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RESISTANCE

(567)  Provided is a ferritic stainless steel having im-
proved impact resistance and corrosion resistance at
high temperatures by suppressing formation of a sigma
phase in the steel. The ferritic stainless steel composition
may include an amount of about 0.015% or less (exclud-
ing 0%) of carbon (C), an amount of about 0.17% or less
(excluding 0%) of silicon (Si), an amount of about 1.35%
or less (excluding 0%) of manganese (Mn), an amount
of about 17 to 20% of chromium (Cr), an amount of about
0.1 to 0.5% of titanium (Ti), an amount of about 3 to 5%

FERRITIC STAINLESS STEEL EXCELLENT IN CORROSION RESISTANCE AND IMPACT

of aluminum (Al), and iron (Fe) constituting the remaining
balance of the steel composition. In particular, the steel
composition satisfies [Equation 1] below.

(20Si+Mn)/Al < 0.7 [Equation 1],

where Si, Mn, and Al denote the content (%) of each
component.

FIG. 1
Zr+
CLASSIFICATION C Si Mn <r Mo Nb Ti Al N w Q Fe | (20Si+mn)/Al] Ca+
Mg
MNo. 1 0.015 0.5 0.5 11 0.2 0.01 0.01 - - Bal. 1050
No. 2 0.012 0.5 0.5 i3 - 0.2 0.01 .01 - N Bal. 1050
Mo. 3 0,012 0.5 0.5 18 0.6 0.2 0.0% 0.01 - = Bal. 1050
No. 4 0.012 0.5 0.5 18 1 0.2 0.01 0.01 - - Bal. 1050
No, § 0.02 9.3 0.5 20 - - - 4 0.005 Bal 2628
No. & 0.008 0.2 1 17 0.5 0.3 0.2 | 0.005 | 0.005 5 - Bal. 1000 -
Mo. 7 0.02 0.1 0.1 18 - N 0.1 5 0.01 - 0.0005 | Bal 0.42 0.005
Mo, 8 0.01 0.2 0.1 18 0.1 5 .01 - 0.0008 Bal. 0.82 0.005
Mo. 8 0.01 0.1 15 18 0.1 5 0.01 - ©0.0005 | Bal. 0.7 0.005
Ne. 10 0.01 0.1 0.1 18 0.06 5 0.01 - 0.0005 Bal. 042 0.005
No, 11 0.01 0.1 01 18 0.6 5 2.01 = 0.0005 | Bal 042 0.005
No. 12 0.01 0.1 4.1 18 0.1 2 2.01 - 0.0005 | Bal. 105 0.005
No. 13 0.01 0.1 0.1 18 0.1 & 0.01 0.0005 | Bal. 0.35 0.005
No. 14 0.01 0.1 01 18 0.1 5 0.03 - 0.0008 Bal. 0.42 0.00%
No. 15 0.01 0.1 0.1 18 0.1 5 0.01 - 0.002 | 8al 0.42 0.005
No. 16 0.01 0.17 iz 18 0.1 & 0.01 . 0.0005 | Bal. 0.92 0.005
No, 17 0.01 0.1 0.1 18 0.3 5 0.01 - 0.0005 | Bal 0.42 0.0005
No. 18 0.01 0.1 &1 18 0.2 4 0.01 - 0.0005 Bal. 0.525 0.005
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Description

TECHNICAL FIELD

[0001] The present invention relates to a ferritic stainless steel having improved impact resistance and corrosion
resistance at high temperatures by suppressing formation of a sigma phase.

BACKGROUND

[0002] Exhaust system components such as exhaust pipes, mufflers, and the like, of automobiles have been required
to have thermal fatigue properties, high temperature fatigue properties and oxidation resistance. Generally, in the related
art, ferritic stainless steel having high corrosion resistance by including chromium (Cr) as an alloy component has been
mainly used for exhaust system components.

[0003] For instance, ferritic stainless steel for an exhaust system component contains about 15 to 20% of chromium
(Cr) to maintain corrosion resistance at high temperatures. In order to improve corrosion resistance, the content of an
alloy element enhancing corrosion resistance such as chromium (Cr) or molybdenum (Mo) may be added, but, in this
case, cost is increased due to an increase in the content of the high-priced alloy elements. In particular, a sigma phase
may be formed, and as a fraction thereof may be increased, durability (impact resistance) may be deteriorated against
expectations and corrosion resistance may also be deteriorated. Thus, in order to maintain excellent corrosion resistance
and impact resistance, which are in a trade-off relationship with each other, at the same time, formation of the sigma
phase include Fe, Si, Mn, Mo and Cr can be suppressed.

[0004] For instance, a conventional ferritic stainless steel may contain the sigma phase at a volume fraction of 5 to
20%. In this regard, a technique for reducing the volume fraction of the sigma phase in ferritic stainless steels has
continuously been researched.

SUMMARY

[0005] In preferred aspects, provided is a ferritic stainless steel having improved in impact resistance and corrosion
resistance at high temperatures so that the ferritic stainless steel may be used as an exhaust system component exposed
to a high temperature environment. In certain aspect, the ferritic stainless steel may be obtained by suppressing formation
of a sigma phase s

[0006] Inone aspect, provided is a ferritic stainless steel excellent in corrosion resistance and impact resistance, which
may include (e.g. consists of): an amount of about 0.015 wt% or less (excluding 0 wt%) of carbon (C), an amount of
about 0.17 wt% or less (excluding 0 wt%) of silicon (Si), an amount of about 1.35 wt% or less (excluding 0 wt%) of
manganese (Mn), an amount of about 17 to 20 wt% of chromium (Cr), an amount of about 0.5 wt% or less (excluding
0 wt%) of titanium (Ti), an amount of about 3 to 5 wt% of aluminum (Al), and iron (Fe) constituting the remaining balance
of the ferritic stainless steel, all the wt% are based on the total weight of the ferritic stainless steel. In particular, contents
of Si, Mn, and Al satisfy [Equation 1] below.

(20Si+Mn)/Al < 0.7 --- [Equation 1],

wherein Si, Mn, and Al represent the content (wt%) of each component.

[0007] The stainless steel may include an amount of about 0.1 to 0.5 wt% of Ti based on the total weight of the ferritic
stainless steel.

[0008] The stainless steel may further include (e.g. optionally further consists of) zirconium (Zr), calcium (Ca), and
magnesium (Mg). The contents thereof may satisfy [Equation 2] below.

0.001 < Zr+CatMg < 0.01 [Equation 2],

Zr, Ca, and Mg represent the content (wt%) of each component.

[0009] The stainless steel may further include (e.g. optionally further consists of) an amount of about less than 0.001
wt% of oxygen (O) and less than 0.02 wt% of nitrogen (N) based on the total weight of the ferritic stainless steel.
[0010] Preferably, a volume fraction of a sigma phase formed in a temperature range of about 300 to 900 °C may be
less than about 5 %.

[0011] The term "sigma phase" as used herein refers to a non-magnetic stage or phase mainly including iron and
calcium in stainless steels, e.g., ferritic and austenitic stainless steels. For instance, the sigma phase may form at
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ferrite/austenite interfaces or boundaries and such intermolecular stage or phase may cause metal alloy or stainless
steel to lose ductility, toughness, stability and corrosion resistance. In typical ferritic and austenitic stainless steels,
precipitation of the sigma phase can be often observed in various series of stainless steels and can be precipitated
under an elevated temperature environment, for example, casting, rolling, welding, forging, and aging. In certain em-
bodiments, the sigma phase occurs during metallic exposure to a temperature range from about 300 °C to 1000 °C, 300
to 900 °C, 400 to 900 °C or 500 to 900 °C.

[0012] Preferably, the volume fraction of the sigma phase formed in the temperature range of about 300 to 900 °C
may suitably be about 0.5 % or less or may not be precipitated.

[0013] Preferably, the volume fraction of the sigma phase formed in the temperature range of about 300 to 900 °C
may not be precipitated.

[0014] Preferably, a volume fraction of Cr;Si formed in the temperature range of about 300 to 900 °C may suitably be
about 0.5% or less.

[0015] Preferably, a volume fraction of each of AIN and Al,O5 formed in the temperature range of about 300 to 900
°C may suitably be about 0.0001 % or less.

[0016] Preferably, a volume fraction of M,3Cg formed in the temperature range of about 300 to 900 °C may suitably
be less than about 0.2%.

[0017] Preferably, a volume fraction of a laves phase formed in the temperature range of about 300 to 900 °C may
suitably be 0.2% or less.

[0018] Preferably, a pitting potential (Ept) of the stainless steel in about 3.5 % of sodium chloride (NaCl) ata temperature
of 25 °C may suitably be about 300 mV g or greater.

[0019] The term "pitting potential" as used herein refers to an electrochemical potential that corresponds to the least
positive current and voltage at which pits develop or grow on a metallic surface and a corrosion pit initiates on a metallic
surface. Typically, pitting for a stainless steel as used herein may be characterized electrochemically by the critical pitting
potential (Ept). A time required for forming rust in a condition of about 5 % of sodium chloride (NaCl) after 3 % of salt
water is sprayed may be about 250 days or greater.

[0020] Impact resistance strength of the ferritic stainless steel measured by a Charpy keyhole-notch impact test may
suitably be about 55 J or greater.

[0021] The ferritic stainless steel may essentially consist of, consist essentially of, or consist of the alloy components
described above. For instance, the ferritic stainless steel may essentially consist of, or consist essentially of: an amount
of about 0.015 wt% or less (excluding 0 wt%) of carbon (C), an amount of about 0.17 wt% or less (excluding 0 wt%) of
silicon (Si), an amount of about 1.35 wt% or less (excluding 0 wt%) of manganese (Mn), an amount of about 17 to 20
wt% of chromium (Cr), an amount of about 0.5 wt% or less (excluding 0 wt%) of titanium (Ti), an amount of about 3 to
5 wt% of aluminum (Al), and iron (Fe) constituting the remaining balance of the ferritic stainless steel, all the wt% based
on the total weight of the ferritic stainless steel. Moreover, the ferritic stainless steel may consist of: an amount of about
0.015 wt% or less (excluding 0 wt%) of carbon (C), an amount of about 0.17 wt% or less (excluding 0 wt%) of silicon
(Si), an amount of about 1.35 wt% or less (excluding 0 wt%) of manganese (Mn), an amount of about 17 to 20 wt% of
chromium (Cr), an amount of about 0.5 wt% or less (excluding 0 wt%) of titanium (Ti), an amount of about 3 to 5 wt%
of aluminum (Al), and iron (Fe) constituting the remaining balance of the ferritic stainless steel, all the wt% based on the
total weight of the ferritic stainless steel.

[0022] Further provided is an exhaust system component of a vehicle that includes the ferritic stainless steel as
described herein.

[0023] Still further provided is a vehicle that include the exhaust system component as described herein.

[0024] Other aspects of the invention are disclosed infra.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025]

FIG. 1 is a table showing exemplary steel compositions in Inventive Examples and Comparative Examples;

FIGS. 2 and 3 are tables showing various phases generated in Inventive Examples and Comparative Examples;
FIG. 4 is a table showing measured physical properties of exemplary stainless steel according to Inventive Examples
and Comparative Examples;

FIG. 5is a graph showing results of measuring corrosion amounts in Inventive Examples and Comparative Examples;
FIG. 6 is a graph showing results of calculating phase transformation for each temperature according to the content
of aluminum (Al);

FIG. 7 is a graph showing results of calculating phase transformation for each temperature according to the content
of nitrogen (N);

FIG. 8 is a graph showing results of calculating phase transformation for each temperature according to the total
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amount of zirconium (Zr), calcium (Ca), and magnesium (Mg); and
FIG. 9 is a graph showing results of calculating phase transformation for each temperature according to the content

of carbon (C).

DETAILED DESCRIPTION

[0026] Hereinafter, embodiments of the presentinvention will be described in detail with reference to the accompanying
drawings. The present invention may be embodied in different forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments are provided so that this invention will be thorough and
complete, and will fully convey the scope of the present invention to those skilled in the art.

[0027] The terminology used herein is for the purpose of describing particular exemplary embodiments only and is
not intended to be limiting of the invention. As used herein, the singular forms "a", "an" and "the" are intended to include
the plural forms as well, unless the context clearly indicates otherwise. It will be further understood that the terms
"comprises" and/or "comprising," when used in this specification, specify the presence of stated features, integers, steps,
operations, elements, and/or components, but do not preclude the presence or addition of one or more other features,
integers, steps, operations, elements, components, and/or groups thereof. As used herein, the term "and/or" includes
any and all combinations of one or more of the associated listed items.

[0028] Unless specifically stated or obvious from context, as used herein, the term "about" is understood as within a
range of normal tolerance in the art, for example within 2 standard deviations of the mean. "About" can be understood
as within 10%, 9%, 8%, 7%, 6%, 5%, 4%, 3%, 2%, 1%, 0.5%, 0.1%, 0.05%, or 0.01% of the stated value. Unless
otherwise clear from the context, all numerical values provided herein are modified by the term "about.”

[0029] It is understood that the term "vehicle" or "vehicular" or other similar term as used herein is inclusive of motor
vehicles in general such as passenger automobiles including sports utility vehicles (SUV), buses, trucks, various com-
mercial vehicles, watercraft including a variety of boats and ships, aircraft, and the like, and includes hybrid vehicles,
electric vehicles, plug-in hybrid electric vehicles, hydrogen-powered vehicles and other alternative fuel vehicles (e.g.
fuels derived from resources other than petroleum). As referred to herein, a hybrid vehicle is a vehicle that has two or
more sources of power, for example both gasoline-powered and electric-powered vehicles.

[0030] FIG. 1 shows various exemplary steel compositions in Inventive Examples and Comparative Examples, and
FIG. 2 shows phases generated in Inventive Examples and Comparative Examples.

[0031] In one aspect of the present invention, provided is a ferritic stainless steel that may be be optimized in the
content of major alloy components to suppress formation of a structure or intermetallic phase (e.g., a sigma phase) that
negatively affects physical properties of stainless steel. The ferritic stainless steel may include an amount of about 0.015
wt % or less (excluding 0 wt%) of carbon (C), an amount of about 0.17 wt% or less (excluding 0 wt%) of silicon (Si), an
amount of about 1.35 wt% or less (excluding 0 wt%) of manganese (Mn), an amount of about 17 to 20 wt% of chromium
(Cr), an amount of about 0.5 wt% or less (excluding 0 wt%) of titanium, an amount of about 3 to 5% of aluminum (Al),
and iron (Fe) constituting the remaining balance of the ferritic stainless steel. All the wt% are based on the total weight
of the ferric stainless steel. The ferritic stainless steel may further contain oxygen (O), nitrogen (N), zirconium (Zr),
calcium (Ca), and magnesium (Mg).

[0032] Carbon (C) may be suitably contained in an amount of about 0.015 wt% or less based on the total weight of
the ferric stainless steel. Carbon (C) as used herein may be an element effective for enhancing strength of stainless
steel. Forinstance, Ti(C,N) may be formed to expect a precipitation strengthening effect and suppress high temperature
structure growth (grain growth) such that an increased in creep strength and enhancement of tempering physical prop-
erties may be expected. However, when the content of carbon (C) is greater than about 0.015 wt%, M,3Cg carbide may
be formed to deteriorate thermal impact characteristics.

[0033] Silicon (Si) may be suitably contained in an amount of about 0.17 wt% or less based on the total weight of the
ferric stainless steel. Silicon (Si) as used herein may be an element that acts as a deoxidizer and increases oxidation
resistance and castability. However, when the content of silicon (Si) is greater than about 0.17%, a sigma phase may
be formed to deteriorate impact resistance and corrosion resistance.

[0034] Manganese (Mn) may be suitably contained in an amount of 1.35 wt% or less based on the total weight of the
ferric stainless steel. Manganese (Mn) as used herein may improve hardenability and yield strength of steel. However,
when the content of manganese (Mn) is greater than about 1.35 wt%, a sigma phase may be formed to deteriorate
impact resistance and corrosion resistance.

[0035] Chromium (Cr) may be suitably contained in an amount of about 17 to 20 wt% based on the total weight of the
ferric stainless steel. Chromium (Cr) as used herein may be an important element to ensure corrosion resistance of
stainless steel and to obtain solid solution strengthening effect and stabilize an austenite phase. However, when the
content of chromium (Cr) is less than about 17 wt%, oxidation resistance may be deteriorated, and when the content of
chromium (Cr) is greater than about 20 wt%, the austenite phase may be stabilized and a matrix structure may be
changed to an austenitic system or duplex system.
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[0036] Aluminum (Al) may be suitably contained in an amount of about 3 to 5 wt% based on the total weight of the
ferric stainless steel. Aluminum (Al), which is an element acting as a solubility enhancer, increases oxidation resistance
and makes the structure finer and uniform. If the content of aluminum (Al) is less than 3%, a sigma phase may be formed
to lower structure uniformity, and if the content of aluminum (Al) exceeds 5%, a negative phase such as Cr;Si may be
formed.

[0037] Titanium (Ti) may be suitably contained in an amount of about 0.5 wt% or less based on the total weight of the
ferric stainless steel. Titanium (Ti) as used herein may form carbides to improve precipitation strengthening and high
temperature strength. When the content of titanium (Ti) is greater than about 0.5%, a laves phase may be formed and
impact resistance and corrosion resistance may be decreased. Preferably, the content of titanium (Ti) may be limited to
a minimum value of about 0.1 wt%. When the content of titanium (Ti) is less than about 0.1 wt%, formation of AIN, which
deteriorates strength and weldability at high temperatures, may be increased.

[0038] The content of nitrogen (N) may be suitably less than about 0.02 wt% based on the total weight of the ferric
stainless steel. Nitrogen (N) as used herein may induce formation of carbonitride, for example, Ti(C,N) may be formed
to obtain a precipitation strengthening effect and suppress high temperature structure growth (grain growth). As such,
creep strength may be increased and tempering physical properties may be improved. However, when the content of
nitrogen is greater than about 0.02 wt%, formation of AIN may be increased.

[0039] Oxygen (O) may be suitably contained in an amount of less than about 0.001 wt% based on the total weight
of the ferric stainless steel. Oxygen (O) may form inclusions to decrease impact resistance, and may be preferably
controlled to be as low as possible. An upper limit value of oxygen (O) may be of about 0.001 wt% in consideration of
a removing process.

[0040] The sum of the contents of zirconium (Zr), calcium (Ca), and magnesium (Mg) may be suitably adjusted to
about 0.001 wt% to 0.01 wt% based on the total weight of the ferric stainless steel. Zirconium (Zr), calcium (Ca), and
magnesium (Mg) as used herein may serve as a deoxidizer. When the total content of zirconium (Zr), calcium (Ca), and
magnesium (Mg) is less than about 0.001 wt%, Al,O5; may be generated, and when the total content of Al,O4 is greater
than about 0.01 wt%, castability may be deteriorated.

[0041] Meanwhile, the remainder other than the above-mentioned components includes Fe and inevitably contained
impurities.

[0042] In another aspect, in order to manufacture ferritic stainless steel having excellent corrosion resistance and
impact resistance, molten steel having the composition described above may be continuously cast through a general
method to produce a slab, the slab is re-heated, a post-treatment such as hot rolling, hot annealing, cold rolling, and
cold annealing is subsequently performed thereon.

[0043] In one exemplary embodiment, by controlling the content of each component of the molten steel, formation of
a phase, which negatively affects physical properties, may be suppressed. For instance, a sigma phase may be sup-
pressed at a temperature of about 300 to 900 °C, where an exhaust system component is typically used, by controlling
the amount of Si, Mn, and Al which may affect formation of a negative phase. For example, the amount of Si, Mn, and
Al may satisfy [Equation 1] below.

(20Si+Mn)/Al<0.7  [Equation 1]

[0044] In [Equation 1], Si, Mn, and Al refer to the content (wt%) of each component.
[0045] Furthermore, the content of Zr, Ca, and Mg may be further limited to suppress formation of AIN and Al,O5. For
example, the content of Zr, Ca, and Mg may satisfy [Equation 2] below.

0.001 <Zr+CatMg<0.01 [Equation 2]

[0046] In [Equation 2], Zr, Ca and Mg refer to the content (wt%) of each component.

[0047] Hereinafter, exemplary embodiments of the present invention will be described using Inventive Examples and
Comparative Examples.

[0048] An experiment was conducted to produce final products according to the production conditions of commercially
produced ferritic stainless steel, and a hot plate obtained by hot rolling a slab continuously cast using a molten steel
produced while varying the content of each component underwent hot annealing, cold rolling, and cold annealing as
illustrated in FIG. 1.

[0049] For instance, as illustrated in FIG. 1, each slab continuously cast using molten steel adjusted in composition
may be re-heated and hot-rolled in a temperature range of about 1050 to 1100 °C and subsequently annealed at a
continuous annealing line (CAL) for about 90 seconds in a temperature range of about 900 to 950°C. Thereafter, structures
cold-rolled and cold-annealed samples were observed at a temperature of about 300 to 900 °C, which is a temperature
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range at which an exhaust system component is generally used. Results thereof are illustrated in FIGS. 2 and 3.
[0050] As shown in the results illustrated in FIGS. 2 and 3, sample No. 18, which is Inventive Example satisfying the
kind and content of the alloy components given in the present invention included Ti(C,N) and laves phase formed on
the basis of ferrite as a matrix structure but a sigma phase was not formed. Although the laves phase, which negatively
affects physical properties, was formed, a maximum volume fraction thereof may be generated, for example, 0.13% of
the laves phase was formed.

[0051] Meanwhile, in the case of samples No. 1 to No. 4, Comparative Examples which did not satisfy the kind or the
content of the alloy components given in the present invention, Ti(C,N), sigma phase, laves phase, and G phase were
formed on the basis of ferrite as a matrix structure. In particular, the sigma phase, which negatively affects the physical
properties, was formed by 5% or greater based on a volume fraction and that the laves phase was formed by 0.2% or
greater based on the volume fraction.

[0052] Further, samples No. 5 and No. 6, which are Comparative Examples, did not satisfy the condition of [Equation
1] and the sigma phase was formed by about 17% and 18%, respectively.

[0053] In sample No. 7, which is Comparative Example exceeding the content of C given in the present invention,
M,3Cg, a negative phase, was formed in by about 0.2%. Here, M denotes metallic elements which are Fe, Cr, Mn, and
Ti in the present invention.

[0054] Sample No. 8 is Comparative Example including the content of Si greater than the predetermined amount
discussed above and the condition of [Equation 1] given in the present invention was not met, and Sample No. 9 is
Comparative Example including the content of Mn greater than the predetermined amount discussed above in the present
invention. In Sample Nos. 8 and 9, the sigma phase was formed by about 10% and 8%, respectively.

[0055] Sample No. 10 satisfied most of the contents of the alloy elements given in the present invention, and the sigma
phase and the laves phase, which are negative phases, were not formed. However, the content of Ti in Sampel No. 10
was less than the predetermined content of Ti as discussed above in the present invention. Since the content of Ti is
less than a limit range, AIN, which deteriorates strength and weldability at high temperatures, was formed by about
0.0002%.

[0056] Sample No. 11 is Comparative Example including the content of Ti greater than the predetermined amount as
discussed above in the present invention such that laves phase was formed by about 2.1%.

[0057] Samples No. 12 and No 13 are Comparative Examples that did not satisfy the content of Al given in the present
invention. Sample No 12 contained the sigma phase formed by about 7% when the content of Al was less than the
predetermined range discussed above and sample No. 13 contained Cr;Si formed by about 0.8% as the content of Al
is greater than the predetermined range discussed above.

[0058] Sample No. 14 is Comparative Example that did not satisfy the content of N given in the present invention.
When the content ofN is greater than the predetermined range discussed above, AIN was formed by 0.001%. Sample
No. 15 is Comparative Example that did not satisfy the content of O given in the present invention, and when the content
of O was greater than the predetermined range discussed above, Al,O, was formed by about 0.0002%.

[0059] Sample No. 16 is Comparative Example that did not satisfy the condition of [Equation 1] and the sigma phase
was formed by about 8%. Sample No. 17 is Comparative Example that did not satisfy the condition of [Equation 2] and
the content of Zr, Ca and Mg was less than the condition of [Equation 2] so Al,O3 was formed by about 0.0002%.
[0060] According to various exemplary embodiments, formation of Cr3Si AIN, Al,O5, and My3Cg, including the sigma
phase and the laves phase, which are negative phases, mnay be suppressed by controlling the kind and content of the
alloy components to satisfy the contions discussed above

[0061] Further, pitting potential, corrosion resistance, thermal expansion coefficient, and corrosion amount of the
produced products were measured and evaluated, and results thereof are illustrated in FIGS. 4 and 5. As for pitting
potential, a pitting potential of 3.5% of sodium chloride (NaCl) at a temperature of about 25 °C was measured. The pitting
potential was measured by a type of measurement instrument using saturated calomel electrode (SCE) as a reference
point.

[0062] As for corrosion resistance, a time required for forming rust due to 5% of sodium chloride after 3% of salt water
was sprayed.

[0063] Impactresistance was measured by a Charpy keyhole-notchimpact test, and a corrosion amount was measured
when exposed to the atmosphere at a temperature section of about 600 to 900°C in which the exhaust system component
is generally used.

[0064] As shown in FIG. 4, in the case of sample No. 18, which is Inventive Example satisfying the kind and content
of the alloy components given in the present invention, the pitting potential (Ept) at 3.5% sodium chloride (NaCl) was
measured as 300 mVgg at a temperature of 25°C. To the contrary, all of samples No. 1 to No. 4 were measured to be
less than 300 mVgcE. As the value of the pitting potential is higher, fitting resistance is excellent. Thus, the pitting potential
was improved when the type and content of the alloy components of the present invention were satisfied.

[0065] Further, in the case of sample No. 18, which is Inventive Example satisfying the kind and content of the alloy
components given in the present invention, a time required for forming rust due to 5% of sodium chloride (NaCl) after
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3% of salt water was sprayed was measured to be 294 days, greater than 250 days compared to Comparative Examples
No. 1 to No. 4 where rust was formed earlier than 250 days.

[0066] Further, in the case of sample No. 18, which is Inventive Example satisfying the kind and content of the alloy
components given in the present invention, an impact resistance strength measurement value was measured as 62 J,
and impact resistance strength measurement values of all of samples No. 1 to No. 4, which are Comparative Examples,
were measured to be less than 55 J.

[0067] Further, in the case of sample No. 18, Inventive Example satisfying the kind and content of the alloy components
given in the present invention, a coefficient of thermal expansion was measured as 11.5X106, however, coefficients of
thermal expansion of samples No. 1 to No. 4, which are Comparative Examples, were measured as 12.3X109,
12.1X10-6,12.0X10-6, and 11.6X10-6, respectively.

[0068] As shown in FIG. 5, in the case of sample No. 18, which is Inventive Example satisfying the kind and content
of the alloy components given in the present invention, the corrosion amount was remarkably reduced in the temperature
range of 600 to 900°C, as compared with samples No. 1 to No. 4 of the Comparative Examples.

[0069] Further, in order to examine a phase formed according to a change in the content of Al at a temperature range
of 300 to 900°C in which the exhaust system component is generally used, a phase formed in an alloy of 0.01C-0.1Si-
0.1Mn-18Cr-0.2Ti-0.01N, while varying the content of Al, was examined, and results thereof are illustrated in FIG. 6.
[0070] As shown in FIG. 6, a precipitation temperature range of the sigma phase narrowed and the volume fraction
decreased as the content of Al increased until the Al content reached about 3%. In particular, when 3% of Al was added,
stability of the sigma phase was significantly reduced so as not to be formed. Also, when the content of Al is greater
than 5 wt%, Cr3Si was produced.

[0071] Meanwhile, although Al is added by 3 wt% or greater, the sigma phase may be formed when the content of Si
and Mn is large. In particular, the formation of the sigma phase may affect Si, Mn and Cr in this order in the alloy
components, and the content of Si may have sensitivity of about 20 times as compared with the content of Mn. As a
result, the formation of the sigma phase was suppressed when the relational expression described in [Equation 1] was
satisfied. This phenomenon may also be confirmed with the results of samples No. 12 and 17.

[0072] In order to examine a region in which AIN is formed according to a change in the content of N, the region in
which A1N was formed was examined, while varying the N content in the alloy of 0.01C-0.1 Si-0.1Mn-4A1-18Cr-0.2Ti.
Results thereof are shown in FIG. 7.

[0073] As shown in FIG. 7, AIN was formed when the content of N was 0.03 wt% or greater. Thus, the content of N
may be preferably limited to be less than about 0.02 wt%.

[0074] In order to examine a region in which Al,O3 is formed according to a total amount of Zr, Ca, and Mg, a region
in which Al,O3 was formed was examined, while varying a total amount of Zr, Ca, and Mg in an alloy of 0.01C-0.1Si-
0.1Mn-4Al-18Cr-0.2Ti-0.01N-0.00050. Results thereof are shown in FIG. 8.

[0075] As shownin FIG. 8, Al,05 was formed when the total amount of Zr, Ca, and Mg was less than 0.001 wt% and
that Al,O5 was not formed when the total amount of Zr, Ca, and Mg was greater than 0.01 wt%.

[0076] Further, in order to examine a region in which M,3Cg is formed according to a change in the content of C, a
region in which M,3Cg was formed was examined, while varying the C content in an alloy of 18Cr-0.1Mn-0.1Si-0.2Ti-
0.01N-4Al, and a phase transformation transition for each temperature as examined in a state in which the content of
C was fixed to 0.02 wt%. Results thereof are shown in FIG. 9. As shown in FIG. 9, M,3Cg was formed when the content
of C is greater than 0.017 wt%, and M,3Cg was formed by about 0.2% when the content of C was 0.02 wt%. Therefore,
it is advantageous that the content of C is 0.015 wt% or less to maintain the volume fraction of M,;Cg at less than 0.2%
to improve the physical properties of the stainless steel.

[0077] According to various exemplary embodiment of the present invention, the ferritic stainless steel may have
obtained excellent corrosion resistance and impact resistance at high temperatures at which the exhaust system com-
ponentis generally used by suppressing formation of the sigma phase and by controlling the content of the alloy elements
that affect formation of the sigma phase and the laves phase.

[0078] Further, the excellent corrosion resistance and impact resistance at high temperatures may be maintained
without adding high-priced alloy elements, and thus, cost may be reduced as compared to other steel products that
realize similar performance.

[0079] Although the present invention has been shown and described with respect to exemplary embodiments, it will
be apparent to those having ordinary skill in the art that the present invention may be variously modified and altered
without departing from the spirit and scope of the present invention as defined by the following claims.

Claims

1. Aferritic stainless steel comprising:
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an amount of about 0.015 wt% or less (excluding 0 wt%) of carbon (C),

an amount of about 0.17 wt% or less (excluding 0 wt%) of silicon (Si),

an amount of about 1.35 wt% or less (excluding 0 wt%) of manganese (Mn),
an amount of about 17 to 20 wt% of chromium (Cr),

an amount of about 0.5 wt% or less (excluding 0 wt%) of titanium (Ti),

an amount of about 3 to 5 wt% of aluminum (Al), and

iron (Fe) constituting the remaining balance of the ferritic stainless steel,

all the wt% based on the total weight of the ferritic stainless steel,

wherein contents of Si, Mn, and Al satisfy [Equation 1],

(20Si+Mn)/Al< 0.7  [Equation 1]

wherein Si, Mn, and Al in Equation 1 represent the content (wt%) of each component.
The ferritic stainless steel of claim 1, wherein
the stainless steel comprises an amount of about 0.1 to 0.5 wt% of Ti based on the total weight of the ferritic stainless
steel.

The ferritic stainless steel of claim 1 or 2, further comprising:

zirconium (Zr), calcium (Ca), and magnesium (Mg),
wherein contents of Zr, Ca and Mg satisfy [Equation 2],

0.001 <Zr+CatMg<0.01 [Equation 2]

wherein Zr, Ca, and Mg in Equation 2 represent the content (wt%) of each component.
The ferritic stainless steel of one of claims 1-3, further comprising:
an amount less than 0.001 wt% of oxygen (O) and an amount of about less than 0.02 wt% of nitrogen (N) based

on the total weight of the ferritic stainless steel.

The ferritic stainless steel of one of claims 1-4, wherein a volume fraction of a sigma phase formed in a temperature
range of about 300 to 900 °C is less than 5%.

The ferritic stainless steel of claim 5, wherein the volume fraction of the sigma phase formed in the temperature
range of about 300 to 900 °C is about 0.5 % or less or is not precipitated.

The ferritic stainless steel of claim 6, wherein the volume fraction of the sigma phase formed in the temperature
range of about 300 to 900 °C is not precipitated.

The ferritic stainless steel of one of claims 1-7, wherein a volume fraction of Cr;Si formed in the temperature range
of about 300 to 900 °C is about 0.5 % or less.

The ferritic stainless steel of one of claims 1-8, wherein a volume fraction of each of AIN and Al,O5 formed in the
temperature range of about 300 to 900 °C is about 0.0001 % or less.

The ferritic stainless steel of one of claims 1-9, wherein a volume fraction of M,3Cg formed in the temperature range
of about 300 to 900 °C is less than about 0.2 %.

The ferritic stainless steel of one of claims 1-10, wherein a volume fraction of a laves phase formed in the temperature
range of about 300 to 900 °C is about 0.2% or less.

The ferritic stainless steel of one of claims 1-11, wherein a pitting potential (Ept) of the ferritic stainless steel in about
3.5 % of sodium chloride (NaCl) at a temperature of about 25 °C is about 300 mVgcg or greater.

The ferritic stainless steel of one of claims 1-12, wherein a time required for forming rust in a condition of about 5
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% of sodium chloride (NaCl) after 3% of a salt water is sprayed is about 250 days or greater.
14. The ferritic stainless steel of one of claims 1-13, wherein
impact resistance strength of the ferritic stainless steel measured by a Charpy keyhole-notch impact test is about

55 J or greater.

15. A ferritic stainless steel consisting of:
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an amount of about 0.015 wt% or less (excluding 0 wt%) of carbon (C),

an amount of about 0.17 wt% or less (excluding 0 wt%) of silicon (Si),

an amount of about 1.35 wt% or less (excluding 0 wt%) of manganese (Mn),
an amount of about 17 to 20 wt% of chromium (Cr),

an amount of about 0.5 wt% or less (excluding 0 wt%) of titanium (Ti),

an amount of about 3 to 5 wt% of aluminum (Al), and

iron (Fe) constituting the remaining balance of the ferritic stainless steel,

all the wt% based on the total weight of the ferritic stainless steel,

wherein contents of Si, Mn, and Al satisfy [Equation 1],

(20Si+Mn)/Al< 0.7  [Equation 1]

wherein Si, Mn, and Al in Equation 1 represent the content (wt%) of each component.
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FIG. 2
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FIG. 4
pitti cential RUST IMPACT | COEFFICIENT OF
CLASSIFICATION (;1&“52:52;; 'Ta) FORMATION | RESISTANCE THERMAL

' | TIME (day) | STRENGTH | EXPANSION(10™)

No. 1 40 14 47 12.3

No. 2 180 63 45 12.1

No. 3 190 154 52 12

No. 4 280 210 42 11.6

No. 18 300 294 62 11.5
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FIG. 5
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FIG. 6

——— LAVES_PHASE_C14
—--—CR3s|

semmee s §IGMA

500

450 -

400

350
0.0

2.0

;’J‘! \\\ :l,; \y o .
/,x“ff N f/ %“‘ig l Cr,Si
_/’f * [ . ‘\X
\/ - \
J \ \
’d / - \ ’%\
/ " , | \‘u\ | Eﬁ\
fooN A
1 \“ 7

4.0

6.0 8.0 10.0 12.0
Mass percent Al

14.0 16.0

15



Temperature[C]

EP 3 666 918 A1

FI1G.7
—-—-—BCC_A2
BCC_A2#2
———— LAVES_PHASE_C14
—==m e ALN
900 ’
i
i
850
i
i
800
i
|
750
§
]
650
i
1
600 AIN
i
i
550
i
L
500
1
i
450, .
) 1
4004 \
%ﬁ i

400 :
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10

Mass percent N

16



Al, O, VOLUME FRACTION (%)

EP 3 666

918 A1

FIG. 8

0.0025

0.0020

0.0015

0.0010

0.0005

0.0000
1E-9

T I I
1E-8 1E-7 1E-6

17

1E-5

T -
1E-4 1E-3 0.01 0.1

Zr+Ca+Mg CONTENT (wt.%)



Temperature[ C]

1200

1100 -
1000 -
900 -
800 -
700 -
600 -
500 |
400 -

300 -

200 - - - . . . .
0.000 0.020 0.040 0.060 0.080 0.100 0.120 0.140

EP 3 666 918 A1

FIG.9

— CR3SI
—— BCC_AZ
— BCC_A2#2
i — FE2SITI_L21
4 —--=LAVES_PHASE C14
/ -—-M23C6

Mass percent C

18



10

15

20

25

30

35

40

45

50

55

EP 3 666 918 A1

9

Européisches
Patentamt

European

Patent Office EUROPEAN SEARCH REPORT

Office européen
des brevets

[

EPO FORM 1503 03.82 (P04C01)

DOCUMENTS CONSIDERED TO BE RELEVANT

Application Number

EP 19 19 1488

Categor Citation of document with indication, where appropriate, Relevant CLASSIFICATION OF THE
gory of relevant passages to claim APPLICATION (IPC)
X EP 2 723 910 Al (FORSCHUNGSZENTRUM JUELICH|1-15 INV.
GMBH [DE]) 30 April 2014 (2014-04-30) C22C38/00
* abstract * C22C38/06
* tables 1-5 * C22C38/18
* claims 1-18 * (22C38/02
----- C22C38/04
X DE 20 2011 106778 Ul (THYSSENKRUPP VDM 1-15 C22C38/14
GMBH [DE]) 5 December 2011 (2011-12-05) C22C38/28
* abstract; claims 1-18 *
* tables 1-5 *
X EP 2 995 697 Al (NIPPON STEEL & SUMIKIN 1,2,4-15
SST [JP]) 16 March 2016 (2016-03-16)
A * abstract * 3
* tables 1-2 *
* claims 1-5 *
X EP 3 339 460 Al (NISSHIN STEEL CO LTD 1,2,4-15
[JP]) 27 June 2018 (2018-06-27)
A * abstract * 3

* claims 1-2 *

TECHNICAL FIELDS
SEARCHED (IPC)

C22C
C21D
The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
The Hague 15 January 2020 Vermeulen, Yves

CATEGORY OF CITED DOCUMENTS

X : particularly relevant if taken alone

Y : particularly relevant if combined with another
document of the same category

A : technological background

O : non-written disclosure

P : intermediate document

T : theory or principle underlying the invention

E : earlier patent document, but published on, or
after the filing date

D : document cited in the application

L : document cited for other reasons

& : member of the same patent family, corresponding
document

19




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

EP 3 666 918 A1

ANNEX TO THE EUROPEAN SEARCH REPORT

ON EUROPEAN PATENT APPLICATION NO. EP 19 19 1488

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

15-01-2020
Patent document Publication Patent family Publication

cited in search report date member(s) date

EP 2723910 Al 30-04-2014 BR 112013033004 A2 31-01-2017
CN 103842537 A 04-06-2014
DE 102012004488 Al 27-12-2012
EP 2723910 Al 30-04-2014
JP 5959635 B2 02-08-2016
JP 2014523967 A 18-09-2014
KR 20140048886 A 24-04-2014
MX 341322 B 16-08-2016
RU 2014101607 A 27-07-2015
SI 2723910 T1 30-09-2015
US 2014219855 Al 07-08-2014
WO 2012175067 Al 27-12-2012

DE 202011106778 Ul 05-12-2011  NONE

EP 2995697 Al 16-03-2016 CN 105209651 A 30-12-2015
EP 2995697 Al 16-03-2016
JP 6392501 B2 19-09-2018
JP 2014218728 A 20-11-2014
KR 20150140809 A 16-12-2015
TW 201504456 A 01-02-2015
US 2016079455 Al 17-03-2016
WO 2014181768 Al 13-11-2014

EP 3339460 Al 27-06-2018 CA 2993771 Al 23-02-2017
CN 107923016 A 17-04-2018
EP 3339460 Al 27-06-2018
JP 6370276 B2 08-08-2018
JP 2017039956 A 23-02-2017
KR 20180041219 A 23-04-2018
RU 2018109356 A 19-09-2019
W 201713782 A 16-04-2017
US 2018238410 Al 23-08-2018
WO 2017030064 Al 23-02-2017

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

20




	bibliography
	abstract
	description
	claims
	drawings
	search report

