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HIGH STRENGTH STEEL SHEET HAVING
HIGH YOUNG’S MODULUS AND METHOD
FOR MANUFACTURING THE SAMEL

TECHNICAL FIELD

The present disclosure 1s directed to a high strength steel
sheet having a high Young’s modulus, which may be used
the structural parts of automobile bodies, and to a method for
manufacturing the steel sheet.

BACKGROUND

Nowadays, since, for example, automobile exhaust gas
regulations are requested 1n response to 1ncreasing concern
about global environment problems, weight reduction of
automobile bodies 1s a very important 1ssue to be solved.
Decreasing the thickness (thickness reduction) of a steel
sheet by 1increasing the strength of a steel sheet 1s an
cllective method for reducing the weight of automobile
bodies. Nowadays, as a result of a significant increase 1n the
strength of a steel sheet, there 1s an active trend toward using
a thin steel sheet having a tensile strength TS of 780 MPa or
more and a thickness of less than 2.0 mm. However, since
there 1s a problem of a decrease in the rigidity of automobile
bodies due to thickness reduction, it 1s necessary to increase
the rigidity of the structural parts of automobiles. Since the
rigidity of structural parts having the same cross-section
shape varies depending on the thickness and Young’s modu-
lus of a steel sheet, increasing the Young’s modulus of a steel
sheet 1s effective for achieving both suflicient weight reduc-
tion and satisfactory rigidity for structural parts.

It 1s known that Young’s modulus varies greatly depend-
ing on the texture of a steel sheet and that, in the case of 1ron,
which has a body-centered cubic lattice, Young’s modulus 1s
high 1n the <111> onentation, 1n which atom density 1s high,
and conversely low 1n the <100> orientation, in which atom
density 1s low. It 1s known that the Young’s modulus of
ordinary 1iron having no grain orientation anisotropy 1s about
206 GPa. In addition, by increasing atom density in a
specific direction as a result of providing grain orientation
anisotropy to 1ron, it 1s possible to increase Young’s modulus
in this direction. However, with regard to the rigidity of
automobile bodies, since loads are applied from various
directions, a steel sheet 1s required to have a high Young’s
modulus 1n all directions instead of 1n a specific direction.

In order to meet such a requirement, for example, Patent
Literature 1 proposes a method for manufacturing a high
strength thin steel sheet excellent 1n terms of rigidity, the
method including hot-rolling a slab having a chemical

composition containing, by massa, C: 0.02% to 0.15%, Si:
0.3% or less, Mn: 1.0% to 3.5%, P: 0.05% or less, S: 0.01%

or less, Al: 1.0% or less, N: 0.01% or less, Ti: 0.1% to 1.0%,
and the balance being Fe and inevitable impurities, cold-
rolling the hot-rolled steel sheet with a rolling reduction of
20% to 85%, and then performing recrystallization anneal-
ing in order to obtain a steel sheet having a microstructure
of a fernite single phase, a'TS of 590 MPa or more, a Young’s
modulus of 230 GPa or more 1n a direction at an angle of 90°
to the rolling direction, and an average Young’s modulus in
directions at angles of 0°, 45°, and 90° to the rolling
direction of 215 GPa or more.

Patent Literature 2 proposes a method for manufacturing,
a high-rigidity high strength steel sheet excellent 1n terms of
workability, the method mncluding hot-rolling a slab having,
a chemical composition containing, by mass %, C: 0.02% to

0.15%, S1: 1.5% or less, Mn: 1.5% to 4.0%, P: 0.05% or less,
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2

S: 0.01% or less, Al: 1.5% or less, N: 0.01% or less, Nb:
0.02% to 0.40%, and the balance being Fe and inevitable
impurities, cold-rolling the hot-rolled steel sheet with a
rolling reduction of 50% or more, and then performing
recrystallization annealing in order to obtain a steel sheet
having a mixed microstructure of ferrite and martensite, a

TS of 590 MPa or more and a Young’s modulus of 225 GPa
or more 1n a direction at a right angle to the rolling direction.

PATENT LITERATURE

PTL 1: Japanese Unexamined Patent Application Publi-
cation No. 2007-92130

PTL 2: Japanese Unexamined Patent Application Publi-
cation No. 2006-183131

SUMMARY
Technical Problem

However, 1n the case of the technique according to Patent
Literature 1, 1n order to achieve a tensile strength of 780
MPa or more, 1t 1s necessary that V content be 0.4 mass %
and W content be 0.5 mass %, 1n reference to, for example,
its working examples. In addition, in order to further
increase strength, since i1t 1s imperative to add expensive
chemical elements such as Cr and Mo, there 1s a problem of
an increase in alloy costs. In the case of the technique
according to Patent Literature 2, 1t 1s possible to eflectively
increase Young’s modulus 1 only one direction of a steel
sheet. However, 1t 1s not possible to use 1t in order to increase
the rigidity of the structural parts of automobiles, for which
a steel sheet having a high Young’s modulus 1n all directions
1s required.

The present disclosure 1s directed to a high strength steel
sheet having a high Young’s modulus which has a tensile
strength of 780 MPa or more, a Young’s modulus of 205
(GPa or more 1n the rolling direction and 1n a direction at an
angle of 45° to the rolling direction, a Young’s modulus of
220 GPa or more 1n a direction at a right angle to the rolling
direction, and good deep drawability and to provide a
method for manufacturing the steel sheet. Here, examples of
the high strength steel sheet having a high Young’s modulus
according to the present disclosure include a so-called high
strength cold-rolled steel sheet having a high Young’s modu-
lus, which 1s a cold-rolled steel sheet, a so-called high
strength coated steel sheet having a high Young’s modulus,
which 1s a coated steel sheet having a coating film on the
surface thereotf, a so-called high strength galvanized steel
sheet having a high Young’s modulus, which 1s a galvanized
steel sheet having a galvanizing film on the surface thereof,
and a so-called high strength galvannealed steel sheet having
a high Young’s modulus, which 1s a galvannealed steel sheet
having a galvannealing film on the surface thereof.

Solution to Problem

The present inventors diligently conducted investigations
regarding 1ncreasing the Young’s modulus and deep
drawability of a high strength steel sheet having a tensile
strength of 780 MPa or more, and as a result, obtained the
following knowledge.

By hot-rolling a steel material to which Nb and V are
added and 1n which the chemical composition of the other
alloy chemical elements are appropriately controlled, and by
then coiling the hot-rolled steel sheet at a high coiling
temperature 1n order to precipitate Nb and V 1n the form of
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carbides while a solid solute C 1s retained, 1t 1s possible to
grow a texture ol a-fiber and y-fiber when cold rolling 1s
subsequently performed. Moreover, when annealing 1s per-
formed, by growing a texture of c-fiber and vy-fiber as a
result of controlling precipitates and annealing temperature
in order to 1ncrease Young’s modulus in all directions, and
by utilizing a solid solute C 1n order to form {ferrite and
martensite 1 a certain amount or more, 1t 1s possible to
achieve desired strength and to manufacture a high strength
steel sheet having a high Young’s modulus provided with
satisfactory deep drawability.

The disclosed embodiments have been made 1n accor-
dance with the above-described findings.

[1] A high strength steel sheet having a high Young’s
modulus, the steel sheet having a chemical composition
containing, by mass %, C: 0.060% or more and 0.150% or
less, S1: 0.50% or more and 2.20% or less, Mn: 1.00% or
more and 3.00% or less, P: 0.100% or less, S: 0.0100% or
less, Al: 0.010% or more and 2.500% or less, N: 0.0100% or
less, Nb: 0.001% or more and 0.200% or less, V: 0.001% or
more and 0.200% or less, and the balance being Fe and
inevitable impurities, 1n which the contents of C, Nb, and V
satisty relational expression (1) below, and a microstructure
including ferrite i an amount of 20% or more 1n terms of
area ratio and martensite 1 an amount of 5% or more 1n
terms ol area ratio, in which the average grain size of the
territe 1s 20.0 um or less, and in which the inverse intensity
ratio of y-fiber for a-fiber 1s 1.00 or more i each of the
ferrite and the martensite:

500<C*=1300 (1),

where CH*=(C-(12.0/92.9)xNb-(12.0/50.9)xV)x10000,
where atomic symbols 1n the relational expression respec-
tively represent the contents (mass %) of the corresponding
chemical elements, and where C* 1s represented 1n units of
mass ppm.

[2] The high strength steel sheet having a high Young’s
modulus according to the item [1], the steel sheet further
having an average r value of 1.05 or more and a limiting
drawing ratio (LDR) of 2.03 or more.

[3] The high strength steel sheet having a high Young’s
modulus according to the item [1] or [2], the steel sheet
having the chemical composition further containing, by

mass %, at least one chemical element selected from among,
Cr: 0.05% or more and 1.00% or less, Mo: 0.05% or more

and 1.00% or less, N1: 0.05% or more and 1.00% or less, and
Cu: 0.05% or more and 1.00% or less.

[4] The high strength steel sheet having a high Young’s
modulus according to any one of the items [1] to [3], the
steel sheet having the chemical composition further contain-
ing, by mass %, B: 0.0003% or more and 0.0050% or less.

[5] The high strength steel sheet having a high Young’s
modulus according to any one of the items [1] to [4], the
steel sheet having the chemical composition further contain-
ing, by mass %, at least one chemical element selected from
among Ca: 0.0010% or more and 0.0050% or less, Mg:
0.0005% or more and 0.0100% or less, and REM: 0.0003%
or more and 0.0050% or less.

|6] The high strength steel sheet having a high Young’s
modulus according to any one of the items [1] to [5], the
steel sheet having the chemical composition further contain-
ing, by mass %, Ta: 0.0010% or more and 0.1000% or less,
in which the contents of C, Nb, V, and Ta satisiy relational
expression (2) below instead of relational expression (1)
above:

500<C*=1300 (2),
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where CH*=(C-(12.0/92.9)xNb-(12.0/50.9)xV—-(12.0/
180.9)xTa)x 10000, where atomic symbols in the relational
expression respectively represent the contents (mass %) of
the corresponding chemical elements, and where C* 1s
represented 1n units of mass ppm.

[ 7] The high strength steel sheet having a high Young’s
modulus according to any one of the items [1] to [6], the
steel sheet having the chemical composition further contain-
ing, by mass %, at least one chemical element selected from

among Sn: 0.0020% or more and 0.2000% or less and Sb:
0.0020% or more and 0.2000% or less.

[8] The high strength steel sheet having a high Young’s
modulus according to any one of the items [1] to [7], the
high strength steel sheet having a high Young’s modulus
being a cold-rolled steel sheet.

[9] The high strength steel sheet having a high Young’s
modulus according to any one of the items [1] to [7], the
high strength steel sheet having a high Young’s modulus
being a coated steel sheet having a coating film on the
surtace thereol.

[10] The high strength steel sheet having a high Young’s
modulus according to the item [9], the coating film being a
galvanizing film and the coated steel sheet being a galva-
nized steel sheet.

[11] The high strength steel sheet having a high Young’s
modulus according to the item [9], the coating film being a
galvannealing film and the coated steel sheet being a gal-
vannealed steel sheet.

[12] A method for manufacturing a high strength steel
sheet having a high Young’s modulus, the method including
heating a steel slab having the chemical composition accord-
ing to any one of the items [1] to [7] to a temperature range
of 1150° C. or higher and 1300° C. or lower, then hot-rolling
the heated steel slab 1n a finishing temperature range of 850°
C. or higher and 1000° C. or lower, coiling the hot-rolled
steel sheet 1 a coiling temperature range of 500° C. or
higher and 800° C. or lower, then cold-rolling the coiled
steel sheet with a cold rolling reduction of 40% or more 1n
order to obtain a cold-rolled steel sheet, heating the cold-
rolled steel sheet to a temperature range of 450° C. or higher
and 800° C. or lower, holding the heated steel sheet in the
heating temperature range for 300 seconds or more, subse-
quently heating the held steel sheet to a temperature of 750°
C. or higher and 950° C. or lower, and then cooling the
heated steel sheet at an average cooling rate of 3° C./sec or
more 1 a temperature range ol 300° C. or higher and 700°
C. or lower 1 order to obtain a cold-rolled steel sheet.

[13] A method for manufacturing a high strength steel
sheet having a high Young’s modulus, the method including
heating a steel slab having the chemical composition accord-
ing to any one of the items [1] to [7] to a temperature range
of 1150° C. or higher and 1300° C. or lower, then hot-rolling
the heated steel slab 1n a finishing temperature range of 850°
C. or higher and 1000° C. or lower, coiling the hot-rolled
steel sheet 1n a coiling temperature range of 500° C. or
higher and 800° C. or lower, then cold-rolling the coiled
steel sheet with a cold rolling reduction of 40% or more 1n
order to obtain a cold-rolled steel sheet, heating the cold-
rolled steel sheet to a temperature range ol 450° C. or higher
and 800° C. or lower, holding the heated steel sheet 1n the
heating temperature range for 300 seconds or more, subse-
quently heating the held steel sheet to a temperature of 750°
C. or higher and 930° C. or lower, cooling the heated steel
sheet at an average cooling rate of 3° C./sec or more 1n a
temperature range of 550° C. or higher and 700° C. or lower,
and then performing a galvanizing treatment in order to
obtain a galvanized steel sheet.
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[14] A method for manufacturing a high strength steel
sheet having a high Young’s modulus, the method including

heating a steel slab having the chemical composition accord-

ing to any one of the items [1] to [7] to a temperature range
of 1150° C. or higher and 1300° C. or lower, then hot-rolling
the heated steel slab 1n a finishing temperature range of 850°
C. or higher and 1000° C. or lower, coiling the hot-rolled
steel sheet 1n a coiling temperature range of 500° C. or
higher and 800° C. or lower, then cold-rolling the coiled
steel sheet with a cold rolling reduction of 40% or more 1n
order to obtain a cold-rolled steel sheet, heating the cold-
rolled steel sheet to a temperature range of 450° C. or higher
and 800° C. or lower, holding the heated steel sheet 1n the
heating temperature range for 300 seconds or more, subse-
quently heating the held steel sheet to a temperature of 750°
C. or higher and 930° C. or lower, cooling the heated steel
sheet at an average cooling rate of 3° C./sec or more 1n a
temperature range of 550° C. or higher and 700° C. or lower,
then performing a galvanizing treatment, and then perform-
ing a galvannealing treatment 1n a temperature range ot 470°
C. or higher and 600° C. or lower 1n order to obtain a
galvannealed steel sheet.

Advantageous Effects

According to the disclosed embodiments, 1t 1s possible to
obtain a high strength steel sheet having a high Young’s
modulus which has a tensile strength of 780 MPa or more,
a Young’s modulus of 205 GPa or more i the rolling
direction and 1n a direction at an angle of 45° to the rolling
direction, a Young’s modulus of 220 GPa or more in a
direction at a right angle to the rolling direction, an average
r value of 1.05 or more, and a limiting drawing ratio (LDR)
of 2.03 or more. By using the high strength steel sheet
having a high Young’s modulus according to the present
disclosure for, for example, the structural parts of automo-
bile bodies, it 1s possible to increase fuel efliciency due to the
weight reduction of automobile bodies.

DETAILED DESCRIPTION

Hereatter, the high strength steel sheet having a high
Young’s modulus and the method for manufacturing the
steel sheet, according to the present disclosure, will be
described 1n detail by dividing the description into parts
respectively regarding the chemical composition, the micro-
structure, and the manufacturing method.

First, the chemical composition will be described. Here,
in the following description, “%” used when describing a
chemical composition of steel represents “mass %”, unless
otherwise noted.

[C: 0.060% or More and 0.150% or Less]

C 1s a chemical element which contributes to an increase
in Young’s modulus by controlling grain growth as a result
of combining with Nb and V to form precipitates (carbides)
when annealing 1s performed and which 1s imperative for
controlling the area ratio and hardness of martensite when
utilizing microstructure strengthening through the use of
martensite. In the case where the C content i1s less than
0.060%, since there 1s an 1ncrease 1n ferrite grain size, since
it 1s difhicult to achieve the area ratio of martensite needed,
and since there 1s no increase 1n the hardness of martensite,
it 1s not possible to achieve suflicient strength. On the other
hand, 1n the case where the C content 1s more than 0.150%,
since 1t 1s necessary to 1crease the contents of Nb and V 1n
accordance with an increase in C content, there 1s an
increase 1n alloy costs while the effect of carbides becomes
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saturated. Therefore, the C content 1s set to be 0.060% or
more and 0.150% or less, or preferably 0.080% or more and
0.130% or less.

[S1: 0.50% or More and 2.20% or Less]

S1 15 one of the important chemical elements in the
disclosed embodiments. Since Si1, which 1s a ferrite-stabi-
lizing chemical element, increases Young’s modulus, an
average r value, and an LDR by promoting ferrite transior-
mation 1n a cooling process when annealing 1s performed,
and since S1 1s capable of promoting the formation of low
temperature transformation-forming phases by stabilizing
austenite as a result of concentrating C 1n austenite, it 1s
possible to increase the strength of steel as needed. More-
over, since S1 which forms a solid solution 1n {errite
increases the work hardening capability, there 1s an increase
in the ductility of ferrite. In order to realize such eflects, 1t
1s necessary that the Si1 content be 0.50% or more. On the
other hand, 1n the case where the S1 content 1s more than
2.20%, there 1s a decrease 1n weldability of a steel sheet, and
the occurrence of a so-called red scale, a surface defect 1n a
hot-rolled steel sheet, 1s promoted because the formation of
tayalite 1s promoted on the surface of a slab when heating 1s
performed before hot rolling 1s performed. Moreover, Si
oxides which are formed on the surface decrease the phos-
phatability 1n the case where a steel sheet 1s used as a cold
rolled steel sheet, and in addition, S1 oxides which are
formed on the surface induce bare spots in the case where a
steel sheet 1s used as a galvanized steel sheet. Therefore, the
S1 content 1s set to be 0.50% or more and 2.20% or less, or
preferably 0.80% or more and 2.10% or less.

[Mn: 1.00% or More and 3.00% or Less]

Mn greatly contributes to an increase in strength by
increasing hardenability and by promoting the formation of
low temperature transformation-forming phases in a cooling
process when annealing 1s performed, and 1n addition,
contributes to an increase in strength by functioning as a
solid solution strengthening chemical element. In order to
realize such eflects, 1t 1s necessary that the Mn content be
1.00% or more. On the other hand, 1n the case where the Mn
content 1s more than 3.00%, since the formation of ferrite,
which 1s necessary for increasing Young’s modulus, an
average r value, and an LDR 1n a cooling process when
annealing 1s pertormed, 1s markedly inhibited, and since
there 1s an 1ncrease 1n the strength of steel due to an increase
in the amount of low temperature transformation-forming
phases formed, there 1s a decrease 1n workability. Also, such
a large amount of Mn decreases the weldability of a steel
sheet. Therefore, the Mn content 1s set to be 1.00% or more
and 3.00% or less, or preferably 1.50% or more and 2.80%
or less.

|P: 0.100% or Less]

P 1s a chemical element which 1s eflective for solid
solution strengthening, which may be added in accordance
with desired strength, and which 1s eflective for forming a
multi-phase microstructure in order to promote ferrite trans-
formation. However, 1n the case where the P content 1s more
than 0.100%, there 1s a decrease in spot weldability. In
addition, there 1s a decrease 1n zinc coatability as a result of
decreasing an alloying speed in the case where an alloying
treatment 1s performed on a galvanizing film. Therefore, 1t 1s
necessary that the P content be 0.100% or less, or preferably
0.001% or more and 0.100% or less.

|S: 0.0100% or Less]

Since S causes hot cracking when hot rolling 1s per-
formed, and since S decreases local deformation capability
as a result of being present 1n the form of sulfides, 1t 1s
preferable that the S content be as small as possible. There-
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fore, 1t 1s preferable that the S content be 0.0100% or less,
or more preferably limited to 0.0050% or less. On the other
hand, in the case where the S content 1s limited to less than
0.0001%, there 1s an increase in manufacturing costs.
Accordingly, it 1s preferable that the lower limit of the S
content be set to be 0.0001%. Therelore, 1t 1s preferable that
the S content be 0.0100% or less, or preferably 0.0001% or
more and 0.0100% or less, or more preferably 0.0001% or
more and 0.0050% or less.

[Al: 0.010% or More and 2.500% or Less]

Since Al 1s eflective for steel as a deoxidization agent, 1t
1s preferable that the Al content be 0.010% or more. More-
over, since Al, which 1s a ferrite-forming chemical element,
promotes the formation of ferrite in a cooling process when
annealing 1s performed, and since Al promotes the formation
of low temperature transformation-forming phases by sta-
bilizing austenite as a result of concentrating C 1n austenite,
it 1s possible to increase the strength of steel as needed. In
order to realize such eflects, 1t 1s more preferable that the Al
content be 0.020% or more. On the other hand, 1n the case
where the Al content 1s more than 2.500%, since a tempera-
ture range for forming an austenite single phase 1s elimi-
nated due to a significant rise 1n the Ar3 transformation
point, 1t 1s not possible to finish hot rolling 1n a temperature
range for forming austenite. Therefore, the Al content 1s set
to be 0.010% or more and 2.500% or less, or preferably
0.020% or more and 2.500% or less.

IN: 0.0100% or Less]

N 1s a chemical element which decreases the ageing
resistance of steel. In particular, in the case where the N
content 1s more than 0.0100%, there 1s a significant decrease
in ageing resistance. Therefore, the N content 1s set to be
0.0100% or less, or more preferably limited to 0.0060% or
less. In addition, 1t 1s acceptable that the lower limit of the
N content be about 0.0005% under some constraints regard-
ing manufacturing techniques.

[INb: 0.001% or More and 0.200% or Less]

Nb 1s one of the important chemical elements 1n the
disclosed embodiments. Nb eflectively contributes to an
increase 1n strength by forming ferrite grown 1n an orienta-
tion which 1s advantageous for increasing Young’s modulus,
an average r value, and an LDR and by inhibiting an increase
in the size of recrystallized grains when annealing 1s per-
formed as a result of forming fine precipitates when hot
rolling or annealing 1s performed. In particular, by appro-
priately controlling the Nb content, since there 1s a decrease
in the grain size of an austenite phase formed as a result of
reverse transiformation when annealing 1s performed, the
s1ze ol microstructure 1s also decreased after annealing 1s
performed and there 1s an 1increase 1n strength of the steel. In
order to realize such eflects, it 1s necessary that the Nb
content be 0.001% or more. On the other hand, 1n the case
where the Nb content 1s more than 0.200%, since carboni-
trides having a large grain size are retained because carbo-
nitrides are not completely dissolved when ordinary slab
reheating 1s performed, the eflects of increasing strength and
inhibiting recrystallization are not realized. Also, 1n the case
where hot rolling 1s performed without performing a process
in which a continuously cast slab 1s first cooled and then
reheated, the contribution of the additional amount of Nb
over 0.200% to inhibiting recrystallization 1s small, and
there 1s an increase 1n alloy costs. Therefore, the Nb content
1s set to be 0.001% or more and 0.200% or less, or preferably

0.005% or more and 0.200% or less.

[V: 0.001% or More and 0.200% or Less]

V 1s one of the important chemical elements in the
disclosed embodiments. V eflectively contributes to an
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increase 1n strength by forming ferrite grown 1n an orienta-
tion which 1s advantageous for increasing Young’s modulus,
an average r value, and an LDR and by inhibiting an increase
in the size of recrystallized grains when annealing 1s per-
formed as a result of combining with C to form precipitates.
In order to realize such eflects, it 1s necessary that the V
content be 0.001% or more. On the other hand, 1n the case
where the V content 1s more than 0.200%, since carboni-
trides having a large grain size are retained because carbo-
nitrides are not completely dissolved when ordinary slab
reheating 1s performed, the effects of increasing strength and
inhibiting recrystallization are not realized. Also, 1n the case

where hot rolling 1s performed without performing a process
in which a continuously cast slab 1s first cooled and then
reheated, the contribution of the additional amount of V over
0.200% to inhibiting recrystallization 1s small, and there 1s
an increase 1n alloy costs. Therefore, the V content 1s set to
be 0.001% or more and 0.200% or less, or preferably
0.005% or more and 0.200% or less.

In addition, 1n the present disclosure, it 1s necessary that
the contents of C, Nb, and V described above satisiy
relational expression (1) below.

500<C*=1300 (1),

where CH*=(C-(12.0/92.9)xNb-(12.0/50.9)xV)x10000,
where atomic symbols 1n the relational expression respec-
tively represent the contents (mass %) of the corresponding
chemical elements, and where C* 1s represented 1n units of
mass ppm.

By controlling the amount of a solid solute C to be 500
mass ppm or more and 1300 mass ppm or less, 1t 1s possible
to grow an orientation which 1s advantageous for increasing
Young’s modulus, an average r value, and an LDR when
cold rolling and annealing are performed, and to achieve
satisfactory strength. Therefore, C*, which represents the
amount of a solid solute C, is set to be 500 mass ppm or more
and 1300 mass ppm or less as expressed by relational
expression (1) above. Here, C in steel combines with Nb and
V to form precipitates such as NbC and VC. Therefore, it 1s
possible to derive the amount of a solid solute C 1n steel in
the form of C* described above 1n consideration of such
precipitation.

It 1s preferable to add at least one chemical element
selected from among Cr: 0.05% or more and 1.00% or less,
Mo: 0.05% or more and 1.00% or less, N1: 0.05% or more
and 1.00% or less, and Cu: 0.05% or more and 1.00% or less,
B: 0.0003% or more and 0.0050% or less, at least one
chemical element selected from among Ca: 0.0010% or
more and 0.0050% or less, Mg: 0.0005% or more and
0.0100% or less, and REM: 0.0003% or more and 0.0050%
or less, and Ta: 0.0010% or more and 0.1000% or less, and
at least one chemical element selected from among Sn:
0.0020% or more and 0.2000% or less and Sb: 0.0020% or
more and 0.2000% or less to the high strength steel sheet
having a high Young’s modulus according to the present
disclosure separately or in combination in addition to the
constituent chemical elements described above.

Cr, Mo, N1, and Cu not only function as solid solution
strengthening chemical elements but also facilitate the for-
mation ol a multi-phase microstructure by stabilizing aus-
tenite 1n a cooling process when annealing 1s performed. In
order to realize such an eflect, it 1s necessary that the content
of each of Cr, Mo, N1, and Cu be 0.05% or more. On the
other hand, in the case where the content of each of Cr, Mo,
Ni, and Cu 1s more than 1.00%, there 1s a decrease 1n
formability and spot weldability. Therefore, 1n the case
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where Cr, Mo, Ni, and Cu are added, the content of each of
Cr, Mo, Ni, and Cu 1s set to be 0.05% or more and 1.00%
or less.

Since B promotes the formation of martensite by stabi-
lizing austenite as a result of inhibiting the formation of
pearlite or bainite from austenite, B 1s eflective for achieving,
satisfactory strength. Such an eflect i1s realized 1n the case
where the B content 1s 0.0003% or more. On the other hand,
in the case where the B content 1s more than 0.0050%, the
eflect becomes saturated, and there 1s a decrease 1n manu-
tacturability when hot rolling 1s performed. Therefore, 1n the
case where B 1s added, the B content 1s set to be 0.0003%
or more and 0.0050% or less.

Ca, Mg, and REM are chemical elements which are used
for deoxidization and which are effective for decreasing the
negative eflect of sulfides on local ductility by spheroidizing,
the shape of sulfides. In order to realize such eflects, it 1s
necessary that the contents of Ca, Mg, and REM be respec-
tively 0.0010% or more, 0.0005% or more, and 0.0003% or
more. However, in the case where the contents of Ca, Mg,
and REM are respectively more than 0.0050%, more than
0.0100%, and more than 0.0050%, since there 1s an increase
in the amount of 1nclusions and the like, surface defects and
internal defects occur. Therefore, 1n the case where Ca, Mg,
and REM are added, the contents of Ca, Mg, and REM are
respectively set to be 0.0010% or more and 0.0050% or less,
0.0005% or more and 0.0100% or less, and 0.0003% or more
and 0.0050% or less.

Ta, like Nb and V, contributes to an increase in strength by
forming alloy carbides and alloy carbonitrides. In addition,
it 1s considered that, since Ta sigmificantly inhibits an
increase in the grain size ol precipitates by being partially
dissolved in Nb carbides and Nb carbonitrides so as to form
compound precipitates such as (Nb, Ta)—(C, N), Ta 1is
cllective for stabilizing the contribution to an increase 1n
strength through precipitation strengthening. Therefore, 1t 1s
preferable to add Ta. Here, it 1s possible to realize the effect
of stabilizing precipitates described above by controlling the
Ta content to be 0.0010% or more. On the other hand, 1n the
case where the Ta content 1s excessively large, the eflect of
stabilizing precipitates becomes saturated, and there 1s an
increase 1n alloy costs. Therefore, in the case where Ta 1s
added, the Ta content 1s set to be 0.0010% or more and
0.1000% or less.

In addition, in the case where Ta 1s added, in the present
disclosure, 1t 1s necessary that the contents of C, Nb, V, and
Ta described above satisiy relational expression (2) below
instead of relational expression (1) above.

500<C*=1300 (2),

where CH*=(C-(12.0/92.9)xNb-(12.0/50.9)xV-(12.0/
180.9)xTa)x10000, where atomic symbols in the relational
expression respectively represent the contents (mass %) of
the corresponding chemical elements, and where C* 1s
represented 1n units of mass ppm.

By controlling the amount of a solid solute C to be 500
mass ppm or more and 1300 mass ppm or less, 1t 1s possible
to grow an orientation which 1s advantageous for increasing
Young’s modulus, an average r value, and an LDR when
cold rolling and annealing are performed, and to achieve
satisfactory strength. Therefore, C*, which represents the
amount of a solid solute C, 1s set to be 500 mass ppm or more
and 1300 mass ppm or less as expressed by relational
expression (2) above. Here, C 1n steel combines with Nb, V,
and Ta to form precipitates as described above. Therefore, 1t
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1s possible to derive the amount of a solid solute C 1n steel
in the form of C* described above in consideration of such
precipitation.

Sn and Sb are added as needed from the viewpoint of
inhibiting decarburization caused by nitration and oxidation
of the surface of a steel sheet 1n a region within about several
tens ol um 1n the surface layer of a steel sheet. While such
nitration and oxidation are inhibited, Sn and Sb are capable
of increasing fatigue resistance and ageing resistance by
preventing a decrease in the amount of martensite formed in
the surface layer of a steel sheet. In order to realize such
cllects, it 1s necessary that the content of each of Sn and Sb
be 0.0020% or more. On the other hand, in the case where
the content of each of these chemical elements 1s more than
0.2000%, there 1s a decrease 1n toughness. Therefore, 1n the
case where Sn and Sb are added, the contents of each of Sn
and Sb are set to be 0.0020% or more and 0.2000% or less.

The remaining constituent chemical elements other than
those whose contents are described above are Fe and inevi-
table impurities. Here, chemical elements other than those
described above may be added as long as the effect of the
present disclosure 1s not decreased. However, since oxygen
(O) has a negative eflect on the quality of a steel sheet
because O forms non-metal inclusions, 1t 1s preferable that
the O content be limited to 0.003% or less.

Hereafter, the microstructure will be described.

| Area Ratio of Ferrite: 20% or More]}

Ferrite 1s effective for growing a texture which 1s advan-
tageous for increasing Young’s modulus, an average r value,
and an LDR. In order to realize such an eflect, 1t 1s necessary
that the area ratio of ferrite be 20% or more. It 1s more
preferable that the area ratio of ferrite be 30% or more in
order to further increase Young’s modulus, an average r
value, and an LDR. Herein, the meaning of “ferrite’” includes
baimtic ferrite, polygonal ferrite, and acicular ferrite, which
do not contain carbide precipitates, in addition to so-called
ferrite.

| Area Ratio of Martensite: 5% or More]

As a result of martensite being included, there 1s an
increase 1n strength and strength-elongation balance. In the
case where the area ratio of martensite 1s less than 5%, 1t 1s
difficult to achieve the tensile strength TS needed, specifi-
cally, a tensile strength TS of 780 MPa or more. Therelore,
it 1s necessary that the area ratio of martensite be set to be
3% or more.

Here, 1t 1s possible to determine the area ratios of ferrite
and martensite by polishing a cross section (L-cross section)
in the thickness direction parallel to the rolling direction of
a steel sheet, by etching the polished cross section by using
a 3 vol. %-nital solution, by observing a portion located at
I/4 of the thickness (position located at a distance equal to %4
of the thickness 1n the depth direction from the surface of a
steel sheet) by using a SEM (Scanming Electron Microscope)
at a magnification of 2000 times 1n three fields of view, by
calculating the area ratios of the three fields of view for each
of the microstructures (ferrite and martensite) by analyzing
the microstructure 1mages obtained from the three fields of
view by using Adobe Photoshop produced by Adobe Sys-
tems Inc., and by calculating the average value of the three
area ratios. In addition, 1 the microstructure image
described above, ferrite 1s 1dentified as a gray microstructure
(matrix microstructure), and martensite 1s identified as a
white microstructure.

| Average Grain Size of Ferrite: 20.0 um or Less]

In the case where the average grain size of ferrite 1s more
than 20.0 um, 1t 1s not possible to achieve high strength.
Therefore, the average grain size of ferrite 1s set to be 20.0




US 10,385,431 B2

11

um or less 1n order to increase strength by decreasing the
grain size of ferrite. In addition, although 1t 1s not necessary
to put a particular limitation on the average grain size of
territe, since there 1s a tendency for ductility to decrease 1n
the case where the average grain size of ferrite 1s less than
1 um, 1t 1s preferable that the average grain size of ferrite be
1 um or more.

Here, the average grain size of ferrite was, by using Adobe
Photoshop described above, calculated by dividing the value
obtained by calibrating the length of a line segment drawn
on an image to a practical length by the number of grains
through which the line segment drawn on an 1image passes.

Here, in the microstructure according to the disclosed
embodiments, it 1s preferable that the sum of the area ratios
ol ferrite and martensite described above be 90% or more.
There 1s no decrease 1n the eflect of the present disclosure 1n
the case where the microstructure includes, for example,
tempered martensite, bainite, tempered bainite, pearlite, and
carbides such as cementite 1n an amount of 10% or less 1n
terms of area ratio in addition to ferrite and martensite.

[Inverse Intensity Ratios of y-fiber for a-fiber 1n Ferrte
and Martensite: 1.00 or More Each]

a.-1iber 1s a fiber texture having the <110> axis parallel to
the rolling direction, and vy-fiber 1s a fiber texture having the
<111> axis parallel to the normal direction to the rolling
direction. Metal having a body-centered cubic structure is
characterized 1n that the a-fiber and the y-fiber are strongly
grown due to rolling deformation and 1n that such kinds of
textures are also formed due to recrystallization.

Since 1t 1s possible to increase Young’s modulus, an
average r value, and an LDR 1n all directions by growing
v-fiber 1n ferrite and martensite, 1t 1s necessary that the
inverse tensity ratios of y-fiber for a-fiber 1n ferrite and
martensite at a position located at 4 of the thickness of a
steel sheet be 1.00 or more. Here, the inverse intensity ratios
of y-fiber for a-fiber in ferrite and martensite were calculated
by polishing a cross section (L-cross section) in the thick-
ness direction parallel to the rolling direction of a steel sheet,
by determining grain orientations in a portion located at %4
of the thickness (position located at a distance equal to 4 of
the thickness in the depth direction from the surface of a
steel sheet) by using SEM-EBSD (Electron Back-Scatter
Diffraction), by distributing the obtained data to the micro-
structures (ferrite and martensite) by using OIM Data Analy-
s1s produced by AMETEK Inc., and by calculating inverse
intensity ratios of y-fiber for o-fiber.

By controlling the microstructure of steel having the
chemical composition described above to be one described
above, a high strength steel sheet having a high Young’s
modulus 1s obtained. In addition, the high strength steel
sheet having a high Young’s modulus according to the
present disclosure may be a cold-rolled steel sheet, a coated
steel sheet having a coating film such as a galvamzing film,
a galvannealing film, an electrogalvanizing film, or an Al
coating {ilm on the surface thereol, or a hot-rolled steel
sheet.

The high strength steel sheet having a high Young’s
modulus according to the disclosed embodiments described
above has the following characteristics.

[Young’s Modulus in the Rolling Direction and in a
Direction at an Angle o1 45° to the Rolling Direction 1s 205
(GPa or More, and Young’s Modulus 1n a Direction at a Right
Angle to the Rolling Direction 1s 220 GPa or More]

In the case where a thickness 1s reduced by using a high
strength steel sheet having a TS of 780 MPa or more, there
1s a decrease 1n the rigidity of structural parts. Theretfore, 1n
order to achieve both suflicient weight reduction and satis-
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factory rigidity of structural parts, 1n the present disclosure,
Young’s modulus 1s limited to be 205 GPa or more in the
rolling direction and 1n a direction at an angle of 45° to the
rolling direction and 220 GPa or more 1n a direction at a right
angle to the rolling direction, preferably 208 GPa or more 1n
the rolling direction and 1n a direction at an angle of 45° to
the rolling direction and 223 GPa or more 1n a direction at
a right angle to the rolling direction, or more preferably 210
(GPa or more 1n the rolling direction and 1n a direction at an
angle of 45° to the rolling direction and 225 GPa or more 1n
a direction at a right angle to the rolling direction.

| Average r Value: 1.05 or More]

A high strength steel sheet having a TS of 780 MPa or
more 1S much poorer in terms of press formability, 1n
particular deep drawability, than a mild steel sheet. There-
fore, 1n order to use a high strength steel sheet for members
such as mner and outer panels and chassis which are formed
mainly by using a drawing method, 1n the examples of the
present disclosure, an average r value 1s limited to be 1.05
or more, preferably 1.07 or more, or more preferably 1.10 or
more.

[Limiting Drawing Ratio (LDR): 2.03 or More]

A high strength steel sheet having a TS of 780 MPa or
more 1s much poorer i terms ol press formability, in
particular deep drawability, than a mild steel sheet. There-
fore, 1n order to use a high strength steel sheet for members
such as inner and outer panels and chassis which are formed
mainly by using a drawing method, in the examples of the
present disclosure, a limiting drawing ratio (LDR) 1s limited
to be 2.03 or more, preferably 2.06 or more, more preferably
2.09 or more, or even more preferably 2.12 or more.

Hereafter, the method for manufacturing such a high
strength steel sheet having a high Young’s modulus will be
described.

First, 1n the case of producing a cold-rolled steel sheet, the
method includes heating a steel slab having the chemical
composition described above obtamned by using, for
example, a continuous casting method to a temperature
range of 1150° C. or higher and 1300° C. or lower (steel slab
heating process), then hot-rolling the heated steel slab 1n a
fimshing temperature range of 850° C. or higher and 1000°
C. or lower (hot rolling process), coiling the hot-rolled steel
sheet 1n a coiling temperature range of S00° C. or higher and
800° C. or lower (coiling process), then cold-rolling the
colled steel sheet with a cold rolling reduction of 40% or
more 1n order to obtain a cold-rolled steel sheet (cold rolling
process), heating the cold-rolled steel sheet to a temperature
range of 450° C. or higher and 800° C. or lower (heating
process), holding the heated steel sheet in the heating
temperature range for 300 seconds or more (holding process
alter the heating process), subsequently heating the held
steel sheet to a temperature of 750° C. or higher and 950° C.
or lower (reheating process), and then cooling the heated
steel sheet at an average cooling rate of 3° C./sec or more 1n
a temperature range of 300° C. or higher and 700° C. or
lower (cooling process atter the reheating process). By using
this manufacturing method, it 1s possible to obtain a high
strength steel sheet having a high Young’s modulus, which
1s a cold-rolled steel sheet, that 1s, a high strength cold-rolled
steel sheet having a high Young’s modulus.

In addition, in the case of producing a galvanized steel
sheet, the method includes heating a steel slab having the
c‘lemlcal composition described above to a temperature
range of 1150° C. or higher and 1300° C. or lower (steel slab
heating process), then hot-rolling the heated steel slab 1n a
finishing temperature range of 850° C. or higher and 1000°
C. or lower (hot rolling process), coiling the hot-rolled steel
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sheet 1n a coiling temperature range of S00° C. or higher and
800° C. or lower (coiling process), then cold-rolling the
colled steel sheet with a cold rolling reduction of 40% or
more 1n order to obtain a cold-rolled steel sheet (cold rolling
process), heating the cold-rolled steel sheet to a temperature
range of 450° C. or higher and 800° C. or lower (heating
process), holding the heated steel sheet in the heating
temperature range for 300 seconds or more (holding process
alfter the heating process), subsequently heating the held
steel sheet to a temperature of 750° C. or higher and 950° C.
or lower (reheating process), then cooling the heated steel
sheet at an average cooling rate of 3° C./sec or more 1n a
temperature range of 3350° C. or higher and 700° C. or lower
(cooling process aiter the reheating process), and then
performing a galvanizing treatment (galvanizing process).
By using this manufacturing method, 1t 1s possible to obtain
a high strength steel sheet having a high Young’s modulus,
which 1s a galvanized steel sheet, that 1s, a high strength
galvanized steel sheet having a high Young’s modulus.
Moreover, 1n the case of producing a galvannealed steel
sheet, the method further includes, after the galvanizing
treatment has been performed, performing a galvannealing,
treatment 1n a temperature range of 470° C. or higher and
600° C. or lower (alloying treatment process). By using this
manufacturing method, it 1s possible to obtain a high
strength steel sheet having a high Young’s modulus, which
1s a galvannealed steel sheet, that 1s, a high strength gal-
vannealed steel sheet having a high Young’s modulus.

Hereatter, each process will be described 1n detail.

[Steel Slab Heating Process]

Nb- and V-based precipitates which are present and
untreated at the stage of heating a cast steel slab will be
retained in the form of precipitates having a large grain size
in a finally obtained steel sheet without contributing to an
increase in strength, Young’s modulus, an average r value, or
an LDR. Therefore, when a steel slab 1s heated, 1t 1s
necessary to re-dissolve Nb- and V-based precipitates which
are precipitated when the steel slab 1s cast. The contribution
of this method to an increase in strength 1s recognized when
heating 1s performed at a temperature of 1150° C. or higher.
In addition, it 1s preferable that heating be performed at a
temperature of 1150° C. or higher in order to achieve a
smooth steel sheet surface without a crack or irregularity by
removing defects such as blowholes and segregates of the
surface layer of a slab along with scale. However, 1n the case
where the heating temperature 1s higher than 1300° C., there
1s an increase in the grain size of austenite, which results 1n
a decrease 1n strength and ductility due to an increase 1n the
grain size of the final microstructure. Therefore, a steel slab
1s heated to a temperature range of 1150° C. or higher and
1300° C. or lower. That 1s, the slab heating temperature 1s set
to be 1150° C. or higher and 1300° C. or lower.

|[Hot Rolling Process]

A hot rolling process consists of rough rolling and finish
rolling, and a heated steel slab 1s made 1nto a hot-rolled steel
sheet by preforming such rough rolling and finish rolling. In
the case where the finishing temperature of hot rolling 1s
higher than 1000° C., since there 1s a significant increase in
the amount of oxides (hot rolling scale) formed, the interface
between base steel and oxides 1s roughened, which results in
a decrease 1n surface quality after downstream processes
such as a pickling process and a cold rolling process have
been performed. On the other hand, 1n the case where the
finishing temperature of hot rolling 1s lower than 850° C.,
there 1s an increase 1n rolling load due to an increase in
rolling force, and an abnormal texture 1s grown due to an
increase in rolling reduction 1n a condition that the austenite
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1s not recrystallized. As a result, since there 1s significant
in-plane anisotropy in the final product, there 1s a decrease
not only 1n the uniformity of material properties but also in
Young’s modulus, an average r value, and an LDR. There-
fore, the finishing temperature of hot rolling 1s set to be 850°
C. or higher and 1000° C. or lower, or preferably 850° C. or
higher and 9350° C. or lower.

Here, a steel slab 1s made into a sheet bar by performing
rough rolling under ordinary conditions. In the case where
the heating temperature 1s low, 1t 1s preferable that a sheet
bar be heated by using a bar heater and the like betfore finish
rolling 1s performed from the viewpoint of preventing prob-
lems when hot rolling 1s performed.

|Coiling Process]

In the case where a coiling temperature 1s higher than
800° C. when a hot-rolled steel sheet 1s coiled after hot
rolling has been performed, the integration of an orientation
during cold rolling 1s obstructed due to an increase 1n the
grain size of ferrite, and there 1s a decrease 1n the effect of
inhibiting the recrystallization of ferrite and an increase 1n
the grain size of austenite when annealing 1s performed due
to an increase in the grain size of carbonitrides of Nb and V.
On the other hand, 1n the case where the coiling temperature
1s lower than 500° C., hard bainite and martensite are formed
in addition to ferrite. In this case, non-uniform deformation
occurs when cold rolling 1s performed. As a result, since a
texture 1s not grown after annealing has been performed,
there 1s no 1ncrease 1 Young’'s modulus, an average r value,
or an LDR. Therefore, the coiling temperature 1s set to be
500° C. or higher and 800° C. or lower. That 1s, coiling 1s
performed 1n a temperature range of 500° C. or higher and
800° C. or lower after hot rolling has been performed.

[Cold Rolling Process]

By performing cold rolling after the hot rolling process,
a-liber and y-fiber, which are advantageous for increasing
Young’s modulus, an average r value, and an LDR, are
integrated. That 1s, by growing a-fiber and y-fiber by per-
forming cold rolling, since 1t 1s possible to increase the
amount of ferrite having a-fiber and y-fiber, 1n particular,
v-fiber 1n a microstructure after an annealing process has
been performed, it 1s possible to increase Young’s modulus,
an average r value, and an LDR. In order to realize such an
ellect, 1t 1s necessary that the cold rolling reduction be 40%
or more. It 1s more preferable that the cold rolling reduction
be 50% or more from the viewpoint of further increasing
Young’s modulus, an average r value, and an LDR. On the
other hand, since there 1s difliculty 1n manufacturing due to
an 1ncrease 1n rolling force 1n the case where the cold rolling
reduction 1s high, 1t 1s preferable that the cold rolling
reduction be 80% or less. Therefore, the cold rolling reduc-
tion 1s set to be 40% or more, preferably 40% or more and
80% or less, or more preferably 50% or more and 80% or
less. Here, without putting any particular limitation on the
number of rolling passes or the rolling reduction per pass of
cold rolling, the eflfect of the present disclosure 1s realized.

| Heating Process]

In the case where an annealing temperature 1n a heating,
process 1s low, since a non-recrystallized microstructure 1s
retained, the integration into y-fiber 1s diflicult, which results
in a decrease 1 Young’s modulus, an average r value, and
an LDR 1n all directions. Therefore, the annealing tempera-
ture 1s set to be 450° C. or higher. It 1s preferable that the
annealing temperature be 550° C. or higher from the view-
point of further increasing Young’s modulus, an average r
value, and an LDR. On the other hand, in the case where the
annealing temperature 1s higher than 800° C., there 1s an
increase 1n the grain size of austenite, it 1s diflicult for ferrite
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retransformed 1n a cooling process after annealing has been
performed to be integrated into a-fiber and vy-fiber, in
particular, into y-fiber. Therefore, the annealing temperature
in the heating process 1s set to be 450° C. or higher and 800°
C. or lower. That 1s, heating 1s performed 1n a temperature
range of 450° C. or higher and 800° C. or lower, or
preferably 1n a temperature range of 550° C. or higher and
800° C. or lower, 1n the heating process.

|[Holding Process After a Heating Process]

In the case where a holding time in the above-described
temperature range of 450° C. or higher and 800° C. or lower
1s less than 300 seconds, since a non-recrystallized micro-
structure 1s retained, the integration into y-fiber 1s difficult,
which results 1n a decrease 1n Young’s modulus, an average
r value, and an LDR 1n all directions. Therefore, the holding
time 1s set to be 300 seconds or more. In addition, although
1t 15 not necessary to put a particular limitation on the upper
limit of the holding time, since there 1s an increase in the
grain size ol recrystallized ferrite in the case where the
holding time 1s more than 100000 seconds, 1t 1s preferable
that the holding time be 100000 seconds or less. Therelore,
the holding time 1s set to be 300 seconds or more, or
preferably 300 seconds or more and 100000 seconds or less.
In the case where a cooling process 1s performed aiter the
heating process, cooling may be performed to room tem-
perature, or a treatment passing through an over-ageing
temperature range may be performed. Here, although 1t 1s
not necessary to put a particular limitation on a cooling rate,
since there may be a deterioration 1n the shape of a steel
sheet 1n the case where an average cooling rate down to
room temperature or an over-ageing temperature range 1s
more than 80° C./s, 1t 1s preferable that the average cooling
rate be 80° C./s or less.

[Reheating Process]

In the case where an annealing temperature 1n a reheating,
process 1s lower than 750° C., an insuflicient amount of
austenite 1s formed. As a result, since 1t 1s not possible to
form a suflicient amount of martensite in a cooling process
alter annealing has been performed 1n the reheating process,
it 1s dithicult to achieve the desired strength. In addition,
since a non-recrystallized microstructure 1s retained, there 1s
a decrease 1n ductility. Therefore, the annealing temperature
1s set to be 750° C. or higher. In addition, 1n the case where
the annealing temperature when annealing 1s performed 1s
higher than 950° C., since there 1s an increase in the grain
s1ze of austenite, there 1s a tendency for the tensile strength
TS of a steel sheet finally obtained to decrease. Therefore, 1t
1s preferable that the annealing temperature be 950° C. or
lower. Theretfore, the annealing temperature in the reheating
process 1s 750° C. or hugher and 950° C. or lower. That 1s,
heating 1s performed to a temperature range of 750° C. or
higher and 9350° C. or lower in the reheating process.

|Cooling Process After a Reheating Process]

In the case where a cooling rate 1s excessively small 1n a
cooling process after annealing has been performed 1n the
reheating process described above, since it 1s not possible to
achieve the desired area ratio of martensite because untrans-
formed austenite 1s transformed into pearlite, 1t 1s difficult to
achieve the desired strength. For example, 1n the case where
an average cooling rate 1s less than 3° C./s 1n a temperature
range of 300° C. or higher and 700° C. or lower 1n the case
of producing a cold-rolled steel sheet, or 1n the case where
an average cooling rate 1s less than 3° C./s 1n a temperature
range of 550° C. or higher and 700° C. or lower 1n the case
of producing a galvanized steel sheet, since 1t 1s not possible
to achieve the desired area ratio of martensite because
untransformed austenite 1s transformed into pearlite, it 1s
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difficult to achieve the desired strength. Therefore, in the
case ol producing a cold-rolled steel sheet, the average
cooling rate 1s set to be 3° C./s or more 1n a temperature
range of 300° C. or higher and 700° C. or lower. In addition,
in the case of producing a galvanized steel sheet, the average
cooling rate 1s set to be 3° C./s or more 1n a temperature
range of 550° C. or higher and 700° C. or lower. In addition,
although 1t 1s not necessary to put a particular limitation on
the upper limit of the cooling rate, since there may be a
deterioration 1n the shape of a steel sheet 1n the case where
the average cooling rate described above 1s more than 80°
C./s, 1t 1s preferable that the average cooling rate described
above be 80° C./s or less. Therefore, the average cooling rate
1s set to be 3° C./s or more, or preferably 3° C./s or more and
80° C./s or less, 1n a temperature range of 300° C. or higher
and 700° C. or lower 1n the case of producing a cold-rolled
steel sheet, or 1n a temperature range of 350° C. or higher
and 700° C. or lower 1n the case of producing a galvanized
steel sheet.

After the cooling process following the reheating process
has been performed, a treatment passing through an over-
ageing temperature range may be performed in the case of
producing a cold-rolled steel sheet. In addition, the steel
sheet may be passed through molten zinc 1 the case of
producing a galvanized steel sheet, and, further, an alloying
treatment may be performed i1n the case of producing a
galvannealed steel sheet.

| Galvanizing Process]

In the case where a galvanizing treatment 1s performed, it
1s preferable that the treatment be performed 1n a tempera-
ture range of 420° C. or higher and 350° C. or lower, and the
treatment may be performed 1n the cooling process after the
annealing process. It 1s preferable that a galvanizing bath
containing 0.15 mass % to 0.23 mass % of Al be used for a
Gl (galvanized steel sheet) and that a galvanizing bath
containing 0.12 mass % to 0.20 mass % of Al be used for a
GA (galvannealed steel sheet). In addition, 1t 1s preferable
that a coating weight be 20 g¢/m” to 70 g/m” per side (both
side coating). It 1s preferable that Fe concentration 1n a
coating layer be 7 mass % to 15 mass % as a result of an
alloying treatment performed for a GA as described below.

| Alloying Treatment Process]

In the case where an alloying treatment temperature 1n an
alloying treatment 1s lower than 470° C., there 1s a problem
in that alloying does not progress. On the other hand, in the
case where the alloying treatment temperature 1s higher than
600° C., since there 1s an 1ncrease 1n the grain size of ferrite,
it 1s dithicult to achueve the desired strength. Therefore, the
alloying treatment temperature 1s set to be 470° C. or higher
and 600° C. or lower. That 1s, the alloying treatment of a
galvanizing layer i1s performed in a temperature range of
4°70° C. or higher and 600° C. or lower.

In the case of the manufacturing method, in which a
reheating process 1s performed after a holding process
following a heating process, a holding process (first anneal-
ing) 1s performed after the heating process, and reheating
(second annealing) 1s performed by performing a reheating
process using a continuous annealing line (CAL) or a
galvanizing line (CGL) without performing a cooling pro-
cess. In the case where the second heating 1s performed by
using a galvanizing line (CGL), a galvamizing treatment 1s
performed 1 a cooling process after reheating has been
performed after the cooling process following the reheating
process described above. In addition, after that, an alloying
treatment 1s appropriately performed.

In the manufacturing method, by first heating a steel sheet
to a temperature range of 450° C. or higher and 800° C. or
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lower and then holding the steel sheet in the first annealing
process, since non-recrystallized {ferrite 1s sufliciently
recrystallized, a texture, which 1s advantageous for increas-
ing Young’s modulus, an average r value, and an LDR, 1s
growi.

In addition, as described above, by increasing the degree
of the integration particularly in y-fiber 1n the first annealing
process, since ferrite and martensite highly integrated in
a-fiber and y-fiber are formed even in the case where
martensite 1s dispersed 1n a ferrite base microstructure in the
second annealing process performed after the first annealing
process, there 1s no great change 1n texture, which results in
an elfective increase in strength.

Here, skin pass rolling may be performed after producing,
for example, a cold-rolled steel sheet, a galvamized steel
sheet, or a galvannealed steel sheet by performing heat
treatments as described above. In the case where skin pass
rolling 1s performed after heat treatments have been per-
formed as described above, 1t 1s preferable that the elonga-
tion ratio of skin pass rolling be 0.1% or more and 1.5% or
less. Since there 1s an msuilicient eflect of shape correction
and dithculty in control 1n the case where the elongation
rat1o 1s less than 0.1%, the lower limit of the appropnate
range of the elongation ratio 1s set to be 0.1%. In addition,
since there 1s a significant decrease 1 productivity in the
case where the elongation ratio 1s more than 1.5%, the upper
limit of the appropriate range of the elongation ratio 1s set to
be 1.5%. Here, skin pass rolling may be performed in-line or
ofl-line. In addition, the number of passes of skin pass
rolling may be one or plural 1n order to achueve the target
clongation ratio.

EXAMPLE 1

Herealter, examples of the present disclosure will be
described. Here, the present disclosure 1s not limited to the
examples below.

Molten steels having chemical composition containing
the constituent chemical elements given 1n Table 1 and the
balance being Fe and inevitable impurities were manufac-
tured by using a revolving furnace, and then made into slabs
by using a continuous casting method. The obtained slabs
were subjected to hot rolling under conditions given 1n Table
2, and then, the obtained hot-rolled steel sheets were sub-
jected to pickling. Subsequently, the pickled steel sheets
were subjected to cold rolling under the conditions given in
Table 2 and subjected to heating (first annealing) and to
reheating (second annealing) under the conditions given in
Table 2 1 order to obtain cold-rolled steel sheets (CR:
cold-rolled steel sheet (without coating layer)). Some of the
obtained cold-rolled steel sheets were subjected to a galva-
nizing treatment (GI: galvanized steel sheet) after reheating
(second annealing) had been performed. Some others of the
obtained cold-rolled steel sheets were subjected to an alloy-
ing treatment (GA: galvannealed steel sheet) after reheating
(second annealing) and a galvanizing treatment had been
performed 1n this order. In Table 2, the average cooling rates
in a cooling process after reheating (second annealing) had
been performed are those in a temperature range of 300° C.
or higher and 700° C. or lower 1n the case of a CR and those
in a temperature range of 550° C. or higher and 700° C. or
lower 1n the case of a GI and a GA.

Here, a galvanizing bath containing 0.18 mass % of Al
was used for a GI and a galvanizing bath containing 0.15
mass % of Al was used for a GA. The bath temperature was
470° C. The coating weight was 45 g/m” per side (both side
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coating). The Fe concentration 1n the coating layer of a GA
was Y mass % to 12 mass %.

The mechanical properties of the sample steel sheets
obtained as described above were evaluated. Mechanical
properties were evaluated by performing a tensile test,
Young’s modulus determination, average r value determi-
nation, and a deep drawing test as described below. The
results are given 1n Table 3. In addition, the thicknesses of
the sample steel sheets are given in Table 3.

| Tensile Test]

A tensile test was performed on a JIS No. 5 tensile test
piece prescribed m JIS Z 2201 (1998) taken from the steel
sheet which had been subjected to temper rolling with an
clongation ratio of 0.5% so that the tensile direction was the
rolling direction of the steel sheet 1n accordance with JIS Z
2241 (1998) 1n order to determine tensile strength TS and
total elongation EL.

[ Determination of Young’s Modulus]

Young’s modulus was determined by using test pieces of
10 mmx 350 mm which had been taken from the steel sheet 1n
the three directions of the rolling direction (L-direction) of
the steel sheet, a direction (D-direction) at an angle of 45°
to the rolling direction of the steel sheet, and a direction
(C-direction) at a right angle to the rolling direction of the
steel sheet and by using a resonant frequency measuring
machine of a transverse oscillation type 1n accordance with
the standard (C1259) produced by the American Society to
Testing Materials.

[Calculation of Average r Value]

An average r value was calculated by using the equation
below from plastic strain ratios r,, r,,, and r,. which were

determined by using JIS No. 5 test pieces prescribed in JIS
7. 2201 (1998) which had been respectively taken from the
steel sheet in the three directions of the rolling direction
(L-direction) of the steel sheet, a direction (D-direction) at
an angle of 45° to the rolling direction of the steel sheet, and
a direction (C-direction) at a right angle to the rolling
direction of the steel sheet in accordance with JIS Z 2254,

average v value=(r;+2rp+r-)/4

Here, 1n the present disclosure, a case where an average
r value was 1.05 or more was judged as a case of a
satisfactory average r value.

[Deep Drawing Test]

Deep drawability was evaluated 1in terms of a limiting
drawing ratio (LDR) by performing a cupping test. Among
a cupping test conditions, a cylindrical punch having a
diameter of 33 mm was used, and a mold having a die
diameter of 36.6 mm was used for a steel sheet having a
thickness of 1.2 mm. The test was performed with a blank
holding force of 1.5 tons (14.71 kN). Since surface frictional
conditions varied depending on, for example, coating con-
ditions, the test was performed under a high lubrication
condition by placing a polyethylene sheet between the
sample and the die so that the surface frictional conditions
did not influence the test results. The test was performed on
test pieces having a blank diameter increased at 1-mm
intervals, the ratio (D/d) of the blank diameter D, with which
drawing was completed without a fracture, to the punch
diameter d was defined as an LDR. Here, in the present
disclosure, a case where an LDR was 2.03 or more was
judged as a case of satisfactory deep drawability.

In addition, by using the methods described above, the
area ratio of ferrite, the area ratio of martensite, and the
inverse intensity ratio of y-fiber for a-fiber 1n ferrite and
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martensite 1 a portion located at %4 of the thickness of the
steel sheet were determined. The results are given in Table
3.

As Table 3 indicates, the examples of the present disclo-
sure had a satisfactory tensile strength TS of 780 MPa or
more, a satistactory Young’s modulus of 205 GPa or more
in the rolling direction and 1n a direction at an angle of 45°
to the rolling direction, a satisfactory Young’s modulus of
220 GPa or more 1n a direction at a right angle to the rolling
direction, and excellent deep drawability indicated by an
average r value of 1.05 or more and a limiting drawing ratio
(LDR) of 2.03 or more, which means the desired mechanical
properties were achieved. On the other hand, the compara-
tive examples were poor 1n terms of one or more of strength,
Young’s modulus 1n all direction, average r value, and LDR.

The embodiments of the present disclosure have been

20

limited to, the disclosed embodiments. That 1s, other

embodiments, working examples, and operational tech-

niques and the like, which are performed on the basis of the

disclosed embodiments by those with an ordinary skill 1n the
> art are all within the scope of the present disclosure. For
example, there 1s no particular limitation on an apparatus for
performing a heat treatment on a steel sheet as long as the
thermal history conditions are satisfied when the series of
heat treatments included in the manufacturing methods
described above are performed.

10

In addition, 1t 1s possible to apply the present disclosure

to a steel sheet such as a hot-rolled steel sheet without a
coating layer or an electrogalvanized steel sheet in order to

15 manufacture a high strength steel sheet having a high

described above. The present disclosure includes, but not Young’s modulus with the similar effects.
TABLE 1
Steel chemical composition (mass %)
Grade C S1 Mn P S Al N Nb \% Cr Mo Ni Cu B
A 0.129 098 2.62 0.015 0.0013 0.028 0.0038 0.158 0.037 — — — —
B 0.112 1.51 1.87 0.014 0.0022 0.032 0.0034 0.062 0.074 — — — —
C 0.083 2.03 1.65 0.013 0.0011 0.026 0.0036 0.011 0.121 — — — —
D 0.076 2.17 1.03 0.023 0.0024 0.029 0.0030 0.015 0.095 — — — —
E 0.148 0.52 293 0.024 0.0022 0.030 0.0027 0.147 0.053 — — — —
I 0.103 1.22 1.95 0.027 0.0026 0.724 0.0031 0.103 0.086 — — — —
G 0.082 1.68 1.83 0.029 0.0019 0.034 0.0032 0.032 0.108 — — — —
H 0.054 1.13 2.66 0.028 0.0021 0.028 0.0030 0.015 0.002 — — — —
I 0.092 0.39 2.19 0.011 0.0028 0.032 0.0031 0.124 0.062 — — — —
J 0.083 1.09 0.79 0.024 0.0022 0.033 0.0033 0.014 0.117 — — — —
K 0.138 1.42 3.25 0.028 0.0026 0.027 0.0034 0.198 0.012 — — — —
L 0.069 1.01 1.12 0.024 0.0024 0.340 0.0042 0.076 0.068 — — — —
M 0.134 1.48 2.07 0.025 0.0018 0.030 0.0029 0.002 0.003 — — — —
N 0.131 0.91 297 0.019 0.0019 0.034 0.0036 0.182 0.039 0.18 0.21 — —
O 0.087 1.33 243 0.024 0.0020 0.036 0.0031 0.128 0.076 — — 0.22 0.19
P 0.082 1.76 1.68 0.019 0.0018 0.030 0.0041 0.023 0.118 — — — —  0.0019
Q 0.118 0.79 2,59 0.024 0.0024 0.027 0.0042 0.191 0.052 — — — —
R 0.104 1.14 2.54 0.024 0.0017 0.029 0.0036 0.058 0.189 — — — —
S 0.072 2.03 1.78 0.019 0.0022 0.032 0.0032 0.005 0.088 — — — —
T 0.137 0.58 2.772 0.022 0.0031 0.043 0.0040 0.157 0.031 — — — —
U 0.114 1.39 1.88 0.016 0.0018 0.036 0.0035 0.014 0.124 — — — —
\% 0.092 1.74 1.65 0.024 0.0021 0.039 0.0038 0.048 0.143 — — — —
Y 0.116 1.57 2.13 0.021 0.0026 0.035 0.0031 0.009 0.102 — — — —
X 0.097 1.92 147 0.015 0.0023 0.038 0.0034 0.025 0.157 — — — —
Steel chemical composition (mass %) C*
Grade Ca Mg REM Ta Sn Sb (mass ppm) Note
A - - - - - - 999 Example Steel
B - - - - - - 865 Example Steel
C - - - - - - 531 Example Steel
D - - - - - - 517 Example Steel
E - - - - - - 1165 Example Steel
F - - - - - - 694 Example Steel
G - - - - - - 524 Example Steel
H — — — — — — 516 Comparative Steel
I — — — — — — 614 Comparative Steel
I — — — — — — 5336 Comparative Steel
K — — — — — — 1096 Comparative Steel
L - - - - - - 432 Comparative Steel
M — — — — — — 1330 Comparative Steel
N - - - - - - O3 Example Steel
O - - - - - - 525 Example Steel
P - - - - - - 512 Example Steel
Q 0.0015 — 0.0018 — — — 811 Example Steel
R - 0.0021 - - - - 520 Example Steel
S - - - 0.0071 - - 516 Example Steel
T - - - 0.0064 - - 1090 Example Steel
U - - - - 0.0061 - 830 Example Steel
V - - - - 0.0057 - 521 Example Steel
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TABLE 1-continued

W — — — — — 0.0069 908 Example Steel
X — — — — — 0.0052 568 Example Steel

Underlined portion: indicates a value out of the range according to the present invention

CFCF=(C=-(12.0/92.9)x Nb - (12.0/50.9) x V = (12.0/180.9) x Ta) x 10000, where atomic symbols 1n the relational expression respectively

represent the contents {mass %) of the corresponding chemical element

TABLE 2
Hot Rolling Coiling Rolling First annealing
Slab Heating  Finishing Temperature Reduction of Annealing Annealing
Steel  Temperature Temperature after Hot Rolling Cold Rolling Temperature Time
No Grade (° C.) (° C.) (° C.) (%) (° C.) ()
1 A 1250 900 600 70 600 10000
2 A 1250 900 600 80 700 10000
3 A 1250 900 600 50 700 10000
4 A 1100 900 600 70 550 10000
5 A 1250 800 600 70 550 10000
6 A 1250 900 450 70 550 10000
7 A 1250 900 600 30 700 10000
8 A 1250 900 600 70 400 10000
9 A 1250 900 600 70 700 200
10 A 1250 900 600 70 600 10000
11 A 1250 900 600 70 600 10000
12 A 1250 900 600 70 600 10000
13 B 1200 900 600 90 450 1000
14 C 1150 900 600 65 750 1000
15 D 1300 900 800 40 800 20000
16 D 1300 900 800 40 800 20000
17 D 1300 900 800 40 800 20000
18 E 1250 850 600 65 650 15000
19 I 1250 850 600 65 650 15000
20 G 1250 1000 600 60 650 15000
21 H 1250 950 600 75 550 15000
22 I 1250 950 600 75 550 15000
23 J 1250 950 600 70 550 15000
24 K 1250 900 600 70 650 15000
25 L 1250 900 600 70 650 20000
26 M 1250 900 600 70 650 20000
27 N 1250 900 600 70 650 20000
28 O 1250 900 600 70 650 20000
29 P 1250 900 600 70 650 15000
30 Q 1250 900 500 65 600 300
31 R 1250 900 500 65 600 20000
32 S 1250 900 700 65 600 20000
33 T 1250 900 700 65 600 20000
34 U 1250 900 700 65 600 20000
35 V 1250 900 750 75 700 300
36 W 1250 900 750 75 700 300
37 X 1250 900 750 75 700 300
Second Annealing Alloying
Annealing Average Treatment
Temperature Cooling Rate Temperature
No. (° C.) (° C./s) (° C.) Class®* Note
1 845 15 - CR Example
2 X810 15 - Gl Example
3 R10 15 550 GA Example
4 810 15 — GI Comparative Example
5 R10 15 570 GA Comparative Example
6 810 15 — CR Comparative Example
7 810 15 560 GA Comparative Example
8 810 15 — CR Comparative Example
9 R10 15 — GI Comparative Example
10 700 15 - CR Comparative Example
11 810 1 — GI Comparative Example
12 810 15 700 GA Comparative Example
13 R10 20 - Gl Example
14 950 15 570 GA Example
15 790 15 - CR Example
16 790 15 - Gl Example
17 790 15 530 GA Example
18 X350 15 - CR Example
19 750 15 - CR Example
20 830 15 - Gl Example
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TABLE 2-continued
21 810 10 540 GA Comparative Example
22 810 10 — CR Comparative Example
23 810 15 560 GA Comparative Example
24 810 15 — GI Comparative Example
25 810 15 — CR Comparative Example
26 810 15 550 GA Comparative Example
27 810 15 - Gl Example
28 790 5 570 GA Example
29 810 15 - CR Example
30 K10 15 - Gl Example
31 810 15 - CR Example
32 K10 3 - Gl Example
33 810 15 550 GA Example
34 K10 15 - Gl Example
35 845 15 550 GA Example
36 845 15 - CR Example
37 845 5 550 GA Example

Underlined portion: indicates a value out of the range according to the present invention

*Class: CR represents a cold-rolled steel sheet (without a coating layer), Gl represents a galvamized steel sheet (without an
alloying treatment on a galvanizing layer), and GA represents a galvannealed steel sheet.

TABLE 3
Inverse
Intensity
Average Ratio
Area Ratio Area Ratio Graimn Size  of y-fiber
Steel  Thickness of F of M of F for a-fiber Remaining TS
No Grade (mm) (%) (%) (um) F M Microstructure (MPa)
1 A 1.1 77 19 4.8 1.31 1.12 © 783
2 A 0.7 74 24 4.8 1.29 1.09 0O 784
3 A 1.8 72 19 4.7 1.33 1.12 B+60 782
4 A 1.] 65 27 1.6 098 087 0 850
5 A 74 17 4.6 0.99 092 0 804
6 A 77 20 4.6 0.86 097 0O 803
7 A 2.5 72 19 11.2 099 096 B+0 747
8 A 1.] 79 18 5.9 094 0.83 0O 892
9 A 79 18 4.8 0.86 097 0O 821
10 A 81 4 1.7 1.30 1.11 B+P+0 760
11 A 66 3 5.1 1.31 12 B+0 755
12 A 70 21 23.8 1.29 1.10 B+P+0 771
13 B 0.4 65 25 6.1 1.36 1.16 O 1101
14 C 1.2 28 62 5.3 1.3 1.16 B+0 1020
15 D 2.1 81 14 18.1 1.31 1.12 © 790
16 D 2.1 82 12 17.8 1.32 1.13 © 788
17 D 2.1 79 12 18.0 1.31 1.12 B+0 784
18 E 1.2 77 20 5.3 1.36 1.17 © 980
19 g 1.2 80 17 4.8 1.34 15 0 793
20 G 1.4 74 18 5.1 1.35 17 0 782
21 H 0.9 86 3 23.5 1.30 12 B+0 745
22 I 0.9 72 21 6.2 098 0.89 0O 821
23 J 1.] 75 4 5.8 1.33 1.14 P+ 0 774
24 K 15 84 5.3 0.94 099 0 1086
25 L 79 3 19.2 1.33 1.14 © 773
26 M 57 34 7.2 0.87 098 B+0 993
27 N 73 16 15.3 1.31 11 © 807
28 O . 76 15 10.0 1.33 15 B+0O 850
29 P 1.1 64 28 5.3 1.33 1.14 © 1076
30 Q 1.2 75 17 11.9 1.34 1.12 O 808
31 R 1.2 79 15 10.2 1.32 1.13 © 812
32 S 1.2 69 27 9.2 1.35 1.16 O 960
33 T 1.2 81 10 15.7 1.33 1.14 B+0 802
34 U 1.2 83 14 7.3 1.35 1.16 O 890
35 A% 0.9 69 21 7.8 1.31 1.12 B+0 1046
36 W 0.9 73 18 9.5 1.32 1.13 0O 982
37 X 0.9 74 16 8.7 .32 1.13 B+0 1003
Young’s Modulus
EL (GPa) Average
No. (%) L-direction  D-direction C-direction r Value LDR Note
1 25.6 215 212 232 1.25 2.18 Example
2 22.9 214 211 238 1.28 2.21 Example
3 26.3 213 209 226 1.15 2.06 Example
4 19.1 210 195 224 0.89  1.94 Comparative Example
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TABLE 3-continued

5 11.2 210 200 218 0.90
¥} 23.5 211 194 226 0.89
7 26.0 205 202 210 0.88
8 16.7 221 198 240 1.15
9 21.9 218 202 236 1.18
10 25.5 213 210 234 1.23
11 25.6 215 212 232 1.25
12 25.7 215 212 232 1.25
13 16.3 209 208 221 1.08
14 16.2 210 209 222 1.13
15 15.3 212 207 229 1.15
16 15.2 211 208 227 1.15
17 24.9 210 206 228 1.13
18 17.3 210 208 223 1.08
19 23.5 211 209 224 1.13
20 24.9 213 211 223 1.18
21 20.2 215 212 232 1.25
22 17.8 211 197 222 0.90
23 25.3 210 210 225 1.15
24 17.4 210 204 218 0.95
25 24.6 213 210 225 1.1%
20 19.2 209 200 229 1.02
27 24.0 215 212 232 1.25
28 17.7 210 210 225 1.15
29 17.2 210 210 225 1.15
30 23.2 215 210 229 1.22
31 24.2 215 210 229 1.22
32 19.1 209 209 221 1.08
33 20.2 215 212 227 1.23
34 19.3 210 210 220 1.13
35 16.8 209 209 229 1.15
36 17.9 210 210 228 1.18
37 17.4 210 210 228 1.18

Underlined portion: indicates a value out of the range according to the present invention
EF: fermrite,

M. martensite (including tempered martensite),

B: bamite (including tempered bainite),

P: pearlite,

0: carbides such as cementite

The 1invention claimed 1is:

1. A high strength steel sheet having a high Young’s
modulus, the steel sheet having a chemical composition
comprising:

C: 0.060% or more and 0.150% or less, by mass %;

S1: 0.50% or more and 2.20% or less, by mass %;

Mn: 1.00% or more and 3.00% or less, by mass %o;

P: 0.100% or less, by mass %;

S: 0.0100% or less, by mass %;

Al: 0.010% or more and 2.500% or less, by mass %;

N: 0.0100% or less, by mass %;

Nb: 0.001% or more and 0.200% or less, by mass %;

V: 0.001% or more and 0.200% or less, by mass %; and

Fe and inevitable impurities,

wherein:

the contents of C, Nb, and V satisiy relational expres-
sion (1):

500<C*=1300 (1),

where CH*=(C-(12.0/92.9)xNb—(12.0/50.9)xV )x
10000, where atomic symbols in the relational
expression respectively represent the contents (mass
%) of the corresponding chemical elements, and
where C* 1s represented in units of mass ppm, and

the steel sheet has a microstructure including ferrite in
an amount of 20% or more 1n terms of area ratio and
martensite in an amount of 5% or more 1n terms of
area ratio, the average grain size of the ferrite being
20.0 um or less, and the iverse intensity ratio of
v-fiber for a-fiber 1s 1.00 or more 1n each of the
ferrite and the martensite, and

the chemical composition excludes Cr.

35

40

45

50

55

60

65

26

Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Example

Example
Exampl
Exampl
Exampl
Exampl
Exampl
Example

Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Comparative Exampl
Example

Example
Exampl
Exampl
Exampl
Exampl
Exampl
Exampl
Exampl
Exampl
Exampl

o O a O Q@ O QO O

v @ @ O @

w o a O O @

( o @ @ O O O O

2. The high strength steel sheet having a high Young’s
modulus according to claim 1, the steel sheet further having

an average r value of 1.05 or more and a limiting drawing

ratio (LDR) of 2.03 or more.

3. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the chemical com-
position of the steel sheet further comprises at least one
chemical element selected from the group consisting of Mo:
0.05% or more and 1.00% or less, by mass %; Ni1: 0.05% or
more and 1.00% or less, by mass %; and Cu: 0.05% or more
and 1.00% or less, by mass %.

4. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the chemical com-
position of the steel sheet further comprises B: 0.0003% or
more and 0.0050% or less, by mass %.

5. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the chemical com-
position of the steel sheet further comprises at least one

chemical element selected from the group consisting of Ca:
0.0010% or more and 0.0050% or less, by mass %; Mg:

0.0005% or more and 0.0100% or less, by mass %; and
REM: 0.0003% or more and 0.0050% or less, by mass %.

6. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the chemical com-
position of the steel sheet further comprises at least one

chemical element selected from the group consisting of Sn:
0.0020% or more and 0.2000% or less, by mass %; and Sb:

0.0020% or more and 0.2000% or less, by mass %.

7. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the steel sheet 1s a
cold-rolled steel sheet.
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8. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the steel sheet 1s a
coated steel sheet having a coating film on the surface
thereof.

9. The high strength steel sheet having a high Young’s
modulus according to claim 8, the coating film being a
galvanizing {ilm and the coated steel sheet being a galva-
nized steel sheet.

10. The high strength steel sheet having a high Young’s
modulus according to claim 8, the coating film being a
galvannealing film and the coated steel sheet being a gal-
vannealed steel sheet.

11. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the steel sheet has a
Young’s modulus of 205 GPa or more 1n a rolling direction
and 1n direction at an angle of 45° to the rolling direction.

12. The high strength steel sheet having a high Young’s
modulus according to claim 11, wherein the steel sheet has
a Young’s modulus of 220 GPa or more 1n a direction at a
right angle to the rolling direction.

13. The high strength steel sheet having a high Young’s
modulus according to claim 1, the steel sheet further having
a tensile strength (TS) of 780 MPa or more.

14. The high strength steel sheet having a high Young’s
modulus according to claim 1, wherein the chemical com-
position of the steel sheet further comprises Sn: 0.0020% or
more and 0.2000% or less, by mass %.

15. A high strength steel sheet having a high Young’s
modulus, the steel sheet having a chemical composition
comprising:

C: 0.060% or more and 0.150% or less, by mass %;

S1: 0.50% or more and 2.20% or less, by mass %;

Mn: 1.00% or more and 3.00% or less, by mass %o;

P: 0.100% or less, by mass %;

S: 0.0100% or less, by mass %;

Al: 0.010% or more and 2.500% or less, by mass %;

N: 0.0100% or less, by mass %;

Nb: 0.001% or more and 0.200% or less, by mass %;

V: 0.001% or more and 0.200% or less, by mass %;

Ta: 0.0010% or more and 0.1000% or less, by mass %;
and

Fe and inevitable impurities,
wherein:
the contents of C, Nb, V, and Ta satisly relational
expression (2):

500=C*<1300 (2),

where C*=(C-(12.0/92.9)xNb—-(12.0/50.9)xV-(12.0/
180.9)xTa)x10000, where atomic symbols in the
relational expression respectively represent the con-
tents (mass %) of the corresponding chemical ele-
ments, and where C* 1s represented 1n units of mass
ppm, and

the steel sheet has a microstructure including ferrite 1n
an amount of 20% or more 1n terms of area ratio and
martensite 1n an amount of 5% or more 1n terms of
area rati0, the average grain size of the ferrite being
20.0 um or less, and the iverse intensity ratio of
v-fiber for a-fiber 1s 1.00 or more 1n each of the
ferrite and the martensite.

16. A method for manufacturing the high strength steel
sheet having a high Young’s modulus according to claim 1,
the method comprising:

heating a steel slab to a temperature range of 1150° C. or

higher and 1300° C. or lower,
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alter heating the steel slab, hot-rolling the heated steel
slab 1n a finishing temperature range of 850° C. or
higher and 1000° C. or lower to produce a hot-rolled
steel sheet,

coiling the hot-rolled steel sheet 1n a coiling temperature

range of 500° C. or higher and 800° C. or lower,

alter coiling the hot-rolled steel sheet, cold-rolling the
coiled steel sheet with a cold rolling reduction of 40%
or more 1n order to obtain a cold-rolled steel sheet,

heating the cold-rolled steel sheet to a temperature range
of 450° C. or higher and 800° C. or lower,

holding the heated steel sheet 1n the heating temperature
range for 300 seconds or more,

subsequently, after holding the heated steel sheet, heating
the held steel sheet to a temperature of 750° C. or
higher and 950° C. or lower, and

alter heating the held steel sheet, cooling the heated steel
sheet at an average cooling rate of 3° C./sec or more 1n
a temperature range of 300° C. or higher and 700° C.
or lower 1n order to obtain a cold-rolled steel sheet.

17. A method for manufacturing the high strength steel

sheet having a high Young’s modulus according to claim 1,
the method comprising:

heating a steel slab to a temperature range of 1150° C. or
higher and 1300° C. or lower,

alter heating the steel slab, hot-rolling the heated steel
slab 1n a finishing temperature range of 850° C. or
higher and 1000° C. or lower to produce a hot-rolled

steel sheet,

coiling the hot-rolled steel sheet 1n a coiling temperature
range of 500° C. or higher and 800° C. or lower,

alter coiling the hot-rolled steel sheet, cold-rolling the
coilled steel sheet with a cold rolling reduction of 40%
or more 1n order to obtain a cold-rolled steel sheet,

heating the cold-rolled steel sheet to a temperature range
of 450° C. or higher and 800° C. or lower,

holding the heated steel sheet 1n the heating temperature
range for 300 seconds or more,

subsequently, after holding the heated steel sheet, heating
the held steel sheet to a temperature of 750° C. or

higher and 950° C. or lower,

cooling the heated steel sheet at an average cooling rate of
3° C./sec or more 1n a temperature range of 550° C. or
higher and 700° C. or lower, and

alter cooling the heated steel sheet, performing a galva-

mzing treatment 1 order to obtain a galvanized steel
sheet.

18. A method for manufacturing the high strength steel
sheet having a high Young’s modulus according to claim 1,
the method comprising:

heating a steel slab to a temperature range of 1150° C. or

higher and 1300° C. or lower,

alfter heating the steel slab, hot-rolling the heated steel

slab 1n a finishing temperature range of 850° C. or
higher and 1000° C. or lower to produce a hot-rolled
steel sheet,

coiling the hot-rolled steel sheet 1n a coiling temperature

range of 500° C. or higher and 800° C. or lower,
alter coiling the hot-rolled steel sheet, cold-rolling the
coiled steel sheet with a cold rolling reduction of 40%
or more 1n order to obtain a cold-rolled steel sheet,
heating the cold-rolled steel sheet to a temperature range
of 450° C. or higher and 800° C. or lower,

holding the heated steel sheet 1n the heating temperature

range for 300 seconds or more,
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subsequently, after holding the heated steel sheet, heating
the held steel sheet to a temperature of 750° C. or
higher and 930° C. or lower,

cooling the heated steel sheet at an average cooling rate of
3° C./sec or more 1n a temperature range of 550° C. or 5
higher and 700° C. or lower,

after cooling the heated steel sheet, performing a galva-
nizing treatment, and

after performing the galvanizing treatment, performing a
galvannealing treatment in a temperature range ol 470° 10
C. or hugher and 600° C. or lower 1n order to obtain a
galvannealed steel sheet.
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