEM/EBSP) and transmission electron
microscopy ( TEM ). Mechanical properties of the
specimens were measured in tensile test at room tem-
perature and initial strain rate of 8.4 x 10* s™. Ten-
sile specimen with gage width of 5 mm and gage
length of 10 mm (1/5 miniature of JIS-5 specimen)
was used for the tensile test. An extensometer was at-
tached to the specimen in the tensile test, in order to

measure exact displacement.

2 Mechanical properties of UFG steel with fer-
rite single phase

Fig. 2 shows the stress-strain curves of the IF
steel ARB processed by various cycles. The strength
of the sheet greatly increases by just 1 cycle of the
ARB, while the tensile elongation significantly de-
creases. The strength rises up with increasing the
ARB cycle and the tensile strength reaches to
900 MPa after 7 ARB cycles which is 3. 2 times
higher than that of the starting sheet (280 MPa). On
the other hand, the elongation of the sheets shows
nearly constant value after I ARB cycle. Especially,
the uniform elongation is limited within a few %.

These are typical mechanical properties of the SPD

materials having single phase'®”"'%).
1000
Tcycles IF steel

g 800 5cycles
? 3eycles
2 600
g 2cycles
Bt
1]
= 400 lcycles
g Stalirting material
u
2 200

0 10 20 30 40 50 60

Nominal strain e/%

Fig.2 Stree-strain curves of the IF steel ARB
processed by various cycles at 500°C

A TEM microstructure of the IF steel ARB pro-
cessed by 6 cycles is shown in Fig. 3. The ARB pro-

cessed materials typically reveal the UFG microstruc-
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ture elongated along the rolling direction ( RD) of
the sheets. The mean grain thickness in Fig. 3 was
210 nm. It has been already confirmed that the elon-
gated UFGs are mostly surrounded by high-angle
grain boundaries and the ARB processed sheets are
uniformly filled with the elongated UFGs throughout

thickness "'

. The material having such a micro-
structure performs very high strength but limited uni-
form elongation (Fig.2).

When the ARB processed IF steel is annealed
at various temperatures, a continuous change of the
microstructures happens, which is called continuous

1 Fig. 4 shows TEM micro-

structures of the IF steel ARB processed by 5 cycles

recrystallization

and then annealed at various temperatures for
1.8 ks. Through these processes , the bulky sheets of

IF steel having various mean grain sizes ranging from

RD

Fig.3 TEM microstructure of the IF steel ARB
processed by 6 eycles at 500°C . Observed from TD

0.2 pm to 20 wm can be obtained, which are useful
to test the mechanical properties of the UFG materi-

als systematically.

Fig.4 TEDM microstructures of the Ik steel ARB processed by 5 cycles at 500°C and then annealed
for 1.8 ks at (a)400%C ; (b)500%C ;(¢)600C ; (d)625°C ; (e)650°C and (f)700°C. Observed {rom TD

Stress-strain curves of the IF steel with various
mean grain sizes, which were fabricated by the ARB
and annealing process, are shown in Fig. 5. The
stress-strain behaviors changes as the mean grain
size decreases. It is obvious that the flow stress, es-
pecially the yield stress, significantly increases with
decreasing the grain size. On the other hand, the e-

longation, especially the uniform elongation, sud-
’ J O

denly drops when the grain size becomes smaller
than I wm. Uniform elongation in tensile test is de-
termined as the strain at which macroscopicnecking
initiates. Macroscopic necking is usually explained
by plastic instability. Equation (1) indicates the
well-known Considére criterion for plastic instability.

(rB(dl) (1)

de



4 Baosteel BAC 2006

According to this equation, necking initiates
when the flow stress (left-hand term) becomes equal
to the strain-hardening rate ( right-hand term). The
plastic instability is verified in the ultrafine grained
IF steel with various mean grain sizes in Fig. 6. In
Fig. 6, the dotted lines are the true stress-strain
curves while the solid lines strain-hardening rate ob-
tained by differentiating each stress-strain curve. The
point at which two curves meet, i. e. , the plastic in-
stability point, coincided well with the uniform elon-
gation of these specimens actually measured. That
is, the limited uniform elongation in the UFG ferritic
steel is understood in terms of plastic instability. As
is shown in the stress-strain curves (Fig.5), grain
refinement significantly increases the yield strength
of the material. On the other hand, strain-hardening
is not enhanced by grain refinement, but it rather
decreases with decreasing the grain size. As a result,
plastic instability happens at very early stage of ten-
sile test in the UFG ferritic material, resulting in
limited uniform elongation. This is an inevitable na-

ture of the UFG materials having single phase.

2000

900

IF steel
800 [ /d.:O.lel

700 I

600 dg:O. 46um
dy=0.80um di=1.6pm

500 |

400 |

True stress o /MPa

300 p

200
L dy=2.0km

d;=13pm
100

2 I 1 i L " i

0 0.06 0.1 0.15 0.2 0.25 0.3 0.35 0.4

True strin ¢

Fig.5 True stress-strain curves of the IF steel
with various mean grain sizes fabricated by the

ARB and annealing process

3 Mechanical properties of multi-phased UFG
steel
Understanding on the basis of plastic instability
also tells us how to improve the ductility of the UFG
materials. If the strain-hardening ( right-hand term in

eq. (1)) is enhanced by some means, it is expected

1000

True stress ¢ /MPa

2000

—~ 1000

York hardening rate (do/d:) /MPa

0.4

True strin ¢ (-)

Fig.6 True stress and strain-hardening rate as a function of true strain in the

IF steel having various grain sizes fabricated by the ARB and annealing process

that the plastic instability is delayed even in the
UFG material. One of the ways to enhance strain-
hardening is to disperse fine second phase(s) within
the UFG ferrite matrix uniformly. Fig. 7 is a TEM mi-
crostructure of the low-C steel (SS400) processed in
the latter thermomechanical treatment ( Martensite-
method) '), The starting sheet having as-quenched

martensite structure was conventionally cold-rolled

by 50% and then annealed at 500°C for 1. 8 ks. The
specimen shows a kind of UFG structure. It is note-
worthy that a number of carbides with nano-meter si-
zes uniformly precipitate within the UFG ferrite ma-
trix. This is because the as-quenched martensite was
a supersaturated solid solution of carbon. Conse-
quently, the structure resulted from the Martensite-

method is a multi-phased UFG structure composed of
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Fig. 7
cold-rolled and annealed at 773 K for 1.8 ks. Observed

TEM microstructure of the SS400 steel 50%

from TD. The starting microstructure was martensite

nearly equiaxed UFG ferrite having mean grain size
of 100 nm and nano-carbides uniformly disperse
within the UFG ferrite.

The multi-phased UFG steel fabricated by the
Martensite-method ~ actually managed both high
strength and adequate ductility. Stress-strain curves
of the low-C steel Martensite-processed are shown in
Fig. 8. Strain-hardening is clearly enhanced and the
specimen annealed at 550°C showed tensile strength
of 850 MPa, uniform elongation of 10% and total e-
longation of 10% at the same time. The standard

tensile strength of this material is 400 MPa. The

1500 =
/As cold-rolled
L-*As quenched (martensite)
2 p Y
= Rt Annealed at 673K for 1. 8ks
= 1000 = ¢ p
%)
@ Annealed at 773K
o
—
- Annealed at 823K
= & / a
= Annealed at 873K
£ 500 /
Fw\ ..'~‘
As received(ferritetpearlite)
1 1 1 [
0
0 10 20 30 40 50
Nominal strain e/%

Fig.8  Nominal stress-strain curves of the S$400 steel 50% cold-rolled and annealed

at various temperatures for 1. 8 ks. Starting microstructure was martensite

result clearly shows that dispersing fine precipitates

is effective to manage both strength and ductility in

the UFG steels.

4 Summary
of UFG

shown based on the author’ s original experimental

Mechanical properties steels  were
data. UFG steels perform very high strength but lim-
ited uniform tensile ductility when they have single
phase structure. The limited uniform elongation was
understood in terms of early plastic instability
which is an inevitable feature of the UFG single-
phased materials. It was also indicated at the same
time that dispersing nano-carbides within the UFG
ferrite matrix is an effective way to improve the uni-
form elongation of the UFG steels. Steels have vari-

ous options of multi-phased structure, such as, fer-

rite. + cementite, ferrite + martensite, ferrite +
bainite, and so on. The studies of the UFG steels

should be focused on “multi-phase” in future.
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Grain Size Distribution Features and Yield Strength
of Ultrafine-Grained Low Carbon Steels

Fuxing YIN ', Noriyuki TSUCHIDA * Kotobu NAGAI '
(1. Steel Research Center, National Institute of Materials Science,
Tsukuba, 305 -0047, Japan;2. Department of Materials Science and Chemistry ,
University of Hyogo, Himeji, 671 -2280, Japan)

Abstract: Caliber - rolling of low — carbon steels in ferrite temperature range shows a high efficiency in
producing an ultrafine ferrite/cementite microstructure in low — carbon steels. In order to clarify the micro-
structural contributions to the yield strength of the ultrafine — grained steel, grain size distribution and average
grain size were obtained for the as - rolled sample and the annealed samples, all of which show a nominal
grain size <1 um . With grain size distribution analysis the average grain size for 5° grain boundary definition
is found to be similar to nominal grain size observed with SEM, while that for 15° definition is about 2 time of
nominal grain size. Reduced yield strengths for the three as - rolled and annealed samples are calculated by
deleting the contributions of dislocation strengthening and cementite dispersion strengthening, respectively. It
is found that the k parameter in Hall - Petch plots becomes much lower when the low — angle boundaries are
included. When the strengthening effect of only a fraction of dislocations is considered a k parameter similar to
the reported one can be obtained with the average grain size at 15° grain boundary definition.

Keywords : ultrafine — grained steel; grain size distribution; orientation imaging microscopy ( OIM) ;

yield strength ;dislocation

¢ Introduction plastically deformed microstructure.

A lot of severe plastic deformation ( SPD) On the other hand, an average grain size is u-

processes have been investigated that produce an av- sually applied to characterize the changes of yield-

erage ferrite grain size of ~ 1um in low - carbon strength with Hall — Petch relationship, and the cor-

[1,2] : : . . . .
steels - As a kind of SPD process, caliber - rect estimation of the average grain size becomes

rolling of low - carbon steels in ferrite temperature quite important for ultrafine grained microstructure

range shows a high efficiency in producing an ultra- since a larger deviation in yield strength is caused by

fine ferrite/ cementite microstructure in low — carbon

J

; that of grain size when the grain size becomes smal-
3
steels 7.

b T ) .
It was found that warm ~ rolling induced ler. Recently,a multi — pass warm - rolling and the
not only the ultrafine ferrite microstructure in the . . .
. ) . _ following annealing were used to fabricate the ultra-
steel, but also the high dislocation density, the pre- ) . . . .
] ) ) ] fine ferrite/ cementite microstructure with an average
ferred grain orientation, as well as the fine disper- L (4]
. ) . . grain size of <1 um'"'. Tt was proposed that for the
sion of cementite particles. As compared with the ) ) _
. . . ultrafine microstructure the Hall - Petch relationship
20um ferrite/pearlite microstructure for the same

SM490 steel, the increase of yield strength in the was still remained with ¢, = 175 MPa and k =

172 . . .
caliber - rolled 3jum ferrite/cementite microstructure 475 MPa » pm™. The nominal average grain size of

was contributed by grain refinement, dislocation and
cementite dispersion in the value of 312.5, 115 and
55.2 MPa, respectively. It is indicated that both
grain refinement and dislocation introduction make a

contribution to the increase of yield strength in the

the ferrite microstructure was measured with SEM
observation and was applied to the linear Hall -
Petch relationship fitting. However, the formation of
ultrafine ferrite microstructure is the product of dy-

namic recrystallization process during the warm -
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rolling. In the recrystallized Al the distribution of
grain volume was described by a lognormal distribu-
tion, and the standard deviation of In(d) varied in
the range of 0.33 ~0.76 "), There has been rare
report on the effects of grain size distribution on the
yield strength of steel, and it is considered that the
broad grain size distribution in the ultrafine grain mi-
crostructure may influence the tensile behavior con-
siderably. In the present work, the grain size distri-
bution is derived with Orientation Imaging Microsco-
py (OIM) analysis for the multi — pass caliber -
rolled steel with the nominal average grain size of <
1 pm. The dependence of yield strength on the av-
erage grain size is discussed based on the different
grain boundary definitions and the effects of disloca-

tions.

1 Experimental procedure

A low - carbon steel with the composition e-
quivalent to JIS ~ SM490 (0. 15C -0.3Si —1.43Mn
mass% ) was used in the present work. The hot -
rolled steel bar with a 80 mm x 80 mm square sec-
tion was hold at 1 173 K for 3.6 x 10°s and quickly
cooled to 773 K. The fist pass caliber rolling was
conducted at 773 K at a section area reduction of
91% , and steel bars with a 24 mm x 24 mm square
section were obtained. Then the bars were cooled to
723 K and the second pass caliber rolling was con-
ducted at a section area reduection of 43. 8% . The fi-
nal section area of the rolled steel bars is 18 mm x
18 mm, and those steel bars are hereafter named as
AS sample. The as - rolled steel bars were then an-
nealed for 3.6 x 10”s at 743 K and 773 K, respec-
tively. The nominal grain size for the annealed sam-
ples was 0. 5 and 0.7 pwm, and the samples are
hereafter called as 05 C and 07 C.

Tensile test was conducted at 296 K at a strain
rate of 3.3 x 10 "*s "'in bar specimens with a diame-
ter of 3. 5 mm and gauge length of 25 mm. Micro-
structure of the samples on the RD section was ana-
lyzed with LEO — 1550 SEM equipped with EBSD
system ( TSL Inc. ). Grain size distribution was ob-
tained by defining grain boundary at the misorienta-

tion of 5° and 15°, respectively. Meanwhile, the

kernel average misorientation distribution image was
also obtained by the nearest neighboring pixel calcu-

lation at a step of 50 nm.

2 Experimental results and discussion

Fig. 1 shows the stress — strain curves of the
three samples during tensile test at 296 K. All the
samples show the obvious difference between upper
and lower yield stresses, while the lower yield stress
was sustained to 5% strain in all the samples with
little strain strengthening. The lower yield strength is
933, 870 and 770 MPa, respectively for AS, 05 C
and 07 Csamples. Fig. 2 shows the OIM microstruc-
ture of the samples obtained with EBSD measure-
ment. Homogeneous polygonal grain structure occurs
in the samples when the grain boundaries with a mi-
sorientation > 5°are considered, while some of the
grains with a misorientation > 15° show the irregular
shapes. Fig. 3 shows the grain size distribution by
area — weighted fraction in two different grain bound-
ary definitions. In the case of 5°grain boundaries
grain size distribution can well be fitted with the log-
normal function. In contrast there are some grains
with the larger areas that deviate from lognormal dis-

tribution in the case of 15° grain boundary defini-

tion.
1000
933MPa
900 - /AS sample
o 870MPa 05C sample
% 800 |
a 770MPa
E 700 - 07C sample
w2
600 F
500 L L ) T S S

0 0.02 0.04 0.06 0.08 0.10 0.12 0.14

Strain

Fig. I The stress — strain curves of the AS,05 C and
07 C samples obtained by tensile tests

There are two parameters that are necessary to
characterize the lognormal distribution of grain size,
x, and w. x, indicate the center value of In(d) distri-
bution and w is the standard deviation of In(d) .
When the grain size abides by the lognormal distri-
bution the average grain size, d, can be calculated

by x,. exp(1/2w?) through a correction of area —
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weighted fraction to the normal number — weighted
fraction "', Table 1 shows the results of the fitted
grain size distribution in the two cases of grain
boundary definition. The average grain sizes, d , de-
rived from the grain size distributions are different
according to the grain boundary definitions, and the
grain size at 15° definition is about 1.5 ~ 1. 8 times
larger than that calculated at 5° definition. Mean-
while the variance of grain size distribution is also

obtained with the fitted standard deviation parame-

ter, and the variance is about 0. 15 ~0.2 pm at 5°
definition and that becomes quite larger at 15° defi-
nition. On the other hand, grain size distribution at
15° definition indicates a bimodal character and the
fitting has ignored the grains with larger grain sizes,
whose area — weighted fraction deviate from the log-
normal distribution. Therefore the average grain size

at 15° definition should be a little larger than the

values shown in table 1.

Fig.2 OIM microstructure of the AS,05 C and 07 C samples with the contrast

of image quality obtained in EBSD measurement. The grain boundaries with a misoriention

> 15° in indicated by the dark lines and the grey lines indicate the boundaries of 5° ~15°

Table 1 The average grain size and its variance obtained from lognormal fitting of

the erea-weighted grain size fraction

Sample C w dy/ pm Variance/pum Nominal d/pum
AS 1.512  0.906 0.54 0.189 0.40
5°Grain boundary 05C  1.349 0.782 0.57 0.154 0.47
07C  2.105 0.761 0.78 0.200 0.70
AS 2,702  0.664 0. 80 0. 159 0.40
15°Grain boundary 05C  2.225 0.904 1.05 0.364 0.47
07C  3.143  0.917 1.33 0.473 0.70
0.14
Misorientation of grain boundary-5° 0.16 [ Misorientation of
0.12 Grain boundary-15° ©
0.14
g opn
= 0.10 g 012 aas .k
8 i S 010} ©o0sC g % I a
S 0.08 E - orc 5 li ;
g 006 | coo0sp T W T
£ g ) & oy %o
=2 e 0.06 ,{f/;, s \“\ . ]
L = ) S ) :
0.04 g | [,;9;, O
% s ~
0.02 | d.g E ';9_((2:» a¥ s \\\
o 0 P . S~ e
0.1 1.6 10.0

Grain size/um

Grain size/um

Fig.3  The area - weighted fractions of three samples in two different grain boundary definitions.

The dashed lines show the lognormal fitting results of the distributions

When considering the Hall - Petch relationship

in those samples the contributions of dislocation and

cementite dispersion to yield strength should be di-

vided from the measured data. By applying the mod-



