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EP 4 570 928 A1
Description
Technical Field

[0001] Thepresentinventionrelates to a steel sheet, amember, and methods for manufacturing them. More specifically,
the present invention relates to a steel sheet that has a tensile strength (TS) of 980 MPa or more and excels in formability
and quality stability, to a related member, and to methods for manufacturing them. The steel sheet of the present invention
is suited as a material for automobile frame members.

Background Art

[0002] In recent years, CO, emissions from automobiles are regulated more strictly within an international framework
from the point of view of the protection of the global environment. The most effective approach to improving the fuel
efficiency of automobiles is to reduce the weight of automobile bodies by the thinning of steel sheets used for automobile
frame members. For this reason, high strength steel sheets are increasingly used for the purpose of contributing to
lowering the fuel consumption of automobiles. However, increasing the strength of steel sheets tends to result in cracking
at the time of press forming due to low ductility and low stretch flange formability. Thus, steel sheets that excel in ductility
and stretch flange formability compared with the conventional level are desired.

[0003] From the point of view of carbon neutrality, materials should be used up (thereby improving the yield). This
requires that steel sheets are highly stable in quality in the width direction. However, steel sheets that are increased in
strength are noticeably variable in formability, such as ductility and flangeability, in the width direction and are easily
cracked during press forming. Thus, the blanking positions are necessarily limited and the yield is lowered as a result.
[0004] Furthermore, high strength steel sheets generally have a high yield ratio YR (YR = yield strength YS/tensile
strength TS) and exhibit large springback after forming.

[0005] TRIP steel sheets in which retained austenite is dispersed in the microstructure are developed by a technique
aimed for improving the formability of high strength steel sheets. For example, Patent Literature 1 discloses that a steel
containing C: 0.04 to 0.12%, Si: 0.8 to 2.5%, and Mn: 0.5 to 2.0% is annealed and is held at 300 to 500°C for 10 to 900
seconds. This austempering (carbon partitioning by bainite transformation) gives rise to 2 to 10% retained y, and the steel
sheet that is obtained has high ductility with TS X EI >21000 MPa-% and a high stretch flange formability of 70% or more.
[0006] Furthermore, Patent Literature 2 discloses a technique that increases the ductility of a steel sheet utilizing the
principle of so-called quenching & partitioning (Q&P; quenching and partitioning of carbon from martensite to austenite) in
which the steel in the course of a cooling process is once cooled to a temperature range between the martensite start
temperature (the Ms temperature) and the martensite finish temperature (the Mf temperature) and is subsequently
reheated and held to stabilize retained austenite. Specifically, a steel sheet and a method of manufacture thereof are
disclosed in which a cold rolled steel sheet having a predetermined chemical composition is held at a first soaking
temperature of 750°C or above, then cooled to a cooling stop temperature in a temperature range of 150 to 350°C, and
subsequently reheated to a temperature range of 350 to 500°C. In this manner, 5 to 15% volume fraction of retained
austenite is ensured, and the steel sheet attains 980 MPa or higher TS and ductility with 17% or more elongation at the
same time, and shows excellent stretch flangeability with a hole expansion ratio of 50% or more.

[0007] Ontheotherhand, DP steels (dual phase steels) have been developed as steel sheets that have alow yield ratio
and are effective in achieving small springback. General DP steels are multiphase steels in which martensite is dispersed
in main phase ferrite microstructure, and have high TS and excellent ductility with low yield ratio. However, DP steels have
a drawback in that stretch flange formability is poor and cracks occur easily due to stress concentration at interfaces
between ferrite and martensite. Techniques for improving the stretch flange formability of DP steels are described in, for
example, Patent Literature 3 and Patent Literature 4.

[0008] Patent Literature 3 discloses a technique that eliminates deterioration in stretch flange formability by controlling
the space factor of ferrite to 50% or more and the space factor of martensite to 3 to 30% relative to the whole microstructure,
and by controlling the average crystal grain size of ferrite to 10 wum orless and the average crystal grain size of martensite to
5 wm or less.

[0009] Furthermore, Patent Literature 4 discloses that ductility and stretch flange formability are improved by controlling
the space factor of ferrite to 5 to 30% and the space factor of martensite to 50 to 95% relative to the whole microstructure,
and by designing ferrite into fine particles with an average grain size of 3 um or less in terms of equivalent circular diameter
and martensite into particles with an average grain size of 6 um or less in terms of equivalent circular diameter.
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Patent Literature
[0010]

PTL 1: Japanese Patent No. 5515623
PTL 2: Japanese Patent No. 5821911
PTL 3: Japanese Patent No. 3936440
PTL 4: Japanese Unexamined Patent Application Publication No. 2008-297609

Summary of Invention
Technical Problem

[0011] While Patent Literature 1 and Patent Literature 4 disclose methods for manufacturing a steel sheet with excellent
ductility and stretch flange formability, the techniques require that soft ferrite phases be formed in a large amount and
therefore encounter difficulties in increasing the strength to, for example, 780 MPa or more. While Patent Literature 2
realizes excellent ductility and stretch flange formability, the steel sheet has a YR of 0.8 or more and the springback at the
time of press forming may impair the dimensional accuracy. Patent Literature 3 discloses a method for manufacturing a DP
steel sheet with low YR and excellent stretch flange formability. However, DP microstructures do not necessarily have
sufficient ductility. Furthermore, these patent literatures do not disclose a technique that reduces variations in ductility and
stretch flange formability in the width direction. Thus, the development is demanded of a high strength steel sheet having
excellent ductility and excellent stretch flangeability and also having excellent quality stability in the width direction.
[0012] In view of the circumstances discussed above, an object of the present invention is to provide a steel sheet that
has a tensile strength (TS) of 980 MPa or more, excels in press formability, ductility, and stretch flange formability, and has
excellent quality stability in the width direction. Another object of the present invention is to provide a related member and
manufacturing methods.

[0013] Here, tensile strength means tensile strength (TS) obtained in accordance with JIS 22241 (2011).

[0014] Excellent press formability means that the yield ratio YR obtained in accordance with JIS 22241 (2011) is 0.8 or
less.

[0015] Excellent ductility means that the total elongation EL obtained in accordance with JIS 22241 (2011) satisfies
either (A) or (B) below.

(A) When TS is 980 MPa or more and less than 1180 MPa, EL is 14.0% or more.
(B) When TS is 1180 MPa or more, EL is 12.0% or more.

[0016] Excellentstretch flange formability means that the hole expansion ratio A (%) (= {(d - dg)/dg} X 100) obtained by a
hole expansion test in accordance with the provisions of JFST 1001 is 40% or more.

[0017] Excellent quality stability in the width direction means that when EL and A are measured with respect to positions
Xalong the width direction, the width of region A that continuously satisfies the following expressions (1) and (2) represents
80% or more of the total width of the sheet.

-10 <100 X [(EL (%) at measurement position X within region A - EL (%) at center of sheet width)/EL (%) at
center of sheet width] <10

(1)

-10 <100 X [(A (%) at measurement position X within region A - A (%) at center of sheet width)/A (%) at center @)
of sheet width] < 10

(Inexpressions (1) and (2), the measurement positions X are a total of 23 locations that divide the width W of the steel sheet
into 24 portions (23 locations which occur when the width W is divided into 24 equal widths and at each of which adjacent
widths are in contact with each other). Specifically, the measurement positions X are a total of 23 locations along the width
of the sheet that are indicated by W/24, 2W/24, 3W/24, 4W/24, 5W/24, 6\W/24, TW/24, 8W/24, 9W/24, 10W/24, 11\W/24,
12W/24, 13W/24, 14W/24, 15W/24, 16W/24, 17W/24, 18W/24, 19W/24, 20W/24, 21W/24, 22W/24, and 23W/24.)
[0018] When, for example, the measurement positions X that continuously satisfy expressions (1) and (2) are 2W/24 to
20W/24, the width of region A that continuously satisfies expressions (1) and (2) is 100 X (20 - 2 + 1)/23 = 83% of the total
width of the sheet.
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Solution to Problem

[0019] Inordertoachieve the above objects, the presentinventors carried out extensive studies on various steel sheets
with a tensile strength of 980 MPa or more from the points of view of chemical composition, microstructures, and
manufacturing conditions of the steel sheets to identify factors that would affect press formability, ductility, stretch flange
formability, and quality stability. As a result, the presentinventors have found that a high strength cold rolled steel sheet that
has excellent press formability, ductility, and stretch flange formability and excels in quality stability (has small variations in
material quality) in the width direction can be obtained by designing the steel so that it contains, in mass%, C: 0.05 to
0.20%, Si: 0.40 to 1.50%, Mn: 1.9 to 3.5%, P: 0.02% or less, S: 0.01% or less, sol. Al: 0.005 to 0.50%, and N: less than
0.015%, and by designing the steel microstructure so that the area fraction of polygonal ferrite is 10% or more and 57% or
less, the total area fraction of upper bainite, tempered martensite, and lower bainite is 40% or more and 80% or less, the
area fraction of retained austenite (retained y) is 3% or more and 15% or less, and the area fraction of quenched martensite
is 12% or less (including 0%), and further so that the total area fraction of quenched martensite and retained y each having
an aspect ratio of 3 or less and an equivalent circular diameter of 1.6 um or more is 20% or less, and the area fraction of C-
enriched regions with a C concentration of 0.5 mass% or more (S 5) is 15% or less relative to the entire microstructure.
[0020] The presentinvention has been made based on the above findings. A gist of the present invention is as follows.

[1] A steel sheet having a chemical composition including, in mass%,

C: 0.05 to 0.20%,

Si: 0.40 to 1.50%,

Mn: 1.9 to 3.5%,

P: 0.02% or less,

S: 0.01% or less,

sol. Al: 0.005 to 0.50%, and

N: less than 0.015%,

the balance being iron and incidental impurities,
the steel sheet including a microstructure in which:

the area fraction of polygonal ferrite is 10% or more and 57% or less,

the total area fraction of upper bainite, tempered martensite, and lower bainite is 40% or more and 80% or
less,

the volume fraction of retained austenite is 3% or more and 15% or less,

the area fraction of quenched martensite is 12% or less (including 0%), and

the microstructure further includes a remaining microstructure,

the steel sheet being such that:

the total area fraction of quenched martensite and retained austenite each having an aspect ratio of 3 or
less and an equivalent circular diameter of 1.6 um or more is 20% or less relative to the total area fraction
of quenched martensite and retained austenite, and

the area fraction of a C-enriched region with a C concentration of 0.5 mass% or more (S, 5) is 15% or
less relative to the entire microstructure.

[2] The steel sheet according to [1], wherein the chemical composition further includes, in mass%, one or two selected
from:

Ti: 0.1% or less, and
B: 0.01% or less.

[3] The steel sheet according to [1] or [2], wherein the chemical composition further includes, in mass%, one, or two or
more selected from:

Cu: 1% or less,

Ni: 1% or less,

Cr: 1% or less,

Mo: 0.5% or less,
V: 0.5% or less, and
Nb: 0.1% or less.
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[4] The steel sheet according to any one of [1] to [3], wherein the chemical composition further includes, in mass%,
one, or two or more selected from:

Mg: 0.0050% or less,
Ca: 0.0050% or less,
Sn: 0.1% or less,

Sb: 0.1% or less, and
REM: 0.0050% or less.

[5] The steel sheet according to any one of [1] to [4], which has a galvanized layer on a surface.

[6] A member obtained using the steel sheet described in any one of [1] to [5].

[7] A method for manufacturing a steel sheet, including hot rolling, pickling, and cold rolling a steel slab having the
chemical composition described in any one of [1] to [4], and annealing the resultant cold rolled steel sheet, the
annealing including:

a holding step of heating the cold rolled steel sheet to an annealing temperature of 750 to 880°C and holding the
cold rolled steel sheet at the annealing temperature for 10 to 500 seconds;

a first cooling step of cooling the steel sheet to a first cooling stop temperature of 350 to 550°C at a first average
cooling rate in arange of temperatures from the annealing temperature to the first cooling stop temperature of 2 to
50°Cl/s;

a second cooling step of causing the steel sheet to reside at a residence temperature of 350 to 550°C for 10
seconds or more and 60 seconds or less and cooling the steel sheet to a second cooling stop temperature of 100
to 300°C at a second average cooling rate of 3 to 50°C/s;

areheating step of heating the steel sheet from the second cooling stop temperature to a reheating temperature of
50°C or more above the second cooling stop temperature and 340°C or below at an average heating rate of
2.0°C/s or more; and

a third cooling step of cooling the steel sheet after the reheating step at a third average cooling rate in a range of
temperatures from the reheating temperature to 50°C of 0.05 to 1.0°C/s while causing the steel sheet to reside in
the temperature range for 100 seconds or more.

[8] The method for manufacturing a steel sheet according to [7], wherein the second cooling step causes the steel
sheet to reside at a residence temperature of 350 to 550°C for 10 seconds or more and 60 seconds or less while
performing a hot-dip galvanizing treatment or a hot-dip galvannealing treatment on a surface of the steel sheet.
[9] The method for manufacturing a steel sheet according to [7], further including performing an electrogalvanizing
treatment on a surface of the steel sheet after the annealing.

[10] Amethod for manufacturing a member, including a step of subjecting the steel sheet described in any one of [1] to
[5] to at least one working of forming or joining to produce a member.

Advantageous Effects of Invention

[0021] Accordingtothe presentinvention, a steel sheet can be obtained that has high strength with a tensile strength TS
of 980 MPa or more, has excellent press formability, ductility, and stretch flange formability, and has excellent quality
stability in the width direction.

[0022] For example, the steel sheets of the present invention are applicable to automobile structural members with
complex shapes and realize weight reduction of automobile bodies. Furthermore, the steel sheets enable a high
manufacturing yield and thereby can reduce the environmental load. Description of Embodiments

[0023] The present invention will be described in detail below. The present invention is not limited to the following
embodiments.

[0024] A steelsheetofthe presentinvention has a chemical compositionincluding, in mass%, C: 0.05t00.20%, Si: 0.40
t0 1.50%, Mn: 1.9t03.5%, P: 0.02% orless, S: 0.01% or less, sol. Al: 0.005 t0 0.50%, and N: less than 0.015%, the balance
being iron and incidental impurities. The steel sheetincludes a steel microstructure in which the area fraction of polygonal
ferrite is 10% or more and 57% or less, the total area fraction of upper bainite, tempered martensite, and lower bainite is
40% or more and 80% or less, the volume fraction of retained austenite is 3% or more and 15% or less, the area fraction of
quenched martensite is 12% or less (including 0%), and the steel microstructure further includes a remaining micro-
structure. The steel sheetis such that the total area fraction of quenched martensite and retained austenite each having an
aspectratio of 3 orless and an equivalent circular diameter of 1.6 um or more is 20% or less relative to the total area fraction
of quenched martensite and retained austenite, and the area fraction of a C-enriched region with a C concentration of 0.5
mass% or more (S¢.q 5) is 15% or less relative to the entire microstructure.
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[0025] The steel sheet of the present invention will be described below in the order of its chemical composition and its
steel microstructure. First, the reasons as to why the chemical composition of the present invention is thus limited will be
described. In the following description, references to % in the steel composition indicate mass% unless otherwise
specified.

<C: 0.05 to 0.20%>

[0026] Carbon is added in order to ensure predetermined strength through transformation strengthening, and to
enhance ductility by ensuring a predetermined amount of retained austenite (retained y). When the C content is less
than 0.05%, these effects cannot be ensured sufficiently. When, on the other hand, the C content is more than 0.20%, the
martensite start temperature (the Ms temperature) is lowered. As a result, martensite transformation and subsequent
martensite tempering do not occur sufficiently in the third cooling step in which the steel sheet is cooled at a third average
cooling rate of 0.05 to 1.0°C/s in a range of temperatures from the reheating temperature to 50°C. This promotes the
formation of quenched martensite and C-enriched regions with 0.5 mass% or more carbon concentration (S 5), resulting
in deterioration in stretch flange formability and quality stability in the width direction. Thus, the C contentis limited to 0.05%
or more and 0.20% or less. The C content is preferably 0.08% or more. Furthermore, the C content is preferably 0.18% or
less.

<Si: 0.40 to 1.50%>

[0027] Siliconis added in order to offer high strength by strengthening ferrite and to enhance ductility by suppressing the
formation of carbides in martensite and bainite and thereby ensuring a predetermined amount of retained y. When the Si
content is less than 0.40%, these effects cannot be ensured sufficiently.

[0028] When, ontheotherhand, the Sicontentis more than 1.50%, carbon is partitioned to non-transformed austenite in
an excessively promoted manner to increase the formation of C-enriched regions with 0.5 mass% or more carbon
concentration (S, 5), thus causing deterioration in stretch flange formability and quality stability in the width direction.
Thus, the Si content is limited to 0.40% or more and 1.50% or less. The Si content is preferably 0.60% or more.
Furthermore, the Si content is preferably 1.20% or less.

<Mn: 1.9 to 3.5%>

[0029] Manganese is added in order to enhance the hardenability of the steel sheet so that excessive ferrite
transformation will be suppressed and the strength will be increased in a promoted manner through transformation
strengthening, and also in order to further enhance ductility by, similarly to silicon, suppressing the formation of carbides in
bainite and thereby further promoting the occurrence of retained austenite that contributes to ductility. In order to obtain
these effects, the Mn content needs to be 1.9% or more.

[0030] When, on the other hand, the Mn content is more than 3.5%, bainite transformation is delayed and a
predetermined amount of retained austenite cannot be ensured, with the result that ductility is lowered.

[0031] When the Mn contentis more than 3.5%, furthermore, it is difficult to suppress the formation of coarse quenched
martensite, and stretch flange formability is deteriorated. Thus, the Mn contentis limited to 1.9% or more and 3.5% or less.
The Mn content is preferably 2.1% or more. Furthermore, the Mn content is preferably 3.3% or less, and more preferably
3.0% or less.

<P: 0.02% or less>

[0032] Phosphorusisanelementthat strengthens steel, but much phosphorus deteriorates spot weldability. Thus, the P
contentis limited to 0.02% orless and is preferably 0.01% or less. The P content may be nil. Dephosphorization to less than
0.001% entails a significant cost. Thus, the P content is preferably 0.001% or more. The P content is more preferably
0.002% or more, and even more preferably 0.005% or more.

<S: 0.01% or less>

[0033] Sulfur is an element that is effective in improving scale exfoliation in hot rolling and effective in suppressing
nitridation during annealing, but sulfur adversely affects spot weldability, bendability, and stretch flangeability. To reduce
these adverse effects, the S content is at least limited to 0.01% or less, and is preferably 0.0020% or less.

[0034] The S content may be nil. Desulfurization to less than 0.0001% entails a significant cost. From the point of view of
manufacturing costs, the S contentis preferably 0.0001% or more. The S content is more preferably 0.0005% or more, and
even more preferably 0.0015% or more.
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<sol. Al: 0.005 to 0.50%>

[0035] Aluminum is added for the purpose of deoxidization or obtaining retained y. For stable deoxidization, the sol. Al
content is limited to 0.005% or more. The sol. Al content is preferably 0.01% or more.

[0036] When, on the other hand, the sol. Al content is more than 0.50%, Al-containing coarse inclusions are formed in
large amounts to cause a decrease in stretch flange formability. Thus, the sol. Al content is limited to 0.50% or less.

<N: less than 0.015%>

[0037] Nitrogenisanelementthatforms nitrides, suchas BN, AIN, and TiN, in steel, and lowers stretch flange formability.
The content thereof should be limited. The N content is thus limited to less than 0.015%.

[0038] The N content may be nil. Denitrification to less than 0.0001% entails a significant cost. From the point of view of
manufacturing costs, the N content s preferably 0.0001% or more. The N contentis more preferably 0.0005% or more, and
even more preferably 0.0015% or more.

[0039] The chemical composition of the steel sheet in the present invention includes the above elements as the basic
components, and the balance includes iron (Fe) and incidental impurities. In the chemical composition of the steel sheetin
the present invention, it is preferable that the balance consist of Fe and incidental impurities.

[0040] In addition to the components described above, the chemical composition of the steel sheet of the present
invention may appropriately contain one, or two or more optional elements selected from the following (A) to (C).

(A) One or two selected from Ti: 0.1% or less, and B: 0.01% or less.

(B) One, or two or more selected from Cu: 1% or less, Ni: 1% or less, Cr: 1% or less, Mo: 0.5% or less, V: 0.5% or less,
and Nb: 0.1% or less.

(C) One, or two or more selected from Mg: 0.0050% or less, Ca: 0.0050% or less, Sn: 0.1% or less, Sb: 0.1% or less,
and REM: 0.0050% or less.

<Ti: 0.1% or less>

[0041] Titanium fixes nitrogen in steel as TiN to produce an effect of enhancing hot ductility and an effect of allowing
boron to produce its effect of enhancing hardenability. Furthermore, titanium has an effect of reducing the size of the
microstructure through TiC precipitation. In order to obtain these effects, the Ti content is desirably 0.002% or more. In
order to fix nitrogen sufficiently, the Ti content is more preferably 0.008% or more. The Ti content is even more preferably
0.010% or more.

[0042] On the other hand, more than 0.1% titanium causes an increase in rolling load and a decrease in ductility by an
increased amount of precipitation strengthening. Thus, when titanium is added, the Ti contentis limited to 0.1% or less. The
Ti content is preferably 0.05% or less, and more preferably 0.03% or less.

<B: 0.01% or less>

[0043] Boron is an element that enhances the hardenability of steel and advantageously facilitates the formation of a
predetermined area fraction of tempered martensite and/or bainite. Thus, the B content is preferably 0.0005% or more.
The B content is more preferably 0.0010% or more.

[0044] When, on the other hand, the B content is more than 0.01%, the effects are saturated, and further hot ductility is
significantly lowered to invite surface defects. Thus, when boron is added, the B content is limited to 0.01% or less. The B
content is preferably 0.005% or less, and more preferably 0.003% or less.

<Cu: 1% or less>

[0045] Copperenhances the corrosion resistance in automobile use environments. Furthermore, corrosion products of
copper cover the surface of the steel sheet and effectively suppress penetration of hydrogen into the steel sheet. Copperis
an element that is mixed when scraps are used as raw materials. By accepting copper contamination, recycled materials
can be used as raw materials and thereby manufacturing costs can be reduced. From these points of view, the Cu content
is preferably 0.005% or more, and, further from the point of view of enhancing delayed fracture resistance, the Cu contentis
more desirably 0.05% or more. The Cu contentis even more preferably 0.10% or more. However, too much copper invites
surface defects. Thus, when copper is added, the Cu content is limited to 1% or less.
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<Ni: 1% or less>

[0046] Similarly to copper, nickel is an element that enhances corrosion resistance. Furthermore, nickel eliminates or
reduces the occurrence of surface defects that tend to occur when the steel contains copper. Thus, it is desirable to add
0.01% or more nickel. The Ni content is more preferably 0.04% or more, and even more preferably 0.06% or more.
However, adding too much nickel can instead cause surface defects because scales are formed nonuniformly in a heating
furnace, and also increases the cost. Thus, when nickel is added, the Ni content is limited to 1% or less. The Ni contentis
preferably 0.5% or less, and more preferably 0.3% or less.

<Cr: 1% or less>

[0047] Chromium may be added to produce an effect of enhancing the hardenability of steel and an effect of suppressing
the formation of carbides in martensite and upper/lower bainite. In order to obtain these effects, the Cr contentis preferably
0.01% or more. The Cr content is more preferably 0.03% or more, and even more preferably 0.06% or more. However, too
much chromium deteriorates pitting corrosion resistance. Thus, when chromium is added, the Cr content s limited to 1% or
less.

<Mo: 0.5% or less>

[0048] Molybdenum may be added to produce an effect of enhancing the hardenability of steel and an effect of
suppressing the formation of carbides in martensite and upper/lower bainite. In order to obtain these effects, the Mo
contentis preferably 0.01% or more. The Mo contentis more preferably 0.03% or more, and even more preferably 0.06% or
more. The Mo content is further preferably 0.1% or more, and even further preferably 0.2% or more.

[0049] However, molybdenum significantly deteriorates the chemical convertibility of the cold rolled steel sheet. Thus,
when molybdenum is added, the Mo content is limited to 0.5% or less.

<V: 0.5% or less>

[0050] Vanadium may be added to produce an effect of enhancing the hardenability of steel, an effect of suppressing the
formation of carbides in martensite and upper/lower bainite, an effect of reducing the size of the microstructure, and an
effect of improving delayed fracture resistance through the precipitation of carbide. In order to obtain these effects, the V
contentis preferably 0.003% or more. The V contentis more preferably 0.05% or more, and even more preferably 0.015%
or more. The V content is further preferably 0.02% or more, and even further preferably 0.05% or more. The V content is
preferably 0.15% or more, and more preferably 0.25% or more.

[0051] However, much vanadium significantly deteriorates castability. Thus, when vanadium is added, the V content is
limited to 0.5% or less. The V content is preferably 0.4% or less, and more preferably 0.3% or less.

<Nb: 0.1% or less>

[0052] Niobium may be added to produce an effect of reducing the size of the steel microstructure and thereby
increasing the strength, and, through grain size reduction, an effect of promoting bainite transformation, an effect of
improving bendability, and an effect of enhancing delayed fracture resistance. In order to obtain these effects, the Nb
content is preferably 0.002% or more. The Nb content is more preferably 0.004% or more, and even more preferably
0.010% or more.

[0053] However, adding much niobium results in excessive precipitation strengthening and low ductility. Furthermore,
the rolling load is increased and castability is deteriorated. Thus, when niobium is added, the Nb content is limited to 0.1%
or less. The Nb content is preferably 0.07% or less, and more preferably 0.05% or less.

<Mg: 0.0050% or less>

[0054] Magnesium fixes oxygen as MgO and contributes to improving formability, such as bendability. Thus, the Mg
content is preferably 0.0002% or more. The Mg content is more preferably 0.0004% or more, and even more preferably
0.0006% or more.

[0055] On the other hand, much magnesium deteriorates surface quality and bendability. Thus, when magnesium is
added, the Mg content is limited to 0.0050% or less. The Mg content is preferably 0.0030% or less.
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<Ca: 0.0050% or less>

[0056] Calcium fixes sulfur as CaS and contributes to improvements in bendability and delayed fracture resistance.
Thus, the Ca content is preferably 0.0002% or more. The Ca content is more preferably 0.0005% or more, and even more
preferably 0.0010% or more. On the other hand, much calcium deteriorates surface quality and bendability. Thus, when
calcium is added, the Ca content is limited to 0.0050% or less. The Ca content is preferably 0.0040% or less.

<Sn: 0.1% or less>

[0057] Tin suppresses oxidation and nitridation of a surface layer portion of the steel sheet and thereby eliminates or
reduces the consequent loss of the C and B contents in the surface layer portion. These effects lead to suppressed
formation of ferrite in the surface layer portion of the steel sheet, thus increasing strength and improving fatigue resistance.
From these points of view, the Sn contentis preferably 0.002% or more. The Sn contentis more preferably 0.004% or more,
and even more preferably 0.006% or more. The Sn contentis further preferably 0.01% or more, and even further preferably
0.05% or more.

[0058] When, on the other hand, the Sn content is more than 0.1%, castability is deteriorated. Furthermore, tin is
segregated at priory grain boundaries to deteriorate delayed fracture resistance. Thus, when tinis added, the Sn contentis
limited to 0.1% or less.

<Sb: 0.1% or less>

[0059] Antimony suppresses oxidation and nitridation of a surface layer portion of the steel sheet and thereby eliminates
or reduces the consequent loss of the C and B contents in the surface layer portion. These effects lead to suppressed
formation of ferrite in the surface layer portion of the steel sheet, thus increasing strength and improving fatigue resistance.
From these points of view, the Sb contentis preferably 0.002% or more. The Sb contentis more preferably 0.004% or more,
and even more preferably 0.006% or more. The Sb contentis further preferably 0.01% or more, and even further preferably
0.05% or more.

[0060] When, onthe other hand, the Sb contentis more than 0.1%, castability is deteriorated and segregation occurs at
priory grain boundaries to deteriorate delayed fracture resistance. Thus, when antimony is added, the Sb content is limited
to 0.1% or less.

<REM: 0.0050% or less>

[0061] Rare earth metals are elements that spheroidize the shape of sulfides and thereby eliminate or reduce adverse
effects of sulfides on stretch flange formability, thus improving stretch flange formability. In order to obtain this effect, the
REM content is preferably 0.0005% or more. The REM content is more preferably 0.0010% or more, and even more
preferably 0.0020% or more.

[0062] When, on the other hand, the REM content is more than 0.0050%, the effect of improving stretch flange
formability is saturated. Thus, when rare earth metals are added, the REM content is limited to 0.0050% or less.
[0063] In the present invention, the rare earth metals indicate scandium (Sc) with atomic number 21, yttrium (Y) with
atomic number 39, and lanthanoid elements from lanthanum (La) with atomic number 57 to lutetium (Lu) with atomic
number 71. The REM concentration in the present invention is the total content of one, or two or more elements selected
from the above rare earth metals.

[0064] When the content of any of the above optional components is below the lower limit, the optional element present
below the lower limit does not impair the advantageous effects of the present invention. Thus, such an optional element
below the lower limit content is regarded as an incidental impurity.

[0065] Next, mechanical properties of the steel sheet of interest in the presentinvention (the cold rolled steel sheet with
excellent quality stability) will be described.

[0066] The steel sheet of the present invention has a tensile strength (TS) of 980 MPa or more. The upper limit of the
tensile strength is not particularly limited. From the point of view of the balance with other characteristics, the tensile
strength is preferably 1300 MPa or less.

[0067] Inthe steel sheetofthe presentinvention, significantly enhanced press forming stability is obtained by ensuring a
total elongation EL of 14.0% or more when TS is 980 MPa or more or by ensuring a total elongation EL of 12.0% or more
when TS is 1180 MPa or more.

[0068] Ensuring ahole expansion ratio A of 40% or more makes it possible to suppress the occurrence of cracking at the
time of press forming and thus allows the steel sheet to be applied to complex shaped members that are difficult to form.
Thus, A is 40% or more.

[0069] When EL and X are measured on the steel sheet of the present invention with respect to positions X along the
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width direction, the width of region A that continuously satisfies the following expressions (1) and (2) represents 80% or
more of the total width of the sheet.

-10 <100 X [(EL (%) at measurement position X within region A - EL (%) at center of sheet width)/EL (%) at
center of sheet width] < 10

(1)

-10 <100 X [(A (%) at measurement position X within region A - A (%) at center of sheet width)/A (%) at center

of sheet width] < 10 2)

[0070] Inexpressions (1)and (2), the measurement positions X are a total of 23 locations that divide the width W of the
steel sheetinto 24 portions (23 locations which occur when the width W is divided into 24 equal widths and at each of which
adjacent widths are in contact with each other). Specifically, the measurement positions X are a total of 23 locations along
the width of the sheet that are indicated by W/24, 2W/24, 3W/24, 4W/24, 5W/24, 6W/24, TW/24, 8W/24, 9W/24, 10W/24,
11W/24,12W/24,13W/24, 14W/24, 15W/24,16W/24, 17W/24,18W/24, 19W/24,20W/24,21W/24,22W/24, and 23W/24.
[0071] When, for example, the measurement positions X that continuously satisfy expressions (1) and (2) are 2W/24 to
20W/24, the width of region A that continuously satisfies expressions (1) and (2) is 100 X (20 -2 + 1)/23 = 83% of the total
width of the sheet.

[0072] Inthesteelsheetofthe presentinvention, the region A has alengthin the width direction thatis 80% or more of the
total width of the sheet.

[0073] Thatis, the steel sheetofthe presentinvention has, within a region thatrepresents 80% or more of the region over
the total width of the sheet, 10% or less deviations of EL in the width direction relative to the value measured with respect to
the center of the sheet width, and 10% or less deviations of A in the width direction relative to the value measured with
respect to the center of the sheet width. Unsteadiness may be presentin the range of up to 20% combining both sides in the
width direction.

[0074] The end portions of the steel sheet are brought into contact with other structures during the transportation of the
steel sheet and the process of operation. Thus, the end portions are excluded from use in order to ensure quality.
Therefore, the effective width of the sheet that can be used does not reach 100%. Thus, the effective width of the sheet is
preferably less than 100%.

[0075] Because aregionwith the deviation of EL in the width directionis 10% or less relative to the value measured at the
center of the sheetwidth and the deviation of A is 10% or less is within a region that represents 80% or more of the total width
of the sheet, the yield can be significantly improved. Thus, in the present invention, the region where the deviation of EL in
the width directionis 10% or less relative to the value measured at the center of the sheet width and the deviation of L is 10%
orless is limited to 80% or more of the region over the total width of the sheet. The proportion is preferably 85% or more.
[0076]

<YR £ 0.8, TS 2 980 MPa, EL 2 14.0%>

<YR £ 0.8, TS =2 1180 MPa, EL =2 12.0%>

[0077] Tensile properties are evaluated by a tensile test (in accordance with JIS 22241 (2011)) with respect to JIS No. 5
test pieces for tensile test sampled from the center of the sheet width. N = 3. Each of the properties is evaluated based on
the average of the three test pieces. The steel sheet is evaluated as being of high strength when the tensile strength is 980
MPa or more. The steel sheet is evaluated as excellent in press formability when the yield ratio YR is 0.8 or less. The steel
sheet is evaluated as excellent in ductility when TS is 980 MPa or more and the total elongation EL is 14.0% or more or
when TS is 1180 MPa or more and the total elongation EL is 12.0% or more.

[0078]

<A 2 40

o©

>

[0079] Stretch flange formability is evaluated by a hole expansion test conforming to the provisions of The Japan Iron
and Steel Federation Standard JFST 1001 with respect to test specimens sampled from the center of the sheet width. N =
3. Specifically, a 100 mm X 100 mm square sample is punched with a punching tool having a punch diameter of 10 mm and
a clearance of 13%, and a conical punch having an apex angle of 60 degrees is inserted into the hole in such a manner that
the burr produced at the time of punching will be directed to the outside. The hole is expanded until the sheet is cracked
through the thickness. The hole expansion ratio A (%) = {(d - dg)/dg} X 100 is calculated where dy: initial hole diameter
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(mm), and d: hole diameter (mm) at the occurrence of cracking. The values of A measured of the three test specimens are
averaged. The steel is evaluated as excellent in hole expandability and stretch flangeability when A is 40% or more.

<Evaluation of quality stability in the width direction>

[0080] To evaluate the quality stability in the width direction, 23 evaluation pieces (23 pieces including a piece located at
the center of the sheet width) are sampled at intervals of 100 mm or less from the center of the sheet width (the position
12W/24 described hereinabove) toward both ends in the width direction, and EL and A at each of the positions
(measurement positions X) are determined. The difference between the values measured at the center of the sheet
width and at each measurement position is expressed as a ratio to the value measured at the center of the sheet width, and
thereby the quality stability in the width direction is evaluated. The group of continuous measurements where the
differences in EL and A are each 10% or less relative to EL and A at the center of the sheet width is obtained as the region
with 10% or less differences in EL and A. The steel is evaluated as excellent in quality stability when this region represents
80% or more of the total width of the sheet.

[0081] Incidentally, the width of the steel sheet in the present invention is preferably 600 mm or more. The width of the
steel sheet in the present invention is preferably 1700 mm or less.

[0082] Next, the steel microstructure of the steel sheet of the present invention will be described.

<Area fraction of polygonal ferrite: 10% or more and 57% or less>

[0083] Inordertoensurelow YR and high ductility, the area fraction of polygonal ferrite is limited to 10% or more. In order
to obtain higher ductility, the area fraction of polygonal ferrite is preferably 20% or more.

[0084] When, on the other hand, polygonal ferrite represents more than 57%, the predetermined strength cannot be
obtained. Thus, the area fraction of polygonal ferrite is limited to 57% or less, and is preferably 55% or less, and more
preferably 50% or less.

<Total area fraction of upper bainite, tempered martensite, and lower bainite: 40% or more and 80% or less>

[0085] In order to obtain the desired strength, the total area fraction of upper bainite, tempered martensite, and lower
bainite is limited to 40% or more. In order to obtain higher strength, the total area fraction is preferably 45% or more.
[0086] When, however, the total area fraction of upper bainite, tempered martensite, and lower bainite is more than 80%,
the steel sheetis excessively strengthened and is lowered in ductility. Thus, the areafraction is limited to 80% or less, andis
more preferably 75% or less.

<Volume fraction of retained austenite (retained y): 3% or more and 15% or less>

[0087] In order to ensure the desired ductility, it is effective to control the volume fraction of retained austenite to 3% or
more. Thus, the volume fraction of retained austenite is limited to 3% or more, and is preferably 5% or more.

[0088] When,ontheotherhand, retained austenite represents more than 15%, stretch flange formability is deteriorated.
Thus, retained austenite is limited to 15% or less, and is more preferably 13% or less.

<Quenched martensite: 12% or less (including 0%)>

[0089] Quenched martensite microstructure is hard and lowers A, and therefore the area fraction thereof should be low.
In order to obtain the desired A, the area fraction of quenched martensite is limited to 12% or less. In order to obtain A more
stably, the area fraction of quenched martensite is preferably 10% or less.

<Remaining microstructures>

[0090] The balance of the steel microstructure after the above microstructures is remaining microstructures. The area
fraction of the remaining microstructures is preferably 5% or less. The remaining microstructures may be carbides and
pearlite. These microstructures may be identified by SEM observation as will be described later.

<Total area fraction of quenched martensite and retained austenite each having an aspect ratio of 3 or less and an
equivalent circular diameter of 1.6 wm or more: 20% or less relative to the total area fraction of quenched martensite

and retained austenite>

[0091] Retained austeniteis transformed into hard martensite microstructure by the TRIP effectinduced by, forexample,
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press forming or tensile working. In the present invention, quenched martensite and retained austenite are controlled
together from the point of view of stretch flangeability. Quenched martensite or retained austenite with an equivalent
circular diameter of 1.6 wum or more forms voids atinterfaces with other microstructures upon stress concentration, making
it impossible to obtain the desired stretch flange formability.

[0092] When the aspect ratio of quenched martensite or retained austenite is 3 or less, stress concentration tends to
occur at interfaces with other microstructures. This promotes void formation and results in deterioration in stretch flange
formability. Thus, the total area fraction of quenched martensite and retained austenite each having an aspect ratio of 3 or
less and an equivalent circular diameter of 1.6 wm or more is limited to 20% or less, and is preferably 18% orless relative to
the total area fraction of quenched martensite and retained austenite.

[0093] There is no lower limit for the total area fraction of quenched martensite and retained austenite each having an
aspectratio of 3 or less and an equivalent circular diameter of 2.0 um or more relative to the total area fraction of quenched
martensite and retained austenite. Because controlling the total area fraction to 0% is difficult for operation reasons, the
total area fraction is preferably 2% or more, and more preferably 4% or more.

[0094] The equivalent circular diameter is preferably 20.0 wm or less.

<Area fraction of C-enriched regions with a C concentration of 0.5 mass% or more (S_.q 5): 15% or less relative to the
entire microstructure>

[0095] The hardness of quenched martensite is determined by the amount of carbon dissolved in the quenched
martensite. A large difference in hardness between quenched martensite and other microstructures promotes the
formation of voids at their interfaces upon stress concentration. Microstructures containing a large amount of solute
carbon are quenched martensite and retained austenite. Retained austenite is a microstructure that contributes to high
ductility, and has a C concentration of 0.5 mass% or more. When the area fraction of microstructures with a C concentration
of 0.5 mass% ormore is 15% or less relative to all the constituent microstructures, stretch flange formability can be ensured
while ductility is enhanced; furthermore, variations in quality in the width direction can also be reduced, and steel sheets
with excellent quality stability can be manufactured. Thus, the space factor of C-enriched regions with a C concentration of
0.5 mass% or more (Sgg 5) is limited to 15% or less.

[0096] The space factor is preferably 12% or less, and more preferably 10% or less.

[0097] The space factor is preferably 6% or more, and more preferably 8% or more.

[0098] Next, a method for measuring the steel microstructure will be described.

[0099] To measure the area fractions of polygonal ferrite, upper bainite, tempered martensite, lower bainite, and
quenched martensite (fresh martensite), the steel sheetis cut to expose a through-thickness cross section thatis parallel to
the rolling direction. The cross section is mirror-polished and is etched with 1 vol% Nital. Portions at 1/4 thickness are
observed with SEM in 10 fields of view at a magnification of 5000 times. The microstructure images obtained are analyzed
to quantify the microstructures. Polygonal ferrite discussed here is relatively equiaxed ferrite containing almost no internal
carbides. This region looks blackest in SEM.

[0100] Upperbainite is a ferrite microstructure containing internal carbides that looks white in SEM or retained austenite.
When it is difficult to distinguish between upper bainite and polygonal ferrite, the area fractions are calculated assuming
that ferrite regions with an aspect ratio < 2.0 are polygonal ferrite and regions with an aspect ratio > 2.0 are upper bainite.
Here, the aspectratiois determined by a/b where ais the length of the major axis that gives the longest particle length, and b
is the length of the minor axis that cuts across the particle with the longest length in the direction perpendicular to the major
axis.

[0101] Tempered martensite and lower bainite are regions that contain lath-like submicrostructures and carbide
precipitates according to SEM.

[0102] Quenched martensite (fresh martensite) is massive regions that look white and do not contain any visible
submicrostructures according to SEM.

[0103] Theremaining microstructures are carbide and/or pearlite microstructures and can be identified as white contrast
according to SEM. These microstructures can be distinguished based on the fact that carbides are microstructures with a
particle size of 1 wm or less and pearlite is lamellar (layered) microstructures.

[0104] The quantitative evaluation of the microstructures described above, and the measurements of the aspect ratio
and the equivalent circular diameter of quenched martensite and retained austenite may be performed using an image
analysis software, for example, Image J (Fiji).

[0105] The steelsheetis cutto expose athrough-thickness cross section thatis parallel to the rolling direction. The cross
section is mirror-polished and is etched with 1 vol% Nital. Portions at 1/4 thickness are observed with SEM in 10 fields of
view at a magnification of 5000 times. The microstructures are identified and quantified by the Trainable Weka
segmentation method of Image J (Fiji) that is capable of segmentation by machine learning. Furthermore, the aspect
ratio and the equivalent circular diameter of quenched martensite and retained austenite may be measured using a particle
analysis program that is another function of Image J. Quenched martensite and retained austenite identified as described
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above are exclusively extracted and analyzed.

[0106] The volume fraction of retained austenite is determined by chemically polishing the steel sheetto alocation at 1/4
thickness from the surface and analyzing the cross section by X-ray diffractometry. Co-Ka radiation source is used as the
incident X-ray, and the volume fraction of retained austenite is calculated from the intensity ratio of (200), (211), and (220)
planes of ferrite and (200), (220), and (311) planes of austenite. Because retained austenite is randomly distributed, the
volume fraction of retained austenite obtained by X-ray diffractometry may be regarded as the area fraction of retained
austenite.

[0107] The area fraction S 5 of C-enriched regions with a C concentration of 0.5 mass% or more is measured by
mapping analysis of the C concentration distribution with respect to positions at 1/4 thickness of a through-thickness cross
section parallel to the rolling direction, using field emission electron probe microanalyzer (FE-EPMA) JXA-8500F
manufactured by JEOL Ltd., at an acceleration voltage of 6 kV and an illumination current of 7 X 10-8 A with the minimum
beam diameter. The area fraction of regions where the C concentration is 0.5 mass% or more is thus calculated. In order to
eliminate the influence of contamination, the background is subtracted so that the average value of carbon obtained by the
analysis will be equal to the amount of carbon in the base material. Specifically, when the average of the measured
amounts of carbon is greater than the amount of carbon in the base material, the excess is understood as contamination,
and the excess is subtracted from each of the values analyzed at the respective positions. The values thus obtained are
taken as the true amounts of carbon at the respective positions.

[0108] Next, a method for manufacturing a steel sheet of the present invention will be described.

[0109] A method for manufacturing a steel sheet of the present invention includes hot rolling, pickling, and cold rolling a
steel slab having a chemical composition described hereinabove, and annealing the cold rolled steel sheet. The annealing
includes a holding step of heating the cold rolled steel sheet to an annealing temperature of 750 to 880°C and holding the
cold rolled steel sheet at the annealing temperature for 10 to 500 seconds; a first cooling step of cooling the steel sheetto a
first cooling stop temperature of 350 to 550°C at a first average cooling rate in a range of temperatures from the annealing
temperature to the first cooling stop temperature of 2 to 50°C/s; a second cooling step of causing the steel sheet to reside at
a residence temperature of 350 to 550°C for 10 seconds or more and 60 seconds or less and cooling the steel sheet to a
second cooling stop temperature of 100 to 300°C at a second average cooling rate of 3 to 50°C/s; a reheating step of
heating the steel sheet from the second cooling stop temperature to a reheating temperature of 50°C or more above the
second cooling stop temperature and 340°C or below at an average heating rate of 2.0°C/s or more; and a third cooling step
of cooling the steel sheet after the reheating step at a third average cooling rate in a range of temperatures from the
reheating temperature to 50°C of 0.05 to 1.0°C/s while causing the steel sheet to reside in the temperature range for 100
seconds or more.

<Hot rolling>

[0110] Forexample, the steel slab may be hot rolled in such a mannerthatthe slab is heated and thenrolled, that the slab
from continuous casting is subjected to hot direct rolling without heating, or that the slab from continuous casting is quickly
heat-treated and then rolled. The hot rolling may be performed in accordance with a conventional procedure. Forexample,
the slab heating temperature may be 1100 to 1300°C; the soaking time may be 20 to 300 minutes; the finish rolling
temperature may be Ar; transformation temperature to Ar; transformation temperature + 200°C; and the coiling
temperature may be 400 to 720°C. In order to eliminate or reduce thickness variations and to ensure high strength
stably, the coiling temperature is preferably 430 to 530°C.

[0111] The Arytransformation temperature may be calculated from the composition of the steel sheet and the following
empirical formula (A).

Ary =910 - 203 X [C] + 44.7 X [Mn] - 30 X [Si] + 700 X [P] + 400 X [sol. Al] - 20 X [B] + 31.5 X [Mo] + 104 X

[V] + 400 X [Ti] (A)

[0112] Informula (A), [element] means the content (mass%) of the element. (When the element is absent, the contentis
0 (zero) mass%.)

<Pickling>

[0113] Pickling may be performed in a conventional manner.

<Cold rolling>

[0114] Cold rolling may be performed in a conventional manner, and the cumulative rolling reduction ratio may be 30 to

13



10

15

20

25

30

35

40

45

50

55

EP 4 570 928 A1

85%. In order to ensure high strength stably and to reduce anisotropy, the rolling reduction ratio is preferably 35 to 85%.
When a high rolling load is incurred, a softening annealing treatment may be performed on CAL (a continuous annealing
line) or in BAF (a box annealing furnace) at 450 to 730°C.

<Annealing>

[0115] After cold rolling is carried out in a conventional manner, the steel sheet (the cold rolled steel sheet) is annealed
under the following conditions. The annealing facility is not particularly limited, but a continuous annealing line (CAL) ora
continuous galvanizing line (CGL)is preferable from the points of view of productivity and ensuring the desired heating rate
and cooling rate.

[Holding step: The steel sheet is heated to an annealing temperature in the annealing temperature range of 750 to
880°C and is held at the annealing temperature for 10 to 500 seconds.]

[0116] Whenthe annealing temperature (the soaking temperature)is below 750°C, polygonal ferrite occurs excessively
and consequently increased amounts of carbon and manganese are concentrated in reverse transformed austenite. As a
result, at least one of upper bainite, tempered martensite, lower bainite, and retained austenite cannot be obtained
sufficiently. Furthermore, the hardness of quenched martensite is increased and consequently the desired strength,
ductility, and stretch flange formability cannot be ensured. Furthermore, annealing temperatures (soaking temperatures)
below 750°C do not allow recrystallization to proceed sufficiently, and the microstructures deformed by the cold rolling
remain and may lower formability. Thus, the annealing temperature (the soaking temperature) s limited to 750°C or above.
[0117] On the other hand, annealing temperatures (soaking temperatures) above 880°C are austenite single phase
temperatures and do not give predetermined polygonal ferrite, causing an increase in YR and a decrease in ductility. Thus,
the annealing temperature (the soaking temperature) is limited to 880°C or below. The annealing temperature (the soaking
temperature) is preferably 850°C or below, and more preferably 830°C or below.

[0118] When the holding time (the soaking time) at the above annealing temperature is less than 10 seconds, austenite
formation atthe annealing temperature (the soaking temperature) does not take place sufficiently and excessive polygonal
ferrite is formed. Thus, the predetermined amount of upper bainite, tempered martensite, and lower bainite cannot be
obtained to cause a failure to obtain the desired strength. In addition, retained austenite cannot be obtained sufficiently to
cause a failure to ensure the desired ductility.

[0119] When, onthe otherhand, the holding time (the soaking time) atthe above annealing temperature is more than 500
seconds, the microstructures are significantly coarsened and the desired strength cannot be ensured.

[0120] Thus, the holding time (the soaking time) at the above annealing temperature is limited to 10 to 500 seconds. The
holding time (the soaking time) at the annealing temperature is preferably 80 seconds or more, and more preferably 100
seconds or more. The holding time (the soaking time) at the annealing temperature is preferably 400 seconds or less, and
more preferably 300 seconds or less.

[First cooling step: The steel sheet is cooled to a first cooling stop temperature of 350 to 550°C at a first average cool-
ing rate in a range of temperatures from the annealing temperature to the first cooling stop temperature of 2 to 50°C/
s.]

[0121] Afterbeing held at the soaking temperature of 750°C to 880°C (after the holding step), the steel sheet is cooled at
a first average cooling rate of 2 to 50°C/s in a range of temperatures from the annealing temperature to a first cooling stop
temperature of 350 to 550°C. When the first average cooling rate is less than 2°C/s, operation is impeded. Thus, the first
average cooling rate is limited to 2°C/s or more. The first average cooling rate is preferably 5°C/s or more.

[0122] When, onthe other hand, the firstaverage cooling rate is excessively high, the shape of the sheet is deteriorated.
Thus, the first average cooling rate is limited to 50°C/s or less. The first average cooling rate is preferably 40°C/s or less,
and more preferably less than 30°C/s.

[0123] Here, the first average cooling rate is determined by "(annealing temperature (°C) - first cooling stop temperature
(°C))/cooling time (seconds) from annealing temperature to first cooling stop temperature”.

[Second cooling step (1): The steel sheet is caused to reside at a residence temperature of 350 to 550°C for 10 sec-
onds or more and 60 seconds or less.]

[0124] Upper bainite is formed in the range of temperatures (residence temperatures) that are from 350°C to 550°C and
are equal to or lower than the first cooling stop temperature. As a result, predetermined retained austenite can be obtained
and the desired ductility can be achieved. Bainite transformation has an incubation period and the steel sheet should be
allowed to reside in the residence temperature range that includes a residence start temperature and a residence finish
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temperature for a certain amount of time.

[0125] When the residence temperatures range to below 350°C or to above 550°C, bainite transformation is sup-
pressed, with the result that the formation of retained austenite is impeded and the desired ductility cannot be obtained.
When the residence temperatures range to below 350°C, martensite transformation occurs and unnecessarily increases
YR and consequently press formability may be lowered. Thus, the residence temperature range is limited to 350 to 550°C.
When the residence time is less than 10 seconds, the desired amount of bainite cannot be obtained and the formation of
retained austenite is impeded, with the result that the desired ductility cannot be obtained.

[0126] When, on the other hand, the residence time is more than 60 seconds, the partitioning of carbon from bainite to
massive non-transformed y proceeds to result in an increase in the amount of coarse and high-carbon quenched
martensite. As a result, the desired stretch flange formability and the desired quality stability in the width direction cannot
be obtained. Thus, the residence time is limited to 10 seconds or more and 60 seconds or less.

[Second cooling step (2): The steel sheet is cooled in a temperature range to a second cooling stop temperature of
100 to 300°C at a second average cooling rate of 3 to 50°C/s.]

[0127] After the above residence, the steel sheet needs to be cooled rapidly to avoid excessive bainite transformation
and to eliminate the consequent decrease in the amount of tempered martensite, the occurrence of coarse quenched
martensite or retained austenite, and excessive partitioning of carbon to retained austenite. In this manner, deterioration in
strength, stretch flange formability, and quality stability in the width direction is prevented.

[0128] Thus, the average cooling rate (the second average cooling rate) in the temperature range from the residence
finish temperature to a cooling stop temperature of 100°C or above and 300°C or below is limited to 3°C/s or more. The
second average cooling rate is preferably 5°C/s or more.

[0129] When, on the other hand, the second average cooling rate is more than 50°C/s, the shape of the sheet is
deteriorated. Thus, the second average cooling rate is limited to 50°C/s or less.

[0130] When the second cooling stop temperature is above 300°C, predetermined tempered martensite cannot be
obtained and consequently coarse quenched martensite is increased to make it impossible to obtain the desired stretch
flange formability. Thus, the second cooling stop temperature is limited to 300°C or below. The second cooling stop
temperature is preferably 290°C or below.

[0131] When, on the other hand, the second cooling stop temperature is below 100°C, martensite transformation
proceeds excessively and retained austenite cannot be obtained with a predetermined volume fraction, with the result that
the desired ductility cannot be obtained. Thus, the cooling stop temperature is limited to 100°C or above.

[0132] Here, the second average cooling rate is determined by "residence finish temperature (°C) - second cooling stop
temperature (°C)/cooling time (seconds) from residence finish temperature to second cooling stop temperature”.

[Reheating step: The steel sheet is heated from the second cooling stop temperature to a reheating temperature of
50°C or more above the second cooling stop temperature and 340°C or below at an average heating rate of 2.0°C/s
or more.]

[0133] Martensite is tempered more effectively at higher temperatures. Thus, carbon partitioning is facilitated and the
formation of retained austenite is promoted by performing tempering at a temperature 50°C or more above the second
cooling stop temperature, rather than by performing tempering at the second cooling stop temperature. As a result, ductility
can be improved while enhancing stretch flange formability.

[0134] When, on the other hand, the reheating temperature is above 340°C, the precipitation of carbides is promoted.
This impedes carbon partitioning and makes it impossible to obtain predetermined retained austenite, with the result that
the desired ductility cannot be obtained. Thus, the reheating temperature is limited to 50°C or more above the cooling stop
temperature and 340°C or below.

[0135] When the average heating rate is less than 2.0°C/s, the precipitation of carbides surpasses carbon partitioning
and consequently predetermined retained austenite cannot be obtained. Thus, the average heating rate in the tempera-
ture range from the cooling stop temperature to 340°C or below is limited to 2.0°C/s or more.

[0136] Here, the average heating rate is determined by "(reheating temperature (°C) - second cooling stop temperature
(°C))/heating time (seconds) from second cooling stop temperature to reheating temperature”.

[Third cooling step: The steel sheet is cooled at a third average cooling rate in a range of temperatures from the re-
heating temperature to 50°C of 0.05 to 1.0°C/s while the steel sheet is caused to reside in the temperature range for

100 seconds or more.]

[0137] When the third average cooling rate in the temperature range from the reheating temperature to 50°C is more
than 1.0°C/s, martensite tempering effects cannot be obtained sufficiently and C-enriched regions with 0.05 mass% or
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more carbon concentration (S, 5) are increased to cause deterioration in stretch flange formability and quality stability in
the width direction. Thus, the cooling rate in the temperature range from the reheating temperature to 50°C is limited to
1.0°C/s or less.

[0138] Furthermore, cooling in the temperature range from the reheating temperature to 50°C at a cooling rate of 1.0°C/s
orlessreduces temperature variations in the width direction and offers further enhancements in quality stability in the width
direction.

[0139] When, on the other hand, the cooling rate in the temperature range from the reheating temperature to 50°C (the
third average cooling rate) is low, the processing time is extended and operability is deteriorated. Thus, the cooling rate in
the temperature range from the cooling stop temperature to 50°C (the third average cooling rate) is limited to 0.05°C/s or
more.

[0140] Here, the third average cooling rate is determined by "(reheating temperature (°C) - 50°C)/cooling time (seconds)
from reheating temperature (°C) to 50°C".

[0141] The surface of the steel sheet may be galvanized to form a galvanized layer on the surface of the steel sheet. The
type of galvanization is not particularly limited and may be any of hot-dip galvanization or electrogalvanization.
Furthermore, the galvanization may be hot-dip galvannealing treatment in which hot-dip galvanization is followed by
alloying treatment.

[0142] For example, hot-dip galvanization is performed on automobile steel sheets. Hot-dip galvanization may be
performed after the holding step and the first cooling step of the annealing in a continuous annealing furnace at an anterior
stage of a continuous hot-dip galvanization line, by immersing the steel sheet into a hot-dip galvanizing bath to form a hot-
dip galvanized layer on the surface of the steel sheet. Furthermore, alloying treatment may be performed to manufacture a
hot-dip galvannealed steel sheet. Specifically, the surface of the steel sheet may be hot-dip galvanized or hot-dip
galvannealed when the steel sheet is caused to reside at a residence temperature of 350 to 550°C for 10 seconds or more
and 60 seconds or less in the second cooling step. The galvanization step may be performed on a different line from the
soaking and cooling steps.

[0143] The electrogalvanization may be performed after the annealing, that is, after the third cooling step.

[0144] The thickness of the steel sheet of the present invention obtained as described above is preferably 0.5 mm or
more. The thickness of the steel sheet of the present invention is preferably 2.0 mm or less.

[0145] The width is preferably 600 mm or more. The width of the steel sheet of the present invention is preferably 1700
mm or less.

[0146] Next, a member and a method for manufacture thereof according to the present invention will be described.
[0147] The member of the presentinvention is obtained by subjecting the steel sheet of the present invention to at least
one working of forming or joining. The method for manufacturing a member of the present invention includes a step of
subjecting the steel sheet of the present invention to at least one working of forming or joining to produce a member.
[0148] The steel sheet of the present invention has a tensile strength of 980 MPa or more, excels in press formability,
ductility, and stretch flange formability, and is also excellent in quality stability in the width direction.

[0149] Thus, the member thatis obtained using the steel sheet of the present invention also has high strength, excels in
press formability, ductility, and stretch flange formability, and is also excellent in quality stability in the width direction.
Furthermore, weight can be reduced by using the member of the present invention. Thus, for example, the member of the
presentinvention may be suitably used in automobile body frame parts. The member of the presentinvention also includes
a welded joint.

[0150] The forming may be performed using any common working process, such as press working, without limitation.
Furthermore, the joining may be performed using common welding, such as spot welding or arc welding, or, for example,
riveting or caulking without limitation.

EXAMPLES

[0151] Slabs manufactured by continuous casting of steels having a chemical composition described in Table 1 were
heated to 1200°C and were hot rolled in such a manner that the soaking time was 200 minutes, the finish rolling
temperature was 900°C, and the coiling temperature was 550°C. Subsequently, the steel sheets were cold rolled with a
rolling reduction ratio of 50%. Cold rolled steel sheets with a thickness of 1.4 mm were thus produced. The cold rolled steel
sheets were treated under annealing conditions described in Table 2. Steel sheets of the present invention and steel
sheets of Comparative Examples were thus manufactured.

[0152] All the steel sheets obtained had a width of 1500 mm.
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[Table 1]
Steel Chemical composition (mass%)
Remarks
No. C Si Mn P S sol.Al N others
A | 0065 | 052 | 288 | 0.016 | 0.0020 | 0.021 | 0.0033 | TW0-021.B:0.0025, 1o ive steel
Nb:0.023
B | 0133 | 1.36 | 221 | 0.006 | 0.0019 | 0.028 | 0.0024 - Inventive steel
c | 0155 | 088 | 265 | 0.007 | 0.0032 | 0.047 | 00019 | CU032Cr0022 10 ive steel
Ca:0.0018
0.077 | 1.44 | 311 | 0.014 | 0.0081 | 0.032 | 0.0129 Ti:0.064 Inventive steel
E | 0189 | 064 | 2.89 | 0.005 | 0.0024 | 0.044 | 0.0036 V:0.26 Inventive steel
0.082 | 111 | 254 | 0.013 | 0.0069 | 0.355 | 0.0035 $b:0.07 Inventive steel
Mo:0.40,
G | 0122 | 124 | 244 | 0015 | 0.0021 | 0.019 | 0.0075 Mg:0.0018, Inventive steel
Sn:0.06
Ni:0.18, Cr:0.360, .
H | 0099 | 085 | 236 | 0.012 | 0.0075 | 0.290 | 0.0044 REM-C. 0044 Inventive steel
|| 0.041 | 119 | 2556 | 0.009 | 0.0032 | 0.029 | 0.0092 - Cor';rt’:;f“ve
J | 0219 | 084 | 246 | 0018 | 0.0041 | 0.022 | 0.0038 - CO”;T:;ft'VG
K | 0126 | 037 | 221 | 0,005 | 0.0052 | 0.024 | 0.0041 - Conlrt’:;ft've
L | 0159 | 154 | 277 | 0.016 | 0.0032 | 0.025 | 0.0033 - C°”;rt’:;f“ve
M | 0135 | 1.19 | 1.68 | 0.005 | 0.0030 | 0.021 | 0.0029 - Coms"::gft"’e
N | 0109 | 1.39 | 3.72 | 0.003 | 0.0028 | 0.133 | 0.0037 - Comsi’:;"t've
-The balance after the above components is Fe and incidental impurities.
*Underlines indicate being outside the range of the present invention.

[0153] Some of the steel sheets (the cold rolled steel sheets: CR) were obtained as hot-dip galvanized steel sheets (Gl)
by being hot-dip galvanized when the steel sheet was caused to reside at a residence temperature of 350 to 550°C for 10
seconds or more and 60 seconds or less. Here, the steel sheets were hot-dip galvanized by being immersed into a
galvanizing bath at a temperature of 440°C or above and 550°C or below, and the coating weight was adjusted by, for
example, gas wiping. The galvanizing bath used in the hot-dip galvanization had an Al content of 0.10% or more and 0.22%
orless. Furthermore, some of the hot-dip galvanized steel sheets were alloyed after the hot-dip galvanizing treatment and
obtained as hot-dip galvannealed steel sheets (GA). Here, the alloying treatment was performed in a range of
temperatures of 460°C or above and 550°C or below. Furthermore, some of the steel sheets (the cold rolled steel sheets:
CR) were obtained as electrogalvanized steel sheets (EG) by electroplating.

[0154] The steel microstructure was measured in the following manner. The measurementresults are described in Table
3.

[0155] To measure the area fractions of polygonal ferrite, upper bainite, tempered martensite, lower bainite, and
quenched martensite (fresh martensite), the steel sheet was cut to expose a through-thickness cross section that was
parallel to the rolling direction. The cross section was mirror-polished and was etched with 1 vol% Nital. Portions at 1/4
thickness were observed with SEM in 10 fields of view at a magnification of 5000 times. The microstructure images
obtained were analyzed to quantify the microstructures. Polygonal ferrite discussed here is relatively equiaxed ferrite
containing almost no internal carbides. This region looks blackest in SEM.

[0156] Upper bainite is a ferrite microstructure containing internal carbides that looks white in SEM or retained austenite.
When it was difficult to distinguish between upper bainite and polygonal ferrite, the area fractions were calculated
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assuming that ferrite regions with an aspect ratio < 2.0 were polygonal ferrite and regions with an aspect ratio > 2.0 were
upper bainite. Here, the aspect ratio was determined by a/b where a was the length of the major axis that gave the longest
particle length, and b was the length of the minor axis that cut across the particle with the longest length in the direction
perpendicular to the major axis.

[0157] Tempered martensite and lower bainite are regions that contain lath-like submicrostructures and carbide
precipitates according to SEM.

[0158] Quenched martensite (fresh martensite) is massive regions that look white and do not contain any visible
submicrostructures according to SEM.

[0159] Theremaining microstructures are carbide and/or pearlite microstructures and can be identified as white contrast
according to SEM. These microstructures can be distinguished based on the fact that carbides are microstructures with a
particle size of 1 um or less and pearlite is lamellar (layered) microstructures.

[0160] The quantitative evaluation of the microstructures described above, and the measurements of the aspect ratio
and the equivalent circular diameter of quenched martensite and retained austenite were performed using image analysis
software Image J (Fiji).

[0161] The steel sheetwas cut to expose a through-thickness cross section that was parallel to the rolling direction. The
cross section was mirror-polished and was etched with 1 vol% Nital. Portions at 1/4 thickness were observed with SEM in
10 fields of view at a magnification of 5000 times. The microstructures were identified and quantified by the Trainable Weka
segmentation method of Image J (Fiji) that was capable of segmentation by machine learning. Furthermore, the aspect
ratio and the equivalent circular diameter of quenched martensite and retained austenite were measurable using a particle
analysis program that was another function of Image J. Quenched martensite and retained austenite identified as
described above were exclusively extracted and analyzed.

[0162] The volume fraction of retained austenite was determined by chemically polishing the steel sheet to a location at
1/4 thickness from the surface and analyzing the cross section by X-ray diffractometry. Co-Ka radiation source was used
as the incident X-ray, and the volume fraction of retained austenite was calculated from the intensity ratio of (200), (211),
and (220) planes of ferrite and (200), (220), and (311) planes of austenite.

[0163] The area fraction S, 5 of C-enriched regions with a C concentration of 0.5 mass% or more was measured by
mapping analysis of the C concentration distribution with respect to positions at 1/4 thickness of a through-thickness cross
section parallel to the rolling direction, using field emission electron probe microanalyzer (FE-EPMA) JXA-8500F
manufactured by JEOL Ltd., at an acceleration voltage of 6 kV and an illumination current of 7 X 10-8 A with the minimum
beam diameter. The area fraction of regions where the C concentration was 0.5 mass% or more was thus calculated.
[0164] Inorderto eliminate the influence of contamination, the background was subtracted so that the average value of
carbon obtained by the analysis would be equal to the amount of carbon in the base material. Specifically, when the
average of the measured amounts of carbon was greater than the amount of carbon in the base material, the excess was
understood as contamination, and the excess was subtracted from each of the values analyzed at the respective positions.
The values thus obtained were taken as the true amounts of carbon at the respective positions.

[0165] Tensile properties were evaluated by a tensile test (in accordance with JIS Z2241 (2011)) with respectto JISNo. 5
test pieces for tensile test sampled from the center of the sheet width. N = 3. Each of the properties was evaluated based on
the average of the three test pieces. The steel sheet was evaluated as being of high strength when the tensile strength was
980 MPa or more. The steel sheet was evaluated as excellent in press formability when the yield ratio YR was 0.8 or less.
The steel sheet was evaluated as excellentin ductility when TS was 980 MPa or more and the total elongation was 14.0%
or more or when TS was 1180 MPa or more and the total elongation was 12.0% or more.

[0166] Stretch flange formability was evaluated by a hole expansion test conforming to the provisions of The Japan Iron
and Steel Federation Standard JFST 1001 with respect to test specimens sampled from the center of the sheet width. N =
3. Specifically, a 100 mm X 100 mm square sample was punched with a punching tool having a punch diameter of 10 mm
and a clearance of 13%, and a conical punch having an apex angle of 60 degrees was inserted into the hole in such a
manner that the burr produced at the time of punching would be directed to the outside. The hole was expanded until the
sheet was cracked through the thickness. The hole expansion ratio A (%) = {(d - dy)/dy} X 100 was calculated where d:
initial hole diameter (mm), and d: hole diameter (mm) at the occurrence of cracking. The values of A measured of the three
test specimens were averaged. The steel was evaluated as excellentin hole expandability and stretch flangeability when A
was 40% or more.

[0167] To evaluate the quality stability in the width direction, 23 evaluation pieces (23 pieces including a piece located at
the center of the sheet width) were sampled at intervals of 100 mm or less from the center of the sheet width (the position
12W/24 (W: width of the sheet)) toward both ends in the width direction, and EL and A at each of the positions
(measurement positions X) were determined. The difference between the values measured at the center of the sheet
width and at each measurement position was expressed as a ratio to the value measured at the center, and thereby the
quality stability in the width direction was evaluated.

[0168] The group of continuous measurements where the differences in EL and A were each 10% or less relative to EL
and X at the center of the sheet width was obtained as the region with 10% or less differences in EL and 1. The steel was
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evaluated as excellent in quality stability when this region represented 80% or more of the total width of the sheet.
[0169] The quality stability in the width direction was evaluated as excellent when the width of region A that satisfied the
following expressions (1) and (2) represented 80% or more of the total width of the sheet.

-10 <100 X [(EL (%) at measurement position X within region A - EL (%) at center of sheet width)/EL (%) at
center of sheet width] < 10

(1)

-10 <100 X [(A (%) at measurement position X within region A - X (%) at center of sheet width)/A (%) at center )
of sheet width] < 10

(Inexpressions (1) and (2), the measurement positions X are a total of 23 locations that divide the width W of the steel sheet
into 24 portions. Specifically, the measurement positions X are a total of 23 locations along the width of the sheet that are
indicated by W/24, 2W/24, 3W/24, 4W/24, 5\W/24, 6W/24, TW/24, 8W/24, OW/24, 10W/24, 11W/24, 12W/24, 13W/24,
14W/24, 15W/24, 16W/24, 17W/24, 18W/24, 19W/24, 20W/24, 21W/24, 22W/24, and 23W/24.)

[0170] The measurement results are described in Table 3.
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[0171] Inventive Examples described in Tables 2 and 3 achieved excellent strength, press formability, ductility, stretch
flange formability, and quality stability in the width direction. In contrast, Comparative Examples were unsatisfactory in at
least one of these properties.

[0172] The steelsheets of Inventive Examples have high strength and excellent press formability, ductility, stretch flange
formability, and quality stability in the width direction. This has shown that members obtained by forming of the steel sheets
of Inventive Examples, members obtained by joining of the steel sheets of Inventive Examples, and members obtained by
forming and joining of the steel sheets of Inventive Examples will have high strength and excellent press formability,
ductility, stretch flange formability, and quality stability in the width direction similarly to the steel sheets of Inventive
Examples.

Claims
1. A steel sheet having a chemical composition comprising, in mass%,

C: 0.05 to 0.20%,

Si: 0.40 to 1.50%,

Mn: 1.9 to 3.5%,

P: 0.02% or less,

S:0.01% or less,

sol. Al: 0.005 to 0.50%, and

N: less than 0.015%,

the balance being iron and incidental impurities,

the steel sheet comprising a steel microstructure in which:

the area fraction of polygonal ferrite is 10% or more and 57% or less,

the total area fraction of upper bainite, tempered martensite, and lower bainite is 40% or more and 80% or
less,

the volume fraction of retained austenite is 3% or more and 15% or less,

the area fraction of quenched martensite is 12% or less (including 0%), and

the steel microstructure further comprises a remaining microstructure,

the steel sheet being such that:

the total area fraction of quenched martensite and retained austenite each having an aspect ratio of 3 or
less and an equivalent circular diameter of 1.6 wm or more is 20% or less relative to the total area fraction
of quenched martensite and retained austenite, and

the area fraction of a C-enriched region with a C concentration of 0.5 mass% or more (S 5) is 15% or
less relative to the entire microstructure.

2. The steel sheet according to claim 1, wherein the chemical composition further comprises, in mass%, one or two
selected from:

Ti: 0.1% or less, and
B: 0.01% or less.

3. The steel sheetaccording to claim 1 or 2, wherein the chemical composition further comprises, in mass%, one, or two
or more selected from:

Cu: 1% or less,

Ni: 1% or less,

Cr: 1% or less,

Mo: 0.5% or less,
V: 0.5% or less, and
Nb: 0.1% or less.

4. The steel sheetaccording to any one of claims 1 to 3, wherein the chemical composition further comprises, in mass%,
one, or two or more selected from:
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Mg: 0.0050% or less,
Ca: 0.0050% or less,
Sn: 0.1% or less,

Sb: 0.1% or less, and
REM: 0.0050% or less.

5. The steel sheet according to any one of claims 1 to 4, which has a galvanized layer on a surface.
6. A member obtained using the steel sheet described in any one of claims 1 to 5.

7. A method for manufacturing a steel sheet, comprising hot rolling, pickling, and cold rolling a steel slab having the
chemical composition described in any one of claims 1 to 4, and annealing the resultant cold rolled steel sheet, the
annealing comprising:

a holding step of heating the cold rolled steel sheet to an annealing temperature of 750 to 880°C and holding the
cold rolled steel sheet at the annealing temperature for 10 to 500 seconds;

a first cooling step of cooling the steel sheet to a first cooling stop temperature of 350 to 550°C at a first average
cooling rate in arange of temperatures from the annealing temperature to the first cooling stop temperature of 2 to
50°Cl/s;

a second cooling step of causing the steel sheet to reside at a residence temperature of 350 to 550°C for 10
seconds or more and 60 seconds or less and cooling the steel sheet to a second cooling stop temperature of 100
to 300°C at a second average cooling rate of 3 to 50°C/s;

areheating step of heating the steel sheetfrom the second cooling stop temperature to a reheating temperature of
50°C or more above the second cooling stop temperature and 340°C or below at an average heating rate of
2.0°C/s or more; and

a third cooling step of cooling the steel sheet after the reheating step at a third average cooling rate in a range of
temperatures from the reheating temperature to 50°C of 0.05 to 1.0°C/s while causing the steel sheet to reside in
the temperature range for 100 seconds or more.

8. The method for manufacturing a steel sheet according to claim 7, wherein the second cooling step causes the steel
sheet to reside at a residence temperature of 350 to 550°C for 10 seconds or more and 60 seconds or less while
performing a hot-dip galvanizing treatment or a hot-dip galvannealing treatment on a surface of the steel sheet.

9. Themethod for manufacturing a steel sheet according to claim 7, further comprising performing an electrogalvanizing

treatment on a surface of the steel sheet after the annealing.

10. Amethod for manufacturinga member, comprising a step of subjecting the steel sheetdescribed in any one of claims 1
to 5 to at least one working of forming or joining to produce a member.
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