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Description
Technical Field
[0001] The presentinvention relates to ferritic stainless steel and method for manufacturing the ferritic stainless steel.
Background Art

[0002] Ferritic stainless steels, which are used in: a catalytic carrier (including an electric type and a heating type) for
exhaust gas purification provided in an automobile, a two-wheeled vehicle, or the like; a stove burning tube; a combustion
gas exhaust device in a plant; or the like, are required to have high oxidation resistance at high temperatures (high-
temperature oxidation resistance).

[0003] Patent Literature 1 discloses a high Al-containing ferritic stainless steel further improved in high-temperature
oxidation resistance. The high Al-containing ferritic stainless steel disclosed in Patent Literature 1 contains 15% to 25%
of Cr and 4.5% to 6.0% of Al. Further, the amounts of Mn and Si added are reduced to achieve a low Mn content and
a low Si content, and Mo is contained as an essential element, so that the high Al-containing ferritic stainless steel has
an improved high-temperature oxidation resistance.

Citation List
[Patent Literature]

[0004] [Patent Literature 1]
Japanese Patent No. 3351836

Summary of Invention
Technical Problem

[0005] However, the technology as described above may have reduce toughness due to excessive amounts of Al and
Mo added, and this may adversely affect producibility.

[0006] An object of an aspect of the present invention is to provide a ferritic stainless steel which is excellent in high-
temperature oxidation resistance and toughness.

Solution to Problem

[0007] In order to attain the object, a ferritic stainless steel in accordance with an aspect of the present invention is a
ferritic stainless steel containing not more than 0.030% of C, 0.01% to 1.5% of Si, 0.01% to 1.00% of Mn, not more than
0.050% of P, not more than 0.005% of S, 15.0% to 25.0% of Cr, 2.0% to 4.0% of Al, not more than 1.00% of Ni, 0.01%
to 0.70% of Nb, not more than 0.030% of N, 0.0003% to 0.01% of B, and 0.01% to 0.20% of REM, in percent by mass,
and the other part composed of Fe and an inevitable impurity, the ferritic stainless steel having a dislocation density p
of notless than 0.91 X 1014 [m-2] as derived by the Williamson and Hall method, wherein in scanning electron microscope
observation of random three 30 umXx30 pm portions in a cross section obtained by cutting the ferritic stainless steel
along a plane perpendicular to a rolling direction, an average number of carbides each having (i) a Nb concentration of
not less than 5 wt% as measured by energy dispersive X-ray spectroscopy and (ii) a particle diameter of not less than
0.1 pmis 2 to 15.

[0008] Further, a method for producing a ferritic stainless steel in accordance with an aspect of the present invention
a method in which the ferritic stainless steel contains not more than 0.030% of C, 0.01% to 1.5% of Si, 0.01% to 1.00%
of Mn, not more than 0.050% of P, not more than 0.005% of S, 15.0% to 25.0% of Cr, 2.0% to 4.0% of Al, not more than
1.00% of Ni, 0.01% to 0.70% of Nb, not more than 0.030% of N, 0.0003% to 0.01% of B, and 0.01% to 0.20% of REM,
in percent by mass, and the other part composed of Fe and an inevitable impurity, the method including: an annealing
step of annealing a steel strip which has been hot-rolled, such that cooling time taken to cool the steel strip from an
annealing temperature to 400 degrees after annealing is not less than 30 seconds; and a cold rolling step of carrying
out, after a final annealing step, cold rolling until a dislocation density p derived by the Williamson and Hall method is
not less than 0.91x1014 [m-2].
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Advantageous Effects of Invention

[0009] Accordingto anaspectof the presentinvention, itis possible to provide a ferritic stainless steel which is excellent
in high-temperature oxidation resistance and toughness.

Brief Description of Drawings
[0010]

Fig. 1is an enlarged view schematically illustrating a portion of a cross section of an alumina layer formed by heating
an example ferritic stainless steel in accordance with an embodiment at 1050°C for 50 hours, the cross section
being obtained by cutting the alumina layer in a thickness direction.

Fig. 2 is an enlarged view schematically illustrating a portion of an alumina layer in accordance with a comparative
example.

Description of Embodiments
[Embodiments]

[0011] The following description will discuss in detail an embodiment of the present invention. In this specification, the
term "stainless steel" means a stainless steel material the shape of which is not specifically limited. Examples of the
stainless steel material include steel sheets, steel pipes, and steel bars. The unit "%" of the content of each constituent
element is intended to mean "percent by mass" unless otherwise noted. Note also that, in the present application, the
expression "A to B" indicates not less than A and not more than B.

(Composition of ferritic stainless steel)

[0012] Firstly, the following description will discuss essential elements contained in a ferritic stainless steel in accord-
ance with the present embodiment.

[0013] The ferritic stainless steel in accordance with an embodiment of the presentinvention, in terms of a composition
of components of the steel, contains not more than 0.030% of C, 0.01% to 1.5% of Si, 0.01% to 1.00% of Mn, not more
than 0.050% of P, not more than 0.005% of S, 15.0% to 25.0% of Cr, 2.0% to 4.0% of Al, not more than 1.00% of Ni,
0.01% t0 0.70% of Nb, notmore than 0.030% of N, 0.0003% to 0.01% of B, and 0.01% to 0.20% of REM, in percent by mass.
[0014] In the above composition, the Al content is reduced in comparison to conventional high Al-containing ferritic
stainless steels. Since the ferritic stainless steel in accordance with an embodiment of the present invention has the
above composition, it is possible to obtain a ferritic stainless steel which is excellent in toughness.

[0015] The following description will discuss the significance of the amount of each element contained in the ferritic
stainless steel in accordance with an embodiment of the present invention. Note that the ferritic stainless steel contains,
in addition to the components described below, iron (Fe) or a small amount of an impurity which is inevitably contained
(inevitable impurity).

<C: carbon>

[0016] Cis an essential element in a ferritic stainless steel in accordance with an embodiment of the present invention.
As a C content increases, however, abnormal oxidation is more likely to occur. Further, in a case where C is excessively
contained, a slab and a hot coil are deteriorated in toughness, and it becomes difficult to work the ferritic stainless steel
into a plate material by hot working. Therefore, in an aspect of the present invention, the upper limit of the content of C
is defined to be 0.030%. In a case where C is contained in an amount of not more than 0.020%, it is possible to further
reduce the possibility of occurrence of abnormal oxidation and improve workability. In light of the above reason, a more
preferable content of C is 0.002% to 0.015%.

<Si: silicon>

[0017] Siis an element effective for improving oxidation resistance and is an essential element in a ferritic stainless
steel in accordance with an embodiment of the present invention. However, in a case where Si is excessively contained,
toughness and workability may be reduced. Therefore, in an aspect of the present invention, Siis contained in an amount
of 0.01% to 1.50%. In a case where Si is contained in an amount of 0.01% to 1.0%, more preferably 0.01% to 0.50%,
an effect as a deoxidizing agent and workability are further improved.
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<Mn: manganese>

[0018] Mnisanessential elementin aferritic stainless steel in accordance with an embodiment of the presentinvention.
However, in a case where Mn is excessively contained, the ferrite phase may be destabilized, and high-temperature
oxidation resistance may be reduced. Therefore, in an aspect of the present invention, Mn is contained in an amount of
0.01% to 1.00%. In a case where Mn is contained in an amount of 0.01% to 0.80%, more preferably 0.01% to 0.50%,
the possibility of generation of a corrosion-initiated point is further reduced.

<P: phosphorus>

[0019] P is anessential elementin a ferritic stainless steel in accordance with an embodiment of the present invention.
However, in a case where P is excessively contained, oxidation resistance and toughness of a hot-rolled sheet may be
deteriorated. Therefore, in an aspect of the present invention, the content of P is defined to be not more than 0.050%.
In a case where P is contained in an amount of not more than 0.04%, it is possible to further reduce a deterioration in
workability. In light of the above reason, a more preferable content of P is 0.005% to 0.03%.

<S: sulfur>

[0020] S is anessential element in a ferritic stainless steel in accordance with an embodiment of the present invention.
However, in a case where S is excessively contained, the ferritic stainless steel may be negatively affected in terms of
formation of an Al,O5 film, and the oxidation resistance of the ferritic stainless steel may be deteriorated. Therefore, in
an aspect of the present invention, the content of S is defined to be not more than 0.005%. In light of the above reason,
a more preferable content of S is 0.0001% to 0.002%.

<Cr: chromium>

[0021] Cr is a fundamental alloy element which is necessary in order to improve the high-temperature oxidation
resistance of the ferritic stainless steel. In a case where Cr is contained in not less than a predetermined amount, an
oxide film is formed on the surface of the stainless steel, so that oxidation of the stainless steel is prevented. However,
in a case where Cr is excessively contained, toughness is reduced and producibility is deteriorated. Therefore, in an
aspect of the present invention, the content of Cr is defined to be 15.0% to 25.0%. In a case where Cr is contained in
an amount of 16.0% to 22.0%, more preferably 17.0% to 20.0%, it is possible to further improve the oxidation prevention
effect and producibility.

<Al: aluminum>

[0022] Al is a fundamental alloy element which is necessary in order to improve the high-temperature oxidation re-
sistance of the ferritic stainless steel. In a case where Al is contained in not less than a predetermined amount, an oxide
film of Al,O4 is formed on the surface of the stainless steel, so that the oxidation of the stainless steel is prevented.
Further, in a case where REM or Y is added, the oxide film is dense and has an improved adhesion to the base steel,
so that occurrence of abnormal oxidation is prevented. However, in a case where Al is excessively contained, toughness
of the stainless steel is deteriorated, and producibility and workability are deteriorated. Therefore, in an aspect of the
present invention, the content of Al is defined to be 2.0% to 4.0%. In a case where Al is contained in an amount of 2.5%
to 3.7%, more preferably 2.8% to 3.5%, it is possible to further improve high-temperature oxidation resistance and
producibility.

<Ni: nickel>

[0023] Niis an element which improves corrosion resistance of a ferritic stainless steel and is an essential element in
the ferritic stainless steel in accordance with an embodiment of the present invention. However, in a case where Ni is
excessively contained, the ferrite phase is destabilized, and material costs are increased. Therefore, in an aspect of the
present invention, the content of Ni is defined to be not more than 1.00%. In a case where Ni is contained in an amount
of not more than 0.50%, it is possible to further prevent destabilization of the ferrite phase and an increase in production
costs, which may otherwise be caused in a case where an excessive amount of Ni is contained. In light of the above
reason, a more preferable content of Ni is 0.02% to 0.30%.
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<N: nitrogen>

[0024] Nis an essential element in a ferritic stainless steel in accordance with an embodiment of the present invention.
However, in a case where N is excessively contained, N bonds to Al in the steel to form AIN, which may serve as a
starting point of accelerated oxidation. Therefore, in an aspect of the present invention, the content of N is defined to
be not more than 0.030%. In a case where N is contained in an amount of not more than 0.025%, it is possible to further
reduce the possibility of hardening. In light of the above reason, a more preferable content of N is 0.003% to 0.020%.

<Nb (niobium), B (boron), and REM (rare earth element)>

[0025] Nbis anelementwhich is added to ensure the high-temperature strength. Further, Nb has an effect of promoting
formation of an Al,Oj5 film. Nb also reduces recrystallization of the stainless steel and causes the crystal grains to be
finer, so that the grain boundaries have an increased area. However, in a case where Nb is excessively contained,
toughness of a hot-rolled sheet may be deteriorated.

[0026] B is an element which improves secondary workability and oxidation resistance of a molded product manufac-
tured with use of the ferritic stainless steel. However, in a case where B is excessively contained, the compound of B
serves as inclusions (impurities).

[0027] REM (rare earth elements, rare earth metals) means lanthanoids (elements having an atomic number of 57 to
71, such as La, Ce, Pr, Nd, and Sm). REM is an element which improves the high-temperature oxidation resistance. In
a case where REM is contained in not less than a predetermined amount, an Al oxide film is stabilized. Further, REM
improves adhesion between a base material and an oxide, thereby improves oxidation resistance. However, in a case
where REM is excessively contained, a surface defect is generated during hot rolling, and producibility is reduced.
[0028] For the above reason, in an aspect of the present invention, the content of Nb is defined to be 0.01% to 0.70%.
In a case where Nb is contained in an amount of 0.05% to 0.50%, more preferably 0.08% to 0.30%, it is possible to
further reduce the possibility of deterioration in workability. The upper limit of the content of Nb is yet even more preferably
0.20% or 0.15%. The content of B is defined to be 0.0003% to 0.01%. In a case where B is contained in an amount of
0.0003% to 0.005%, it is possible to further reduce the presence of inclusions and improve secondary workability. The
content of REM is defined to be 0.01% to 0.20%. The content of REM is preferably 0.02% to 0.15%, and more preferably
0.04% to 0.10%.

(Other components)

[0029] The ferritic stainless steel in accordance with an aspect of the present invention can further contain, as an
element other than the above elements, at least one element selected from the group consisting of Zr, V, Cu, Mo, W,
Hf, Sn, Ta, Ti, Mg, and Ca.

<Zr: zirconium>

[0030] Zris an element which improves the oxidation resistance. However, in a case where Zr is excessively added,
the steel may be hardened to cause a decrease in toughness. As such, in an aspect of the present invention, Zr can be
contained in an amount of not more than 0.50%. In consideration of reduction of hardening and the like, it is more
preferable that Zr be contained in an amount of 0.01% to 0.40%.

<V: vanadium>

[0031] V is an element which improves workability and weld toughness. However, in a case where V is excessively
added, toughness of a hot-rolled sheet may be deteriorated. In an aspect of the present invention, V can be contained
in an amount of not more than 0.50%. In consideration of reduction of hardening and the like, it is more preferable that
V be contained in an amount of 0.02% to 0.35%.

<Cu: copper>

[0032] Cu is an element which improves the corrosion resistance of the ferritic stainless steel. However, in a case
where Cu is excessively contained, oxidation resistance and hot workability may be deteriorated. As such, in an aspect
of the present invention, Cu can be contained in an amount of not more than 1.0%. In consideration of material costs
and the like, it is more preferable that Cu be contained in an amount of 0.01% to 0.85%.
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<Mo: molybdenum>

[0033] Mo is an element which improves the corrosion resistance. However, in a case where Mo is excessively con-
tained, the ferritic stainless steel is hardened to cause a reduction in toughness and an increase in material costs. As
such, in an aspect of the present invention, Mo can be contained in an amount of not more than 2.0%. In consideration
of workability, material costs, and the like, it is more preferable that Mo be contained in an amount of 0.01% to 1.0%.

<W: tungsten>

[0034] W is an element which is added to ensure the high-temperature strength. However, in a case where W is
excessively contained, toughness of a hot-rolled sheet is deteriorated, and material costs increase. As such, in an aspect
of the present invention, W can be contained in an amount of not more than 2.0%. In consideration of material costs
and the like, it is more preferable that W be contained in an amount of 0.01% to 1.0%.

<Hf: hafnium>

[0035] Hfisanelementwhichimproves the oxidation resistance. However, in a case where Hf is excessively contained,
toughness of a hot-rolled sheet is reduced, and material costs increase. As such, in an aspect of the present invention,
Hf can be contained in an amount of not more than 0.50%. In consideration of toughness and material costs, it is more
preferable that Hf be contained in an amount of 0.001% to 0.20%.

<Sn: tin>

[0036] Sn (tin)is an element which improves the corrosion resistance of the ferritic stainless steel. However, in a case
where Sn is excessively contained, workability is reduced, and material costs increase. As such, in an aspect of the
present invention, Sn can be contained in an amount of not more than 0.50%. In consideration of workability, costs, and
the like, it is more preferable that Sn be contained in an amount of 0.005% to 0.20%.

<Ta: tantalum>

[0037] Tais an element which improves the cleanliness and the oxidation resistance of the steel. However, in a case
where Ta is excessively contained, toughness is reduced, and material costs increase. As such, in an aspect of the
present invention, Ta can be contained in an amount of not more than 0.5%. In consideration of toughness and material
costs, it is more preferable that Ta be contained in an amount of not more than 0.40%. In light of the above reason, a
more preferable content of Ta is 0.001% to 0.30%.

<Ti: titanium>

[0038] Tiis an element which, by reacting with C and/or N, can form the ferritic stainless steel into a ferritic single layer
at 900°C to 1000°C. However, in a case where Ti is excessively contained, TiO, may be produced in an oxide of Al,
and oxidation lifetime may be deteriorated. As such, in an aspect of the present invention, Ti can be contained in an
amount of not more than 0.20%. In consideration of workability and the like, it is more preferable that Ti be contained
in an amount of 0.005% to 0.10%.

<Mg: magnesium>

[0039] Mg forms a Mg oxide with Al in molten steel and acts as a deoxidizing agent. However, in a case where Mg is
excessively contained, toughness of the steel is reduced, and producibility is reduced. As such, in an aspect of the
present invention, Mg can be contained in an amount of not more than 0.015%. In light of the above reason, a more
preferable content of Ma is 0.0002% to 0.0080%.

<Ca: calcium>

[0040] Ca is an element which improves hot workability. However, in a case where Ca is excessively contained,
toughness of the steel is reduced, and producibility is reduced. As such, in an aspect of the present invention, Ca can
be contained in an amount of not more than 0.015%. In light of the above reason, a more preferable content of Ca is
0.0001% to 0.012%.

[0041] The ferritic stainless steel in accordance with the present embodiment can satisfy 100 X[C]/[Nb] < 35 where
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[C] is a percent by mass of C and [Nb] is a percent by mass of Nb. This allows a Nb-based carbide to be generated at
the time of hot rolling or annealing, so that the amount of strain accumulated during cold rolling is increased, and an
intended dislocation density is successfully achieved.

(Dislocation density)

[0042] The ferritic stainless steel in accordance with the present embodiment has a dislocation density p of not less
than 0.91x 1014 [m-2] as derived by the Williamson and Hall method with use of X-ray diffraction. In the present embod-
iment, X-ray diffraction is measured from the surface.

[0043] A dislocation density is a value indicating the amount of dislocation in a crystal, and is represented as the
number [m-2] of coordination lines penetrating a unit area of a cross section of the crystal or as a total [m/m-3] of the
lengths of dislocation lines present in a unit volume of the crystal. Since the ferritic stainless steel in accordance with
the present embodiment has a dislocation density p of not less than 0.91x1014 [m-2], Al and Cr are quickly diffused in
the ferritic stainless steel, so that an alumina layer can be formed quickly. This enables an improvement in oxidation
resistance.

[0044] In the present embodiment, the dislocation density p [m-2] is derived by the Williamson and Hall method. More
specifically, for example, the dislocation density p [m2] is derived as follows. With use of an X-ray diffraction instrument
using a Co tube as an X-ray source, a diffraction intensity curve of a sample which has been subjected to electrolytic
polishing is measured with respect to the following diffraction peaks (26): a(110)52.2°, a(211)99.3°, and «(229)123.3°.
The diffraction peaks (20) on the obtained diffraction intensity curve are separated to a peak by a Ka4 ray and a peak
by a Ka, ray. With respect to the separated diffraction peak by the Ko ray, a peak top method is used to identify a
diffraction angle 20 and calculate, as a half-value width, an angle between intensities each of which is 1/2 of the peak
intensity. Note that a true half-value width B can be calculated by formula (1) below with use of a half-value width B, of
the steel material after cold rolling and a half-value width B, of the steel material after final annealing.

B = Pm?-Po* (1)

The true half-value width  calculated by formula (1) above can be represented as a sum of broadening B4 of a half-
value width due to a crystallite size D and broadening B, of a half-value width due to a strain ¢, as in formula (2) below.

B =PB1+P2 (2)

It is known that the broadening B, of a half-value width due a crystallite size (D) can be represented by formula (3) below
and that the broadening B, of a half-value width due to a strain (¢) can be represented by formula (4) below.

B1 = 0.97A/(DcosH) (3)

B2 = 2etan®d (4)

[0045] Note that X in formula (3) is the wavelength of an X-ray.
[0046] By applying formulae (3) and (4) above to formula (2) and simplifying the result, formula (5) below is obtained.

BcosB/A = (0.9/D)+(2esinB/A) (5)

As indicated by formula (5) above, the strain ¢ can be calculated from the gradient of a graph created by plotting cos6/A
against sinb/A.

[0047] Then, by using the calculated strain (¢), the magnitude b (= 0.25 nm) of a Burgers vector of the dislocation, and
formula (6) below, the dislocation density p is calculated.

p =(14.4xe?)/b? (3)
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(Nb carbide)

[0048] The ferritic stainless steel in accordance with the present embodiment is such that in scanning electron micro-
scope (SEM) observation of random three 30 umx30 pm portions in a cross section obtained by cutting the ferritic
stainless steel along a plane perpendicular to a rolling direction, an average number of Nb carbides each having (i) a
Nb concentration of not less than 5 wt% as measured by energy dispersive X-ray spectroscopy (EDS) and (ii) a particle
diameter of not less than 0.1 pmis 2 to 15. Since the average number is not less than 2, strain is easily accumulated in
tissues during cold rolling. Further, since the average number is not more than 15, the toughness of the stainless steel
is less likely to decrease. The particle diameter of a carbide is calculated on the basis of the dimensions of the particle
in an image captured by scanning electron microscopy. Specifically, an average width between the largest width of the
carbide and the smallest width of the carbide is determined as a particle diameter of the carbide.

(Alumina layer)

[0049] The ferritic stainless steel in accordance with the present disclosure is suitably applicable to purposes in which
oxidation resistance at high temperatures is required. As such, a use condition means a high temperature condition.
The following description will discuss an alumina layer 10 formed in a case where the ferritic stainless steel in accordance
with the present disclosure is heated at 1050°C for 50 hours.

[0050] The inventors of the present invention discovered through diligent research that, regarding components of a
ferritic stainless steel, in a case where Nb, Cr, and REM are contained as essential elements at concentrations within
appropriate ranges, columnar crystallization of an alumina layer formed under a use condition is improved. This is
considered to be due to increased concentrations of Nb, Cr, and REM in grain boundaries in the alumina layer. In the
alumina layer 10 in accordance with the present embodiment, a total concentration of a Nb oxide, a Cr oxide, and a
REM-based oxide which are present in grain boundaries is not less than 3.5 wt%. This prevents inward diffusion of
oxygen, so that the alumina layer 10 is excellent in oxidation resistance. That is, the ferritic stainless steel in accordance
with the present embodiment is excellent in oxidation resistance under high temperature conditions.

[0051] Further, the inventors of the present invention discovered that the columnar crystallization is improved also in
a case where B is contained as an essential element at a concentration within an appropriate range.

[0052] The ferritic stainless steel in accordance with the present embodiment contains not more than 0.030% of C,
0.01% to 1.5% of Si, 0.01% to 1.00% of Mn, not more than 0.050% of P, not more than 0.005% of S, 15.0% to 25.0%
of Cr, 2.0% to 4.0% of Al, not more than 1.00% of Ni, 0.01% to 0.70% of Nb, not more than 0.030% of N, 0.0003% to
0.01% of B, and 0.01% to 0.20% of REM, in percent by mass.

[0053] The alumina layer 10 formed by heating the ferritic stainless steel containing the above components at 1050°C
for 50 hours has the following feature. That is, in a cross section of the alumina layer 10 obtained by cutting the alumina
layer in a thickness direction, a total length of grain boundaries included in a given region having an area of 2.25 um?2
is not more than 5.5 pm.

[0054] Fig. 1 is an enlarged view schematically illustrating a portion of a cross section of the alumina layer 10 formed
by heating an example ferritic stainless steel in accordance with the present embodiment at 1050°C for 50 hours, the
cross section being obtained by cutting the alumina layer 10 in a thickness direction. The given region having an area
of 2.25 um? as illustrated in Fig. 1 can be a region which, for example, is surrounded by a 1.5 umx1.5 pm square
centered around the center of the alumina layer 10 in the thickness direction. The length of grain boundaries included
in a region having an area of 2.25 um?2 means a sum of all of the lengths of grain boundaries GB that are present in a
region having an area of 2.25 um?2. In the example illustrated in Fig. 1, the length of grain boundaries included in a 2.25-
sq-pm region is not more than 5.5 pm.

[0055] Fig. 2 is an enlarged view schematically illustrating a portion of an alumina layer 20 in accordance with a
comparative example, the length of grain boundaries in 2.25 um?2 of the alumina layer 20 being more than 5.5 pm. As
illustrated in Fig. 2, the alumina layer 20, in which the length of grain boundaries in 2.25 um?2 is more than 5.5 pm, has
an equiaxial crystal ratio higher than that in the example illustrated in Fig. 1.

[0056] Note here that a columnar crystal means tissue in which crystal grains that have grown long and thin in the
thickness direction of the alumina layer are arranged. An equiaxial crystal means polycrystalline tissue in which the
shape and orientation of the crystal grains constituting an equiaxial crystal are isotropic.

[0057] As is clear from a comparison between Figs. 1 and 2, an alumina layer having a high columnar crystal ratio
(Fig. 1) has a smaller length of grain boundaries GB per given unit area in comparison to an alumina layer having a high
equiaxial crystal ratio (Fig. 2).

[0058] In a cross section obtained by cutting the alumina layer 10 in accordance with the present embodiment in a
thickness direction, a length of grain boundaries included in a given 2.25-sg-pm region is not more than 5.5 pm. In other
words, the alumina layer 10 has a high columnar crystal ratio. An equiaxial crystal has a grain boundary density greater
than that of a columnar crystal, and therefore has increased routes through which oxygen is diffused at the grain bound-
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aries. As such, equiaxial crystals have a shorter oxidation lifetime than columnar crystals. As such, the ferritic stainless
steel in accordance with the present embodiment is excellent in oxidation resistance under high temperature conditions
by having a high columnar crystal ratio.

(Production method)

[0059] Firstly, the following will provide a brief description of an example of a production process for a ferritic stainless
steel in accordance with the present embodiment. The production process for a ferritic stainless steel in accordance
with the present embodiment includes a pretreatment step, a hot rolling step, an annealing step, a pickling step, and a
cold rolling step.

[0060] In the pretreatment step, first, steel which has been adjusted so as to have composition falling within the scope
of the present invention is melted with use of a melting furnace having a vacuum atmosphere or an argon atmosphere,
and this steel is cast to produce a slab. Subsequently, the slab is cut to obtain a slab piece for hot rolling. Then, the slab
piece is heated to a temperature range of 1100°C to 1300°C in an air atmosphere. A time for which the slab piece is
heated and held is not limited. Note that, in a case where the pretreatment step is industrially carried out, the above
casting can be continuous casting.

[0061] The hot rolling step is a step of hot-rolling the slab (steel ingot), obtained in the pretreatment step, to produce
a hot-rolled steel strip having a predetermined thickness.

[0062] Theannealing stepisa step of heating the hot-rolled steel strip obtained in the hotrolling step S2 to atemperature
of, for example, 900°C to 1050°C, so as to soften the steel strip. In the annealing step, the steel strip after the annealing
is cooled such that cooling time taken to cool the steel strip from the annealing temperature to 400°C is not less than
30 seconds. This allows a Nb carbide to be precipitated inside the tissue (i.e., in grain boundaries and inside the grains).
[0063] The pickling step is a step of washing off, with use of a pickle such as hydrochloric acid or a mixed solution of
nitric acid and hydrofluoric acid, scales adhering to the surface of the annealed steel strip obtained in the annealing step.
[0064] The cold rolling step is a step of rolling the annealed steel strip from which the scales have been removed in
the first pickling step, so as to make the annealed steel strip thinner. A rolling reduction ratio in the cold rolling step is
not less than 65%, more preferably not less than 75%. In a case where the rolling reduction ratio in the cold rolling step
is not less than 65%, it is possible to increase a strain in the steel. More specifically, in a case where the rolling reduction
ratio in the cold rolling step is not less than 65%, a dislocation density p derived by the Williamson and Hall method with
use of X-ray diffraction is not less than 0.91x 1014 [m-2]. In other words, in order to prepare a cold-rolled sheet having
a dislocation density p of not less than 0.91x 1014 [m2] as derived by the Williamson and Hall method with use of X-ray
diffraction, the rolling reduction ratio in the cold rolling step should be notless than 65%, more preferably notless than 75%.
[0065] Note that the series of steps from the annealing step through the cold rolling step can be carried out a plurality
of times. In a case where the series of steps is carried out only once, the annealing step is referred to as a final annealing
step. In a case where the series of steps is carried out a plurality of times, one of the annealing steps which one is carried
outlastis referred to as a final annealing step, and the annealing step(s) is/are referred to as a process annealing step(s).
[0066] Further, in the production method in accordance with the present embodiment, a rolling reduction ratio in the
cold rolling step after the final annealing step is not less than 65%. In other words, the cold rolling step after the final
annealing step is a cold rolling step in which rolling is carried out until the dislocation density p derived by the Williamson
and Hall method with use of X-ray diffraction becomes not less than 0.91x1014 [m-2].

[0067] The method for producing the ferritic stainless steel in accordance with the present embodiment is characterized
by including no annealing step after the cold rolling step. That is, the ferritic stainless steel in accordance with the present
embodiment is a cold-rolled steel strip after a cold rolling step. Since the ferritic stainless steel is a cold-rolled steel strip,
strain remains accumulated in the steel. This accelerates diffusion of Al and Cr. This makes it possible to provide an
alumina layer under high temperature conditions, thereby achieving high oxidation resistance at high temperatures.
Further, since there is no need to carry out a final annealing after the cold rolling, it is possible to reduce production costs.
[0068] Aspects of the present invention can also be expressed as follows:

A ferritic stainless steel in accordance with Aspect 1 of the present disclosure contains not more than 0.030% of C,
0.01% to 1.5% of Si, 0.01% to 1.00% of Mn, not more than 0.050% of P, not more than 0.005% of S, 15.0% to 25.0%
of Cr, 2.0% to 4.0% of Al, not more than 1.00% of Ni, 0.01% to 0.70% of Nb, not more than 0.030% of N, 0.0003% to
0.01% of B, and 0.01% to 0.20% of REM, in percent by mass, and the other part composed of Fe and an inevitable
impurity, the ferritic stainless steel having a dislocation density p of not less than 0.91x10'4 [m-2] as derived by the
Williamson and Hall method with use of X-ray diffraction.

[0069] According to the above configuration, the content of Al is not more than 4.0%. This allows the ferritic stainless
steel to be excellent in toughness. Further, since the dislocation density p is not less than 0.91x1014 [m2], it is possible
to form an alumina layer sooner. This makes it possible to provide a ferritic stainless steel which is excellent in oxidation
resistance at high temperatures.

[0070] In Aspect 2 of the present disclosure, the ferritic stainless steel in accordance with Aspect 1 can be configured
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such that: in a case where the ferritic stainless steel is heated at 1050°C for 50 hours, the ferritic stainless steel forms
an alumina layer mainly composed of alumina; and in a cross section of the alumina layer obtained by cutting the alumina
layer in a thickness direction, a total length of grain boundaries included in a given region having an area of 2.25 pm?
is not more than 5.5 pm.

[0071] In Aspect 3 of the present disclosure, the ferritic stainless steel in accordance with Aspect 2 can be configured
such that a total concentration of a Nb oxide, a Cr oxide, and a REM-based oxide which are present in grain boundaries
in the alumina layer is not less than 3.5 wt%.

[0072] In Aspect4 of the present disclosure, the ferritic stainless steel in accordance with any one of Aspects 1 through
3 can be configured such that the ferritic stainless steel further contains at least one selected from the group consisting
of not more than 0.50% of Zr, not more than 0.50% of V, not more than 1.0% of Cu, not more than 2.0% of Mo, not more
than 2.0% of W, not more than 0.50% of Hf, not more than 0.50% of Sn, not more than 0.5% of Ta, not more than 0.20%
of Ti, not more than 0.015% of Mg, and not more than 0.015% of Ca, in percent by mass.

[0073] In Aspect5 of the present disclosure, the ferritic stainless steel in accordance with any one of Aspects 1 through
3 can be configured such that the ferric stain steel satisfies 100<X[C]/[Nb] < 35 where [C] is a percent by mass of C and
[NDb] is a percent by mass of Nb.

[0074] A method for producing a ferritic stainless steel in accordance with Aspect 6 of the present disclosure is a
method in which the ferritic stainless steel contains not more than 0.030% of C, 0.01% to 1.5% of Si, 0.01% to 1.00%
of Mn, not more than 0.050% of P, not more than 0.005% of S, 15.0% to 25.0% of Cr, 2.0% to 4.0% of Al, not more than
1.00% of Ni, 0.01% to 0.70% of Nb, not more than 0.030% of N, 0.0003% to 0.01% of B, and 0.01% to 0.20% of REM,
in percent by mass, and the other part composed of Fe and an inevitable impurity, the method including: an annealing
step of annealing a steel strip which has been hot-rolled, such that cooling time taken to cool the steel strip from an
annealing temperature to 400 degrees after annealing is not less than 30 seconds; and a cold rolling step of carrying
out, after a final annealing step, cold rolling until a dislocation density p derived by the Williamson and Hall method is
not less than 0.91x1014 [m-2].

[0075] Accordingtothe above configuration, itis possible to provide a ferritic stainless steel which is excellenttoughness
and in oxidation resistance at high temperatures.

[0076] In Aspect 7 of the present disclosure, the method in accordance with Aspect 6 can be configured such that in
the cold rolling step, a rolling reduction ratio is not less than 65%.

[0077] In Aspect 8 of the present disclosure, the method in accordance with Aspect 6 or 7 can be configured such
that in scanning electron microscope observation of random three 30 wum30 pm portions in a cross section obtained
by cutting, along a plane perpendicular to a rolling direction, of the ferritic stainless steel obtained through the cold rolling
step, an average number of carbides each having (i) a Nb concentration of not less than 5 wt% as measured by energy
dispersive X-ray spectroscopy and (ii) a particle diameter of not less than 0.1 pm is 2 to 15.

[0078] In Aspect 9 of the present disclosure, the method in accordance with any one of Aspects 6 through 8, wherein:
the ferritic stainless steel forms an alumina layer in a case where the ferritic stainless steel is heated at 1050°C for 50
hours; and in a cross section of the alumina layer obtained by cutting the alumina layer in a thickness direction, a total
length of grain boundaries included in a given region having an area of 2.25 pmZ is not more than 5.5 pm.

[0079] In Aspect 10 of the present disclosure, the method for producing a ferritic stainless steel in accordance with
Aspect 9 can be configured such that a total concentration of a Nb oxide, a Cr oxide, and a REM-based oxide which are
present in grain boundaries in the alumina layer is not less than 3.5 wt%.

[0080] In Aspect 11 of the present disclosure, the method in accordance with any one of Aspects 6 through 10 can
be configured such that the ferritic stainless steel further contains at least one selected from the group consisting of not
more than 0.50% of Zr, not more than 0.50% of V, not more than 1.0% of Cu, not more than 2.0% of Mo, not more than
2.0% of W, not more than 0.50% of Hf, not more than 0.50% of Sn, not more than 0.5% of Ta, not more than 0.20% of
Ti, not more than 0.015% of Mg, and not more than 0.015% of Ca, in percent by mass.

[0081] In Aspect 12 of the present disclosure, the method in accordance with any one of Aspects 6 through 11 can
be configured such that the ferritic stainless steel satisfies 100X [C]/[Nb] < 35 where [C] is a percent by mass of C and
[NDb] is a percent by mass of Nb.

[0082] In Aspect 13 of the present disclosure, the method in accordance with any one of Aspects 6 through 12 can
be configured such that a heating temperature in the final annealing step is 900°C to 1050°C. According to the above
configuration, it is possible to provide an annealed steel strip suitable for providing a ferritic stainless steel which is
excellent toughness and in oxidation resistance at high temperatures.

[Examples]
[0083] In order to evaluate the physical properties of ferritic stainless steels in accordance with embodiments of the

present invention, ferritic stainless steels containing components shown in Fig. 1 below as raw materials were produced
as steel types of inventive examples and steel types of comparative examples. In Table 1, steel types No. 1 through 16
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are ferritic stainless steels which are examples of the presentinvention and were prepared within the scope of the present
invention. In Table 1, steel types No. 17 through 27 are ferritic stainless steels which are comparative examples and
were prepared under conditions falling outside the scope of the present invention.

[0084] In order to produce a steel material of a steel type shown in Table 1, first, a steel containing the components
shown in Table 1 was melted in vacuum to produce 30 kg of slab. The slab was heated at 1230°C for 2 hours and then
subjected to hot rolling to prepare a hot-rolled sheet having a thickness of 3 mm. The obtained hot-rolled sheet was
annealed at a temperature of 900°C to 1050°C to prepare a hot-rolled annealed sheet. The obtained hot-rolled annealed
sheet was subjected to two times of cold rolling and two times of annealing, and further subjected to a final cold rolling
to produce a cold-rolled sheet having a thickness of 50 pm. Cooling time taken to reduce the temperature from the
annealing temperature to 400 degrees in an annealing step is shown in Table 2.

[0085] Note that up to the second time of cold rolling, each cold rolling was carried out at a rolling reduction ratio of
60% to 85%, both in the examples of the present invention and in the comparative examples, and annealing after each
cold rolling was carried out at a temperature condition in a range of 900°C to 1050°C. A rolling reduction ratio in the final
cold rolling is indicated in the item "final rolling reduction ratio" in Table 2. As shown in Table 2, the rolling reduction ratio
in the final cold rolling in each of the examples of the present invention is not less than 65%. In contrast, the rolling
reduction ratio in the final cold rolling in each of the comparative examples is less than 65%. Note that the production
method described in Examples is merely an example, and does not limit the production method.

[Table 1]

1"



EP 4 446 442 A1

008 71000 900 TIZO | 01000 | 8000 | €00 600 zee | 710Z | 60000 | 9200 | +£0 150 | 6000 1z

I 80 | 20 1800 | 22000 | 1100 | §£0 150 8I'e | 6092 | 80000 | L300 | 610 620 | 1100 92

5t 20 €600 | 82000 | 1100 | €20 170 605 | 181 | 1000 | 6800 | 620 7€0 | 8000 4

71 610 | 1€00 | TPTO0 | £100 | &0 | €10 e | b0l | 80000 | €600 | €b0 €0 | 6000 %4

scwexe 8 0 100 | 9£000 | 6000 | SI0 600 887 | L00Z | 21000 | 6200 | 820 €20 | €100 €2
0 T €10 1800 | 42000 | 0100 | 020 100 6T | 6161 | 60000 | 1800 | 610 &0 | 0100 4

aAljejedwo) —

¢ 570 vLO0 | 81000 | £000 | 810 z10 6 | €241 | 80000 | 1200 | €0 8T | 1000 17

67 £0000 30 | 600 | 61000 | 100 | 170 800 evg | BETT | 80000 | 1300 | 170 €20 | 8000 0z

ooyl 600 1800 | 20000 | 8000 | %000 | 210 we | sgr1L | o000 | 6200 | €10 610 | £000 6l

ey 0 600 | BOOO | §1000 | 1100 | 120 810 zge | 1681 | 1000 | 100 | 620 1£0 | 6000 8l

7t 810 1o €00 | 20000 | 6000 | 610 610 16 | ezl | 60000 | veoo | TET | 620 | 9000 1

£t 120 1500 | 18000 | 6000 | 120 €10 17e | 1591 | 60000 | 2200 | (20 880 | £000 91

008 1o 6900 | 12000 | 1100 | 00 7210 867 | S6/1 | 90000 | 8100 | 820 660 @.o Gl

97 860 | 6v00 | £1000 | 6000 | 1€0 820 16 | 6081 | 60000 | 7200 | 6€0 1£0 | 8000 vl

9t 180 £0000 ¥600 | 11000 | 8000 | 220 €0 90 | €06l | L0000 | 6200 | 650 &0 | 8000 €l

Ty 910 8100 | 01000 | £000 | %0 100 16 | b0l | 80000 | 8200 | ¥E0 veo | o100 7

9 860 ¥1100 800 | 80000 | 1100 | §10 800 167 | 100z | 90000 | 8100 | 180 150 | 0100 1"

uerueAUl ze 510 9900 | 60000 | 6000 | 810 100 86 | 6471 | £0000 | 2200 | 220 ¥00 | 2200 o1
Juesa.d 0 70 6100 | 21000 | 1100 | 020 710 867 | 19%Z | 80000 | 6200 | 800 500 | 0100 6
s vz o 8500 | 62000 | €200 | €50 720 we | 200Z | 60000 | 8200 | 210 680 | 8000 8
sdwexg €1 18000 160 SO0 | ¥1000 | 2100 | S10 710 sze | vo8l | 90000 | 8200 | 810 610 | 1100 I
24 680 8600 | £1000 | 6000 | 610 800 89 | 6671 | L0000 | €400 | €50 720 | 8000 9

9 £1000 w0 | ¥1000 | 100 | 810 810 622 | 9061 | 60000 | 6200 | 620 1wl | oo 5

€ 9400 | 11000 | 6000 | 610 720 aze | 6081 | 60000 | 8200 | b£0 7€0 | 8000 v

96 150 620 | 600 | 61000 | 000 | 810 510 61'c | 161 | 80000 | 2200 | 620 610 | 0100 £

vl 800 760 1600 | 12000 | 1100 | 180 7210 197 | 19l | 60000 | G200 | ¥20 o | 8000 z

6 720 | ve00 | Sz000 | z00 | £10 010 vae | 9671 | vl000 | 9z00 | 110 €60 | 0100 !
o

on H el no us ) £ A M iz EY g N aN 0 s d un 9 adky
fioBeren | [aN]/[0] x 00} leo3s
Juswele _MCD_VQO Jusws|e |elusssy
o S 2 S 2 3 8 S 2 8 8

12



10

15

20

25

30

35

40

45

50

55

EP 4 446 442 A1

[0086] In Table 1, the composition of components contained in each steel type is indicated in percent by mass. Note
that a remainder other than the components shown in Table 1 is Fe or a small amount of an impurity which is inevitably
contained (inevitable impurity). Underlines shown in Table 1 each indicate that the range of a component contained in
a stainless steel of a comparative example of the present invention is outside a range in accordance with the present
invention.

(Measurement of dislocation density)

[0087] The following description will discuss measurement of a dislocation density p carried out with respect to the
cold-rolled sheets of the steel types of the examples of the present invention and the cold-rolled sheets of the steel types
of the comparative examples shownin Table 1. The measurement of a dislocation density p was carried outin accordance
with the method described in the section "(Dislocation density)" in the embodiments. Table 2 shows results of measure-
ment of a dislocation density p. All of the steel types No. 1 through 16, which are examples of the present invention, had
a dislocation density p of not less than 0.91x1014 [m-2]. In contrast, comparative example steel types No. 17 through
27 all had a dislocation density p of less than 0.91x1014 [m2]. The results verified that, in a case where the rolling
reduction ratio in the final cold rolling step is not less than 65%, a dislocation density p is not less than 0.91x1014 [m-2].
The results also verified that, in a case where the rolling reduction ratio in the final cold rolling step is less than 65%, a
dislocation density p is less than 0.91x1014 [m-2].

(Nb carbide)

[0088] The cold-rolled sheets of the steel types of the examples of the present invention and the cold-rolled sheets of
the steel types of the comparative examples were investigated as to the number of Nb carbides present in tissues of
each cold-rolled sheet. The investigation was carried out as follows. First, the cold-rolled sheet was cut along a plane
which was perpendicular to a rolling direction. Subsequently, random three 30 wumx30 pm portions in a cross section
were observed with use of a scanning electron microscope to calculate an average number of carbides each having (i)
a Nb concentration of not less than 5 wt% as measured by energy dispersive X-ray spectroscopy and (ii) a particle
diameter of not less than 0.1 pm. The calculated average value of the Nb carbides is shown in Table 2 as "average
number of Nb carbides". As shown in Table 2, all of the steel types No. 1 through 16, which are examples of the present
invention, had an average number of carbides within a range of 2 to 15.

(Measurement of length of grain boundary)

[0089] Firstly, the cold-rolled sheets of the steel types of the examples of the present invention and the cold-rolled
sheets of the comparative example steel types indicated in Table 1 were each heated at 1050°C for 50 hours. After the
heating, each steel sheet was STEM observation of a cross section. The STEM observation was carried out using HD-
2700 manufactured by Hitachi High-Tech Corporation, at a voltage of 200 V and an observation magnification of 30,000
times. Measurement of a length of alumina grain boundaries was carried out such that a 1.5 umX 1.5 pm portion was
randomly selected from a center part of the alumina film, and a total length of boundaries in the portion was determined.
Note that an average of values of randomly selected three portions was used as a measured length.

[0090] In determination on a length of grain boundaries in Table 2, "Good" indicates that the length of grain boundaries
within a 2.25-sq-pm portion is not more than 5.5 pm, and "Poor" indicates that the length of grain boundaries within a
2.25-sg-pm portion is more than 5.5 pm.

(Concentrations of elements in grain boundaries in alumina layer)

[0091] The following description will discuss the concentrations of elements Nb, Cr, and REM in alumina grain bound-
aries of the examples of the present invention and the comparative examples indicated in Table 1.

[0092] Firstly, the cold-rolled sheets of the steel types of the examples of the present invention and the cold-rolled
sheets of the comparative example steel types indicated in Table 1 were each heated at 1050°C for 50 hours. After the
heating, each steel sheet was observed from a cross section thereof, and the concentrations of elements in grain
boundaries were measured by STEM-EDX. The observation of a STEM image was carried out by spot analysis of center
parts of grain boundaries with use of HD-2700 manufactured by Hitachi High-Tech Corporation, at a voltage of 200 V
and an observation magnification of 4,000,000 times. For energy dispersive X-ray spectroscopy (EDX), an energy
dispersive X-ray analyzer EDAX Octane T Ultra W manufactured by AMETEK, Inc. was used. The analysis time was
300 seconds.

[0093] Table 2 shows values each obtained by adding up concentrations of the elements Nb, Cr, Ce, La, and Nd. That
is, the values are each a total concentration of a Nb oxide, a Cr oxide, and a REM-based oxide in grain boundaries.
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[0094] In determination on an increased element concentration in Table 2, a case in which a total concentration of an
Nb oxide, a Cr oxide, and a REM-based oxide in grain boundaries is not less than 3.5 wt% is indicated as "Good". A
case in which a total concentration of an Nb oxide, a Cr oxide, and a REM-based oxide in grain boundaries is less than
3.5 wt% is indicated as "Poor" in Table 2.

(High-temperature oxidation resistance evaluation test)

[0095] The following description will discuss an evaluation test on high-temperature oxidation resistance carried out
with respect to the examples of the present invention and the comparative examples shown in Tables 1 and 2. First, for
each steel type indicated in Table 1, three test pieces each having a width of 20 mm and a length of 25 mm were taken
from a cold-rolled sheet having a thickness of 50 pm as described above regarding production of a steel material. The
test pieces were subjected to an air atmosphere at 1050°C for 50 hours, and an average amount of increase in oxidation
among the three test pieces was measured. The present high-temperature oxidation resistance evaluation test was
carried out in an atmospheric air with use of an EREMA electric kiln. The results are shown in Table 3 below. In
determination on high-temperature oxidation resistance in Table 3, "Good" indicates that an average increase in oxidation
was not more than 1 mg/cm?2, and "Poor" indicates that the average increase in oxidation was more than 1 mg/cm?2.

(Toughness evaluation test)

[0096] The following description will discuss a toughness evaluation test carried out with respect to the examples of
the present invention and the comparative examples shown in Table 1. First, a test piece to be used in the present
evaluation test was prepared on the basis a V-notched test piece according to the JIS standard (JIS Z 2242 (2018)).
Adjustment of the thickness of a hot-rolled sheet was carried out by cutting the surface of a hot-rolled sheet, which had
a thickness of 3 mm as described above regarding production of a steel material, until the thickness was 2.5 mm. A test
piece was taken from the steel sheet such that a longitudinal direction of the test piece was parallel to a rolling direction.
Further, the test piece was notched such that the notch was perpendicular to the rolling direction.

[0097] The present evaluation test was carried out according to the JIS standard (JIS Z 2242 (2018)). The present
evaluation test was carried out at room temperature (23°C * 2°C) for 5 test pieces per steel type, and a Charpy impact
value (absorption energy) was determined. Note that a IC-30B type Charpy impact tester manufactured by Tokyo Koki
Seizosho was used in the present evaluation test. The results are shown in Table 2 below. In Table 2, "Good" indicates
that a Charpy impact value is notless than 20 J/cm2, and "Poor" indicates that a Charpy impact value is less than 20 J/cmZ2.
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[0098] As shown in Fig. 2, inventive example steel types No. 1 through 16 all satisfied the above criteria in terms of
high-temperature oxidation resistance and toughness. Comparative example steel types No. 17 through 27 did not satisfy
the above criteria in terms of one or both of high-temperature oxidation resistance and toughness.

[0099] Thatis, it was verified that a ferritic stainless steel within the scope of the present invention is excellent in high-
temperature oxidation resistance and toughness.

[0100] The following will explain the reason why comparative example steel types Nos. 17 through 27 did not exhibit
results as good as the results of the steel types of the examples of the present invention.

[0101] Comparative example steel type No. 17 satisfied the criterion in terms of length of grain boundaries, but did
not satisfy the criterion in terms of concentration of Nb, Cr, and REM in grain boundaries, due to having a low B content.
Because of this, comparative example steel type No. 17 did not exhibit an excellent result in terms of high-temperature
oxidation resistance.

[0102] Comparative example steel type No. 18 did not satisfy the criterion in terms of concentration of Nb, Cr, and
REM in grain boundaries, due to having a REM content of less than 0.01%. Further, comparative example steel type
No. 18 tended to have an equiaxial crystal and did not exhibit an excellent result in high-temperature oxidation resistance,
due to having a Ti content greater than 0.20%.

[0103] Comparative example steel type No. 19 had a Nb content of less than 0.01%, did not satisfy the criterion in
terms of concentration of Nb, Cr, and REM in grain boundaries, and did not exhibit an excellent result in terms of high-
temperature oxidation resistance.

[0104] Comparative example steeltype No. 20 had a Zr content of more than 0.50% and thus tended to have segregation
of Zr at alumina grain boundaries to encourage equiaxial crystallization, and did not exhibit an excellent result in terms
of high-temperature oxidation resistance.

[0105] Comparative example steel type No. 21 had a Si content of more than 1.5%, and exhibited an excellent result
in terms of high-temperature oxidation resistance due to an effect of a Si-based oxide such as SiO,. However, comparative
example steel type No. 21 had a Si content of more than 1.5%, and did not exhibit a good result in terms of toughness.
[0106] Comparative example steel type No. 22 has an Al content of less than 2.0%, and does not tend to have formation
of an oxide film of Al,O35. This creates a state in which the partial pressure of oxygen is high, and equiaxial crystallization
is likely to occur. As such, Comparative example steel type No. 22 did not exhibit a good resultin terms of high-temperature
oxidation resistance.

[0107] Comparative example steel type No. 23 tended to have equiaxial crystallization and did not exhibit a good result
in terms of high-temperature oxidation resistance, due to having a Ti content greater than 0.20%.

[0108] Comparative example steel type No. 24 had a Nb content of more than 0.70%, was likely to have equiaxial
crystal, and therefore did not exhibit a good result in terms of high-temperature oxidation resistance.

[0109] Comparative example steel type No. 25 had an Al content of more than 4.0%, and therefore did not exhibit a
good result in terms of toughness.

[0110] Comparative example steel type No. 26 had a Cr content of more than 25.0%, tended to have an increased Cr
concentration at alumina grain boundaries to form equiaxial crystallization, and did not exhibit a good result in terms of
high-temperature oxidation resistance.

[0111] Comparative Example steel type No. 27 had a REM content of more than 0.20%, so that an oxide such as
Y,05 or CeO, was formed. As such, Comparative Example steel type No. 27 did not exhibit a good result on toughness.

Reference Signs List

[0112] 10: Alumina layer

Claims

1. A ferritic stainless steel, comprising not more than 0.030% of C, 0.01% to 1.5% of Si, 0.01% to 1.00% of Mn, not
more than 0.050% of P, not more than 0.005% of S, 15.0% to 25.0% of Cr, 2.0% to 4.0% of Al, not more than 1.00%
of Ni, 0.01% to 0.70% of Nb, not more than 0.030% of N, 0.0003% to 0.01% of B, and 0.01% to 0.20% of REM, in
percent by mass, and the other part composed of Fe and an inevitable impurity, the ferritic stainless steel having a
dislocation density p of not less than 0.91x1014 [m-2] as derived by the Williamson and Hall method,
wherein in scanning electron microscope observation of random three 30 wumx30 pm portions in a cross section
obtained by cutting the ferritic stainless steel along a plane perpendicular to a rolling direction, an average number
of carbides each having (i) a Nb concentration of not less than 5 wt% as measured by energy dispersive X-ray
spectroscopy and (ii) a particle diameter of not less than 0.1 pmis 2 to 15.

2. The ferritic stainless steel as set forth in claim 1, wherein: in a case where the ferritic stainless steel is heated at
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1050°C for 50 hours, the ferritic stainless steel forms an alumina layer mainly composed of alumina; and
in a cross section of the alumina layer obtained by cutting the alumina layer in a thickness direction, a total length
of grain boundaries included in a given region having an area of 2.25 pmZ is not more than 5.5 pm.

The ferritic stainless steel as set forth in claim 2, wherein a total concentration of a Nb oxide, a Cr oxide, and a REM-
based oxide which are present in grain boundaries in the alumina layer is not less than 3.5 wt%.

The ferritic stainless steel as set forth in any one of claims 1 through 3, wherein the ferritic stainless steel further
comprises at least one selected from the group consisting of not more than 0.50% of Zr, not more than 0.50% of V,
not more than 1.0% of Cu, not more than 2.0% of Mo, not more than 2.0% of W, not more than 0.50% of Hf, not
more than 0.50% of Sn, not more than 0.5% of Ta, not more than 0.20% of Ti, not more than 0.015% of Mg, and
not more than 0.015% of Ca, in percent by mass.

The ferritic stainless steel as set forth in any one of claims 1 through 3, wherein the ferric stain steel satisfies
100X [C)/[Nb] < 35
where [C] is a percent by mass of C and [Nb] is a percent by mass of Nb.

A method for producing a ferritic stainless steel, the ferritic stainless steel containing not more than 0.030% of C,
0.01% to 1.5% of Si, 0.01% to 1.00% of Mn, not more than 0.050% of P, not more than 0.005% of S, 15.0% to 25.0%
of Cr, 2.0% to 4.0% of Al, not more than 1.00% of Ni, 0.01% to 0.70% of Nb, not more than 0.030% of N, 0.0003%
to 0.01% of B, and 0.01% to 0.20% of REM, in percent by mass, and the other part composed of Fe and an inevitable
impurity, the method comprising:

an annealing step of annealing a steel strip which has been hot-rolled, such that cooling time taken to cool the
steel strip from an annealing temperature to 400 degrees after annealing is not less than 30 seconds; and

a cold rolling step of carrying out, after a final annealing step, cold rolling until a dislocation density p derived
by the Williamson and Hall method is not less than 0.91x 1014 [m2].

The method as set forth in claim 6, wherein in the cold rolling step, a rolling reduction ratio is not less than 65%.

The method as set forth in claim 6 or 7, wherein in scanning electron microscope observation of random three 30
rmXx30 pm portions in a cross section obtained by cutting, along a plane perpendicular to a rolling direction, of the
ferritic stainless steel obtained through the cold rolling step, an average number of carbides each having (i) a Nb
concentration of not less than 5 wt% as measured by energy dispersive X-ray spectroscopy and (ii) a particle
diameter of not less than 0.1 pm is 2 to 15.

The method as set forth in claim 6 or 7, wherein: the ferritic stainless steel forms an alumina layer in a case where
the ferritic stainless steel is heated at 1050°C for 50 hours;

and

in a cross section of the alumina layer obtained by cutting the alumina layer in a thickness direction, a total length
of grain boundaries included in a given region having an area of 2.25 um?2 is not more than 5.5 pm.

The method as set forth in claim 9, wherein a total concentration of a Nb oxide, a Cr oxide, and a REM-based oxide
which are present in grain boundaries in the alumina layer is not less than 3.5 wt%.

The method as set forth in claim 6 or 7, wherein the ferritic stainless steel further contains at least one selected from
the group consisting of not more than 0.50% of Zr, not more than 0.50% of V, not more than 1.0% of Cu, not more
than 2.0% of Mo, not more than 2.0% of W, not more than 0.50% of Hf, not more than 0.50% of Sn, not more than
0.5% of Ta, not more than 0.20% of Ti, not more than 0.015% of Mg, and not more than 0.015% of Ca, in percent
by mass.

The method as set forth in claim 6 or 7, wherein the ferritic stainless steel satisfies 100 X[C]/[Nb] < 35 where [C] is
a percent by mass of C and [Nb] is a percent by mass of Nb.
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FIG. 1
INVENTIVE EXAMPLE
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