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(57) Abrege/Abstract:
Provided Is duplex stainless steel having high strength, SCC resistance and SSC resistance excellent in a high-temperature
chloride environment, and capable of suppressing precipitation of a phase. The duplex stainless steel of the present embodiment
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(57) Abrege(suite)/Abstract(continued):

Includes, In mass%, of: C: at most 0.03%; Si: 0.2 to 1%; Mn: more than 5.0% to at most 10%; P: at most 0.040%; 5: at most
0.010%: Ni: 4.5 to 8%: sol. Al: at most 0.040%:; N: more than 0.2% to at most 0.4%: Cr: 24 to 29%; Mo: 0.5 to less than 1.5%: Cu:
1.5 to 3.5%; W: 0.05 to 0.2%; the balance being Fe and impurities, wherein the duplex stainless steel satisfies Formula (1) : Cr +
SNi+ Cu+ Mo+ W/2=265 .. (1), where a symbol of each element in Formula (1) represents a content of the element (In mass%)
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ABSTRACT

Provided 1s duplex stainless steel having high
strength, SCC resistance and SSC resistance excellent 1in

a high-temperature chloride environment, and capable of

suppressing precipitation of a ¢ phase. The duplex

stainless steel of the present embodiment includes, 1n
masss, of: C: at most 0.03%; S1i: 0.2 to 1%; Mn: more than
5.0% to at most 10%; P: at most 0.040%; S: at most
0.010%; Ni: 4.5 to 8%; sol. Al: at most 0.040%; N: more
than 0.2% to at most 0.4%; Cr: 24 to 29%; Mo: 0.5 to less
than 1.5%; Cu: 1.5 to 3.5%; W: 0.05 to 0.2%; the balance

being Fe and 1mpurities, wherein the duplex stainless

steel satisfies Formula (1): Cr + 8Ni + Cu + Mo + W/2 2

65 ... (1), where a symbol of each element in Formula (1)

P

represents a content of the element (1n mass%).
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Description

}

Title of Invention: DUPLEX STAINLESS ST!

L)

B L

Technical Field
[0001]
The present 1nvention relates to stainless steel,

more specifically, to duplex stainless steel.

Background Art
[0002]

O1l and natural gas produced from oil fields and gas
fields contain associated gas. The associated gas
contalns corrosive gas, such as carbon dioxide gas (CO;)
and/or hydrogen sulfide (H,S). Line pipes transport oil
and natural gas contalining the above corrosive gas.

Consequently, 1n line pilpes, stress corrosion cracking

(SCC), sulfide stress cracking (SSC), and general

corrosion cracking account for reduction in wall

thickness may cause problems 1n some cases.

[0003]

SCC and SSC cause rapid propagation of the cracking.
Hence, SCC and SSC penetrate line pipes in a short time

since they occur. In addition, SCC and SSC occur locally.

For theses reasons, corrosion resistance, particularly,

SCC resistance and SSC resistance are required 1n steel

material for use 1n line pipes.

(0004 ]



CA 02847111 2014-02-27

NSSMC Ref. 12-00335W00
Our Ref. 102AA055P1

Duplex stainless steel has high corrosion resistance.
Hence, duplex stainless steel 1s used as steel for line

pipes.
[0005]

High strengthening of steel pipes attains reduction

1n wall thickness of the steel pipes for the line pipes,

resulting 1n reduction in production cost. In this sense,

high strengthening is required in the duplex stainless

steel for use in the line pipes. JP 2003-171743A (Patent

Literature 1) and JP 5-132741A (Patent Literature 2)

suggest duplex stainless steel having high strength.

[0006]

Patent Llterature 1 discloses the following: the

duplex stainless steel of Patent Literature 1 contains Mo

of at least 2.00% as well as W. Solid-solution

P

strengthening of Mo and W enhances strength of the duplex

stainless steel. The duplex stainless steel of Patent

Literature 1 contains Cr of 22.00 to 28.00%, and Ni of

3.00 to 5.00%. This configuration enhances corrosion

resistance of the duplex stainless steel.

[0007]

Patent Literature 2 discloses the following: the

iy

duplex stalnless steel of Patent Literature 2 contains Mo

I

of at least 2.00% as well as W. In the duplex stainless

steel, PREW = Cr + 3.3 (Mo + 0.5W) + 16N is at least 40.

The contents of Mo and W enhance strength of the duplex

W of at least 40 enhances corrosion

7]

stainless steel. PR

resistance of the duplex stainless, as well.

- D -
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Disclosure of the Invention

[0008]

Unfortunately, each duplex stainless steel disclosed

1n Patent Literature 1 and Patent Literature 2 has a high

=y

content of Mo. If the Mo content i1s high, a sigma phase

__4

(0 phase) 1s likely to be generated. The ¢ phase

preclpitates during producing and welding the steel. The

0 phase 1s hard and brittle, which reduces toughness and

p—

corrosion resistance of the duplex stainless steel.

Particularly, steel pipes for used in line pipes are
welded on the site where the line pipes are installed.

Hence, 1t 1s preferable to suppress precipitation of the

0 phase particularly in the duplex stainless steel for
use 1n line pipes.
[0009]

As described above, high SCC resistance and high SSC
resistance are required in an environment having

accompanied gas containing carbon dioxide gas and/or

hydrogen sulfide (referred to as a "chloride

environment," hereinafter). 01l fields and gas fields

that have been recently developed are located at a deep

level. 01l fields and gas fields located at a deep level

have a chloride environment whose temperature is 80°C to

150°C. Consequently, in the duplex stainless steel for

use 1n line pipes, SCC resistance and SSC resistance
excellent even 1n such a high-temperature chloride

environment are required.
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[0010]

An object of the present invention is to provide
duplex stainless steel having high strength, SCC
resistance and SSC resistance excellent in a high-

temperature chloride environment, and capable of

suppressing precipitation of the ¢ phase.

[0011]

Duplex stainless steel according to the present
invention comprises, in mass%, C: at most 0.03%; Si: 0.2
to 1%; Mn: more than 5.0% to at most 10%; P: at most
0.040%; S: at most 0.010%; Ni: 4.5 to 8%; sol. Al: at
most 0.040%; N: more than 0.2% to at most 0.4%; Cr: 24 to
29%; Mo: 0.5 to less than 1.5%; Cu: 1.5 to 3.5%; W: 0.05

to 0.2%; the balance being Fe and impurities, and

satisfies Formula (1): Cr + 8Ni + Cu + Mo + W/2 2

05 ... (l), where a symbol of each element in Formula (1)

p

represents a content of the element (1n mass%).

[0012]

The duplex stainless steel accordling to the present
invention has high strength, and SCC resistance and SSC

resistance excellent 1in a high-temperature chloride

environment. In addition, precipitation of the ¢ phase

1s suppressed.

[0013]

The aforementioned duplex stainless steel may

further comprise V: at most 1.5% 1nstead of part of Fe.

10014]
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The aforementioned duplex stainless steel may

further comprise one or more types selected from a group
of Ca: at most 0.02%, Mg: at most 0.02%, and B: at most

0.02% 1instead of part of Fe.

F
p—

Brief Description of Drawings

[0015]

(Figure 1] Figure 1 is a drawiling showing a relation among

a Mn content, yield strength and precipitation of a ©

phase 1n duplex stainless steel.

|Figure 2] Figure 2 1is a drawing showing a relation among
a Mo content, the yield strength and precipitation of the
0 phase 1n the duplex stainless steel.

[Figure 3] Figure 3 1s a drawing showing a relation among
the Mn content, Fl = Cr + 8Ni + Cu + Mo + W/2, and SCC
reslstance.

[Figure 4A] Figure 4A 1is a plan view of a plate material

produced 1n Example.
[Figure 4B] Figure 4B 1s a front view of the plate

material shown i1n Figure 4A.

[Figure 5A] Figure 5A is a plan view of a welded joint

produced 1in Example.

[Figure 5B] Figure 5B is a front view of the welded joint

shown 1n Figure 5HA.

Best Mode for Carrying Out the Invention

(0016]
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Hereinafter, an embodiment of the present invention

will be described in detail with reference to drawings.

Same or eqgquilvalent components in the drawings are denoted

with the same reference numerals, and repeated

explanation thereof is omitted. A symbol "%" for a

content of each element means mass$% unless otherwise
mentioned.

10017]

The present inventors have conducted 1nvestigations
and studies on strength, SCC resistance and SSC

resistance in a high-temperature chloride environment,

and suppression of a ¢ phase precipitation of duplex

stainless steel. As a result, the present inventors have

obtained the following findings.

[0018]

(A) Mo enhances strength of steel, but encourages

P

precipltation of the 6 phase. Hence, it 1s preferable to

suppress the Mo content to be as small as possible. W 1s

expensive, and thus it i1s also preferable to suppress the

W content to be as small as possible.

[0019]

(B) As the Mo content and the W content are more

gr—

reduced, the strength of the duplex stainless steel

becomes more reduced. Hence, instead of increasing the
Mo content and the W content, the Mn content 1s increased
so as to enhance the strength of the duplex stainless

steel.

[0020]
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Figure 1 1s a drawing showing a relation among the

|

Mn content, the yield strength, and the ¢ phase

preclpitation. Figure 2 1s a drawing showing a relation

among the Mo content, the yield strength, and the ¢ phase

precipitation. Figure 1 and Figure 2 are obtained based

on a tenslle test and a o-phase area ratio measurement

test 1n Example 1 and in Example 3, as described later.

In Figure 1 and Figure 2, open marks "O" indicate that

no o phase was observed 1in the 6-phase area ratio

measurement test, and solid marks "@" indicate that the

O phase was observed.

(0021 ]
With reference to Figure 1 and Figure 2, as the Mo
content becomes higher, the yield strength becomes

greater, and similarly, as the Mn content becomes higher,

the yield strength becomes greater in the duplex

stainless steel. If the Mn content is more than 5.0%,

the yield strength of the duplex stainless steel becomes
at least 550 MPa, resulting in high strength.

[0022]

If the Mo content i1s high, the ¢ phase 1s observed

in the duplex stainless steel; to the contrary, no ©

U B

phase 1s observed in the duplex stainless steel even 1i:

the Mn content is high. Hence, the Mn content of more

g

than 5.0% enhances strength of the duplex stainless, and

also suppresses generation of the o phase instead of

ty

using Mo and W.

[0023]
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(C) If the Mn content 1s more than 5.0%, a corrosion

film formed on a surface of the duplex stainless steel

becomes unstable in the high-temperature chloride

environment. If the corrosion film becomes unstable, the

w—vvey

SCC resistance becomes deteriorated in the high-
temperature chloride environment.

10024 ]

In order to enhance the SCC resistance of the duplex

stainless steel having the Mn content of more than 5.0%,

the N1 content is defined to be at least 4.5%. Ni 1is

effective for stabilizing the corrosion film in the

)

duplex stainless steel having the Mn content of more than
5.0%. The Ni content of at least 4.5% enhances the SCC

resistance of the duplex stainless steel having the Mn

content of more than 5.0%.

[0025]

(DY In order to enhance the SCC resistance of the

duplex stainless steel having the Mn content of more than

5.0%, the duplex stainless steel preferably satisfies the
following Formula (1) in addition to the above (C).

Cr +# 8N1 + Cu + Mo + W/2 =2 65 ... (1),
represents

where, a symbol of each element in Formula (1)

masss of the element.

(0026]

All of Cr, Ni, Mo, and W stabilize the corrosion

=

"ined to be F1 = Cr + 8Ni + Cu + Mo + W/2.

film. F1 1s de:

a stable corrosion film can

L
')

F1 satisfies Formula (1),

be formed even if the Mn content 1is more than 5.0%.

- 8 -
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Hence, the SCC resistance of the duplex stainless steel

becomes high.
[0027]

Figure 3 1s a drawing showing a relation among the
Mn content, Fl, and the SCC resistance. Figure 3 was

obtained based on the result of the SCC test in Example 3

described later. In Figure 3, open marks "O" indicate

that no SCC was observed, and solid marks "@®" indicate

that SCC was observed.

[0028]

With reference to Figure 3, in the duplex stainless

P

steel having the Mn content of more than 5.0%, if F1 1is

at least 65, excellent SCC resistance can be attained

without relying on the content of Mn. On the other hand,

P

1f F1 value 1s less than 65, SCC occurs in the duplex

stainless steel having the Mn content of at least 5.0%.

i

Hence, 1n the case of the duplex stainless steel having

P

the Mn content of at least 5.0%, excellent SCC resistance

can be attained by satisfying Formula (1).

[0029]

Based on the above findings, the present i1nventors
have completed the duplex stainless steel according to

the present embodiment. Hereinafter, the duplex

stainless steel according to the present embodiment will

be described 1n detail.

[0030]

[Chemical Composition]
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The duplex stailnless steel according to the present
invention includes the following chemical composition.
[0031]

C: at most 0.03%

Carbon (C) stabilizes an austenite phase 1n the
steel, as similar to Nitrogen (N). On the other hand, 1if
the C content 1s excessively high, coarse carbide 1is

likely to precipitate, and the corrosion resistance of

g—
ad

the steel, particularly, the SCC resistance thereof

becomes deterilorated. Accordingly, the C content 1is

defined to be at most 0.03%. The upper limit of the C

content 1s preferably less than 0.03%, more preferably

0.02%, and further more preferably less than 0.02%.

(0032

Si: 0.2 to 1%

Silicon (Si) secures flowability of welding metal at

the time of welding the duplex stainless steel to each

other. Hence, generation of weld defects 1s suppressed.

On the other hand, an excessively high Si1 content

generates 1ntermetallic compound represented by the ©

phase. Accordingly, the Si content 1s defined to be 0.7

=~

to 1%. The lower limit of the Si1 content 1s preferably

more than 0.2%, more preferably 0.35%, and further more

preferably 0.40%. The upper limit of the Si content 1is

preferably less than 1%, more preferably 0.80%, and more

preferably 0.65%.
10033]

Mn: more than 5.0% to at most 10%.

- 10 -
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”

Manganese (Mn) enhances solubility of N in the steel.

Hence, Mn suppresses preciplitation of the ¢ phase as well

as enhances strength of the steel. On the other hand, 1if
the Mn content 1s excessively high, the corrosion

resistance (SSC resistance and SCC resistance) of the

steel becomes deteriorated. Hence, the Mn content 1is

de

"ined to be more than 5.0% to at most 10%. The lower

L

limit of the Mn content is preferably 5.5%, and more

preferably more than 6.0%. The preferable upper limit of

the Mn content 1s less than 10%.

(00341
P: at most 0.040%

Phosphorus (P) 1s an i1mpurity. P deteriorates the

corrosion resistance and toughness of the steel. Hence,

the P content i1is preferably as small as possible. The P

content 1s defined to be at most 0.040%. The P content

1s preferably less than 0.040%, more preferably at most

0.030%, and further more preferably at most 0.020%.
[0035]

S: at most 0.010%

Sulfur (S) 1s an i1mpurity. S deteriorates hot

workability of the steel. S generates sulfide, which

initiates pitting. Accordingly, the S content is

preferably as small as possible. The S content 1is

defined to be at most 0.010%. The S content is

preferably less than 0.010%, more preferably at most

0.007%, and further more preferably at most 0.002%.
[0036]
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Ni: 4.5 to 8%
Nickel (Ni1) stabilizes the austenite phase in the

steel. N1 enhances the corrosion resistance of the steel,

~— —

as well. In the case of the Mn content of more than 5.0%

as similar to the present embodiment, Ni stabilizes the

corrosion film of the steel in the high-temperature

chloride environment. On the other hand, the excessively

high Ni content reduces the ratio of the ferrite phase in

the duplex stainless steel. The intermetallic compound

represented by the ¢ phase significantly precipitates, as

well. Accordingly, the N1 content is defined to be 4.5%

to 8%. The lower limit of the Ni content 1is preferably

more than 4.5%, and more preferably more than 5%. The

upper limit of the Ni content is preferably less than 8%,

more preferably 7%, and further more preferably ©0.5%.
[0037]

Sol. Al: at most 0.040%

Aluminum (Al) deoxidizes the steel. On the other
hand, 1f the Al content i1s excessively high, Al combines

with N in the steel to generate AlN, which deteriorates

the corrosion resistance and the toughness of the steel.

Accordingly, the Al content 1s defined to be at most

0.040%. The preferable lower limit of the Al content 1s

pr—

0.005%. The upper limit of the Al content 1s preferably

‘urther

)

less than 0.040%, more preferably 0.030%, and

more preferably 0.020%. In the present embodiment, the
Al content denotes a content of acid-soluble Al (Sol. Al).

[0038]
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N: more than 0.2% to at most 0.4%

Nitrogen (N) is a strong austenite former, and N

enhances thermal stability, strength, and corrosion

resistance (particularly pitting resistance) of the
duplex stainless steel. On the other hand, an

excessively high N content is likely to cause blow holes

that are welding defects. In addition, coarse nitride 1is

generated due to thermal influence at the time of welding,

which deteriorates the toughness and the corrosion

F

resistance of the steel. Accordingly, the N content is

defined to be more than 0.2% to at most 0.4%. The upper

-~

limit of the N content is preferably less than 0.4%, more

preferably 0.35%, and further more preferably 0.30%.

[0039]
Cr: 24 to 29%

.

Chrome (Cr) enhances the corrosion resistance of the

steel, and particularly enhances the SCC resistance

phiy

thereof 1n the chloride environment. On the other hand,

| pr—

1f the Cr content 1is excessively high, intermetallic

compound represented by the o phase significantly

precipilitates, which deteriorates hot workability and

weldability of the steel. Accordingly, the Cr content 1is

defined to be 24 to 29%. The lower 1imit of the Cr

content 1s preferably more than 24%, more preferably

24.5%, and further more preferably 25%. The preferable

P

upper limit of the Cr content 1s less than 29%.

[0040]

Mo: 0.5 to less than 1.5%

_13_
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Molybdenum (Mo) enhances the SSC resistance and the
SCC resistance of the steel, and particularly enhances
the SSC resistance thereof. On the other hand, 1f the Mo

content 1s excessively high, intermetallic compound

represented by the ¢ phase significantly precipitates.

Accordingly, the Mo content 1s defined to be 0.5 to less

than 1.5%. The lower limit of the Mo content is

preferably more than 0.5%, more preferably 0.7%, and

further more preferably 0.8%. The upper limit of the Mo

content 1s preferably 1.4%, and more preferably 1.2%.

00417
Cu: 1.5 to 3.5%

Copper (Cu) strengthens a passivation film in the
high-temperature chloride environment, and enhances the

SCC resistance of the steel. Cu also suppresses

generation of the ¢ phase at a boundary between a ferrite

phase and an austenite phase. Specifically, extremely

refined Cu precipitates in matrixes at the time of high

heat 1nput welding. Precipitating Cu becomes a site for

nucleation of the ¢ phase. The precipitating Cu competes

with the boundary between the ferrite phase and the

austenite phase that is the original nucleation site of

the o phase. Conseqguently, the precipitation of the ©

phase 1is suppressed at the boundary between the ferrite

phase and the austenite phase. Cu enhances the strength
of the steel. On the other hand, an excessively high Cu

content rather deteriorates the hot workability of the

steel. Accordingly, the Cu content 1s defined to be 1.5

- 14 -
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to 3.5%. The lower limit of the Cu content 1is preferably

more than 1.5%, and more preferably 2.0%. The upper

limit of the Cu content 1s preferably less than 3.5%, and
more preferably 3.0%.
[0042]

W: 0.05 to 0.2%

Tungsten (W) enhances the SSC resistance and the SCC
resistance of the steel. On the other hand, an

F
p—

excessively high W content rather saturates this effect,

resulting in 1increase 1n production cost. Accordingly,

the W content is defined to be 0.05% to 0.2%. The lower

o~

limit of the W content 1s preferably more than 0.05%.

P

The upper limit of the W content i1s preferably less than

0.2%, and more preferably 0.15%.

(0043}

The balance of the duplex stainless steel according
to the present embodiment consists of i1ron (Fe) and

impurities. The impurities herein denotes elements mixed

from minerals or scraps used as row materials of the

steel, or through an environment of the manufacturing

process, and the like.

[0044 ]

The duplex stainless steel according to the present

embodiment may further comprise V instead of part of Fe.
[0045]
V: at most 1.5%

Vanadium (V) 1s an selective element. V enhances

the corrosion resistance of the steel, and particularly

_15_
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enhances the corrosion resistance of the steel 1n an

p—

acidic environment. Even a slight content of V can

attain this effect. On the other hand, an excessively

oy

high V content extremely increases the ratio of the

ferrite phase in the steel, resulting in deterioration of

the toughness and the corrosion resistance. Accordingly,

the V content 1s defined to be at most 1.5%. The

preferable lower limit of the V content is 0.05%.
[0046]

The duplex stainless steel of the present embodiment

further comprises one or more types of elements selected

from a group of Ca, Mg, and B instead of part of Fe. Ca,

F

Mg, and B enhance the hot workability of the steel.

[0047]
Ca: at most 0.02%
Mg: at most 0.02%
B: at most 0.02%
Calcium (Ca), magnesium (Mg), and boron (B) are all

F

selectlive elements. All of Ca, Mg, and B enhance the hot

workability of the steel. For example, at the time of

producing a seamless steel pipe through the skew rolling

process, high hot workability is required. In such a

F

case, 1f one or more of Ca, Mg, and B are contained, the

hot workability of the steel 1s enhanced. Even a slight

g

content of any of these elements can attain this effect.

On the other hand, 1f one or more of these elements has

an excessively high content, oxide, sulfide, and

intermetallic compound in the steel become increased.

_16_
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Ox1de, sulfide, and intermetallic compound initiate

pitting, which deteriorates the corrosion resistance of
the steel. Accordingly, the Ca content 1s defined to be

at most 0.02%, the Mg content 1s defined to be at most

0.02%, and the B content is defined to be at most 0.02%.

[0048]

P

EBEach preferable lower limit of the Ca content, the

Mg content, and the B content 1s 0.0001%. Each upper

F

limit of the Ca content, the Mg content, and the B

content 1s preferably less than 0.02%, more preferably
0.010%, and further more preferably 0.0050%.
[0049]

[Formula (1) ]

The chemical composition of the duplex stainless

steel according to the present embodiment further

satisfies Formula (1).

Cr + 8Ni1i + Cu + Mo + W/2 2 65 ... (1),

where a symbol of each element 1n Formula (1) represents

a content of the element (in mass%).

[0050]

F

All of Cr, Ni, Cu, Mo, and W stabilize the corrosion

g

film of the duplex stainless steel having the Mn content

of more than 5.0% in the high-temperature chloride

environment. Ni stabilizes the corrosion film the most

among these elements. Accordingly, the N1 content 1is

poie

multiplied by a coefficient of "8". Meanwhile, W has a

small contribution ratio of stabilizing the corrosion
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film. Hence, the W content is multiplied by a

coefficient of "1/2".

10051 ]

Cr N1 + Cu + Mo +

I

As shown 1in Figure 3, 1f F1

W/2 is at least 65, the SCC resistance is enhanced in the

duplex stainless steel having the Mn content of more than

5.0%. On the other hand, if Fl1 is less than 65, the SCC

resistance 1s reduced in the duplex stainless steel

having the Mn content of more than 5.0% in the high-
temperature chloride environment.
[0052]

[Yield Strength]

F

The yield strength of the duplex stainless steel

according to the present invention is at least 550 MPa.

The yield strength is defined by a 0.2% proof stress. In

the duplex stainless steel according to the present

P

invention, while the contents of Mo and W that are

elements for enhancing the strength are reduced, Mn that

1s also an element for enhancing the strength is

contained at a content of more than 5.0%. Accordingly,

F

1t 1s possible to attain high strength of at least 550

MPa.
[0053]
[ Producing Method]

A producing method of the duplex stainless steel

according to the present invention will be described,

hereinafter. Duplex stainless steel 1s melted, which has

the aforementioned chemilcal composition and satisfies

_18....
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Formula (1). The duplex stalnless steel may be melted
using an electric furnace, or using an Ar-0, gaseous-

mixture bottom blowing decarburization furnace (AOD

furnace). The duplex stalnless steel may be melted using

a vacuum oxygen decarburization furnace (VOD furnace).

b

The melted duplex stainless steel may be produced into an
ingot through the ingot-making process, or may be
produced 1nto a cast piece (slab, bloom, or billet)

through the continuous casting process.

[0054]

A duplex stalnless steel material 1s produced using
the produced ingot or cast piece. The duplex stainless
steel material 1s a duplex stainless steel plate or a
duplex stainless steel pipe, for example.

[0055]

The duplex stainless steel plate may be produced 1in

the followling manner, for example. The produced 1ngot or
slab 1s subjected to hot working so as to produce a

duplex stainless steel plate. The hot working 1s hot

forging or hot rolling, for example.

[0056]

The duplex stainless steel pipe may be produced 1in

the following manner, for example. Each produced ingot,
slab, or bloom is subjected to hot working to produce a

billet. The produced billet is subjected to hot working

to produce a duplex stainless steel pipe. The hot

working is piercing rolling with the Mannesmann process,

for example. As the hot working, hot extrusion or hot

_19_
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forging may be carried out, instead. The produced duplex
stalnless steel pipe may be a seamless steel pipe or a
welded steel pipe.

[0057]

If the duplex stainless steel pipe 1s a welded steel

pipe, the above duplex stainless steel plate may be bent

into an open pipe, for example. Both the longitudinal

ends of the open pipe are welded using a well-known

method, such as a submerged arc welding or the like,
thereby producing a welded steel pipe.

[0058]

The produced duplex stainless steel material 1s
subjected to solid solution heat treatment. Specifically,

the duplex stainless steel material is charged in a heat

treatment furnace, and 1s socaked at a well-known solid

solution heat treatment temperature (900 to 1200°C).

A

|

‘ter the soaking, the duplex stainless steel material 1s
rapidly cooled by water cooling or the like.

[0059]

In the above manner, the duplex stainless steel

material 1s produced. The produced duplex stainless
steel material has a yileld strength of at least 550 Mpa.
The duplex stalnless steel material according to the

present embodiment i1s an as-solid-solution heat-treated

material.

Example 1
0060 ]

_20_
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Duplex stalnless steel plates including multiple

g

kinds of chemical compositions were produced, and

F

evaluations of the yield strength and the ¢ phase

susceptibility were conducted on each produced duplex

stalnless steel plate.

[00061]

[ Test Method]

F

Fach molten steel of the marks A to K having each

p— |

chemical composition shown in Table 1 was produced using

the vacuum furnace. An ingot was produced from each
produced motel steel. The weight of each ingot was 150
kKg.

[0062]

(Table 1]

- 27 -
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F1 values (left side of Formula (1)) are recorded 1n

the column "F1" of Table 1.

[0064]

Each i1ngot was heated at 1250°C. The heated ingot

was hot-forged 1nto a steel plate having a thickness of

p—

Each steel plate was heated at 1250°C. The heated

40 mm.

steel plate was hot-rolled into a steel plate having a

P

thickness of 15 mm.

[0065]

Fach produced steel plate was subjected to solid

solution heat treatment so as to produce a specimen steel

plate. Specifically, each steel plate was soaked at a

temperature of 1025 to 1070°C for 30 minutes, and

thereafter, the socaked steel plate was cooled with water.

FEach specimen steel plate was produced in the above
manner.
[0060]

[Tensile Test]

A round tensile specimen was collected from the

specimen steel plate of each mark. Each round tensile

specimen had a diameter of 4 mm in 1ts straight portion,

-

and a length of 20 mm. The longitudinal direction of the

round tensile specimen was vertical to the rolling
direction of the specimen steel plate. Each round

tensile speclmen was subjected to a tensile test at a

normal temperature (25°C) so as to measure the yield

strength (MPa). The 0.2% proof stress was defined as the

yield strength.

_23_.
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[00067]

|0-phase Area Ratio Measurement Test]

Generally, 1t 1s said that the ¢ phase precipitates

at a temperature of 850 to 900°C. Accordingly , the ©

phase susceptibility was evaluated for the specimen steel

plate of each mark in the following manner. Each

gr—

specimen steel plate was soaked at a temperature of 900°C

for ten minutes. A specimen having a surface vertical to

the rolling direction of the specimen steel plate

(referred to as a "observation surface", hereinafter) was

collected from each soaked specimen steel plate. The
observation surface of each collected specimen was

mirror-polished as well as etched.

[0068]

Using an optical microscope with 500x magnification,

any four fields were selected in the etched cross section,

and 1mage analysis was made on each field. An area of

each filed used in the 1mage analysis was approximately

4000 um?. The area ratio (%) of the ¢ phase 1n each

field was found through the image analysis. An average

b

area ratio (%) obtained in the four fields was defined as

the area ratio (%) of the o phase in the specimen steel

o

plate of each mark. If the area ratio of the ¢ phase was

et

at least 1%, 1t was determined that the ¢ phase

precipitated. If the area ratio of the ¢ phase was less

than 1%, it was determined that no ¢ phase precipitated.

[0009]

[ Test Result]

_24_
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Table 2 shows the test result.

10070]
[Table 2]
TABLE?2
=oY Susceptibility
B | 555
Example
Steel | b | 512 | w
53
Comparative 545
Steel
564
[0071]

In Table 2, the column "YS (MPa)" shows the yield

F

strength (MPa) of the specimen steel plate of each mark.

The column "o-phase susceptibility" shows the result of

g

the o-phase area ratio measurement test of the specimen

p—

steel plate of each mark. "NF" indicates that it was

determined that no ¢ phase precipitated. "F" 1ndicates

that 1t was determined that the ¢ phase precipitated.
(0072]

With reference to Table 2, each chemical composition

g

of the marks A to F was within the range of the chemical

”

composition of the present invention, and also each F1

value satisfied Formula (1). Hence, the yield strength

_25_
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1)
»

of each specimen material of the marks A to F was at

figp—

least 550 MPa, and no ¢ phase precipitated.

[0073]

To the contrary, each Mn content of the marks G and
H was less than the lower limit of the Mn content of the
present 1nvention. Hence, each yield strength of the

marks G and H was less than 550 MPa.

[0074]

Each Mn content of the marks I to K was less than

the lower limit of the Mn content of the present

invention. In addition, each Mo content of the marks I

to K was more than the upper limit of the Mo content of
the present 1nvention. Hence, although each yield

strength of the marks I to K was at least 550 MPa, the ©

phase precipitated in all the specimen steel plates of

the marks I to K.

Example Z
[0075]

A welded joint was produced using each specimen

steel plate of the marks C and D, and the marks I and J,

and the ¢ phase susceptibility was evaluated for each

welded joint.
[0076]

[ Test Method]

Four plate materials 10 shown 1n Figure 4A and

Figure 4B were produced from each specimen steel plate of

the marks C, D, I, and J. Figure 4A 1is a plan view of

_26....
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each plate material 10, and Figure 4B is a front view of

each plate material 10. In Figure 4A and Figure 4B, each
numerical value to which "mm" 1s attached denotes a
dimension {(unit: mm).
0077 ]

As shown 1n Figure 4A, and Figure 4B, each plate

material 10 had a thickness of 12mm, a width of 100 mm,

and a length of 200 mm. The plate material 10 had a V-

type groove face 11 whose groove angle was 30° at the

longer side. Each plate material 10 was produced through
machining.

[0078]

Two of the produced plate materials 10 were disposed

e

such that the V-type groove surface 11 of one plate

material 10 opposed that of the other plate material 10.

The two plate materials 10 were welded through the TIG

welding, and two welded joints 20 shown in Figure 5A and

Figure 5B were produced for each mark. Figure 5A 1s a

P

plan view of the welded joint 20, and Figure 5B 1s a

front view of the welded joint 20. Each welded joint 20

included a front face 21, and a back face 21, and also

included a welded portion 30 at its central portion. The

welded portion 30 was formed from the front face 21

through the multi-layer welding so as to extend in the

longitudinal direction of the plate material 10. The

welded portion 30 of each mark had each chemical

composition shown in Table 3, and was formed using a

welding material having an outer diameter of 2 mm.
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10079]

[Table 31

TABLES3

Chemical Composition (Unit; Mass%, Balance: Fe and Impurities)

o [ s [w [ v [ s [ w [wn]o[wo o[ w] s

]

[0080

Of the two welded joints 20 of each mark, one welded

o

joint 20 had heat input of 15 kJ/cm in the TIG welding.

The other welded joint 20 had heat input of 35 kJ/cm in

the TIG welding.

10081 ]

[c-phase Area Ratio Measurement Test]

P

The welded joint 20 of each test number was cut 1n

the longitudinal direction of the welded portion 30, and

also 1n the vertical direction to the front face 21.

After the cutting, the cross section of the welded joint

20 was mirror-polished, and etched. After the etching,

using the optical microscope with 500x magnification,

four fields were selected in a welding heat affected zone

P

(HAZ) 1n the vicinity of the welded portion included 1n

the etched cross section, and image analysis was

conducted on each field. The area of each filed used 1in

the image analysis was approximately 4000OuM?. The area

ratio (%) of the o phase in each field (HAZ) was found

through the image analysis. The average area ratio (%)

1in these four fields was defined as the area ratio (%) of

' an d

the ¢ phase within the HAZ of the test number of i1nterest.
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P

If the area ratio of the ¢ phase was at least 1%, 1t was

determined that the ¢ phase precipitated. If the area

P

ratio of the ¢ phase was less than 1%, i1t was determined

that no ¢ phase precipitated.
[0082]

[Test Result]
Table 4 shows the test result.

008 3]

[Table 4]

TABLE4

Heat Input
Category Mark

15kJd/cm 35kdJ/cm

Inventive NF NF

Example Steel

NF NF

Comparative

Example Steel

[0084]

In Table 4, the column "15 kJ/cm" in the column

"Heat Input" shows the test result of each mark whose

heat input of the TIG welding was 15 kJ/cm. The column

"35 kJ/cm” in the column "Heat Input" shows the test

P

result of each mark whose heat input of the TIG welding

was 35 kJ/cm. "NF" in each column indicates that the

area ratio of the o phase was less than 1%, and no ©

phase precipitated. "F" in each column indicates that

the area ratio of the o phase was at least 1%, and the ©

phase precipitated.

(0085

- 20 -~
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With reference to Table 4, the chemical compositions

-

of the mark C and the mark D were within the range of the

chemical composition of the present invention, and the Fl1

value satisfied Formula (l1). Hence, no ¢ phase

|

precipitated 1n the HAZ at the both heat inputs of the

TIG welding (15 kJ/cm and 35kJ/cm).

10086]

To the contrary, each Mo content of the mark I and

F

the mark J was more than the upper limit of the Mo

F

content ot the present invention. Hence, the ¢ phase

precipitated in the HAZ at each heat input of the TIG

welding (15 kJ/cm, and 35kJ/cm).

Example 3

[0087]

As similar to Example 1, multiple duplex stainless

steel plates having multiple types of chemical

compositions were produced. The yield strength, the

exlstence of the ¢ phase, the SSC resistance, and the SCC

resistance were evaluated for each of the produced duplex

stainless steel plates.

[0088]

[Test Method]
Fach molten steel of the marks A to L, the marks M
to Z, and the marks AA to AC having each chemical

composition shown in Table 5 was produced using a vacuum

furnace. An i1ngot was produced from each molten steel.

F

The mass of each i1ngot was 150 kg.
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A specimen steel plate of each mark was produced

under the same producing condition as that of Example 1.

The yleld strength (MPa) of the specimen steel plate of

each mark was found 1n the same manner as that 1n Example

1. The o-phase area ratio measurement test was conducted

on the specimen steel plate of each mark in the same

manner as that i1n Example 1.

[0091]

The followling SCC and SSC tests were conducted on

the specimen steel plate of each mark, and the SCC

resistance and the SSC resistance of the specimen steel

plate of each mark were evaluated.

10092]

| SCC Test]

A 4-point bending test specimen (referred to simply

as a "specimen", herelnafter) was collected from the

specimen steel plate of each mark. Each specimen had a

F F
Bhad

length of 75 mm, a width of 10 mm, and a thickness of 2

mm. The longitudinal direction of the specimen was

vertical to the rolling direction of the specimen steel

plate. Each specimen was bent by 4-point bending. In

compliance with ASTM G39, deflection for each specimen
was determined in such a manner that the stress applied

to each specimen become equal to the 0.2% proof stress of

this specimen.

[0093]

An autoclave having a temperature of 150°C where CO*

at 3 MPa was pressurized and enclosed was prepared. Each
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"

specimen to which bend was applied was immersed 1in an
NaCl solution of 25% in mass$% for 720 hours 1in this
autoclave. After 720 hours had passed, 1t was evaluated
whether or not cracking was generated in each specimen.

P

Specifically, the cross section of each specimen at a

portion where tensile stress was applied was observed

using the optical microscope with 100x magnification so

as to visually determine whether or not there 1s any

crackiling.

10094 ]

1 SSC Test]

| ——

" rom

A 4-point bending test specimen was collected

P

the specimen steel plate of each mark in the same manner

as that of the SCC test. Each specimen was bent by 4-

polint bending in the same manner as that of the SCC test.

10095]

An autoclave having a temperature of 90°C where COZ
at 3 MPa and H,S at 0.003 MPa were pressurilized and

enclosed was prepared. Each specimen to which the bend

was applied was immersed in the autoclave in an NaCl

solution of 5% in mass$% for 720 hours. After 720 hours
had passed, it was evaluated whether or not cracking was
generated in each specimen in the same manner as that of
the SCC test.
[0096]
[Test Result]

Table 6 shows the test result.

(0097 ]
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[ Table 0©]

TABLEG
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]

In Table 6, the column "SCC Resistance" shows the

evaluation result of the SCC test. The column "SSC

Resistance" shows the evaluation result of the SSC test.
In each column, "NF" indicates that no cracking was

observed. "F" i1ndicates that cracking was observed.

[0099]

With reference to Table 6, each chemical composition

pr——

of the marks A to F and the marks L to R was within the

range of the chemical composition of the present

invention, and the Fl value also satisfied Formula (1).

Hence, the vyield strength was at least 550 MPa, and no ©

phase precipitated. As a result, no SCC and no SSC were

observed in these specimen steel plates.

10100]

To the contrary, the Mn content of the mark S was

F

less than the lower limit of the Mn content of the

present invention. Hence, the yield strength was less

than 550 MPa. The N content of the mark S was also less

than the lower limit of the N content of the present

invention. Hence, pitting occurred in the SCC test, and

SCC was observed in the SCC test. In addition, The Mo

e

content of the mark S was also less than the lower limit

grive
p—

of the Mo content of the present invention. Hence, SS5C

was observed i1n the SSC test.

[0101]

P

Each Ni content of the marks T to V was less than

P P

the lower limit of the Ni content of the present
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a

invention, and the F1l value did not satisfy Formula (1).
Hence, SCC was observed 1n the SCC test.

[0102]

The Cu content of the mark W was less than the lower

gty

limit of the Cu content of the present invention. Hence,

the yield strength of the mark W was less than 550 MPa.

ITn addition, the Mo content of the mark W was less than

the lower limit of the Mo content of the present

invention. Hence, SSC was observed 1in the SSC test. In
the mark W, the Ni and Cr contents were less than the Ni

and Cr contents of the present invention, and the F1

value did not satisfy Formula (l1). The C content was

more than the C content of the present invention. Hence,

in the mark W, SCC was observed 1n the SCC test. It can
be considered that the Ni content and the Cr content were
excessively low, and excessive C generated Cr carbide 1in
the mark W, and thus the corrosion film became unstable,

and SCC occurred.

10103}

and

The Cr content of the mark X was less than the Cr

content of the present invention, and the Fl value did

not satisfy Formula (1). In the mark X, the C content
was more than the C content of the present invention.

Hence, SCC was observed in the SCC test i1n the mark X.

In the mark X, it can be considered that the Cr content
was excesslively low, and excessive C generated Cr carbide,

and thus the corrosion film became unstable, and SCC

occurred.
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[0104]
Each N content of the mark Y and the mark Z was less than the
lower limit of the N content of the present invention, and the F1 value did

not satisfy Formula (1). Hence, pitting was generated, and SCC was

observed 1n the SCC test.

[0105]

Each chemical composition of the mark AA to the mark AC was
within the range of the chemical composition of the present invention. The
F1 value of each mark did not satisfy Formula (1), though. Hence, in the
marks AA to the mark AC, SCC was observed in the SCC test. It can be
considered that Formula (1) was not satisfied in these marks AA to AC,

and thus the corrosion film became unstable, resulting in generation of

SCC.
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Claims

([Claim 1]
Duplex stainless steel comprising, 1n mass%,
C: at most 0.03%;
Si1: 0.2 to 1%;
Mn: more than 5.0% to at most 10%;
P: at most 0.040%;
S: at most 0.010%;
Ni: 4.5 to 8%;
sol. Al: at most 0.040%;
N: more than 0.2% to at most 0.4%;
Cr: 24 to 29%;
Mo: 0.5 to less than 1.5%;
Cu: 1.5 to 3.5%;
W: 0.05 to 0.2%;
the balance being Fe and 1mpurities,
wherein

the duplex stainless steel satisfies Formula (1):

Cr + 8Ni + Cu + Mo + W/2 =2 65 ... (1),

where a symbol of each element in Formula (1) represents

a content of the element (1n mass3s) .
[Claim 2]

The duplex stainless steel according to claim 1,

further comprising V: at most 1.5% instead of part of Fe.
[Claim 3]
The duplex stainless steel according to claim 1 or

claim 2, further Comprising one or more types selected
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!

from a group of Ca: at most 0.02%, Mg: at most 0.02%, and

B: at most 0.02% instead of part of Fe.

_39_
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