
(19) *EP003480331B1*
(11) EP 3 480 331 B1

(12) EUROPEAN PATENT SPECIFICATION

(45) Date of publication and mention
of the grant of the patent:
30.04.2025 Bulletin 2025/18

(21) Application number: 17820295.8

(22) Date of filing: 29.06.2017

(51) International Patent Classification (IPC):
C22C 38/00 (2006.01) C22C 38/58 (2006.01)
C23C 8/10 (2006.01) C21D 1/76 (2006.01)
C22C 38/02 (2006.01) C22C 38/04 (2006.01)
C22C 38/06 (2006.01) C22C 38/20 (2006.01)
C22C 38/22 (2006.01) C22C 38/24 (2006.01)
C22C 38/26 (2006.01) C22C 38/28 (2006.01)
C22C 38/30 (2006.01) C22C 38/32 (2006.01)
C23C 8/18 (2006.01) C21D 8/10 (2006.01)

C21D 8/02 (2006.01) C21D 6/00 (2006.01)

(52) Cooperative Patent Classification (CPC):
C22C 38/001; C22C 38/002; C22C 38/005;
C22C 38/02; C22C 38/04; C22C 38/06;
C22C 38/20; C22C 38/22; C22C 38/24;
C22C 38/26; C22C 38/28; C22C 38/30;
C22C 38/32; C23C 8/18; C21D 6/002; (Cont.)

(86) International application number:
PCT/JP2017/024012

(87) International publication number:
WO 2018/003941 (04.01.2018 Gazette 2018/01)

(54) A METHOD OF PRODUCING HEAT RESISTANT FERRITIC STEEL AND A METHOD FOR
PRODUCING A FERRITIC HEAT TRANSFER MEMBER
VERFAHREN ZUR HERSTELLUNG VON HITZEBESTÄNDIGEM FERRITISCHEM STAHL UND
VERFAHREN ZUR HERSTELLUNG EINES FERRITISCHEN WÄRMEÜBERTRAGUNGSTEILS

UN PROCÉDÉ DE FABRICATION D’ACIER FERRITIQUE RÉSISTANT À LA CHALEUR ET UN
PROCÉDÉ DE FABRICATION D’UN ÉLÉMENT DE TRANSFERT DE CHALEUR FERRITIQUE

(84) Designated Contracting States:
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO
PL PT RO RS SE SI SK SM TR

(30) Priority: 29.06.2016 JP 2016128431

(43) Date of publication of application:
08.05.2019 Bulletin 2019/19

(73) Proprietor: Nippon Steel Corporation
Tokyo 100‑8071 (JP)

(72) Inventors:
• NISHIYAMA, Yoshitaka

Tokyo 100‑8071 (JP)
• NOGAMI, Hiroshi

Tokyo 100‑8071 (JP)

(74) Representative: J A Kemp LLP
80 Turnmill Street
London EC1M 5QU (GB)

(56) References cited:
WO-A1‑2007/091535 WO-A1‑2013/077363
CN-A‑ 103 334 056 CN-A‑ 103 334 056
JP-A‑ 2007 039 745 JP-A‑ 2009 007 601
JP-A‑ 2013 127 103 JP-A‑ H0 885 847
JP-A‑ H1 192 880 US-A‑ 5 520 751
US-A1‑ 2014 295 194

EP
3

48
0

33
1

B
1

Processed by Luminess, 75001 PARIS (FR) (Cont. next page)

Note: Within nine months of the publication of the mention of the grant of the European patent in the European Patent
Bulletin, any person may give notice to the European Patent Office of opposition to that patent, in accordance with the
Implementing Regulations. Notice of opposition shall not be deemed to have been filed until the opposition fee has been
paid. (Art. 99(1) European Patent Convention).



• SHUKLA AMARISH K ET AL: "Effect of Cold
Working on Hot Corrosion Behavior of 9 Cr‑1 Mo
Ferritic Steel in 75 wt% Na2SO4 + 25 wt%
K2SO4Molten Salt Environment at 900 °C",
TRANSACTIONS OF THE INDIAN INSTITUTE OF
METALS, SPRINGER INDIA, IN, vol. 69, no. 5, 2
February 2016 (2016‑02‑02), pages 1049 - 1057,
XP035964217, ISSN: 0972‑2815, [retrieved on
20160202], DOI: 10.1007/S12666‑015‑0619‑4

• NIU KUN ET AL: "Corrosion performance of 13Cr
stainless steel in high temperature and high
pressure environments", FUSHI-YU-FANGHU ? =
CORROSION AND PROTECTION, XX, CN, vol. 33,
no. 5, 1 January 2012 (2012‑01‑01), pages 407 -
410, XP009517346, ISSN: 1005‑748X

• AUTORENKOLLEKTIV: "Spurenelemente im
Stahl - Moeglichkeiten zur Beeinflussung im
Smelzbetrieb", SPURENELEMENTE IN
STAEHLEN, VERLAG STAHLEISEN,
DUESSELDORF, DE, 1 January 1985
(1985‑01‑01), pages 19 - 22, XP002433212

• AUGUSTA MARTINELLI MIRANDA ET AL:
"Monitoring of less-common residual elements
in scrap feeds for EAF steelmaking",
IRONMAKING & STEELMAKING: PROCESSES,
PRODUCTS AND APPLICATIONS, vol. 46, no. 7, 9
August 2019 (2019‑08‑09), United Kingdom,
pages 598 - 608, XP055752627, ISSN: 0301‑9233,
DOI: 10.1080/03019233.2019.1601851

• IRVING MELVIN BERNSTEIN ET AL: "Residual
and Minor Elements in Stainless Steels",
HANDBOOK OF STAINLESS STEELS, XX, XX, 1
January 1977 (1977‑01‑01), pages 14 - 1,
XP002430954

(52) Cooperative Patent Classification (CPC): (Cont.)
C21D 8/0278; C21D 8/105; C21D 2211/005

2

EP 3 480 331 B1



Description

TECHNICAL FIELD

[0001] The present invention relates to a method of producing a heat resistant steel and a heat transfer member, and
moreparticularly relates toamethodofproducingaheat resistant ferritic steel anda ferriticheat transfermemberwhichare
used under a high-temperature steam oxidation environment or the like.

BACKGROUND ART

[0002] From the viewpoints of suppressing the emission of CO2 gas and economic efficiency, there is a demand to
improve the power generationefficiency in thermal power plants. Therefore, there is a trendof increasing temperature and
pressure of turbine steam in thermal power plants. Heat transfer members that are used in thermal power plants are
exposed to high temperature and high pressure steam for long time periods. A heat transfer member is, for example, a
boiler pipe. When exposed to high temperature steam for a long time period, oxide scale forms on the surface of the heat
transfer member. If the steam oxidation resistance properties of the heat transfer member are insufficient, a large amount
of oxide scale will form on the surface of the heat transfer member. The heat transfer member thermally expands and
contracts due to startingandstoppingof theboiler. Therefore, if a largeamount of oxide scale is formed, theoxide scalewill
peel off and cause a blockage in the pipe. Furthermore, in a case where a large amount of oxide scale is formed, thermal
conduction from outside the pipe to inside the pipe is inhibited by the oxide scale. Therefore, in order to maintain the
temperature within the pipe at a high temperature, it will be necessary to apply a greater amount of heat from the outside.
An increase in the temperature of the pipe causes a reduction in the creep strength. Therefore, high steam oxidation
resistance properties are required for heat transfer members that are to be used in equipment such as thermal power
boilers, turbines or steam pipes.
[0003] For example, a heat resistant austenitic steel and a heat resistant ferritic steel have been developed asmaterials
that meet the demands regarding such properties. A heat resistant austenitic steel is, for example, a heat resistant
austenitic steel having aCr content of 18 to 25mass%. A heat resistant ferritic steel is, for example, a heat resistant ferritic
steel having a Cr content of 8 to 13mass%. A heat resistant ferritic steel is less expensive than a heat resistant austenitic
steel. A heat resistant ferritic steel also has a lower coefficient of thermal expansion and a higher thermal conductivity than
a heat resistant austenitic steel. Therefore, a heat resistant ferritic steel is suitable as the material for a pipe in a thermal
power plant. However, the Cr content of a heat resistant ferritic steel is lower than the Cr content of a heat resistant
austenitic steel. Consequently, the steam oxidation resistance properties of the heat resistant ferritic steel are lower than
the steam oxidation resistance properties of the heat resistant austenitic steel. Therefore, there is a need for a heat
resistant ferritic steel that is excellent in steam oxidation resistance properties.
[0004] A heat resistant ferritic steel which inhibits oxide scale from falling off is disclosed, for example, in Japanese
Patent Application Publication No. 11‑92880 (Patent Literature 1). The heat resistant ferritic steel disclosed in Patent
Literature1 is aheat resistant ferritic steel containing ahighCr content that formsanoxide filmon thesurfaceduringuse, in
which ultra-fine oxides having a diameter of 1micron or less are formed at the boundarywith the oxide filmor in the vicinity
thereof. Patent Literature 1 describes that, as a result, the adhesiveness between the oxide film and the base metal
improves.
[0005] Amethod for improvingsteamoxidation resistancepropertiesby increasing theCr concentrationat thesurfaceof
a heat resistant ferritic steel is disclosed, for example, in JapanesePatentApplicationPublicationNo. 2007‑39745 (Patent
Literature 2). According to the method disclosed in Patent Literature 2, powder particles containing Cr are caused to be
carried at the surface of a heat resistant ferritic steel containing Cr, and a Cr-oxide layer having a high Cr concentration is
formed on the ferritic steel surface under a high temperature. Patent Literature 2 describes that, according to thismethod,
the (steam) oxidation resistance of a ferritic steel containing Cr can be easily and economically improved.
[0006] A method for improving oxidation resistance by forming a Cr-oxide coating on the surface of a heat resistant
ferritic steel is disclosed, for example, in Japanese Patent Application Publication No. 2013‑127103 (Patent Literature 3).
An antioxidation treatment method for a heat resistant ferritic steel described in Patent Literature 3 includes subjecting a
heat resistant ferritic steel containing chromium to a heat treatment under a gas atmosphere with a low oxygen partial
pressure that consists of a gaseous mixture of carbon dioxide gas with an inert gas to thereby form an oxide coating that
contains chromium on the surface of the heat resistant steel. Patent Literature 3 describes that, according to this method,
the Cr concentration in the scale is increased, and the oxidation resistance of the heat resistant ferritic steel can be easily
and economically improved.
[0007] Aheat resistant ferritic steel in which steamoxidation resistance properties are improved by depositingCr on the
surface of the heat resistant ferritic steel is disclosed, for example, in Japanese Patent Application Publication No.
2009‑179884 (Patent Literature4). Theheat resistant ferritic steel disclosed inPatent Literature 4 is aheat resistant ferritic
steel that is used under a high-temperature and highpressure steam environment, and has on its surface a Cr oxide film
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which is formed by subjecting Cr that was deposited by a shot peening treatment using a shot material of powdery Cr to a
pre-oxidizing treatment. Patent Literature 4 describes that, because a protection film of oxideswith oxidation resistance is
formedon theheat resistant steel prior to use in anoxidation environment, the steamoxidation resistanceproperties of the
heat resistant ferritic steel are improved.

CITATION LIST

PATENT LITERATURE

[0008]

Patent Literature 1: Japanese Patent Application Publication No. 11‑92880
Patent Literature 2: Japanese Patent Application Publication No. 2007‑39745
Patent Literature 3: Japanese Patent Application Publication No. 2013‑127103
Patent Literature 4: Japanese Patent Application Publication No. 2009‑179884

[0009] US2014/0295194disclosesaheat resistant ferritic steel includingabasematerial including, bymasspercent,C:
0.01 to0.3%,Si: 0.01 to2%,Mn: 0.01 to2%,P: atmost 0.10%,S: atmost 0.03%,Cr: 7.5 to14.0%, sol.Al: atmost 0.3%,and
N: 0.005 to 0.15%, the balance being Fe and impurities, and an oxide film that is formed on the basematerial and contains
25 to 97%of Fe and 3 to 75%ofCr. This heat resistant ferritic steel is excellent in photoselective absorptivity and oxidation
resistance.

SUMMARY OF INVENTION

TECHNICAL PROBLEM

[0010] However, even when the aforementioned techniques are used, in some cases the heat transfer characteristics
andsteamoxidation resistancepropertiesof aheat transfermembercannot be increasedsufficiently.Asdescribedabove,
various kinds of studies have been conducted regardingmethods for suppressing the formation of oxide scale by forming
Cr oxides on the surface of a heat transfer member. However, the thermal conductivity of Cr oxides is low. Therefore, if Cr
oxides are formed, even though the steam oxidation resistance properties of the heat transfer member will increase, the
heat transfer characteristics will decrease.
[0011] An objective of the present invention is to provide a method of producing a ferritic heat transfer member that is
excellent in heat transfer characteristics and steam oxidation resistance properties, and a heat resistant ferritic steel
capable of realizing the ferritic heat transfer member.

SOLUTION TO PROBLEM

[0012] A method of producing heat resistance steel according to the invention is defined in claim 1. A method for
producing a ferritic heat transfer member according to the invention is defined in claim 2.

ADVANTAGEOUS EFFECTS OF INVENTION

[0013] The heat resistant ferritic steel and the ferritic heat transfer member produced by the method according to the
present embodiment are excellent in heat transfer characteristics and steam oxidation resistance properties.

BRIEF DESCRIPTION OF DRAWINGS

[0014]

[FIG. 1] FIG. 1 is a sectional view of a heat resistant ferritic steel produced by the method according to the present
embodiment.
[FIG. 2] FIG. 2 is a sectional view of a ferritic heat transfer member produced by the method according to the present
embodiment.

DESCRIPTION OF EMBODIMENTS

[0015] The present embodiment is described in detail hereunder while referring to the drawings. Identical or equivalent
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portions in the drawings are assigned the same reference symbols, and a description of such portions is not duplicated.
[0016] The present inventors conducted various studies regarding heat resistant ferritic steels and ferritic heat transfer
members. As a result, the present inventors obtained the following findings.

(1) The heat resistant ferritic steel produced by the method of the present embodiment can be utilized as a heat
transfer member such as a boiler pipe. A heat transfer member such as a boiler pipe comes in contact with high
temperature steam. If exposed to high temperature steam for a long time period, oxide scale forms on the surface of
the heat transfer member. Oxide scale is composed of various oxides and impurities. The oxides are, for example,
Fe3O4, Fe2O3 and Cr2O3. The oxide scale forms an oxide film on the surface of the heat transfer member.
(2) If the thermal conductivity of theoxide film is low, theheat transfer characteristicswith respect to the transfer of heat
from outside of the heat transfer member to inside of the heat transfer member decrease. Therefore, in order to
maintain the inside of the heat transfermember at a high temperature, the necessity arises to apply a large amount of
heat from theoutsideof theheat transfermember, and thus theheat transfer characteristicsof theboiler decrease. Ina
case where a large amount of heat is applied from outside of the heat transfer member, the creep strength of the heat
transfer member may also decrease in some cases. Therefore, it is preferable that the thermal conductivity of the
oxide film is high. However, in a case where the thermal conductivity of the oxide film is too high, the heat of high
temperature steam is transmitted to the inner surface of the heat transfer member. Because the transmitted heat
promotes an oxidation reaction on the inner surface of the heat transfermember, a large amount of oxide scale arises
on the inner surfaceof theheat transfermember.The largeamount of oxidescalepeelsoff from the inner surfaceof the
heat transfer member. In a case where the heat transfer member is a pipe, the oxide scale that peeled off causes a
blockage in the pipe. Therefore, it is necessary for the thermal conductivity of the oxide film to be controlled within a
certain fixed range.
(3) If the thicknessof theoxidescale is too thick, thermal conduction fromtheoutsideof theheat transfermember to the
inside of the heat transfer member will be inhibited. Therefore, the heat transfer characteristics of the boiler will
decrease. Accordingly, it is preferable that the thickness of the oxide film is as thin as possible.
(4) Among the aforementioned oxides, Fe3O4 and Fe2O3 are formed in a thermodynamically stable manner under a
high-temperature steam oxidation environment (hereunder, also referred to as a "high-temperature steam environ-
ment"). The thermal conductivity of Fe3O4 and Fe2O3 is also high. Accordingly, the thermal efficiency of the boiler will
be improved if an oxide film containing a large amount of Fe3O4 and Fe2O3 is formed on the surface of a heat transfer
member that comes in contact with high temperature steam. However, the thermal conductivity of an oxide film
containing a largeamount of Fe3O4andFe2O3 is too high. Therefore, if only suchanoxide film is formed, as described
above, a large amount of oxide scale will arise on the inner surface of the heat transfer member.
(5) In general, in a heat transfermember such as a boiler pipe, inmany cases theCr concentration of the inner surface
of the pipe is increased, andanoxide filmcontaining a largeamount ofCr2O3 is formedon the inner surfaceof the heat
transfer member. By this means, formation of a large amount of oxide scale is suppressed and the steam oxidation
resistance properties of the heat transfer member improve. However, the thermal conductivity of an oxide film
containing a large amount ofCr2O3 is low.Consequently, the heat transfer characteristics of the heat transfermember
decrease.Therefore, theheat transfer characteristics of theboiler cannot be improvedbymeansof only suchanoxide
film.
(6) Therefore, an oxide film that includes two layers which are an oxidized layer having excellent heat transfer
characteristics and an oxidized layer that compatibly combines both steam oxidation resistance properties and heat
transfer characteristics is formed on the inner surface of a heat transfer member under a high-temperature steam
environment. By this means, both excellent heat transfer characteristics and excellent steam oxidation resistance
properties can be compatibly realized.
(7) When an oxidized layer contains Fe3O4 and Fe2O3 in a total amount of 80% or more in volume ratio, the thermal
conductivity of the oxidized layer is high.Consequently, the heat transfer characteristics of the boiler canbe improved.
Therefore, an oxidized layer B containing Fe3O4 andFe2O3 in a total amount of 80%ormore in volume ratio is formed
on the surface of the heat transfer member that comes in contact with high temperature steam.
(8)On the other hand, as the oxidized layer that compatibly combines both steamoxidation resistance properties and
heat transfer characteristics, an oxidized layer C is formed between the oxidized layer B and the base material. The
oxidized layer C containsCr andMn in a total amount in a range ofmore than 5% to 30mass%, and one ormore types
of elements selected from a group consisting of Mo, Ta, W and Re in a total amount in a range of 1 to 15 mass%.

[0017] Cr oxides andMn oxides improve the steamoxidation resistance properties of the basematerial. However, if the
Cr content is too high, the heat transfer characteristics of the oxide film decrease. If the Mn content is too high, the creep
strength of the basematerial decreases. Therefore, the oxidized layer C containsCr andMn in a total amount in a range of
more than 5% to 30 mass%.
[0018] When Mo, Ta, W and Re are contained in the oxidized layer C, the thermal conductivity of the oxidized layer C
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increases. However, if the content of these elements is too high, in some cases the steam oxidation resistance properties
of the oxidized layer C decrease. Accordingly, the oxidized layer C contains one ormore types of element selected from a
group consisting of Mo, Ta, W and Re in a total amount in a range of 1 to 15 mass%.
[0019] Thus, the oxidized layer C exhibits excellent heat transfer characteristics and excellent steam oxidation
resistance properties.
[0020] (9) In order to form the oxidized layer B and oxidized layer C under a high-temperature steam environment, it is
necessary to form the oxidized layer A on the basematerial in advance. The chemical composition of the oxidized layer A
contains, inmass%,Cr andMn in a total amount in a range of 20 to 45%. The chemical composition of the oxidized layer A
contains, inmass%,oneormore typesof element selected fromagroupconsisting ofMo,Ta,WandRe ina total amount in
a range of 0.5 to 10%.When used in a high-temperature steamenvironment, the oxidized layer A changes to an oxide film
including theoxidized layerBand theoxidized layerC.The term "high temperature" refers to, for example, a temperature in
the range of 500 to 650°C.
[0021] A heat resistant ferritic steel produced by the method according to the present embodiment that was completed
basedon theabovefindings includesabasematerial, andanoxidized layerAon thesurfaceof thebasematerial. Thebase
material hasa chemical composition consistingof, inmass%,C: 0.01 to 0.3%,Si: 0.01 to 2.0%,Mn: 0.01 to 2.0%,P: 0.10%
or less, S: 0.03%or less, Cr: 7.0 to 14.0%,N: 0.005 to 0.15%, sol. Al: 0.001 to 0.3%, oneormore types of element selected
from a group consisting of Mo: 0 to 5.0%, Ta: 0 to 5.0%, W: 0 to 5.0% and Re: 0 to 5.0%: 0.5 to 7.0% in total, one or more
types of element selected from a group consisting of Cu: 0.005 to 5.0%, Ni: 0.005 to 5.0%, and Co: 0.005 to 5.0%, Ti: 0 to
1.0%, V: 0 to 1.0%, Nb: 0 to 1.0%, Hf: 0 to 1.0%, Ca: 0 to 0.1%, Mg: 0 to 0.1%, Zr: 0 to 0.1%, B: 0 to 0.1%, and rare earth
metal: 0 to 0.1%, with the balance being Fe and impurities. The oxidized layer A includes a chemical composition
containing, in mass%, 20 to 45% in total of Cr and Mn. The oxidized layer A includes a chemical composition excluding
oxygen and carbon containing, in mass%, 0.5 to 10% in total of one or more types of element selected from a group
consisting of Mo, Ta, W and Re.
[0022] The heat resistant ferritic steel produced by themethod according to the present embodiment is excellent in heat
transfer characteristics and steam oxidation resistance properties.
[0023] The chemical composition of the aforementioned base material may contain one or more types of element
selected from a group consisting of Ti: 0.01 to 1.0%, V: 0.01 to 1.0%, Nb: 0.01 to 1.0% and Hf: 0.01 to 1.0%.
[0024] The chemical composition of the aforementioned base material may contain one or more types of element
selected fromagroup consistingofCa: 0.0015 to0.1%,Mg: 0.0015 to0.1%,Zr: 0.0015 to0.1%,B: 0.0015 to0.1%and rare
earth metal: 0.0015 to 0.1%.
[0025] A ferritic heat transfer member produced by the method according to the present embodiment includes a base
material, and an oxide film on the surface of the basematerial. The basematerial has the chemical composition described
above. The oxide film includes an oxidized layer B and an oxidized layer C. The oxidized layer B contains, in vol%, 80%or
more in total ofFe3O4andFe2O3.Theoxidized layerC isdisposedbetween theoxidized layerBand thebasematerial. The
chemical composition excluding oxygenand carbonof the oxidized layerC containsCr andMn in a total amount in a range
of more than 5% to 30 mass%, and contains one or more types of element selected from a group consisting of Mo, Ta, W
and Re in a total amount in a range of 1 to 15 mass%.
[0026] The ferritic heat transfer member produced by the method according to the present embodiment is excellent in
heat transfer characteristics and steam oxidation resistance properties.
[0027] Preferably, the oxidized layer B contains excluding oxygen and carbon Cr and Mn in a total amount of not more
than 5 mass%.
[0028] Preferably, the oxidized layer C contains not more than 5 vol% of Cr2O3.
[0029] In this case, the thermal conductivity of the oxide film is improved by suppressing the amount of precipitated
Cr2O3 that has low thermal conductivity. Therefore, the heat transfer characteristics of the boiler can be enhanced.
[0030] Hereunder, the heat resistant ferritic steel and the ferritic heat transfer member produced according to the
present invention are described in detail. The symbol "%" in relation to an element means "mass%" unless specifically
stated otherwise.

[Heat resistant ferritic steel]

[0031] Theshapeof theheat resistant ferritic steel producedaccording to thepresent invention isnot particularly limited.
The heat resistant ferritic steel is, for example, a steel pipe, a steel bar, or a steel plate. Preferably, the heat resistant ferritic
steel is a heat resistant ferritic steel pipe. An oxidation treatment is performed on the base material of the heat resistant
ferritic steel according to the present embodiment. An oxidized layer A is formed on the surface of the basematerial of the
heat resistant ferritic steel by the oxidation treatment.
[0032] FIG. 1 is a sectional view of the heat resistant ferritic steel produced according to the present embodiment.
Referring to FIG. 1, a heat resistant ferritic steel 1 includes a base material 2 and an oxidized layer A. The heat resistant
ferritic steel 1 that includes the base material 2 and the oxidized layer A is used as a heat transfer member under a high-
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temperature steamenvironment. Asa result, the oxidized layerA changes to anoxide film3 that includes anoxidized layer
B and an oxidized layer C.

[Chemical composition of base material 2]

[0033] The base material 2 has the following chemical composition.

C: 0.01 to 0.3%

[0034] Carbon (C) stabilizes austenite. C also increases the creep strength of the base material by solid-solution
strengthening. However, if the C content of the base material 2 is too high, an excessive amount of carbides precipitate,
and theworkability andweldability of thebasematerial 2will decrease.Accordingly, theCcontent is set ina rangeof 0.01 to
0.3%. A preferable lower limit of the C content is 0.03%, and a preferable upper limit of the C content is 0.15%.

Si: 0.01 to 2.0%

[0035] Silicon (Si) deoxidizes the steel. Si also improves the steam oxidation resistance properties of the basematerial
2.However, if theSi content is toohigh, the toughnessof thebasematerial 2decreases.Accordingly, theSi content is set in
a rangeof 0.01 to 2.0%.Apreferable lower limit of theSi content is 0.05%, andmorepreferably is 0.1%.Apreferable upper
limit of the Si content is 1.0%, and more preferably is 0.5%.

Mn: 0.01 to 2.0%

[0036] Manganese (Mn) deoxidizes the steel. Mn also combines with S in the base material 2 to form MnS, and
suppressesgrain-boundary segregation ofS. Thus, the hotworkability of the basematerial 2 improves.However, if theMn
content is too high, the base material 2 becomes brittle and, in addition, the creep strength of the base material 2
decreases.Accordingly, theMncontent is set in a rangeof 0.01 to2.0%.Apreferable lower limit of theMncontent is 0.05%,
and more preferably is 0.1%. A preferable upper limit of the Mn content is 1.0%, and more preferably is 0.8%.

P: 0.10% or less

[0037] Phosphorus (P) is an impurity. P segregatesat crystal grain boundaries of thebasematerial 2, anddecreases the
hotworkability of thebasematerial 2.Palsoconcentratesat theboundarybetween theoxidefilm3and thebasematerial 2,
and reduces the adhesiveness of the oxide film 3 with respect to the base material 2. Accordingly, the P content is
preferably as low as possible. The P content is set to 0.10% or less, and preferably is 0.03% or less. A lower limit of the P
content is, for example, 0.005%.

S: 0.03% or less

[0038] Sulfur (S) is an impurity. S segregates at crystal grain boundaries of the base material 2, and decreases the hot
workability of the base material 2. S also concentrates at the boundary between the oxide film 3 and the base material 2,
and reduces the adhesiveness of the oxide film 3 with respect to the base material 2. Accordingly, the S content is
preferably as low as possible. The S content is set to 0.03%or less, and preferably is 0.015%or less. A lower limit of the S
content is, for example, 0.0001%.

Cr: 7.0 to 14.0%

[0039] Chromium (Cr) improves the steamoxidation resistance properties of the basematerial 2. Cr is also contained in
the oxide film 3 as oxides defined by Cr2O3 and (Fe, Cr)3O4. The Cr oxides improve the steam oxidation resistance
properties of the basematerial 2. TheCr oxides also improve the adhesiveness of the oxide film 3with respect to the base
material 2. However, if the Cr content is too high, the concentration of Cr2O3 in the oxide film 3 becomes high and the heat
transfer characteristics of the oxide film 3 will decrease. Accordingly, the Cr content is set in a range of 7.0 to 14.0%. A
preferable lower limit of the Cr content is 7.5%, and more preferably is 8.0%. A preferable upper limit of the Cr content is
12.0%, and more preferably is 11.0%.

N: 0.005 to 0.15%

[0040] Nitrogen (N) dissolves in the base material 2, and increases the strength of the base material 2. In addition, N
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forms nitrides with alloy elements in the base material 2 and precipitates in the base material 2, thereby increasing the
strength of the base material 2. However, if the N content is too high, the nitrides coarsen and the toughness of the base
material 2decreases.Accordingly, theNcontent is set ina rangeof 0.005 to0.15%.Apreferable lower limit of theNcontent
is 0.01%. A preferable upper limit of the N content is 0.10%.

sol. Al: 0.001 to 0.3%

[0041] Aluminum (Al) deoxidizes the steel.However, if theAl content is toohigh, thehotworkability of thebasematerial 2
decreases.Accordingly, theAl content is set ina rangeof 0.001 to0.3%.Apreferable lower limit of theAl content is 0.005%,
andapreferableupper limit of theAl content is 0.1%. In thepresentembodiment, the term "Al content"means thesolubleAl
(sol. Al).
[0042] 0.5 to 7.0% in total of one or more types of element selected from a group consisting of:

Mo: 0 to 5.0%,
Ta: 0 to 5.0%,
W: 0 to 5.0%, and
Re: 0 to 5.0%

[0043] Oneormore typesof element selected fromagroup consisting ofmolybdenum (Mo), tantalum (Ta), tungsten (W)
and rhenium (Re) is contained. Hereinafter, these elements are also referred to as "specific oxidized layer forming
elements".Thespecificoxidized layer formingelements form theoxidized layerAon thesurfaceof thebasematerial 2.The
specific oxidized layer forming elements also form the oxide film 3 including the oxidized layer B and the oxidized layer C
under a high-temperature steam environment of 500 to 650°C. These effects are obtained if even one type of these
elements is contained. However, if the content of the specific oxidized layer forming elements is too high, the toughness,
ductility andworkability of thebasematerial 2will decrease.Accordingly, theMocontent is set ina rangeof0 to5.0%, theTa
content is set in a range of 0 to 5.0%, theWcontent is set in a range of 0 to 5.0%and theRe content is set in a range of 0 to
5.0%. A preferable lower limit of the Mo content is 0.01%, and more preferably is 0.1%. A preferable lower limit of the Ta
content is 0.01%, andmore preferably is 0.1%. A preferable lower limit of theW content is 0.01%, andmore preferably is
0.1%. A preferable lower limit of the Re content is 0.01%, and more preferably is 0.1%. A preferable upper limit of the Mo
content is 4.0%, and more preferably is 3.0%. A preferable upper limit of the Ta content is 4.0%, and more preferably is
3.0%. A preferable upper limit of the W content is 4.0%, and more preferably is 3.0%. A preferable upper limit of the Re
content is 4.0%, andmore preferably is 3.0%. The total content of the specific oxidized layer forming elements is set in the
rangeof 0.5 to 7.0%.Apreferable lower limit of the total content of the specificoxidized layer formingelements is 0.6%,and
morepreferably is 1.0%.Apreferable upper limit of the total content of thespecificoxidized layer formingelements is 6.5%,
and more preferably is 6.0%.
[0044] The balance of the base material 2 of the heat resistant ferritic steel according to the present embodiment is Fe
and impurities. In the present embodiment, the term "impurities" refers to substanceswhich aremixed in fromore or scrap
that is utilized as a raw material of the steel or from the environment of the production process or the like, and are
substances that are contained within a range that does not adversely affect a heat transfer member 4 according to the
present embodiment. The impurities include, for example, oxygen (O), arsenic (As), antimony (Sb), thallium (Tl), lead (Pb)
and bismuth (Bi).
[0045] The base material 2 of the heat resistant ferritic steel according to the present embodiment may further contain
the following elements in lieu of a part of Fe.

Cu: 0 to 5.0%
Ni: 0 to 5.0%
Co: 0 to 5.0%

[0046] One or more types of element selected from a group consisting of Copper (Cu), nickel (Ni) and cobalt (Co) are
contained inanamount of 0.005%ormore.Theseelements stabilizeaustenite.By thismeans, retentionof delta ferrite that
lowers the shock resistance of the basematerial 2 is suppressed. This effect is obtained if evenone type of theseelements
is contained. However, if the content of these elements is too high, the long-term creep strength of the basematerial 2 will
decrease. Accordingly, theCu content is set in a range of 0 to 5.0%, theNi content is set in a range of 0 to 5.0%, and theCo
content is set in a range of 0 to 5.0%. A preferable upper limit of the Cu content is 3.0%, and more preferably is 2.0%. A
preferable upper limit of the Ni content is 3.0%, and more preferably is 2.0%. A preferable upper limit of the Co content is
3.0%, and more preferably is 2.0%.

Ti: 0 to 1.0%
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V: 0 to 1.0%
Nb: 0 to 1.0%
Hf: 0 to 1.0%

[0047] Titanium (Ti), vanadium (V), niobium (Nb) and hafnium (Hf) are optional elements and need not be contained. If
contained, these elements combine with carbon and nitrogen to form carbides, nitrides or carbo-nitrides. These carbides,
nitrides and carbo-nitrides act to perform precipitation strengthening of the basematerial 2. This effect is obtained if even
one type of these elements is contained. However, if the content of these elements is too high, the workability of the base
material 2will decrease.Accordingly, theTi content is set in a rangeof 0 to 1.0%, theVcontent is set in a rangeof 0 to 1.0%,
theNb content is set in a rangeof 0 to 1.0%and theHf content is set in a rangeof 0 to 1.0%.Apreferable upper limit of theTi
content is0.8%,andmorepreferably is0.4%.Apreferableupper limit of theVcontent is0.8%,andmorepreferably is0.4%.
A preferable upper limit of theNb content is 0.8%, andmore preferably is 0.4%.A preferable upper limit of theHf content is
0.8%, and more preferably is 0.4%. A preferable lower limit of the content of each of these elements is 0.01%.

Ca: 0 to 0.1%
Mg: 0 to 0.1%
Zr: 0 to 0.1%
B: 0 to 0.1%
Rare earth metal: 0 to 0.1%

[0048] Calcium (Ca),magnesium (Mg), zirconium (Zr), boron (B) and rare earthmetal (REM)are optional elements, and
neednot be contained. If contained, theseelements increase the strength,workability andoxidation resistanceof thebase
material 2. This effect is obtained if evenone typeof theseelements is contained.However, if the content of theseelements
is too high, the toughness andweldability of the basematerial 2will decrease. Accordingly, theCa content is set in a range
of 0 to 0.1%, theMgcontent is set in a rangeof 0 to 0.1%, theZr content is set in a rangeof 0 to 0.1%, theBcontent is set in a
range of 0 to 0.1%and theREMcontent is set in a range of 0 to 0.1%.A preferable upper limit of theCa content is 0.05%.A
preferableupper limit of theMgcontent is0.05%.Apreferableupper limit of theZrcontent is0.05%.Apreferableupper limit
of the B content is 0.05%. A preferable upper limit of the REM content is 0.05%. A preferable lower limit of the content of
each of these elements is 0.0015%. Herein, the term "REM" refers to one or more types of element selected from a group
consisting of yttrium (Y) which is the element with atomic number 39, the elements from lanthanum (La) with atomic
number 57 to lutetium (Lu) with atomic number 71 that are lanthanides, and the elements from actinium (Ac) with atomic
number 89 to lawrencium (Lr) with atomic number 103 that are actinides.

[Oxidized layer A]

[0049] An oxidation treatment is performed on the base material 2 having the aforementioned chemical composition.
The oxidized layer A is formed on the surface of the base material 2 by the oxidation treatment. The heat resistant ferritic
steel 1 having the base material 2 and the oxidized layer A on the surface of the base material 2 is used under a high-
temperature steamenvironment.Under a high-temperature steamenvironment, the oxidized layerA changes to theoxide
film3 that is excellent in heat transfer characteristics, whilemaintaining steamoxidation resistance properties. That is, the
oxidized layerA is a startingmaterial for forming the oxide film3 that includes the oxidized layerBand the oxidized layerC.
Although the mechanism by which the oxidized layer A changes into the oxide film 3 is not certain, it is surmised that the
oxidized layer A principally contributes to formation of the oxidized layer C.
[0050] The thickness of the oxidized layer A is not particularly limited. If the oxidized layer A is formed even slightly, the
oxide film 3 will be formed. The thickness of the oxidized layer A is preferably not less than 0.2 µm. In this case, under a
high-temperature steam environment, the oxide film 3 can be uniformly formed on the surface of the base material 2 in a
stable manner. Therefore, it is easy to completely cover the base material 2 with the oxide film 3. As a result, the thermal
conductivity at the surface of the ferritic heat transfer member 4 increases. More preferably, the thickness of the oxidized
layer A is not less than 1.0µm. Although the upper limit of the thickness of the oxidized layer A is not particularly limited, in
consideration of mass productivity, the upper limit is preferably not more than 20 µm.
[0051] The thickness of the oxidized layer A is determined by the followingmethod. The heat resistant ferritic steel 1 that
was subjected to anoxidation treatment that is described later is cut perpendicularly to the surface thereof. In a casewhere
theheat resistant ferritic steel 1 is a steel pipe, the heat resistant ferritic steel 1 is cut perpendicularly to theaxial direction of
the steel pipe. A cross-section including the surface of the heat resistant ferritic steel 1 is observed using a scanning
electron microscope (SEM) manufactured by JEOL Ltd. In a case where the heat resistant ferritic steel 1 is a steel pipe,
SEM is used to observe a cross-section that includes the inner surface of the steel pipe. The observation magnification is
2000 times. In the observation visual field, the thickness of the oxidized layer on the surface of the heat resistant ferritic
steel 1 (the inner surface in a casewhere the heat resistant ferritic steel 1 is a steel pipe) ismeasured. Themeasurement is

9

EP 3 480 331 B1

5

10

15

20

25

30

35

40

45

50

55



madeon four different cross-sections of the heat resistant ferritic steel 1. In a casewhere the heat resistant ferritic steel 1 is
a steel pipe,measurement is performedat four locations at a pitch of 45°. Theaverage value of themeasurement results is
adopted as the thickness of the oxidized layer A.
[0052] The chemical composition of the oxidized layer A contains a total content of 20 to 45% of Cr and Mn. If the total
content ofCrandMn in theoxidized layerA is less than20%, the total content ofCrandMn in theoxidized layerCwill be5%
or less under a high-temperature steam environment. In this case, the thermal conductivity of the oxidized layer C will be
toohigh. In suchcase, thesteamoxidation resistancepropertiesof the ferritic heat transfermember4will decrease.On the
other hand, if the total content of Cr andMn in the oxidized layer A is more than 45%, the total content of Cr andMn in the
oxidized layerCwill bemore than30%under ahigh-temperature steamenvironment. In this case, the thermal conductivity
of the oxidized layer Cwill be too low. As a result, the heat transfer characteristics of the ferritic heat transfermember 4will
decrease.Therefore, thechemical compositionof theoxidized layerAcontainsCrandMn ina total amount in a rangeof 20
to45%.Apreferable lower limit of the total content ofCrandMn in theoxidized layerA is22%.Apreferableupper limit of the
total content of Cr and Mn in the oxidized layer A is 40%.
[0053] The chemical composition of the oxidized layer A further contains a total of 1 to 10% of one or more types of
element selected from the group consisting of Mo, Ta, W and Re (specific oxidized layer forming elements). If the total
content of the specific oxidized layer forming elements of the oxidized layer A is less than 0.5%, the total content of the
specific oxidized layer forming elements of the oxidized layer C will be less than 1% under a high-temperature steam
environment. In this case, the thermal conductivity of the oxidized layer C will be too low. As a result, the heat transfer
characteristics of the ferritic heat transfer member 4 will decrease. On the other hand, if the total content of the specific
oxidized layer forming elements of the oxidized layer A is more than 10%, under a high-temperature steam environment
the total content of the specific oxidized layer forming elements of the oxidized layer Cwill bemore than 15%. In this case,
the thermal conductivity of the oxidized layerCwill be toohigh. As a result, the steamoxidation resistanceproperties of the
ferritic heat transfer member 4 will decrease. Therefore, the chemical composition of the oxidized layer A contains the
specific oxidized layer forming elements in a total amount that is in a range of 1 to 10%. A preferable upper limit of the total
content of the specific oxidized layer forming elements is 8%.
[0054] The total content ofCr andMnand the total content of the specific oxidized layer formingelements (Mo,Ta,Wand
Re) in the oxidized layer A is calculated by the followingmethod. The heat resistant ferritic steel 1 that was subjected to an
oxidation treatment that is described later is cut perpendicularly to the surface thereof. In a case where the heat resistant
ferritic steel 1 is a steel pipe, the heat resistant ferritic steel 1 is cut perpendicularly to the axial direction of the steel pipe. A
cross-section including the surface of the heat resistant ferritic steel 1 is observed using a scanning electron microscope
(SEM)manufactured by JEOL Ltd. The oxidized layer A that appears with a comparatively white contrast of the surface of
theheat resistant ferritic steel 1 (inner surface inacasewhere theheat resistant ferritic steel1 isasteel pipe) is identified.At
the center of the thicknessof the oxidized layerA, anelemental analysis is performedusing a field emission electron probe
micro analyzer (FE-EPMA) manufactured by JEOL Ltd. The conditions for the elemental analysis are: detector: 30 mm2

SD, accelerating voltage: 15 kV, andmeasurement time period: 60 secs. The elemental analysis is made on four different
cross-sectionsof theheat resistant ferritic steel 1. Ina casewhere theheat resistant ferritic steel 1 is a steel pipe, elemental
analysis is performed at four locations at a pitch of 45°. Among the compositions for the respective elements that are
obtained, a composition from which the quantities of oxygen (O) and carbon (C) are excluded is taken as 100%. The
proportion (mass%) of the total amount of Cr andMn is calculated. The proportion (mass%) of the total content of specific
oxidized layer forming elements (Mo, Ta, W and Re) is calculated. Average values of the elemental analysis values
obtained at the four locations are adopted as the total content (mass%) of Cr and Mn in the oxidized layer A, and the total
content (mass%) of the specific oxidized layer forming elements (Mo, Ta, W and Re) in the oxidized layer A.

[Method for producing heat resistant ferritic steel 1]

[0055] Amethod for producing theheat resistant ferritic steel 1 according to thepresent invention includes apreparation
process and an oxidation treatment process. In the preparation process, the base material 2 having the aforementioned
chemical composition is prepared. The base material 2 is produced from a starting material having the aforementioned
chemical composition. The starting material may be a slab, a bloom or a billet produced by a continuous casting process.
The startingmaterial may also be billet produced by an ingot-making process. A heating temperature when producing the
starting material is, for example, in a range of 850 to 1200°C.
[0056] For example, in the case of producing a steel pipe, the prepared starting material is charged into a reheating
furnaceorasoakingpit andheated.Theheatedstartingmaterial is subjected tohotworking toproduce thebasematerial 2.
The hot working is, for example, the Mannesmann process. The Mannesmann process subjects the starting material to
piercing-rolling using a piercing machine to thereby form the starting material into amaterial pipe. Thereafter, the starting
material is subjected to drawing and rolling as well as sizing using amandrel mill and a sizingmill. The temperature for the
hotworking is, for example, in a rangeof 850 to1200°C.By thismeans, thebasematerial 2 is producedasaseamlesssteel
pipe. A process for producing the basematerial 2 is not limited to theMannesmann process, and the basematerial 2 may
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be produced by subjecting the startingmaterial to hot extrusion or hot forging. In addition, the basematerial 2 produced by
hot workingmay be subjected to a heat treatment or may be subjected to cold working. The basematerial 2may also be a
steel plate. In the case of producing the basematerial 2 as a steel plate, the startingmaterial is subjected to hot working to
produce the basematerial 2 as a steel plate. The steel platemay also be processed into a steel pipe bywelding to produce
the base material 2 as a welded steel pipe.

[Oxidation treatment process]

[0057] An oxidation treatment is performed on the aforementioned base material 2. The oxidation treatment is
performed by heating the base material 2 in a gas atmosphere containing CO, CO2 and N2. The CO/CO2 ratio of the
gas used for the oxidation treatment is 0.6 or more in volume ratio. By making the CO/CO2 ratio 0.6 or more, preferential
oxidation of Fe can be suppressed. As a result, the oxidized layer A containingCr andMn in a total amount of 20mass%or
more andalso containing specific oxidized layer forming elements in a total amount of 0.5mass%ormore is formedon the
surface of the basematerial 2. Theoxidized layer A changes into the oxide film3after the steamoxidation treatment that is
described later. Although anupper limit of theCO/CO2 ratio is not particularly provided, an upper limit of 2.0 is preferable in
consideration of operational practicability.
[0058] On the other hand, in the present embodiment, the (CO+CO2)/N2 ratio of the gas that is used in the oxidation
treatment is set as not more than 1.0 in volume ratio. If the (CO+CO2)/N2 ratio is more than 1.0, the base material 2 will
carburize. Therefore, Cr andMn in the oxidized layer Awill form carbides. As a result, the total content of Cr andMn in the
oxidized layer Awill be less than 20%. Although a lower limit of the (CO+CO2)/N2 ratio is not particularly provided, a lower
limit of 0.1 is preferable in consideration of operational practicability.
[0059] The temperature for the oxidation treatment is in a rangeof 900 to 1130°C. If the oxidation treatment temperature
is less than 900°C, because outward diffusion of specific elements in the base material 2 will be slow, the total content of
specificoxidized layer formingelements in theoxidized layerAwill be too low. In this case, underahigh-temperaturesteam
environment, the total content of specific oxidized layer forming elements in the oxidized layerCwill be too low.Asa result,
the thermal conductivity of the oxidized layer Cwill be too low. Consequently, the thermal conductivity at the surface of the
ferritic heat transfer member 4 will decrease. Therefore, the heat transfer characteristics of the ferritic heat transfer
member 4 will decrease. If the oxidation treatment temperature is more than 1130°C, because the diffusion of Cr and Mn
will be fast, the total content of Cr and Mn in the oxidized layer A will be more than 45%. As a result, under a high-
temperature steam environment, the total content of Cr andMn in the oxidized layer Cwill bemore than 30%. In this case,
the thermal conductivityof theoxidized layerCwill be too low.Asa result, theheat transfer characteristicsof the ferritic heat
transfer member 4 will decrease. Accordingly, the oxidation treatment temperature is set in the range of 900 to 1130°C. A
preferable lower limit of the oxidation treatment temperature is 920°C, and more preferably is 950°C. A preferable upper
limit of the oxidation treatment temperature is 1120°C.
[0060] The oxidation treatment time period is in a range of 1minute to 1 hour. If the oxidation treatment time period is too
short, because concentration of the specific oxidized layer forming elements will occur, the total content of the specific
oxidized layer forming elements in the oxidized layer Awill bemore than 10%.Therefore, under a high-temperature steam
environment, the total content of the specific oxidized layer formingelements in theoxidized layerCwill bemore than15%.
Asa result, the thermal conductivityat thesurfaceof the ferritic heat transfermember4will be toohigh.On theotherhand, if
the oxidation treatment time period is too long, productivity will decrease. When taking productivity into consideration, a
shorter oxidation treatment time period is preferable. Furthermore, if the oxidation treatment time period is too long, the
total content of Cr and Mn in the oxidized layer A will be less than 20% because Fe will preferentially oxidize. Thus, the
oxidation treatment timeperiod is set in the rangeof 1minute to 1 hour. Preferably, an upper limit of the oxidation treatment
timeperiod is 30minutes, andmorepreferably is 20minutes.Preferably, a lower limit of theoxidation treatment timeperiod
is 3 minutes.
[0061] A tempering treatment (low-temperature annealing)may be performed after the oxidation treatment. In addition,
although the oxidation treatment may be performed on the entire base material 2, the oxidation treatment may also be
performedonlyona faceof thebasematerial 2whichcomes in contactwithhigh temperaturesteam(for example, the inner
surface of a steel pipe).
[0062] The oxidation treatment may be performed once, or may be performed multiple times. After the oxidation
treatment, degreasing or cleaning or the likemay be performed to remove dirt or oil that adhered to the surface of the base
material 2. The oxidized layer A will not be affected even if degreasing or cleaning or the like is performed. Even if
degreasing or cleaning or the like is performed, it will not affect formation of the oxide film 3 thereafter.
[0063] The heat resistant ferritic steel 1 is produced by the production method described above.

[Ferritic heat transfer member 4]

[0064] The ferritic heat transfermember4producedaccording to thepresent invention includesabasematerial 2andan
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oxide film3. The basematerial 2 of the ferritic heat transfermember 4 is the sameas the basematerial of the heat resistant
ferritic steel 1 that is described above. Accordingly, the chemical composition of the base material 2 of the ferritic heat
transfermember 4 is the sameas the chemical composition of the basematerial 2 of the heat resistant ferritic steel 1 that is
described above. The shape of the ferritic heat transfer member 4 produced according to the present embodiment is not
particularly limited. The ferritic heat transfer member 4 is, for example, a pipe, a bar or a plate material. In the case where
the ferritic heat transfermember 4 has a tubular shape, the ferritic heat transfermember 4 is used, for example, as a boiler
pipe. Accordingly, the ferritic heat transfer member 4 is preferably a ferritic heat-transfer pipe.
[0065] FIG. 2 is a sectional view of the ferritic heat transfer member 4 produced according to the present embodiment.
Referring to FIG. 2, the ferritic heat transfer member 4 includes the base material 2 and the oxide film 3. The oxide film 3
includes the oxidized layer B and the oxidized layer C.

[Oxide film 3]

[0066] The oxide film 3 is formed on the surface of the basematerial 2 by performing a steamoxidation treatment on the
heat resistant ferritic steel 1 having the base material 2 and the oxidized layer A. Referring to FIG. 2, the oxide film 3 is an
oxide film including two layers, namely, the oxidized layerB and the oxidized layerC. Because the oxide film3 includes the
oxidized layerB, the oxide film3 is excellent in heat transfer characteristics. Because the oxide film3 includes the oxidized
layerC, the oxide film3 is excellent in both steamoxidation resistanceproperties and heat transfer characteristics. That is,
the oxide film 3 is not just excellent in steam oxidation resistance properties, but is also excellent in heat transfer
characteristics. The oxidized layer B is formed as the uppermost layer of the ferritic heat transfer member 4. The oxidized
layerC is disposed between the oxidized layer B and the basematerial 2. In a casewhere the ferritic heat transfermember
4 is a boiler pipe, the oxidized layer B corresponds to the inner surface side of the boiler pipe, and the base material 2
corresponds to the outer surface side of the boiler pipe. In this case, the oxidized layer B comes in contact with high
temperature steam.

[Oxidized layer B]

[0067] The oxidized layer B contains, in vol%, a total of 80% or more of Fe3O4 and Fe2O3. The thermal conductivity of
Fe3O4 and Fe2O3 is high. Accordingly, the thermal conductivity of the oxidized layer B is high, and heat imparted from the
outside of the ferritic heat transfermember 4 is transferred to the inside of the ferritic heat transfermember 4without being
significantly decreased. Therefore, the heat transfer characteristics of the boiler can be improved. Preferably, the oxidized
layer B contains, in vol%, a total of 90%ormore of Fe3O4 and Fe2O3. Preferably, the Fe2O3 content of the oxidized layer B
is less than 20 vol%. More preferably, the oxidized layer B is composed of Fe3O4.
[0068] In somecasesapart ofCrandMncontained in thebasematerial 2 formsanoxideand is contained in theoxidized
layer B. The thermal conductivity of Cr2O3, in particular, is low. Therefore, the Cr2O3 content of the oxidized layer B is
preferably low.Accordingly, the chemical compositionof theoxidized layerBpreferably contains, inmass%,notmore than
5% of Cr andMn in total. More preferably, the chemical composition of the oxidized layer B contains, in mass%, not more
than 3% of Cr and Mn in total.
[0069] A preferable thickness of the oxidized layer B is 10 to 400 µm.

[Oxidized layer C]

[0070] The oxidized layer C is disposed between the oxidized layer B and the base material 2, and contacts the base
material 2.
[0071] Thechemical compositionof theoxidized layerCcontainsCr andMn ina total amount in a rangeofmore than5%
to 30%. In the oxidized layer C, Cr and Mn are present as oxides represented by the chemical formula (Fe, M)3O4. In the
formula,Cr andMnare substituted forM. The oxides represented by the chemical formula (Fe,M)3O4 are oxides that have
a so-called spinel crystal structure that is the same as Fe3O4, and in which a part of Fe is substituted with Cr and Mn. In a
case where the total amount of Cr and Mn contained in the oxidized layer C is 5% or less, the proportion of Fe3O4 and
Fe2O3 in the oxidized layerC cannot be kept low. In this case, the thermal conductivity of the oxidized layerCbecomes too
high. Consequently, a large amount of oxide scale arises on the inner surface of the ferritic heat transfermember 4.On the
otherhand, ina casewhere the total amount ofCrandMncontained in theoxidized layerC isgreater than30%, the thermal
conductivity of the oxidized layer C becomes too low. In this case, the heat transfer characteristics of the boiler decrease.
Accordingly, thecontent ofCrandMn in theoxidized layerC is set ina rangeofmore than5%to30% in total. By thismeans,
the thermal conductivity of the oxidized layer C can be controlled within an appropriate rangewhilemaintaining the steam
oxidation resistanceproperties. A preferable lower limit of the total content ofCr andMn in theoxidized layerC is 10%, and
more preferably is 13%. A preferable upper limit of the total content of Cr andMn in the oxidized layer C is 28%, andmore
preferably is 25%.
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[0072] Theoxidized layerCcontains oneormore types of element selected fromagroup consisting ofMo, Ta,WandRe
in a total amount in a range of 1 to 15%. If the total content of the specific oxidized layer forming elements (Mo, Ta, Wand
Re)of theoxidized layerC is less than1%, the thermal conductivityof theoxidized layerCwill be too low.On theotherhand,
if the total content of the specific oxidized layer forming elements of the oxidized layer C is more than 15%, the thermal
conductivity of the oxidized layer C will be too high. In such case, the steam oxidation resistance properties of the ferritic
heat transfer member 4 will decrease. Accordingly, the total content of the specific oxidized layer forming elements in the
oxidized layerC is in the rangeof 1 to 15%.Apreferable upper limit of the total content of the specific oxidized layer forming
elements (Mo, Ta,WandRe) in the oxidized layer C is 10%, andmore preferably is 9%. A preferable lower limit of the total
content of the specific oxidized layer forming elements (Mo, Ta, W and Re) in the oxidized layer C is 1.5%.
[0073] In addition, preferably a major portion of the oxidized layer C is oxides having the aforementioned spinel crystal
structure, and the oxidized layer C contains Cr2O3 in an amount that is not more than 5 vol%. By suppressing formation of
Cr2O3 which has low thermal conductivity to an amount that is not more than 5 vol% and causing the formation of oxides
having a spinel crystal structure, the thermal conductivity of the oxidized layer C can be controlled to be within an
appropriate range.ThecontentofCr2O3 in theoxidized layerC ispreferably5vol%or less, andmorepreferably is3vol%or
less.
[0074] The thermal conductivityof theoxidized layerC ispreferablycontrolledwithina rangeof1.2 to3.0W·m1·K‑1. If the
thermal conductivityof theoxidized layerC is1.2W·m‑1·K‑1ormore, thermal conduction from theoutsideof the ferritic heat
transfermember 4 to the insideof the ferritic heat transfermember 4 is not inhibited, and theheat transfer characteristics of
the boiler stably increase. On the other hand, if the thermal conductivity of the oxidized layer C is not more than 3.0
W·m‑1·K‑1, the heat of high temperature steam that is transferred to the surface of the base material 2 can be stably
controlled. By thismeans, excessive heating of the surface of the basematerial 2 is suppressed, and an oxidation reaction
at the surface of the basematerial 2 is suppressed. Therefore, formation of a large amount of oxide scale at the surface of
the basematerial 2 is stably suppressed. As a result, the steam oxidation resistance properties of the ferritic heat transfer
member 4 stably increase. Accordingly, the thermal conductivity of the oxidized layer C is preferably controlled within the
rangeof 1.2 to 3.0W·m‑1·K‑1. In this case, it is easy to improve the steamoxidation resistance properties of the ferritic heat
transfer member 4 without loss of the heat transfer characteristics. In the oxidized layer C, a preferable lower limit of the
thermal conductivity is1.3W·m‑1·K‑1, andmorepreferably is 1.4W·m‑1·K‑1. In theoxidized layerC,apreferableupper limit
of the thermal conductivity is 2.8 W·m‑1·K‑1, and more preferably is 2.5 W·m‑1·K‑1.
[0075] The volume ratio of Fe3O4 and Fe2O3 in the oxidized layer B is measured by the following method. The ferritic
heat transfer member 4 that has undergone a steam oxidation treatment which is described later is cut perpendicularly to
the surface thereof. In a case where the ferritic heat transfer member 4 is a pipe, the ferritic heat transfer member 4 is cut
perpendicularly to the axial direction of the pipe. At a cross-section (observation surface) including the oxidized layer B, a
chemical composition analysis of the oxidized layer B is performed using a field emission electron probe micro analyzer
(FE-EPMA) manufactured by JEOL Ltd. The conditions for the chemical composition analysis are: detector: 30 mm2 SD,
accelerating voltage: 15 kV, and measurement time period: 60 secs. By means of the chemical composition analysis,
regions inwhich Fe andO (oxygen) are detected andCr is not detected are identified. Next, it is confirmed bymeans of the
chemical composition analysis that all of the identified regions have Fe3O4 or Fe2O3. Next, the strength of Fe in the
oxidized layer B of the observation surface is subjected to binarization processing. At this time, the maximum strength of
the grayscale extraction objects is set as 1/10 or more. It is confirmed that all regions other than the identified regions
(regions confirmed as having Fe3O4 and Fe2O3) are included in black regions after binarization. After the binarization
processing, the area fraction of black regions in the oxidized layer B of the observation surface is determined, and the
resulting value is subtracted from100%. Theobtained area fraction is taken as the volume ratio of Fe3O4 and Fe2O3 in the
oxidized layer B.
[0076] The volume ratio of Cr2O3 in the oxidized layer C is measured by the following method. The ferritic heat transfer
member 4 that has undergone a steam oxidation treatment which is described later is cut perpendicularly to the surface
thereof. In a case where the ferritic heat transfer member 4 is a pipe, the ferritic heat transfer member 4 is cut
perpendicularly to the axial direction of the pipe. SEM is used to observe a cross-section (observation surface) including
the oxidized layer B and the oxidized layer C, to thereby identify the oxidized layer C. In the SEMobservation, the oxidized
layer Band the oxidized layerCare distinguished fromeach other bymeans of a contrast difference obtainedwith anSEM
backscattered electron image (BSE). The contrast of the oxidized layer B is brighter than the contrast of the oxidized layer
C. The volume ratio of Cr2O3 in the oxidized layer C is determined by a similarmethod as themethod used for determining
the volume ratio of Fe3O4 and Fe2O3 in the oxidized layer B. That is, at a cross-section (observation surface) including the
oxidized layer C, a chemical composition analysis is performed using a field emission electron probemicro analyzer (FE-
EPMA) manufactured by JEOL Ltd. The conditions for the chemical composition analysis are: detector: 30 mm2 SD,
accelerating voltage: 15 kV, and measurement time period: 60 secs. By means of the chemical composition analysis,
regions inwhichCr andO (oxygen) are detected andFe is not detected are identified. Next, it is confirmed bymeans of the
chemical compositionanalysis thatall of the identified regionshaveCr2O3.Next, thestrengthofCr in theoxidized layerCof
the observation surface is subjected to binarization processing. At this time, the maximum strength of the grayscale
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extraction objects is set as 1/10 ormore. It is confirmed that all regions other than the identified regions (regions confirmed
as having Cr2O3) are included in black regions after binarization. The area fraction of black regions after binarization
processing of the observation surface is determined, and the resulting value is subtracted from 100%. The obtained area
fraction is taken as the volume ratio of Cr2O3 in the oxidized layer C.
[0077] The total content ofCr andMnand the total content of the specific oxidized layer formingelements (Mo,Ta,Wand
Re) in the oxidized layer B and the oxidized layer Care determined by a similarmethod as themethod usedwith respect to
the oxidized layer A. In the SEM observation, the oxidized layer B and the oxidized layer C are distinguished from each
other by means of a contrast difference obtained with an SEM backscattered electron image (BSE). The contrast of the
oxidized layer B is brighter than the contrast of the oxidized layer C. Under the same conditions as used in the case of the
oxidized layer A, an elemental analysis is performed at the center of the thickness of the oxidized layer B and the center of
the thickness of the oxidized layerC. In a similarmanner as in the caseof the oxidized layer A, the total content (mass%) of
Cr and Mn and the total content (mass%) of the specific oxidized layer forming elements (Mo, Ta, W and Re) are
determined based on the compositions of the respective elements that are obtained.
[0078] The thermal conductivity of the oxidized layer C is determined by the following method. After mechanically
removing the oxidized layer B of the ferritic heat transfermember 4, the bulk density, specific heat and thermal diffusivity of
the oxidized layer C including the base material 2 are measured. Next, after mechanically removing the oxidized layer C,
the bulk density, specific heat and thermal diffusivity of the basematerial 2 aremeasured in a similar manner. The thermal
conductivity κ can be determined by converting the differences between the respective measurement values to
measurement valuesof the oxidized layerC, and substituting the resultingmeasurement values into the following formula.

[0079] Where, the bulk density is substituted for ρ, the specific heat is substituted for Cp, and the thermal diffusivity is
substituted for D.
[0080] A preferable lower limit of the thickness of the oxidized layer C is 10 µm.

[Thickness of oxide film 3]

[0081] Although the thicknessof the oxide film3 is not particularly limited, a thin thickness is preferable. If the oxide film3
is thin, the heat transfer characteristics of the ferritic heat transfer member 4 increase. Therefore, the heat transfer
characteristics of the boiler can be improved. When the ferritic heat transfer member 4 is used for a long time period, the
oxide film 3 thickens. The oxide film 3 also thickens in a casewhere the temperature for a steamoxidation treatment of the
ferritic heat transfer member 4 is high. When an oxidation treatment and a steam oxidation treatment that are described
later are performed, the oxidized layer B and the oxidized layerC are formed to almost the same thickness. Accordingly, in
a case where the oxidized layer C is thin, the oxide film 3 will also be thin.
[0082] The thicknesses of the oxidized layer B and the oxidized layer C are determined by the same method as the
method used for determining the thickness of the oxidized layer A. The ferritic heat transfermember 4 that has undergone
the steam oxidation treatment which is described later is prepared. The prepared ferritic heat transfer member 4 is
observed bymeans of SEMby the samemethod as themethod used for determining the thickness of the oxidized layer A.
Theoxidized layerBand theoxidized layerCare distinguished fromeachother bymeansof a contrast differenceobtained
with an SEMbackscattered electron image. The contrast of the oxidized layer B is darker than the contrast of the oxidized
layerC. The respective thicknessesof theoxidized layerBand theoxidized layerCaredeterminedby the samemethodas
the method used for determining the thickness of the oxidized layer A.

[Method for producing ferritic heat transfer member 4]

[0083] A method for producing ferritic heat transfer member 4 according to the present invention includes a steam
oxidation treatment process.

[Steam oxidation treatment process]

[0084] A steam oxidation treatment is performed on the heat resistant ferritic steel that underwent the aforementioned
oxidation treatment. The steam oxidation treatment is performed by exposing the heat resistant ferritic steel to steam at a
temperature in a range from 500 to 650°C. An upper limit of the time period of the steam oxidation treatment is not
particularly limited as long as the treatment time period is not less than 100 hours. By performing the steam oxidation
treatment, the oxidized layer A changes to the oxide film 3 that includes the oxidized layer B and the oxidized layer C. By
this means, the oxide film 3 that includes the oxidized layer B and the oxidized layer C is formed on the base material 2.
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[0085] The ferritic heat transfermember4 isproducedby theaboveprocesses.Asimilar effect as theeffect obtained in a
case of performing the steam oxidation treatment is obtained by exposing the heat resistant ferritic steel 1 under a high-
temperature steam environment. That is, if the heat resistant ferritic steel 1 is exposed under a high-temperature steam
environment for not less than 100 hours, the ferritic heat transfer member 4 can be produced even without performing a
steam oxidation treatment, this method of producing the ferritic heat transfer being outside of the claimed invention.

EXAMPLES

[0086] Respective cast pieces having the chemical compositions shown in Table 1 were produced, and an oxidation
treatment and a steam oxidation treatment were performed under the conditions illustrated in Table 2. Specifically, ingots
having the chemical compositions shown inTable1wereprepared.Eachof theobtained ingotswassubjected tohot rolling
and cold rolling to produceasteel plate,whichwasadoptedas thebasematerial. A test specimenwasprepared fromeach
of the obtained base materials, and each test specimen was subjected to an oxidation treatment under the conditions
shown in Table 2.

[Table 1]

[0087]

TABLE 1

Steel
No.

Chemical Composition (mass%; balance is Fe and impurities)

C Si Mn P S Cr N sol.Al Mo,Ta,W,Re Others

1 0.07 0.20 0.33 0.013 0.001 11.6 0.02 0.01 1.6W -

2 0.11 0.25 0.40 0.015 <0.001 8.9 0.04 0.006 0.9Mo 0.2V

3 0.08 0.15 0.48 0.009 0.002 9.0 0.03 0.02 0.5Mo, 1.9W 0.06Nb, 0.004B

4 0.08 0.25 0.49 0.011 0.004 9.1 0.01 0.02 2.8Ta 2.6Co, 0.05Zr, 0.02Ca

5 0.07 0.11 0.16 0.013 0.002 8.8 0.04 0.01 2.2Re 0.02Nd

6 0.08 0.18 0.56 0.011 0.002 9.2 0.03 0.02 0.8Mo 0.25Ti, 0.01Mg

7 0.07 0.14 0.51 0.013 0.002 8.9 0.04 0.01 2.0W 0.3Hf

8 0.05 0.08 0.21 0.014 0.001 9.1 0.03 0.03 0.5Ta, 4.3Re 0.3Cu, 1.2Ni, 0.03Ce

9 0.12 0.31 0.55 0.014 0.002 8.9 0.03 0.02 0.6Mo, 1.6W 0.05Nb, 0.03Nd

10 0.11 0.32 0.41 0.011 0.003 9.4 0.04 0.01 - -

11 0.11 0.16 0.45 0.013 0.001 15.4 0.02 0.02 1.5Mo 1.6Cu, 1.3Ni

12 0.15 0.25 0.64 0.009 0.002 5.2 0.04 0.02 0.9Mo 0.2V

13 0.09 0.33 0.32 0.013 0.001 9.6 0.03 0.01 8.1W 0.03La, 0.003B

[Table 2]
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[Oxidized layer A thickness measurement test]

[0089] The thicknessof theoxidized layerAof each test specimenwasdeterminedby themethoddescribed above. The
results are shown in Table 2.

[Oxidized layer A metallic element content measurement test]

[0090] The content of each metallic element in a cross-section of each test specimen was determined by the method
describedabove.For theoxidized layerA, the total content (mass%)ofCrandMn,and the total content (mass%)ofMo,Ta,
W and Re were determined. The results are shown in Table 2.
[0091] Each test specimen was subjected to a steam oxidation treatment under the conditions in Table 2. Each of the
obtained test specimens was subjected to the following measurement tests.

[Tests to measure Fe3O4 and Fe2O3 volume ratio in oxidized layer B, and Cr2O3 volume ratio in oxidized layer C]

[0092] The total volume ratio of Fe3O4 and Fe2O3 in a cross-section (that is, a cross-section of the oxidized layer B) of
each test specimen was determined by the method described above. Furthermore, the volume ratio of Cr2O3 in a cross-
section of the oxidized layer C was determined. The results are shown in Table 2.

[Metallic element content measurement test]

[0093] The content of each metallic element in a cross-section of each test specimen was determined by the method
describedabove.With respect to the oxidized layerB, the total content (mass%)ofCr andMnwasdetermined. The results
are shown in Table 2. With respect to the oxidized layer C, the total content (mass%) of Cr and Mn, and the total content
(mass%) of Mo, Ta, W and Re were determined. The results are shown in Table 2.

[Oxidized layer C thermal conductivity measurement test]

[0094] The thermal conductivity of the oxidized layer C of each test specimenwas determined by themethod described
above. The results are shown in Table 2.

[Oxidized layer C thickness measurement test]

[0095] The thicknessof theoxidized layerCof each test specimenwasdeterminedby themethoddescribedabove. The
results are shown in Table 2.

[Evaluation results]

[0096] Referring to Table 1 and Table 2, the production conditions of the steels of Test Nos. 1, 3, 6, 9, 11 to 13, 15 and 17
were appropriate. Therefore, the oxidized layer A of each of these Test Nos. contained Cr and Mn in a total amount in a
rangeof20 to45%,andcontainedoneormore typesofelement selected from thegroupconsistingofMo,Ta,WandRe ina
total amount in a range of 1 to 10%. As a result, the oxidized layer B formed on the basematerial after the steam oxidation
treatment contained Fe3O4 and Fe2O3 in a total amount of 80% or more in vol%. In addition, the total content of Cr+Mn in
the oxidized layer C was in a range of more than 5% to 30%, and the total content of the specific oxidized layer forming
elementswas in a rangeof 1 to 15%.Asa result, the thermal conductivity of the oxidized layerCwaswithin the rangeof 1.2
to 3.0 W·m‑1·K‑1, and thus exhibited excellent thermal conductivity. In addition, the thickness of the oxidized layer C was
not more than 60 µm, and thus exhibited excellent steam oxidation resistance properties.
[0097] In contrast, in TestNo. 2, the oxidation treatment temperaturewas toohigh, and consequently the total amount of
Cr andMn in the oxidized layerAwasmore than 45%.Therefore, theCr+Mnamount in the oxidized layerCwasmore than
30%, and the thermal conductivity was less than 1.2 W·m‑1·K‑1.
[0098] InTestNo.4, although thechemical compositionwasappropriate,anoxidation treatmentwasnotperformed,and
the oxidized layer A was not formed. Consequently, the thermal conductivity of the oxidized layer C was less than 1.2
W·m‑1·K‑1. It is considered that because the total amount of the specific oxidized layer forming elements in the oxidized
layer C was less than 1%, the thermal conductivity was decreased.
[0099] In Test No. 5, because the oxidation treatment temperature was too low, the total amount of the specific oxidized
layer forming elements in the oxidized layer Awas 0.4%,whichwas too low. Consequently, the total amount of the specific
oxidized layer forming elements in the oxidized layer C was less than 1.0%. As a result, the thermal conductivity of the
oxidized layer C was 1.0 W·m‑1·K‑1, which was too low.
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[0100] In TestNo. 7, theCO/CO2 ratio in the oxidation treatment was less than 0.6. Therefore, the total content of Cr and
Mn in the oxidized layer Awas less than 20%. Consequently, the total content of Cr andMn in the oxidized layer Cwas not
more than 5%, and the thermal conductivity of the oxidized layer C was more than 3.0 W·m‑1·K‑1. Further, because the
Fe3O4 volume ratio in the oxidized layer B was less than 80%, the inward flux of oxygen was large and growth of the
oxidized layer C was promoted, and the thickness of the oxidized layer C was more than 60 µm.
[0101] In Test No. 8, although the chemical composition was appropriate, the oxidation treatment time period was too
long. Therefore, the total content of Cr andMn in the oxidized layer Awas 6.5%,whichwas too low.Consequently, the total
content of Cr and Mn in the oxidized layer C was 3.2%, which was too low. As a result, the thermal conductivity of the
oxidized layer C was 3.2W·m‑1·K‑1, which was too high. Furthermore, in Test No. 8, the thickness of the oxidized layer C
wasmore than 60µm. It is considered that this was because the thermal conductivity of the oxidized layer Cwas too high.
[0102] In Test No. 16, the oxidation treatment time period was too short. Therefore, the total content of the specific
oxidized layer forming elements in the oxidized layer Awas 12.9%, which was too high. Consequently, the total content of
the specific oxidized layer forming elements in the oxidized layerCwas17.2%,whichwas toohigh.As a result, the thermal
conductivityof theoxidized layerCwas3.5W·m‑1·K‑1,whichwas toohigh.Furthermore, inTestNo.16, the thicknessof the
oxidized layerCwasmore than 60µm. It is considered that thiswas because the thermal conductivity of the oxidized layer
C was too high.
[0103] In Test No. 18, the steel did not contain any of the specific oxidized layer forming elements. Therefore, even
though the production method was appropriate, the total content of the specific oxidized layer forming elements in the
oxidized layer A was less than 0.1%, which was too low. Consequently, the total content of the specific oxidized layer
forming elements in the oxidized layerCwas less than 0.1%,whichwas too low. As a result, the thermal conductivity of the
oxidized layer C was 1.1 W·m‑1·K‑1, which was too low.
[0104] In Test No. 19, the Cr content was too high. Therefore, even though the productionmethod was appropriate, the
total content of Cr andMn in the oxidized layer Awas 47.6%,whichwas too high. Consequently, the total content of Cr and
Mn in the oxidized layer Cwas 56.7%, whichwas too high. As a result, the thermal conductivity of the oxidized layer Cwas
0.8 W·m‑1·K‑1, which was too low.
[0105] In Test No. 20, the Cr content was too low. Therefore, even though the production method was appropriate, the
total content of Cr andMn in the oxidized layer Awas 16.3%, which was too low. Consequently, the total content of Cr and
Mn in theoxidized layerCwas1.3%,whichwas too low.Asa result, the thermal conductivity of theoxidized layerCwas3.3
W·m‑1·K‑1,whichwas toohigh.Furthermore, inTestNo.20, the thicknessof theoxidized layerCwasmore than60µm. It is
considered that this was because the thermal conductivity of the oxidized layer C was too high.
[0106] In Test No. 21, the content of the specific oxidized layer forming elements was too high. Therefore, the total
content of the specific oxidized layer forming elements in the oxidized layer A was 13.9%, which was too high.
Consequently, the total content of the specific oxidized layer forming elements in the oxidized layer C was 18.6%, which
was too high. As a result, the thermal conductivity of the oxidized layer C was 3.8 W·m‑1·K‑1, which was too high.
Furthermore, in Test No. 21 the thickness of the oxidized layer C was more than 60 µm. It is considered that this was
because the thermal conductivity of the oxidized layer C was too high.
[0107] In TestNo. 22, the (CO+CO2)/N2 ratiowasmore than1.0. Therefore, the total content ofCr andMn in theoxidized
layerAwas10.6%,whichwas too low.Consequently, the total contentofCrandMn in theoxidized layerCwas4.6%,which
was too low. As a result, the thermal conductivity of the oxidized layer C was 3.4 W·m‑1·K‑1, which was too high.
Furthermore, in Test No. 22, the thickness of the oxidized layer C was more than 60 µm. It is considered that this was
because the thermal conductivity of the oxidized layer C was too high.
[0108] An embodiment of the present invention has been described above. However, the foregoing embodiment is
merely an example for implementing the present invention. Accordingly, the present invention is not limited to the above
embodiment, and the above embodiment can be appropriately modified within a range that does not deviate from the
claims.

REFERENCE SIGNS LIST

[0109]

1 Heat Resistant Ferritic Steel
2 Base Material
3 Oxide Film
4 Ferritic Heat Transfer Member
A Oxidized Layer A
B Oxidized Layer B
C Oxidized Layer C
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Claims

1. A method of producing heat resistant ferritic steel, wherein the heat resistant ferritic stainless steel comprises:

a base material, and
an oxidized layer A on a surface of the base material;
wherein:
the base material has a chemical composition consisting of, in mass%:

C: 0.01 to 0.3%,
Si: 0.01 to 2.0%,
Mn: 0.01 to 2.0%,
P: 0.10% or less,
S: 0.03% or less,
Cr: 7.0 to 14.0%,
N: 0.005 to 0.15%,
sol. Al: 0.001 to 0.3%,
one or more types of element selected from a group consisting of Mo: 0 to 5.0%, Ta: 0 to 5.0%,W: 0 to 5.0%
and Re: 0 to 5.0%: 0.5 to 7.0% in total,
one or more types of element selected from a group consisting of Cu: 0.005 to 5.0%, Ni: 0.005 to 5.0%, and
Co: 0.005 to 5.0%,
Ti: 0 to 1.0%,
V: 0 to 1.0%,
Nb: 0 to 1.0%,
Hf: 0 to 1.0%,
Ca: 0 to 0.1%,
Mg: 0 to 0.1%,
Zr: 0 to 0.1%,
B: 0 to 0.1%, and
rare earth metal: 0 to 0.1%,
with the balance being Fe and impurities;
wherein the rareearthmetal is oneormore typesof element selected from theelementswithatomic numbers
39, 57 to 71 and 89 to 103, and
the oxidized layer A has a chemical composition excluding oxygen and carbon containing, in mass%, as
measured according to the method described in the description:

Cr and Mn: 20 to 45% in total, and
one or more types of element selected from a group consisting of Mo, Ta, Wand Re: 0.5 to 10% in total,
wherein the method includes a preparation process and an oxidation treatment process,
wherein in the preparation process, the basematerial having the aforementioned chemical composition
is prepared, and
the oxidation treatment process is performed on the aforementioned base material prepared in the
preparation process by heating the base material prepared in the preparation process in a gas atmo-
sphere containingCO,CO2andN2,wherein theCO/CO2 ratio of thegasused for the oxidation treatment
is 0.6 ormore in volume ratio and the (CO+CO2)/N2 ratio of the gas used in the oxidation treatment is set
at no more than 1.0 in volume ratio; and
the temperature for the oxidation treatment process is in a range of 900 to 1130°C and an oxidation
treatment time period is in a range of 1 minute to 1 hour.

2. Amethod for producing a ferritic heat transfermember, themethod comprising themethod of producing heat resistant
ferritic steel of claim 1, and further comprising performing a steam oxidation treatment by exposing the heat resistant
ferritic steel to steamata temperature ina range from500 to650°C for not less than100hours,wherein the ferritic heat
transfer member, comprises:
a base material having a chemical composition consisting of, in mass %:

C: 0.01 to 0.3%,
Si: 0.01 to 2.0%,
Mn: 0.01 to 2.0%,
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P: 0.10% or less,
S: 0.03% or less,
Cr: 7.0 to 14.0%,
N: 0.005 to 0.15%,
sol. Al: 0.001 to 0.3%,
one or more types of element selected from a group consisting of Mo: 0 to 5.0%, Ta: 0 to 5.0%,W: 0 to 5.0% and
Re: 0 to 5.0%: 0.5 to 7.0% in total,
one or more types of element selected from a group consisting of Cu: 0.005 to 5.0%, Ni: 0.005 to 5.0%, and Co:
0.005 to 5.0%,
Ti: 0 to 1.0%,
V: 0 to 1.0%,
Nb: 0 to 1.0%,
Hf: 0 to 1.0%,
Ca: 0 to 0.1%,
Mg: 0 to 0.1%,
Zr: 0 to 0.1%,
B: 0 to 0.1%, and
rare earth metal: 0 to 0.1%,
with the balance being Fe and impurities;
wherein the rare earthmetal is one ormore types of element selected from the elementswith atomic numbers 39,
57 to 71 and 89 to 103, and
an oxide film on a surface of the base material;
wherein:
the oxide film comprises:

an oxidized layer B containing Fe3O4 and Fe2O3 in a total amount of 80% or more in vol%, as measured
according to the method described in the description, and
an oxidized layer C that is disposed between the oxidized layer B and the basematerial; the oxidized layer C
contacts the base material; and
a chemical composition excluding oxygen and carbon of the oxidized layer C contains, in mass%, as
measured according to the method described in the description:

Cr and Mn: more than 5% to 30% in total, and
one or more types of element selected from a group consisting of Mo, Ta, W and Re: 1 to 15% in total,
wherein in the oxidized layer C, Cr and Mn are present as oxides represented by the chemical formula
(Fe,M)3O4 inwhichCr andMnare substituted forMand the oxides represented by the chemical formula
(Fe, M)3O4 are oxides that have a so-called spinel crystal structure that is the same as Fe3O4, and in
which a part of Fe is substituted with Cr and Mn.

Patentansprüche

1. Verfahren zur Herstellung von hitzebeständigem ferritischem Stahl, wobei der hitzebeständige ferritische Edelstahl
Folgendes umfasst:

ein Basismaterial, und
eine oxidierte Schicht A auf einer Oberfläche des Basismaterials;
wobei:
das Basismaterial eine chemische Zusammensetzung aufweist, die in Massenprozent besteht aus:

C: 0,01 bis 0,3 %,
Si: 0,01 bis 2,0 %,
Mn: 0,01 bis 2,0 %,
P: 0,10 % oder weniger,
S: 0,03 % oder weniger,
Cr: 7,0 bis 14,0 %,
N: 0,005 bis 0,15 %,
löslichem Al: 0,001 bis 0,3 %,
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einer oder mehreren Elementarten, ausgewählt aus einer Gruppe bestehend aus Mo: 0 bis 5,0 %, Ta: 0 bis
5,0 %, W: 0 bis 5,0 % und Re: 0 bis 5,0 %: insgesamt 0,5 bis 7,0 %,
einer oder mehreren Elementarten, ausgewählt aus einer Gruppe bestehend aus Cu: 0,005 bis 5,0 %, Ni:
0,005 bis 5,0 % und Co: 0,005 bis 5,0 %,
Ti: 0 bis 1,0 %,
V: 0 bis 1,0 %,
Nb: 0 bis 1,0 %,
Hf: 0 bis 1,0 %,
Ca: 0 bis 0,1 %,
Mg: 0 bis 0,1 %,
Zr: 0 bis 0,1 %,
B: 0 bis 0,1 % und
Seltenerdmetall: 0 bis 0,1 %,
wobei der Rest Fe und Verunreinigungen ist;
wobei das Seltenerdmetall eine oder mehrere Elementarten ist, die ausgewählt sind aus den Elementenmit
den Ordnungszahlen 39, 57 bis 71 und 89 bis 103, und
die oxidierte Schicht A eine chemische Zusammensetzung aufweist, die Sauerstoff und Kohlenstoff aus-
schließt und in Massenprozent, gemessen gemäß dem in der Beschreibung beschriebenen Verfahren,
Folgendes enthält:

Cr und Mn: insgesamt 20 bis 45 %, und
eine oder mehrere Elementarten, ausgewählt aus einer Gruppe bestehend aus Mo, Ta, W und Re:
insgesamt 0,5 bis 10 %,
wobei das Verfahren einen Herstellungsprozess und einen Oxidationsbehandlungsprozess umfasst,
wobei im Herstellungsprozess das Basismaterial mit der oben genannten chemischen Zusammen-
setzung hergestellt wird, und
der Oxidationsbehandlungsprozess an dem oben genannten Basismaterial, das in dem Herstellungs-
prozess hergestellt wurde, durchgeführt wird, indem das in dem Herstellungsprozess hergestellte
Basismaterial in einer Gasatmosphäre, die CO, CO2 und N2 enthält, erhitzt wird, wobei das CO/-
CO2‑Verhältnis des für die Oxidationsbehandlung verwendeten Gases 0,6 oder mehr im Volumenver-
hältnis beträgt und das (CO+CO2)/N2‑Verhältnis des in der Oxidationsbehandlung verwendetenGases
auf nicht mehr als 1,0 im Volumenverhältnis eingestellt ist; und
die Temperatur für den Oxidationsbehandlungsprozess in einem Bereich von 900 bis 1130 °C liegt und
eine Oxidationsbehandlungszeitdauer in einem Bereich von 1 Minute bis 1 Stunde liegt.

2. Verfahren zur Herstellung eines ferritischen Wärmeübertragungselements, wobei das Verfahren das Verfahren zur
Herstellung von hitzebeständigem ferritischem Stahl nach Anspruch 1 umfasst und ferner die Durchführung einer
Dampfoxidationsbehandlung umfasst, indem der hitzebeständige ferritische Stahl Dampf bei einer Temperatur im
Bereich von 500 bis 650 °C für nicht weniger als 100 Stunden ausgesetzt wird, wobei das ferritische Wärme-
übertragungselement Folgendes umfasst:
ein Basismaterial mit einer chemischen Zusammensetzung, die in Massenprozent besteht aus:

C: 0,01 bis 0,3 %,
Si: 0,01 bis 2,0 %,
Mn: 0,01 bis 2,0 %,
P: 0,10 % oder weniger,
S: 0,03 % oder weniger,
Cr: 7,0 bis 14,0 %,
N: 0,005 bis 0,15 %,
löslichem Al: 0,001 bis 0,3 %,
einer odermehrerenElementarten, ausgewählt aus einerGruppe bestehend ausMo: 0 bis 5,0%, Ta: 0 bis 5,0%,
W: 0 bis 5,0 % und Re: 0 bis 5,0 %: insgesamt 0,5 bis 7,0 %,
einer oder mehreren Elementarten, ausgewählt aus einer Gruppe bestehend aus Cu: 0,005 bis 5,0%, Ni: 0,005
bis 5,0 % und Co: 0,005 bis 5,0 %,
Ti: 0 bis 1,0 %,
V: 0 bis 1,0 %,
Nb: 0 bis 1,0 %,
Hf: 0 bis 1,0 %,
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Ca: 0 bis 0,1 %,
Mg: 0 bis 0,1 %,
Zr: 0 bis 0,1 %,
B: 0 bis 0,1 % und
Seltenerdmetall: 0 bis 0,1 %,
wobei der Rest Fe und Verunreinigungen ist;
wobei das Seltenerdmetall ein oder mehrere Elementarten ist, die ausgewählt sind aus den Elementen mit den
Ordnungszahlen 39, 57 bis 71 und 89 bis 103, und
einem Oxidfilm auf einer Oberfläche des Basismaterials;
wobei:
der Oxidfilm Folgendes umfasst:

eine oxidierte Schicht B, die Fe3O4 und Fe2O3 in einer Gesamtmenge von 80 Vol.-% oder mehr enthält,
gemessen gemäß dem in der Beschreibung beschriebenen Verfahren, und
eine oxidierte Schicht C, die zwischen der oxidierten Schicht B und dem Basismaterial angeordnet ist;
wobei die oxidierte Schicht C das Basismaterial berührt; und
eine chemische Zusammensetzung, die Sauerstoff und Kohlenstoff ausschließt, der oxidierten Schicht C in
Massenprozent, gemessen gemäß dem in der Beschreibung beschriebenen Verfahren, Folgendes enthält:

Cr und Mn: insgesamt mehr als 5 % bis 30 %, und
eine oder mehrere Elementarten, ausgewählt aus einer Gruppe bestehend aus Mo, Ta, W und Re:
insgesamt 1 bis 15 %,
wobei in der oxidierten Schicht C, Cr undMn alsOxide vorhanden sind, die durch die chemische Formel
(Fe, M)3O4 dargestellt werden, in der Cr und Mn M ersetzen, und
die Oxide, die durch die chemische Formel (Fe, M)3O4 dargestellt werden, Oxide sind, die eine
sogenannte Spinellkristallstruktur aufweisen, die der von Fe3O4 entspricht, und in denen ein Teil von
Fe durch Cr und Mn ersetzt ist.

Revendications

1. Procédé de production d’acier ferritique résistant à la chaleur, dans lequel l’acier inoxydable ferritique résistant à la
chaleur comprend :

un matériau de base, et
une couche oxydée A sur une surface du matériau de base ;
dans lequel :
le matériau de base a une composition chimique constituée de, en % de masse :

C : 0,01 à 0,3 %,
Si : 0,01 à 2,0 %,
Mn : 0,01 à 2,0 %,
P : 0,10 % ou moins,
S : 0,03 % ou moins,
Cr : 7,0 à 14,0 %,
N : 0,005 à 0,15 %,
Al massif : 0,001 à 0,3 %,
unouplusieurs typesd’éléments sélectionnésdansungroupeconstituédeMo :0à5,0%,Ta :0à5,0%,W:0
à 5,0 % et Re : 0 à 5,0 % : 0,5 à 7,0 % au total,
un ou plusieurs types d’éléments sélectionnés dans un groupe constitué de Cu : 0,005 à 5,0 %, Ni : 0,005 à
5,0 %, et Co : 0,005 à 5,0 %,
Ti : 0 à 1,0 %,
V : 0 à 1,0 %,
Nb : 0 à 1,0 %,
Hf : 0 à 1,0 %,
Ca : 0 à 0,1 %,
Mg : 0 à 0,1 %,
Zr : 0 à 0,1 %,
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B : 0 à 0,1 %, et
un métal du groupe des terres rares : 0 à 0,1 %,
le reste étant constitué de Fe et d’impuretés ;
dans lequel le métal du groupe des terres rares est un ou plusieurs types d’éléments sélectionnés parmi les
éléments ayant des numéros atomiques de 39, 57 à 71 et 89 à 103, et
la coucheoxydéeAaunecomposition chimiqueexcluant l’oxygèneet le carbonecontenant, en%enmasse,
telle que mesurée selon le procédé décrit dans la description :

Cr et Mn : 20 à 45 % au total, et
un ou plusieurs types d’éléments sélectionnés dans un groupe constitué deMo, Ta,Wet Re : 0,5 à 10%
au total,
dans lequel le procédé inclut un processus de préparation et un processus de traitement par oxydation,
dans lequel, dans le processus de préparation, le matériau de base ayant la composition chimique
susmentionnée est préparé, et
le processus de traitement par oxydation est réalisé sur le matériau de base susmentionné préparé
pendant le processus de préparation par chauffage dumatériau de base préparé pendant le processus
de préparation dans uneatmosphère gazeuse contenantCO,CO2etN2, dans lequel le rapport CO/CO2
du gaz utilisé pour le traitement par oxydation est de 0,6 ou plus en volume et le rapport (CO +CO2) / N2
du gaz utilisé pendant le traitement par oxydation est fixé à pas plus de 1,0 en volume ; et
la températurepour leprocessusde traitementparoxydationsesituedansuneplagede900à1130 °Cet
la durée de traitement par oxydation se situe dans une plage de 1 minute à 1 heure.

2. Procédédeproductiond’unorgane ferritiquede transfert de chaleur, le procédécomprenant le procédédeproduction
d’acier ferritique résistant à la chaleur de la revendication 1, et comprenant en outre la réalisation d’un traitement par
oxydation à la vapeur par exposition de l’acier ferritique résistant à la chaleur à de la vapeur à une température dans
une plage de 500 à 650°C pendant au moins 100 heures, dans lequel l’organe ferritique de transfert de chaleur,
comprend :
un matériau de base ayant une composition chimique constituée de, en % de masse :

C : 0,01 à 0,3 %,
Si : 0,01 à 2,0 %,
Mn : 0,01 à 2,0 %,
P : 0,10 % ou moins,
S : 0,03 % ou moins,
Cr : 7,0 à 14,0 %,
N : 0,005 à 0,15 %,
Al massif : 0,001 à 0,3 %,
un ou plusieurs types d’éléments sélectionnés dans un groupe constitué deMo : 0 à 5,0%, Ta : 0 à 5,0%,W : 0 à
5,0 % et Re : 0 à 5,0 % : 0,5 à 7,0 % au total,
un ou plusieurs types d’éléments sélectionnés dans un groupe constitué deCu : 0,005 à 5,0%,Ni : 0,005 à 5,0%,
et Co : 0,005 à 5,0 %,
Ti : 0 à 1,0 %,
V : 0 à 1,0 %,
Nb : 0 à 1,0 %,
Hf : 0 à 1,0 %,
Ca : 0 à 0,1 %,
Mg : 0 à 0,1 %,
Zr : 0 à 0,1 %,
B : 0 à 0,1 %, et
un métal du groupe des terres rares : 0 à 0,1 %,
le reste étant constitué de Fe et d’impuretés ;
dans lequel le métal du groupe des terres rares est un ou plusieurs types d’éléments sélectionnés parmi les
éléments ayant des numéros atomiques de 39, 57 à 71 et 89 à 103, et
un film d’oxyde sur une surface du matériau de base ;
dans lequel :
le film d’oxyde comprend :

une couche oxydée B contenant Fe3O4 et Fe2O3 dans une quantité totale de 80% ou plus en% en volume,
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telle que mesurée selon le procédé décrit dans la description, et
une couche oxydée C qui est disposée entre la couche oxydée B et le matériau de base ;
la couche oxydée C est en contact avec le matériau de base ; et
une composition chimique excluant l’oxygène et le carbone de la couche oxydéeC contient, en%enmasse,
tel que mesurée selon le procédé décrit dans la description :

Cr et Mn : plus de 5 % à 30 % au total, et
un ouplusieurs types d’éléments sélectionnésdans ungroupe constitué deMo, Ta,WetRe : 1 à15%au
total,
dans lequel, dans la couche oxydée C, Cr et Mn sont présents sous forme d’oxydes représentés par la
formule chimique (Fe,M)3O4 dans laquelleCr etMn sont substitués àMet les oxydes représentés par la
formule chimique (Fe, M)3O4 sont des oxydes qui ont une structure cristalline dite spinelle qui est la
même que Fe3O4, et dans laquelle une partie de Fe est substituée par Cr et Mn.
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