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Description

Technical Field

[0001] The present disclosure relates to a steel suitable as a material for automobiles, and more particularly, to a high-
strength steel sheet having excellent hole expandability and ductility and a manufacturing method thereof.

Background Art

[0002] Recently, in the automobile industry, the use of high-strength steel has been required to improve fuel efficiency
or durability due to environmental regulations related to CO2 emissions and energy consumption regulations.
[0003] In particular, with the expansion of regulations on the impact stability of automobiles, high-strength steel with
excellent strength has been used as a material for structural members, such as members, seat rails, and pillars to
improve impact resistance of vehicle bodies.
[0004] Since these automobile parts have complex shapes depending on stability and design and are mainly manu-
factured by molding with a press mold, a high level of formability is required in addition to high strength.
[0005] However, higher strength of steel is more advantageous to absorb impact energy. However, in general, higher
strength lowers elongation, thereby reducing molding workability. In addition, when yield strength is excessively high,
flow of a material from a mold during molding is reduced, resulting in poor formability and an increase in manufacturing
costs.
[0006] In addition, since automobile parts have many molded portions that expand after holes are worked, hole ex-
pandability (HER) is required for smooth molding, but high-strength steel has low hole expandability, resulting in defects
such as cracks during molding. As such, poor hole expandability may result in cracks in part molded portions when the
car crashes, and thus, parts may be easily destroyed to threaten the safety of occupants.
[0007] Meanwhile, high-strength steel used as a material for automobiles includes dual phase steel (DP Steel), trans-
formation induced plasticity steel (TRIP steel), complex phase steel (CP steel), ferrite-bainite steel (FB steel), and the like.
[0008] DP steel, an ultra-high-strength steel, has a low yield ratio of approximately 0.5 to 0.6, so it is easy to process
and advantageously has high elongation next to TRIP steel. Accordingly, DP steel is mainly applied to door outers, seat
rails, seat belts, suspensions, arms, wheel rims, and the like.
[0009] TRIP steel has a yield ratio in the range of 0.57 to 0.67, exhibiting excellent formability (high ductility), and is
therefore suitable for parts requiring high formability, such as members, roofs, seat belts, and bumper rails.
[0010] CP steel is applied to side panels and underbody stiffeners due to a low yield ratio, high elongation, and bending
workability thereof, and FB steel has excellent hole expandability and is mainly applied to suspension lower arms or
wheel discs.
[0011] Among the steels, DP steel mainly includes ferrite with excellent ductility and hard phases (martensite phase,
bainite phase) with high strength, and a small amount of residual austenite may be present therein. The DP steel has
low yield strength and high tensile strength, thus having a low yield ratio (YR) and have characteristics of high strain
hardening rate, high ductility, continuous yield behavior, room temperature aging resistance, baking hardenability, and
the like. In addition, high-strength steel with high hole expandability may be manufactured by controlling the fraction,
recrystallization degree, and distribution uniformity of each phase.
[0012] However, in order to secure ultra-high strength having tensile strength of 1100 MPa or more, it is necessary to
increase the fraction of a hard phase, such as martensite phase advantageous for strength enhancement, and in this
case, the yield strength may increase, resulting in defects, such as cracks, during press forming.
[0013] In general, for DP steel for automobiles, a slab is manufactured through a steelmaking and casting process,
[heating-rough rolling-finish hot rolling] is performed on the slab to obtain a hot-rolled coil, and then a final product is
manufactured through an annealing process.
[0014] Here, the annealing process is a process mainly performed in the manufacturing of a cold-rolled steel sheet,
and the cold-rolled steel sheet is manufactured by pickling a hot-rolled coil to remove surface scale therefrom, cold-
rolling the resultant coil at a constant reduction rate at room temperature, and then performing annealing and an additional
temper rolling process as necessary.
[0015] Cold-rolled steel sheets (cold-rolled material) obtained by cold rolling are in a very hardened state and are not
suitable for manufacturing parts requiring workability, and therefore, workability may be improved by softening through
a heat treatment in a continuous annealing furnace, as a subsequent process.
[0016] For example, in the annealing process, the steel sheet (cold-rolled material) is heated to approximately 650°C
to 850°C in a heating furnace and then maintained for a predetermined period of time to lower hardness and improve
workability through recrystallization and phase transformation.
[0017] While the steel sheet that has not undergone the annealing process has high hardness, particularly, surface
hardness, and lacks workability, the steel sheet subjected to the annealing process has a recrystallized structure, so
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that hardness, a yield point, and tensile strength are lowered to improve workability.
[0018] As a representative method for lowering the yield strength of DP steel, ferrite may be completely recrystallized
in a heating process during continuous annealing to be produced in the form of equiaxed crystals, so that austenite may
be created and grown in equiaxed crystals in a subsequent process, thereby advantageously forming an austenite phase
having small and uniform grains.
[0019] Meanwhile, as related art for improving the workability of high-strength steel, Patent Document 1 proposes a
method according to refining the microstructure, and specifically, a method of dispersing fine precipitated copper particles
having a grain size of 1 to 100 nm inside the structure for a composite structure steel sheet mainly comprised of a
martensite phase. However, this technique requires the addition of 2 to 5% of Cu to obtain good fine precipitated particles,
leading to a possibility that hot brittleness may occur due to a large amount of Cu and manufacturing costs may excessively
increase.
[0020] Patent Document 2 discloses a steel sheet having a structure containing 2 to 10 area% of pearlite based on
ferrite as a base structure, and having improved strength through precipitation enhancement and crystal grain refinement
by adding carbon nitride forming elements (e.g., Ti, etc.). While the steel sheet is good in terms of hole expandability, it
has limitations in further increasing tensile strength, and has a problem in that cracks occur during fresh forming due to
high yield strength and low ductility.
[0021] Patent Document 3 discloses a method of manufacturing a cold-rolled steel sheet simultaneously obtaining
high strength and high ductility using a tempered martensite phase and having an excellent plate shape after continuous
annealing, but the content of carbon (C) in the steel is 0.2% or more to have poor weldability and there is a possibility
that dent defects in a furnace may occur due to the addition of a large amount of Si.
[0022] Judging from the above related art, in order to improve formability, such as hole expandability of high-strength
steel satisfying mechanical properties, such as weldability, development of a method to improve ductility, while lowering
yield strength, while forming a uniform structure in steel is required.

[Related art literature]

[Patent Literature]

[0023]

(Patent Document 1) Japanese Application Publication No. 2005-264176
(Patent Document 2) Korean Application Publication No. 2015-0073844
(Patent Document 3) Japanese Application Publication No. 2010-090432

Summary of Invention

Technical Problem

[0024] An aspect of the present disclosure is to provide a high-strength steel sheet having a low yield ratio, high
strength, and excellent formability, such as hole expandability, through enhancement of ductility, as a material suitable
for automotive structural members, and the like, and a method for manufacturing the same.
[0025] The object of the present disclosure is not limited to the above. The object of the present disclosure will be
understood from the entire contents of this specification, and those skilled in the art will have no difficulty in understanding
the additional subject of the present disclosure.

Solution to Problem

[0026] According to an aspect of the present disclosure, a high-strength steel sheet having excellent hole expandability
comprises, by wt%, carbon (C): 0.05 to 0.12%, manganese (Mn): 2.5 to 3.0%, silicon (Si): 1.2% or less (excluding 0%),
chromium (Cr): 0.1% or less (excluding 0%), molybdenum (Mo): 0.1% or less (excluding 0%), niobium (Nb): 0.1% or
less (excluding 0%), titanium (Ti): 0.1% or less (excluding 0%), boron (B): 0.002% or less (excluding 0%), aluminum
(sol.Al): 0.02 to 0.05%, phosphorus (P): 0.05% or less (excluding 0%), sulfur (S): 0.01% or less (excluding 0%), nitrogen
(N): 0.01% or less (excluding 0%), iron (Fe) and other unavoidable impurities,
wherein a microstructure comprises ferrite of 20 to 30% by area fraction, non-equilibrium (quasi-equilibrium) ferrite of 5
to 15% by area fraction, and residual martensite.
[0027] According to another aspect of the present disclosure, a method of manufacturing a high-strength steel sheet
having excellent hole expandability includes: preparing a steel slab including an alloy composition described above;
heating the steel slab in a temperature range of 1100 to 1300°C; hot-rolling the heated steel slab to manufacture a hot-
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rolled steel sheet; coiling the hot-rolled steel sheet in a temperature range of 400 to 700°C; cooling the hot-rolled steel
sheet to room temperature after the coiling; cold-rolling the cooled hot-rolled steel sheet to manufacture a cold-rolled
steel sheet; continuously annealing the cold-rolled steel sheet; primarily cooling the cold-rolled steel sheet at an average
cooling rate of 1 to 10°C/s to a temperature range of 570 to 630°C after the continuous annealing; and secondarily
cooling the cooled cold-rolled steel sheet at an average cooling rate of 5 to 50°C to a temperature range of 300 to 400°C,
after the primary cooling,
wherein the continuous annealing is performed in a facility equipped with a heating zone, a soaking zone, and a cooling
zone, and the heating zone and the soaking zone are controlled in a temperature range of 810 to 850°C.

Advantageous Effects of Invention

[0028] According to an aspect of the present disclosure, it is possible to provide a steel sheet having improved formability
and collision resistance due to excellent hole expandability, while having high strength.
[0029] As described above, since the steel sheet of the present disclosure with improved formability may prevent
machining defects, such as cracks or wrinkles during press forming, the steel sheet may be appropriately applied to
parts of structures requiring machining into complex shapes. Furthermore, the steel sheet of the present disclosure is
also effective in manufacturing a material with improved collision resistance so that defects, such as cracks, are not
easily formed if a vehicle to which such parts are applied inevitably collides.

Brief Description of Drawings

[0030]

FIG. 1 illustrates a thermal history and a phase transformation history during continuous annealing according to an
embodiment in the present disclosure.
FIG. 2 (a) illustrates a void forming mechanism in a structure and (b) illustrates an interface reinforcing mechanism
in a structure of the inventive example according to an embodiment in the present disclosure.
FIG. 3 illustrates pictures of microstructures of the inventive example and comparative examples according to an
embodiment in the present disclosure.

Best Mode for Invention

[0031] The inventors of the present disclosure conducted in-depth research to develop a material having a level of
formability that may be suitably used for parts requiring machining into complex shapes among automotive materials.
[0032] In particular, the present inventors completed the present disclosure by deriving a structure configuration capable
of resolving a difference in hardness between a soft phase and a hard phase, which affects crack resistance of steel,
and, at the same time, confirming that a target could be achieved through refinement of the hard phase and control of
crystal grain shape, which are advantageous for preventing generation and propagation of voids.
[0033] In particular, the present disclosure has technical significance in introducing an intermediate phase, preferably,
a non-equilibrium (quasi-equilibrium) ferrite phase, in order to solve the difference in hardness between the soft phase
and the hard phase, and optimizing an alloy composition and manufacturing conditions in forming such a structure.
[0034] Hereinafter, the present disclosure will be described in detail.
[0035] A high-strength steel sheet having excellent hole expandability and ductility according to an aspect of the
present disclosure comprises, by wt%, carbon (C): 0.05 to 0.12%, manganese (Mn): 2.5 to 3.0%, silicon (Si): 1.2% or
less (excluding 0%), chromium (Cr): 0.1% or less (excluding 0%), molybdenum (Mo): 0.1% or less (excluding 0%),
niobium (Nb): 0.1% or less (excluding 0%), titanium (Ti): 0.1% or less (excluding 0%), boron (B): 0.002% or less (excluding
0%), aluminum (sol.Al): 0.02 to 0.05%, phosphorus (P): 0.05% or less (excluding 0%), sulfur (S): 0.01% or less (excluding
0%), and nitrogen (N): 0.01% or less (excluding 0%).
[0036] Hereinafter, the reason for limiting the alloy composition of the steel sheet provided in the present disclosure
as above will be described in detail.
[0037] Meanwhile, in the present disclosure, unless otherwise specified, the content of each element is based on
weight, and the ratio of a structure is based on area.

Carbon (C): 0.05 to 0.12%

[0038] Carbon (C) is an important element added for solid solution strengthening, and carbon (C) may be combined
with a precipitated element to form a fine precipitate, thereby contributing to enhancement of the strength of steel.
[0039] If the content of C exceeds 0.12%, hardenability may be increased and strength may be excessively increased
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as martensite is formed during cooling during steel production, while elongation is reduced. In addition, weldability may
become inferior to cause welding defects during machining into parts. Meanwhile, if the C content is less than 0.05%,
it may be difficult to secure a target level of strength.
[0040] Therefore, carbon (C) may be included in the amount of 0.05 to 0.12%. More advantageously, carbon (C) may
be included by 0.06% or more, and may be included by 0.10% or less.

Manganese (Mn): 2.5 to 3.0%

[0041] Manganese (Mn) is an element advantageous for preventing hot brittleness due to the formation of FeS by
precipitating sulfur (S) in steel as MnS, and for solid solution strengthening of steel.
[0042] If the content of Mn is less than 2.5%, the above effect cannot be obtained and it may be difficult to secure a
target level of strength. Meanwhile, if the content of Mn exceeds 3.0%, problems, such as weldability and hot rolling
properties, may occur, and at the same time, as martensite may be more easily formed due to an increase in hardenability,
there is a risk of deterioration in ductility. In addition, an Mn-Band (Mn oxide band) in the structure may be excessively
formed to increase the risk of defects, such as machining cracks. In addition, during annealing, Mn oxide may be eluted
on the surface, thereby significantly impairing plating properties.
[0043] Therefore, Mn may be included in an amount of 2.5 to 3.0%.

Silicon (Si): 1.2% or less (excluding 0%)

[0044] Silicon (Si) is a ferrite stabilizing element and is advantageous in securing a target level of ferrite fraction by
accelerating ferrite transformation. In addition, silicon (Si) has good solid solution strengthening ability to be effective in
increasing the strength of ferrite and is a useful in securing strength without reducing the ductility of steel.
[0045] If the content of Si exceeds 1.2%, the solid solution strengthening effect may be excessive to rather lower the
ductility and induce surface scale defects to adversely affect a plating surface quality. In addition, there is a problem of
impairing chemical conversion treatability.
[0046] Therefore, Si may be included in an amount of 1.2% or less, and 0% may be excluded. More advantageously,
Si may be included in an amount of 0.1% or more.

Chromium (Cr): 0.1% or less (excluding 0%)

[0047] Chromium (Cr) is an element contributing to constituting a structure intended in the present disclosure, sup-
presses the formation of martensite and bainite phases during annealing heat treatment, and contributes to strength
enhancement by forming fine carbides. That is, Cr has an effect of suppressing bainite formed competitively with non-
equilibrium (quasi-equilibrium) ferrite, and Cr included at an appropriate level is advantageous in forming a non-equilibrium
(quasi-equilibrium) ferrite phase at high temperatures.
[0048] If the content of Cr exceeds 0.1%, the non-equilibrium (quasi-equilibrium) ferrite phase may not be formed to
reduce the ductility and hole expandability of the steel, and when carbides are formed at grain boundaries, strength and
elongation may be inferior. In addition, manufacturing costs may increase.
[0049] Therefore, Cr may be included in an amount of 0.1% or less, and 0% may be excluded. More advantageously,
Cr may be included in an amount of 0.01% or more.

Molybdenum (Mo): 0.1% or less (excluding 0%)

[0050] Molybdenum (Mo) is an element that facilitates the formation of a non-equilibrium (quasi-equilibrium) ferrite
phase by suppressing the transformation of pearlite, suppresses the formation of a martensite phase during annealing
heat treatment, and contributes to strength enhancement by forming fine carbides.
[0051] If the content of Mo exceeds 0.1%, hardenability may be excessive, and non-equilibrium (quasi-equilibrium)
ferrite phase may not rather be formed to reduce the ductility and hole expandability of the steel, and manufacturing
costs may increase.
[0052] Therefore, Mo may be included in an amount of 0.1% or less, and 0% may be excluded. More advantageously,
Mo may be included in an amount of 0.01% or less.

Niobium (Nb): 0.1% or less (excluding 0%)

[0053] Niobium (Nb) is an element that segregates at austenite grain boundaries to suppress coarsening of austenite
crystal grains during annealing heat treatment and contributes to strength enhancement by forming fine carbides.
[0054] If the content of Nb exceeds 0.1%, coarse carbides may be precipitated, strength and elongation may be inferior
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due to a decrease in carbon content in steel, and manufacturing costs may increase.
[0055] Accordingly, Nb may be included in an amount of 0.1% or less, and 0% may be excluded. More advantageously,
Nb may be included in an amount of 0.01% or less.

Titanium (Ti): 0.1% or less (excluding 0%)

[0056] Titanium (Ti) is an element that forms fine carbides and contributes to securing yield strength and tensile
strength. In addition, Ti has an effect of precipitating N in steel as TiN to suppress the formation of AlN due to Al inevitably
present in steel, thereby reducing the possibility of cracking during continuous casting.
[0057] If the content of Ti exceeds 0.1%, coarse carbides may be precipitated, and there is a risk of reduction in
strength and elongation due to a decrease in carbon content in steel. In addition, there is a concern of causing nozzle
clogging during continuous casting, and manufacturing costs may increase.
[0058] Therefore, Ti may be included in an amount of 0.1% or less, and 0% may be excluded. More advantageously,
Ti may be included in an amount of 0.01% or less.

Boron (B): 0.002% or less (excluding 0%)

[0059] Boron (B) is an element that retards the transformation of austenite into pearlite during cooling after annealing
heat treatment, but if the content of boron (B) exceeds 0.002%, B may be excessively concentrated on the surface to
cause deterioration of plating adhesion.
[0060] Therefore, B may be included in an amount of 0.002% or less, and 0% may be excluded.

Aluminum (sol.Al): 0.02-0.05%

[0061] Aluminum (sol.Al) is an element added for the grain size refinement effect and deoxidation of steel, and if the
content of aluminum (sol.Al) is less than 0.02%, aluminum killed steel cannot be manufactured in a stable state. Mean-
while, if the content of aluminum (sol.Al) exceeds 0.05%, the crystal grains may be refined to improve the strength, but
excessive formation of inclusions during steel casting operation may increase the risk of surface defects of a plated steel
sheet.
[0062] Therefore, the sol.Al may be included in an amount of 0.02 to 0.05%.

Phosphorus (P): 0.05% or less (excluding 0%)

[0063] Phosphorus (P) is a substitutional element having the greatest solid-solution strengthening effect and is an
element advantageous for improving in-plane anisotropy and securing strength without significantly deteriorating form-
ability. However, if P is excessively added, the possibility of brittle fracture may significantly increase, thereby increasing
the possibility of plate breakage of a slab during hot rolling and impairing plating surface characteristics.
[0064] Therefore, in the present disclosure, the content of P may be controlled to 0.05% or less, and 0% may be
excluded in consideration of the level that is inevitably added.

Sulfur (S): 0.01% or less (excluding 0%)

[0065] Sulfur (S) is an element that is inevitably added as an impurity element in steel, and since S inhibits ductility,
it is desirable to manage the content of S as low as possible. In particular, since S has a problem of increasing the
possibility of generating hot brittleness, it is preferable to control the content of S to 0.01% or less. However, considering
the level that is inevitably added during the manufacturing process, 0% may be excluded.

Nitrogen (N): 0.01% or less (excluding 0%)

[0066] Nitrogen (N) is a solid solution strengthening element, but if the content of N exceeds 0.01%, the risk of brittleness
may increase and N may be combined with Al in steel to excessively precipitate AlN, thereby impairing performance
quality.
[0067] Therefore, N may be included in an amount of 0.01% or less, and 0% may be excluded in consideration of an
inevitably added level.
[0068] The remaining component of the present disclosure is iron (Fe). However, unintended impurities from raw
materials or the surrounding environment inevitably mixed in a normal manufacturing process cannot be excluded. Since
these impurities are known to anyone skilled in the ordinary manufacturing process, not all thereof are specifically
mentioned in this specification.
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[0069] The steel sheet of the present disclosure having the aforementioned alloy composition may include ferrite as
a soft phase, a martensite phase as a hard phase, and a non-equilibrium (quasi-equilibrium) ferrite phase formed at
these interfaces.
[0070] Specifically, the steel sheet of the present disclosure may include a ferrite phase in an area fraction of 20 to
30% and a non-equilibrium (quasi-equilibrium) ferrite phase in an area fraction of 5 to 15%, and may include a martensite
phase as a remaining structure. In addition, a trace amount of a retained austenite phase may be included.
[0071] In the present disclosure, the non-equilibrium (quasi-equilibrium) ferrite phase is a structure advantageous to
minimizing a difference in hardness between the soft phase and the hard phase and is a structure distinct from existing
equilibrium ferrite (polygonal ferrite). The non-equilibrium (quasi-equilibrium) ferrite may be an acicular ferrite or a bainitic
ferrite. In addition, Widmanstatten ferrite, massive ferrite, and the like may be included depending on cooling conditions.
Specifically, non-equilibrium (quasi-equilibrium) ferrite includes relatively high C and Mn compared to equilibrium ferrite,
while being affected by components constituting a mother phase. For example, if the C concentration of equilibrium
ferrite is taken to be 0.02%, non-equilibrium (quasi-equilibrium) ferrite has a higher C content of 0.03 to 0.04%.
[0072] As a result, since the hard phase formed near non-equilibrium (quasi-equilibrium) ferrite has a relatively low
concentration of C and Mn, the difference in hardness between the soft phase and the hard phase may be reduced and
hole expandability may be improved. In addition, when the Si concentration in non-equilibrium (quasi-equilibrium) ferrite
is as low as less than 1%, stacking fault energy may increase and cross slip may be difficult, resulting in resistance to
the formation of voids due to deformation (FIG. 2).
[0073] If the fraction of the non-equilibrium (quasi-equilibrium) ferrite phase is excessively high, the fraction of the hard
phase may be relatively low, making it impossible to secure a target level of strength. In consideration thereof, the non-
equilibrium (quasi-equilibrium) ferrite phase may be included in an amount of 15% or less. Meanwhile, if the fraction is
less than 5%, the aforementioned effect (minimization of the hardness difference between the hard phase and the soft
phase) cannot be sufficiently obtained, resulting in poor hole expandability.
[0074] Less than 20% of the fraction of the ferrite phase may be disadvantageous to secure the ductility of the steel.
Meanwhile, if the fraction exceeds 30%, the fraction of the hard phase may be relatively low, making it difficult to secure
the target level of strength.
[0075] In the structure excluding the ferrite phase and the non-equilibrium (quasi-equilibrium) ferrite phase, the fraction
of the martensite phase may not be specifically limited, but may be included in an area fraction of 50% or more to secure
ultra-high strength of 1100 MPa or more in tensile strength. However, if the fraction of the martensite phase exceeds
75%, ductility may be lowered, making it difficult to secure a target level of formability.
[0076] Meanwhile, it is advantageous that the fraction of the retained austenite phase does not exceed 3%, and even
if the fraction is 0%, there is no difficulty in securing intended physical properties.
[0077] The steel sheet of the present disclosure having the aforementioned microstructure may have a tensile strength
of 1100 MPa or more, a yield strength of 550 to 700 MPa, and an elongation (total elongation) of 12% or more, so as to
have high strength and high ductility.
[0078] In addition, the steel sheet has a hole expansion ratio (HER) of 25% or more, so that resistance to cracks that
may occur during machining and resistance to impact fracture are excellent.
[0079] Hereinafter, a method for manufacturing a high-strength steel sheet having excellent hole expandability and
ductility according to another aspect of the present disclosure will be described in detail.
[0080] Briefly, the present disclosure may manufacture a desired steel sheet through the processes of [steel slab
heating - hot rolling - coiling - cold rolling - continuous annealing], and each process will be described in detail below.

[Heating of steel slab]

[0081] First, a steel slab satisfying the aforementioned alloy composition may be prepared and heated.
[0082] This process is performed in order to smoothly perform the subsequent hot rolling process and sufficiently
obtain target mechanical properties of the steel sheet. In the present disclosure, there is no particular restriction on the
conditions of the heating process, and the conditions may be normal conditions. As an example, the heating process
may be performed in a temperature range of 1100 to 1300°C.

[Hot rolling]

[0083] The heated steel slab may be hot-rolled to produce a hot-rolled steel sheet, and at this time, finish hot-rolling
may be performed at an exit side temperature of Ar3 or more and 1000°C or less.
[0084] If the exit side temperature during the finish hot rolling is less than Ar3, hot deformation resistance may increase
rapidly, and the top, bottom, and edge of the hot-rolled coil may become a single-phase region, resulting in increased
in-plane anisotropy to deteriorate formability. Meanwhile, if the temperature exceeds 1000°C, a rolling load may be
relatively reduced, which is advantageous to productivity, but there is a risk of thick oxide scale.
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[0085] More specifically, the finish hot rolling may be performed in a temperature range of 760 to 940°C.

[Coiling]

[0086] The hot-rolled steel sheet manufactured according to the above may be coiled to have a coil shape.
[0087] The coiling may be performed in a temperature range of 400 to 700°C. If the coiling temperature is less than
400°C., martensite or non-equilibrium (quasi-equilibrium) ferrite phase may be excessively formed, resulting in an ex-
cessive increase in strength of the hot-rolled steel sheet, which may cause problems, such as shape defects due to a
load during subsequent cold rolling. Meanwhile, if the coiling temperature exceeds 700°C, a surface scale may increase
to deteriorate pickling properties.

[Cooling]

[0088] It is preferable to cool the coiled hot-rolled steel sheet to room temperature at an average cooling rate of 0.1°C/s
or less (excluding 0°C/s). At this time, the rolled hot-rolled steel sheet may be cooled after performing processes, such
as transfer and stacking, but it should be noted that the process prior to cooling is not limited thereto.
[0089] In this manner, by cooling the rolled hot-rolled steel sheet at a constant rate, a hot-rolled steel sheet in which
carbides serving as austenite nucleation sites are finely dispersed may be obtained.

[Cold Rolling]

[0090] The hot-rolled steel sheet coiled according to the above may be cold-rolled to produce a cold-rolled steel sheet.
[0091] In the present disclosure, the cold rolling may be performed at a cold rolling reduction rate of 55 to 70%. If the
cold rolling reduction rate is less than 55%, the recrystallization driving force may be weakened, making it difficult to
obtain good recrystallized grains. Meanwhile, if the cold rolling reduction rate exceeds 70%, the risk of cracking may
increase at the edge of the steel sheet, and the rolling load may increase rapidly.
[0092] The present disclosure may further promote recrystallization of ferrite in a heating section during the subsequent
continuous annealing process in a state in which an appropriate level of cold rolling reduction rate is applied during cold
rolling, and from this, the formation of fine ferrite may be induced to form small austenite uniformly at the ferrite grain
boundary. This affects the size or distribution of the non-equilibrium (quasi-equilibrium) structure during cooling and is
advantageous to improving workability, such as elongation and hole expandability, while maintaining the strength of a
final product.
[0093] Meanwhile, the cold rolling reduction rate may be implemented with only one cold rolling, that is, one stand,
and thus, there is an economically advantageous effect as the rolling reduction is possible.
[0094] However, when a thickness of the hot-rolled steel sheet before cold rolling is 6 mm or more, that is, in the case
of a thick hot-rolled steel sheet, a target reduction ratio may be achieved by repeated rolling using a reversing mill. In
this case, it should be noted that the number of all passes of repeated rolling may be set to 1 stand. The reversing mill
is a type of rolling mill used for rolling thin materials, and refers to a rolling mill that rolls, while reciprocating the material
between a pair of rolls. One way may be set to 1 pass, when reciprocating the material.
[0095] In the present disclosure, it should be noted that the hot-rolled steel sheet may be pickled before the cold rolling,
and the pickling process may be performed in a general manner.

[Continuous Annealing]

[0096] It is preferable to continuously anneal the cold-rolled steel sheet manufactured according to the above. The
continuous annealing may be performed in a continuous annealing furnace (CAL), for example.
[0097] In general, the continuous annealing furnace (CAL) may include [heating zone - soaking zone - cooling zone
(slow cooling zone and rapid cooling zone) - (overaging zone, if necessary)]. After loading the cold rolled steel sheet
into the continuous annealing furnace, the cold rolled steel sheet is heated to a specific temperature in the heating zone,
and after reaching a target temperature, the steel sheet is subjected to a process of maintaining in the soaking zone for
a certain period of time.
[0098] In the present disclosure, during the continuous annealing, the temperature of the heating zone and the soaking
zone may be equally controlled, which means that an end temperature of the heating zone and a starting temperature
of the soaking zone are controlled to be the same (FIG. 1).
[0099] Specifically, the temperature of the heating zone and soaking zone may be controlled to 810 to 850°C.
[0100] If the temperature of the heating zone is less than 810°C, sufficient heat input for recrystallization cannot be
applied, whereas if the temperature exceeds 850°C, productivity may be reduced and an austenite phase may be
excessively formed, resulting in a significant increase in the fraction of the hard phase after subsequent cooling to lower
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the ductility of the steel.
[0101] In addition, if the temperature of the soaking zone is less than 810°C, excessive cooling may be required at
the end temperature of the heating zone, which is economically disadvantageous, and the amount of heat for recrystal-
lization may be insufficient. Meanwhile, if the temperature exceeds 850°C, the austenite fraction may become excessive
and formability may decrease due to an increase in the hard phase during cooling.
[0102] Increasing the temperature of the soaking zone within the aforementioned temperature range may lower the
austenite stability, thereby promoting the formation of a non-equilibrium (quasi-equilibrium) ferrite phase during subse-
quent cooling.
[0103] As will be described later in detail, the present disclosure performs stepwise cooling during cooling after passing
through the heating zone and soaking zone. After primary cooling, a non-equilibrium (quasi-equilibrium) ferrite phase
may be introduced, and the non-equilibrium (quasi-equilibrium) ferrite phase may be configured together with a certain
fraction of soft and hard phases as a final structure. Accordingly, in the steel sheet of the present disclosure, not only
strength and ductility may be improved, but also a workability improvement effect may be obtained by interfacial strength-
ening by the non-equilibrium (quasi-equilibrium) ferrite phase.
[0104] Therefore, in order to obtain the microstructure intended in the present disclosure, it is preferable to control the
heat input applied to the steel sheet in the heating section including the heating zone and the soaking zone during the
continuous annealing.

[Stepwise cooling]

[0105] As mentioned above, a target structure may be formed by cooling the cold-rolled steel sheet heat-treated
according to the above, and at this time, it is preferable to perform cooling in a stepwise manner.
[0106] In the present disclosure, the stepwise cooling may include primary cooling - secondary cooling. Specifically,
after the primary cooling at an average cooling rate of 1 to 10°C/s to a temperature range of 570 to 630°C after the
continuous annealing, secondary cooling may be performed at an average cooling rate of 5 to 50°C/s up to a temperature
range of 300 to 400°C.
[0107] At this time, by performing the primary cooling more slowly than the secondary cooling, a plate shape defect
due to a rapid temperature drop during the secondary cooling, which is a relatively rapid cooling section, may be sup-
pressed.
[0108] If the end temperature of the primary cooling is less than 570°C, the diffusion activity of carbon may be low
due to the excessively low temperature and the carbon concentration in ferrite may increase, while the yield ratio may
increase due to an excessive hard phase fraction as the carbon concentration in austenite decreases, thereby increasing
the tendency of cracking during machining. In addition, the cooling rate between the soaking zone and the cooling zone
(slow cooling zone) may excessively increase, causing a problem that a shape of the plate is not uniform. If the end
temperature exceeds 630°C, an excessively high cooling rate may be required during subsequent cooling (secondary
cooling) and it may be difficult to introduce the non-equilibrium (quasi-equilibrium) ferrite phase.
[0109] In addition, if the average cooling rate during the primary cooling exceeds 10°C/s, carbon diffusion may not
sufficiently occur. Meanwhile, in consideration of productivity, the primary cooling may be performed at an average
cooling rate of 1°C/s or more.
[0110] After the primary cooling is completed as described above, rapid cooling (secondary cooling) may be performed
at a cooling rate equal to or higher than a certain level. At this time, if the secondary cooling end temperature is less
than 300°C, cooling deviation may occur in width and length directions of the steel sheet, so that the plate shape may
be deteriorated. Meanwhile, if the temperature exceeds 400°C, it may not be possible to sufficiently secure the hard
phase, and thus, the strength may be lowered and bainite may be formed to cause an increase in yield ratio and a
decrease in elongation.
[0111] In addition, if the average cooling rate during the secondary cooling is less than 5°C/s, there is a risk that the
fraction of the hard phase may be excessive, whereas if the average cooling rate exceeds 50°C/s, the hard phase may
be insufficient.
[0112] Meanwhile, if necessary, after completing the stepwise cooling, overaging treatment may be performed.
[0113] The overaging treatment is a process of maintaining for a predetermined time after the secondary cooling end
temperature, and has an effect of improving shape quality by performing uniform heat treatment in the width direction
and length direction of the coil. To this end, the overaging treatment may be performed for 200 to 800 seconds.
[0114] Since the overaging treatment may be performed immediately after the end of the secondary cooling, the
temperature thereof may be the same as the end temperature of the secondary cooling or may be performed within the
end temperature range of the secondary cooling.
[0115] The high-strength steel sheet of the present disclosure prepared as described above may have a microstructure
including a hard phase and a soft phase, and in particular, by maximizing ferrite recrystallization by an optimized cold
rolling and annealing process, a structure in which the martensite phase, which is a hard phase, is uniformly distributed
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in the finally recrystallized ferrite matrix may be achieved. In addition, by introducing a non-equilibrium (quasi-equilibrium)
ferrite phase into the interface between the hard phase and the soft phase, crack resistance during machining may
increase.
[0116] From this, even though the steel sheet of the present disclosure has a high tensile strength of 1100 MPa or
more, it is possible to ensure excellent formability, such as hole expandability by securing a low yield ratio and high ductility.
[0117] Hereinafter, the present disclosure will be described more specifically by way of embodiments. It should be
noted, however, that the following embodiments are intended to illustrate and specify the present disclosure and do not
to limit the scope of the present disclosure. The scope of the present disclosure is determined by the matters described
in the claims and the matters able to be reasonably deduced therefrom.

Mode for invention

(Example)

[0118] After manufacturing steel slabs having alloy compositions illustrated in Table 1 below, each steel slab was
heated at 1200°C for 1 hour, and then finish hot-rolled at a finish rolling temperature of 880 to 920°C to manufacture
hot-rolled steel sheets. Thereafter, each hot-rolled steel sheet was coiled at 650°C and then cooled to room temperature
at a cooling rate of 0.1°C/s. Thereafter, each of the coiled hot-rolled steel sheets was subjected to cold rolling and
continuous annealing under the conditions illustrated in Table 2 below, stepwise cooling (primary-secondary) was per-
formed, and then, overaging treatment was performed at 360°C for 520 seconds to manufacture a final steel sheet.
[0119] At this time, during the stepwise cooling, the primary cooling was performed at an average cooling rate of 3°C/s
and the secondary cooling was performed at an average cooling rate of 20°C/s. In addition, cold rolling was performed
by one stand.
[0120] A microstructure of each steel sheet manufactured according to the above was observed, and an index of
mechanical properties used in the machining process, such as tensile and machining characteristics and hole expansion
ratio, was evaluated, and the results are illustrated in Table 3 below.
[0121] At this time, as for a tensile test for each test piece, a tensile test piece having a size of JIS No. 5 was taken
in a direction perpendicular to the rolling direction, and then, a tensile test was performed at a strain rate 0.01/s.
[0122] Meanwhile, the hole expandability (HER) (%) measurement test was performed according to the ISO16630
standard. Specifically, after a circular hole is punched in a test piece, a hole enlargement amount until cracks occurring
at the edge of the hole penetrates in a thickness direction when the circular hole is expanded using a conical punch is
expressed as a ratio to the initial hole. At this time, the specimen size was 120 mm 3 120 mm, the clearance was 12%,
and a diameter of the punched hole was set to 10 mm, a punching holding load was set to be 20 tons, and a test speed
was set to 12 mm/min.
[0123] In addition, the martensite phase and the non-equilibrium (quasi-equilibrium) ferrite phase corresponding to
the hard phase among the phases of the structure were observed through SEM at 2000 and 5000 magnifications after
nital etching. At this time, the size and fraction of each of the observed phases were measured. In addition, the fractions
of each phase were measured using SEM and an image analyzer program after nital etching.

[Table 1]

STEE L NO. ALLOY COMPOSITION (wt%)

C Si Mn P S Sol. Al Nb Ti Cr Mo N * B *

1 0.09 1.09 2.75 0.00 0.00 0.03 0.00 0.00 0.01 0.00 3 3
97 5 7 89 08 1 3 25 5 4 9

2 0.07 0.40 2.30 0.00 0.00 0.03 0.05 0.02 0.81 0.09 3 2
18 4 3 79 21 8 1 03 4 4 9 6

N*, B* ARE EXPRESSED IN PPM
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[Table 2]

STEEL 
NO.

COLD 
ROLLING

CONTINUOUS ANNEALING CLASSIFICATION

COLD 
ROLLING 
REDUCTION 
RATE (%)

SOAKING ZONE 
TEMPERATURE 
(°C)

PRIMARY 
COOLING END 
TEMPERATURE 
(°C)

SECONDARY 
COOLING END 
TEMPERATURE 
(°C)

1 58 790 500 300 COMPARATIVE 
EXAMPLE 1

1 58 790 550 300 COMPARATIVE 
EXAMPLE 2

1 58 790 600 300 COMPARATIVE 
EXAMPLE 3

1 58 790 650 300 COMPARATIVE 
EXAMPLE 4

1 58 810 570 300 INVENTIVE 
EXAMPLE 1

1 58 800 600 300 COMPARATIVE 
EXAMPLE 5

1 58 800 630 300 COMPARATIVE 
EXAMPLE 6

1 58 810 650 300 COMPARATIVE 
EXAMPLE 7

1 58 830 570 300 INVENTIVE 
EXAMPLE 2

1 58 830 600 300 INVENTIVE 
EXAMPLE 3

1 58 830 650 300 COMPARATIVE 
EXAMPLE 8

1 58 830 650 300 COMPARATIVE 
EXAMPLE 9

1 58 850 570 300 INVENTIVE 
EXAMPLE 4

1 58 850 600 300 INVENTIVE 
EXAMPLE 5

1 58 850 630 300 INVENTIVE 
EXAMPLE 6

1 58 850 650 300 COMPARATIVE 
EXAMPLE 10

2 58 790 570 450 COMPARATIVE 
EXAMPLE 11

2 58 790 600 450 COMPARATIVE 
EXAMPLE 12

2 58 790 630 450 COMPARATIVE 
EXAMPLE 13

2 58 790 650 450 COMPARATIVE 
EXAMPLE 14
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[Table 3]

CLASSIFICAT ION MICROSTRUCTURE (AREA%) MECHANICAL PROPERTIES

FERRITE NON-
EQUILIBRIUM 
FERRITE

MARTENS 
ITE

YS 
(MP 
a)

TS 
(MP 
a)

YR 
(YS/TS)

El 
(%)

HER 
(%)

COMPARATIVE 
EXAMPLE 1

26.23 3.51 70.26 559 112 3 0.50 10. 
90

20. 6

COMPARATIVE 
EXAMPLE 2

26.23 2.24 71.53 552 111 4 0.50 10. 
36

20. 3

COMPARATIVE 
EXAMPLE 3

27.21 1.78 71.01 527 110 6 0.48 11. 
23

20. 4

COMPARATIVE 
EXAMPLE 4

27.26 ≤1 71.74 532 110 8 0.48 11. 
87

20. 6

INVENTIVE 
EXAMPLE 1

25.01 5.14 69.85 605 118 8 0.51 13. 
28

25. 2

COMPARATIVE 
EXAMPLE 5

26.48 4.11 69.41 614 119 0 0.52 12. 
56

23. 9

COMPARATIVE 
EXAMPLE 6

24.34 4.89 70.77 593 118 8 0.50 13. 
04

22. 2

COMPARATIVE 
EXAMPLE 7

23.62 ≤1 75.38 685 115 6 0.59 12. 
22

20. 8

INVENTIVE 
EXAMPLE 2

21.80 5.97 72.23 607 117 2 0.52 12. 
08

27. 8

INVENTIVE 
EXAMPLE 3

21.41 6.41 72.18 591 117 5 0.50 12. 
16

28. 7

COMPARATIVE 
EXAMPLE 8

21.97 4.76 73.27 615 116 8 0.53 11. 
95

24. 6

COMPARATIVE 
EXAMPLE 9

22.38 4.13 73.49 693 113 8 0.61 11. 
63

22. 8

INVENTIVE 
EXAMPLE 4

20.25 7.06 72.69 598 111 2 0.54 12. 
80

32. 8

INVENTIVE 
EXAMPLE 5

20.47 7.40 72.13 592 112 8 0.52 12. 
70

29. 4

INVENTIVE 
EXAMPLE 6

20.97 7.97 71.06 608 112 6 0.54 12. 
01

29. 0

COMPARATIVE 
EXAMPLE 10

21.37 4.81 73.82 704 113 6 0.62 11. 
56

28. 7

COMPARATIVE 
EXAMPLE 11

28.54 ≤1 70.46 786 108 9 0.72 11. 
52

34. 8

COMPARATIVE 
EXAMPLE 12

29.73 ≤1 69.27 790 107 7 0.73 11. 
42

40. 9

COMPARATIVE 
EXAMPLE 13

30.85 ≤1 68.15 710 105 7 0.67 12. 
17

37. 0

COMPARATIVE 
EXAMPLE 14

31.41 ≤1 67.59 705 104 9 0.67 12. 
36

38. 1

YS: YIELD STRENGTH, TS: TENSILE STRENGTH YR: YEILD RATIO, El: TOTAL ELONGATION
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[0124] As illustrated in Tables 1 to 3, it can be seen that, Inventive Examples 1 to 6 satisfying all of the steel alloy
compositions and manufacturing conditions, particularly, the cold rolling and continuous annealing processes proposed
in the present disclosure, sufficiently recrystallize ferrite and fine hard phases were formed in the annealing process
after cold rolling, and connected to a non-equilibrium (quasi-equilibrium) ferrite structure at the interface to have a yield
strength suitable for plate shape machining, while having high strength, and have excellent elongation. In addition, it
can be seen that it is possible to secure a target level of formability due to excellent hole expandability.
[0125] Meanwhile, in Comparative Examples 1 to 6, which had a low soaking temperature during continuous annealing
during the steel sheet manufacturing process, recrystallization did not occur sufficiently, and the appropriate fraction of
austenite formed in the soaking zone had high stability, so that non-equilibrium (quasi-equilibrium) ferrite was not suffi-
ciently introduced during cooling. As a result, ductility and/or hole expandability were poor.
[0126] Meanwhile, in comparative examples 7 to 10, despite the fact that heating was performed at an appropriate
temperature during continuous annealing, the end temperature during primary cooling was high and an introduction time
of non-equilibrium (quasi-equilibrium) ferrite during cooling was insufficient, resulting in inferior ductility and/or hole
expandability.
[0127] In addition, in Comparative Examples 11 to 14 including excessively hardenable element Cr, yield strength
was excessive and there was a risk of cracking during machining, and since a soaking zone temperature was low,
making it impossible to introduce a non-equilibrium (quasi-equilibrium) ferrite phase, ductility was inferior in some Com-
parative Examples.
[0128] FIG. 3 is microstructure images of Comparative Examples 4 to 7 and Inventive Example 1.
[0129] As illustrated in FIG. 3, in Inventive Example 1, a uniform and fine non-equilibrium (quasi-equilibrium) ferrite
phase was introduced into a sufficient fraction of a recrystallized ferrite matrix during primary cooling, and a certain
fraction of a martensite phase was formed during secondary cooling.
[0130] Meanwhile, in Comparative Examples 4 to 7, it can be seen that a small amount of non-equilibrium (quasi-
equilibrium) ferrite was introduced by deviating from the conditions of the soaking zone temperature or the primary
cooling end temperature during continuous annealing. Thereamong, in Comparative Example 4 in which the soaking
zone temperature was less than 800°C and the primary cooling end temperature was considerably high and in Com-
parative Example 7 in which the primary cooling end temperature was considerably high, non-equilibrium (quasi-equi-
librium) ferrite was rarely observed as less than 1%.

Claims

1. A high-strength steel sheet having excellent hole expandability, the high-strength steel sheet comprising:

by wt%, carbon (C): 0.05 to 0.12%, manganese (Mn): 2.5 to 3.0%, silicon (Si): 1.2% or less (excluding 0%),
chromium (Cr): 0.1% or less (excluding 0%), molybdenum (Mo): 0.1% or less (excluding 0%), niobium (Nb):
0.1% or less (excluding 0%), titanium (Ti): 0.1% or less (excluding 0%), boron (B): 0.002% or less (excluding
0%), aluminum (sol.Al): 0.02 to 0.05%, phosphorus (P): 0.05% or less (excluding 0%), sulfur (S): 0.01% or less
(excluding 0%), nitrogen (N): 0.01% or less (excluding 0%), iron (Fe) and other unavoidable impurities,
wherein a microstructure comprises ferrite of 20 to 30% by area fraction, non-equilibrium (quasi-equilibrium)
ferrite of 5 to 15% by area fraction, and residual martensite.

2. The high-strength steel sheet of claim 1, wherein the steel sheet includes a martensite phase of 50% or more by
area fraction.

3. The high-strength steel sheet of claim 1, wherein the steel sheet further comprises a retained austenite phase of
3% or less (including 0%) by area fraction.

4. The high-strength steel sheet of claim 1, wherein the steel sheet has a tensile strength of 1100 MPa or more, a yield
strength of 550 to 700 MPa, and a total elongation of 12% or more.

5. The high-strength steel sheet of claim 1, wherein the steel sheet has a hole expansion rate (HER) of 25% or more.

6. A method of manufacturing a high-strength steel sheet having excellent hole expandability, the method comprising:

preparing a steel slab including, by wt%, carbon (C): 0.05 to 0.12%, manganese (Mn): 2.5 to 3.0%, silicon (Si):
1.2% or less (excluding 0%), chromium (Cr): 0.1% or less (excluding 0%), molybdenum (Mo) : 0.1% or less
(excluding 0%), niobium (Nb): 0.1% or less (excluding 0%), titanium (Ti): 0.1% or less (excluding 0%), boron
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(B): 0.002% or less (excluding 0%), aluminum (sol.Al): 0.02 to 0.05%, phosphorus (P): 0.05% or less (excluding
0%), sulfur (S): 0.01% or less (excluding 0%), nitrogen (N): 0.01% or less (excluding 0%), iron (Fe) and other
unavoidable impurities,
heating the steel slab in a temperature range of 1100 to 1300°C;
hot-rolling the heated steel slab to manufacture a hot-rolled steel sheet;
coiling the hot-rolled steel sheet in a temperature range of 400 to 700°C;
cooling the hot-rolled steel sheet to room temperature after the coiling;
cold-rolling the cooled hot-rolled steel sheet to manufacture a cold-rolled steel sheet;
continuously annealing the cold-rolled steel sheet;
primarily cooling the cold-rolled steel sheet at an average cooling rate of 1 to 10°C/s to a temperature range of
570 to 630°C after the continuous annealing; and
secondarily cooling the cooled cold-rolled steel sheet at an average cooling rate of 5 to 50°C to a temperature
range of 300 to 400°C, after the primary cooling,
wherein the continuous annealing is performed in a facility equipped with a heating zone, a soaking zone, and
a cooling zone, and the heating zone and the soaking zone are controlled in a temperature range of 810 to 850°C.

7. The method of claim 6, wherein the hot-rolling is finish hot-rolling at an exit side temperature of Ar3 or more to
1000°C or less.

8. The method of claim 6, wherein the cooling after the coiling is performed at a cooling rate of 0.1°C/s or less (excluding
0°C).

9. The method of claim 6, wherein the cold-rolling is performed in one stand, and a total reduction ratio is 55 to 70%.

10. The method of claim 6, further comprising:

performing overaging treatment after the secondary cooling,
wherein the overaging treatment is performed for 200 to 800 seconds.
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