Office de la Proprieté Canadian CA 2463688 C 2009/12/29

Intellectuelle Intellectual Property
du Canada Office (11)(21) 2 463 688
Un organisme An agency of 12 BREVET CANADIEN
'Industrie Canada ndustry Canada
CANADIAN PATENT
13) C
(86) Date de depot PCT/PCT Filing Date: 2002/10/04 (51) CLInt./Int.Cl. C22C 386/00(2006.01),
. o . o . C22C 386/04(2006.01), C22C 38/20 (2006.01),
(87) Date publication PCT/PCT Publication Date: 2003/04/24 C22C 38/22(2006.01) C22C 38/40(2006.01)
(45) Date de délivrance/lssue Date: 2009/12/29 C22C 38/42(2006.01), C22C 38/44 (2006.01)
(85) Entree phase nationale/National Entry: 2004/04/15 (72) Inventeurs/Inventors:
(86) N° demande PCT/PCT Application No.: JP 2002/010395 AMAYA, HISASHI, JP
. L KONDO, KUNIO, J
(87) N® publication PCT/PCT Publication No.: 2003/033754 UEDA, MASAKATSU JP:
(30) Priorites/Priorities: 2001/10/18 (JP2001-320372); NAKAMURA, KE”C"” JP
2002/07/30 (JP2002-221918) KUSHIDA, TAKAHRO, JP
(73) Proprietaire/Owner:
SUMITOMO METAL INDUSTRIES, LTD., JP
(74) Agent: GOWLING LAFLEUR HENDERSON LLP

(54) Titre : ACIER INOXYDABLE MARTENSITIQUE
(54) Title: MARTENSITIC STAINLESS STEEL

5
(Corrosive environmént: ph 4.0)
4
0.2%=Mo+Cu/4

— 3
o~
= ®
O

2 @ @

1 C O——+—C

O
0 @ C C
0 0.2 0.4 0.6 0.8

Mo [%]

(57) Abrégée/Abstract:
A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn: 0.05 - 1.5%, P: not more than 0.03%, S: not more
than 0.01%, Cr: 9-15%, NI: 0.1- 4.5%, Al: not more than 0.05% and N: not more than 0.1%, and further comprising at least one of
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(57) Abrege(suite)/Abstract(continued):
Cu: 0.05 - 5% and Mo: 0.05 - 5% In mass %, the residual being Fe and impurities, Is provided, wherein the contents of Cu and Mo

satisfy the following formula (a) or (b), 0.2% £ Mo + Cu/4 £5% ... (a) 0.55% £ Mo + Cu/4 = 5% ...(b) and wherein the hardness is
30 - 45 In HRC and the carbide amount in grain boundaries of the prior austenite iIs not more than 0.5 volume %. The marensitic
stainless steel has excellent properties regarding the sulfide stress cracking resistance, the resistance to corrosive wear and the

localized corrosion.



CA 02463688 2004-09-14

ABSTRACT

A martensitic stainless steel comprising C: 0.01 — 0.10%, Si: 0.05 —1.0%, Mn:
0.05 — 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 —
4.5%, Al: not more than 0.05% and N: not more than 0.1%, and further comprising
at least one of Cu: 0.05 — 5% and Mo: 0.05 - 5% in mass %, the residual being Fe and
impurities, 1s provided, wherein the contents of Cu and Mo satisfy the following
formula (a) or (b),
0.2% = Mo + Cu/4 = 5% .. (@)
0.55% = Mo + Cu/4 < 5% .. (b)

and wherein the hardness 1s 30 — 45 in HRC and the carbide amount in grain
boundaries of the prior austenite is not more than 0.5 volume %. The marensitic
stainless steel has excellent properties regarding the sulfide stress cracking

resistance, the resistance to corrosive wear and the localized corrosion.
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DESCRIPTION

MARTENSITIC STAINLESS STEEL

Technical Field

The present invention relates to a martensitic stainless steel, which has a
high mechanical strength and excellent properties regarding corrosive resistance,
such as the sulfide stress cracking resistance, the resistance to corrosive wear,
localized corrosion resistance, and which is useful as a steel material for oil country
tubular goods, line pipes or tanks which are employed in the drlling and
production of an oil well or a gas well (hereinafter these being simply referred to as
“o1l well”) for oil or natural gas containing carbon dioxide and a very small amount

of hydrogen sulfide, as well as in the transportation and storage thereof.

Background Art

Since most of o1l or natural gas produced in an oil well contains wet carbon
dioxide (CO.,), either an inhibiter is used in a carbon steel or a martensitic stainless

steel containing 13% Cr 1s employed in order to protect the corrosion of either oil

country tubular goods, such as tubing used for drilling and production of an oil

well, or line pipes used for transportation. In particular, 13% Cr steel is widely
used, because 1t has a good corrosion resistance in an environment containing wet
carbon dioxide and steadily provides high mechanical strength. | However, it 1s
known that the 13% Cr steel often provides sulfide stress cracking when used in an
environment containing hydrogen sulfide (H,S), thereby causing its usage to be
restricted.

In recent years, the environment of an oil well from which o1l or natural gas
1s produced increasingly has become severe. Most of the o1l well containing carbon
dioxide contains a very small amount of hydrogen sulfide. Even in an o1l well

containing only carbon dioxide in the initial stage, a very small amount of hydrogen
1
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sulfide 1s generated little by little as it 1s used. In this case, moreover, a problem
has to be taken for corrosion resulting from a fluid flowing at a high speed, i.e., a
COrrosive wear.

It 1s empirically recognized that the restriction of the highest hardness is
effective to reduce the sensitivity to sulfide stress cracking of 13% Cr steel. For
instance, in NACE MRO0175, the highest hardness has been specified so as to be
restricted to 22 in HRC (Rockwell hardness in scale C), when 13% Cr steel, e.g.,
SUS 420 steel 1s used in a corrosive environment containing hydrogen sulfide.

Recently, the above 13% Cr steel has been improved so as to be used in a
much severer corrosive environment, so that an improved type 13% Cr steel
containing an extremely small amount of carbon and an appropriate amount of
nickel in spite thereof has been developed. Even in this steel, the highest
hardness is restricted to 27 in HRC (see NACE MR0175-2001).

With regard to the above-mentioned improved type 13% Cr steel, several
steels having a high mechanical strength and an excellent corrosion resistance
have been proposed. For instance, in Japanese Patent Application Laid-open No.
2-243740, a martensitic stainless steel having a high mechanical strength and an
excellent corrosion resistance even in the state of being either hot worked or
quenched 1s disclosed, in which case, not only Ni but also Mo.is added thereto.
Moreover, in Japanese Patent Application Laid-open No. 2-247360, a martensitic
stainless steel having a high mechanical strength, together with excellent corrosion
resistance in carbon dioxide environment and excellent stress corrosion cracking
resistance, has been proposed, where a specific amount of Cu 1s contained i1n the
13% Cr steel.

The proposed steels pertain to 13% Cr steel having a specified magnitude for
the highest hardness as well as a high mechanical strength and excellent corrosion
resistance, and these steels further have an excellent corrosion resistance in a
corrosive environment containing carbon dioxide and a very small amount of

hydrogen sulfide. Nevertheless, the resistance to the corrosive wear cannot be
2
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obtained with these steels.

In other words, the steel has to satisfy both the corrosion resistance in
carbon dioxide and the sulfide stress cracking resistance in order to ensure the
resistance to corrosive wear in a very severe ol well environment, and the steel
also has to increase the hardness in order to enhance the resistance to corrosive
wear. However, the 13% Cr steel having a restricted magnitude in the highest
hardness can hardly satisfy the resistance to corrosive wear in an increasing
severity of o1l well environment.

On the other hand, a technology capable of enhancing the resistance to
corrosive wear in a martensitic stainless steel is disclosed. In Japanese Patent
Applhication Laid-open No. 6-264192 and No. 7-118734, martensitic stainless steels
having a high mechanical strength and excellent resistance to corrosive wear are
described, where nickel 1s added in a high content to the 13% Cr steels. These
steels are normally used 1n a steel material or a welded structure having a high
mechanical strength, wherein it 1s important to suppress the cavitation-erosion
resulting from cavities in a hydrofoil or a facility of sand drainage. However, these
steels are not useful for using in an environment of corrosive wear due to the fllad

flown at a high speed in a corrosive environment.

Disclosure of the Invention

An increase in the hardness of 13% Cr steel tends to induce sulfide stress
cracking in an environment containing hydrogen sulfide. On the other hand, an
increase 1n the hardness is required to enhance the resistance to corrosive wear for
the steel. As a result, a precise control of both the mechanical strength and the
hardness is required in the manufacture of such 13% Cr steel.

In 13% Cr steels, subsequent treatments of quenching and tempering are
normally carried out after hot worked. In the course of these treatments, carbides
are precipitated in grain boundaries, when passing through the temperature range

in the tempering, thereby causing the localized corrosion resistance to be reduced,
3
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as 1s commonly known in the 13% Cr steels. Since it is necessary to control the
mechanical strength and the hardness in order to ensure the sulfide stress cracking
resistance, the treatment of tempering after the quenching is an essential process
for producing such 13% Cr steel.

Therefore, in the conventional method for manufacturing 13% Cr steel, it is
difficult to simultaneously satisfy the sulfide stress cracking resistance, the
resistance to corrosive wear and the localized corrosion resistance, which are all
required in the case of a severe oil well environment.

In view of the problems encountered for the conventional 13% Cr steel, it 1s
an object of the present invention to provide a martensitic stainless steel, which
has excellent properties regarding the sulfide stress cracking resistance, the
resistance to corrosive wear and the localized corrosion resistance, and which are
effectively used in a steel material for a steel pipe used in drilling and production of
an oil well as well as for a tank in the transportation and storage of oil, wherein the
martensitic stainless steel 1s produced by properly specifying the chemical
composition and at the same time by controlling the hardness 1s controlled and by
suppressing the amount of carbides in the grain boundanies.

To attain the above-mentioned object, the present inventors investigated
relevant properties for using various types of steels having martensitic structure
either as worked or as quenched after hot working, and 1t was found that the steel,
either as hot worked or as quenched satisfied, not only the sulfide stress cracking
resistance, but also the resistance to corrosive wear and the localized corrosion
resistance.

In fact, a material of 0.04%C-11%Cr-2%Ni-Cu-Mo steel was hot worked to
produce steel pipes having martensitic structure, either as hot worked or as
quenched. The test for the sulfide stress cracking was made for the pipes thus
produced, and 1t was found that no cracks observed even for the steels having such
a high hardness as 35 in HRC.

Subsequently, the corrosive wear test was made for steel pipes having a
4
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hardness of 35 in HRC m the quenched state, and it was confirmed that an
excellent resistance to corrosive wear was obtained. For the purpose of
comparison, a similar corrosive wear test was made for a steel pipe having a
hardness of about 22 in HRC after the tempering, and it was found that a much
more excellent resistance to corrosive wear was obtained by the steel pipe having
such a high hardness as 35 i1n HRC in the quenched state, compared with the steel
pipe having a relatively small hardness in the tempered state.

Moreover, for the above-mentioned steel pipes, the localized corrosion
resistance was examined at 150°C in a corrosive environment of H,S+CO.,
exhibiting pH 3.75 or pH 4.0, and it was found that the localized corrosion
generated for the quenched and the tempered materials having a carbide amount of
0.7 volume %, whereas no localized corrosion generated for the material having a
carbide amount of 0.07 volume % or so, either as hot worked or as quenched.

From these results, it 1s clear that 13% Cr steel either as hot worked or as
quenched provides excellent properties as for the sulfide stress cracking resistance,
the resistance to corrosive wear and the localized corrosion resistance. In a
systematic investigation so far made using various martensitic stainless steels
having different chemical compositions from each other, the following facts [1] to [3]
can be clarified:

[1] The formation of a sulfide layer on a chromium oxide film grown on the
surface of steel enhances sulfide stress cracking resistance in a corrosive
environment containing a very small amount of H,S. In particular, a mixture of a
copper sulfide and a molybdenum sulfide provides a very fine and dense layer, and
therefore provides a protection effect on the chromium oxide film. The desired
contents of Cu and Mo in the steel depend on the state of the corrosive
environment. IFrom the results of evaluating the stress corrosion resistance under
varied corrosive environments (pH conditions), it is found that the contents of Cu
and Mo should satisfy the following formula (a) or (b):

0.2% < Mo+ Cu/4 £ 5% .. (@)
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0.55% = Mo + Cw/4 = 5% ... (b)

The difference in the application of the formula (a) or (b) is due to the difference in
the corrosive environment.

[2] Electron microscopic observation reveals that a greater amount of
Ma23Cs type carbides concentrate in prior austenite grain boundaries of a tempered
steel, whereas no such M23Ce type carbides exist in the prior austenite boundaries
of the steel either as hot worked or as quenched. The measurement of the carbide
amount shows that an excellent sulfide stress cracking resistance can be obtained,
when the carbide amount in the prior austenite grain boundaries is not more than
0.5 volume %.

[3] An increase in the hardness of the steel is effective for a proper
resistance to corrosive wear. In particular, a hardness of 30 in HRC 1s necessary

to attain a high resistance to corrosive wear 1n a corrosive environment containing

CO: and a very small amount of H2S.

The present invention is constructed on the basis of the above experimental
findings and provides the following martensitic stainless steels (1) to (3). The
martensitic stainless steels according to the invention are effective for using 1n a
corrosive environment. It is assumed that the martensitic stainless steel (1) may
be advantageously used in a corrosive environment of not less than pH 4.0 whereas
the martensitic stainless steel (2) may be advantageously used in a corrosive
environment of not less than pH 3.75.

(1) A martensitic stainless steel comprising C: 0.01 — 0.10%, Si: 0.05 —1.0%, Mn:
0.05 - 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cxr: 9 — 15%, N1: 0.1 —
4.5%, Al: not more than 0.05% and N: not more than 0.1%, and further comprising
at least one of Cu: 0.05 — 5% and Mo: 0.05 — 5% in mass %, the residual being Fe

and impurities, wherein the contents of Cu and Mo satisfy the following formula

(a),
0.2% < Mo + Cu/4 = 5% ... (a)

and wherein the hardness is 30 — 45 in HRC and the amount of carbides 1n grain

6
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boundaries of the prior austenite 1s not more than 0.5 volume %.

(2) A martensitic stainless steel comprising C: 0.01 — 0.10%, Si: 0.05 —1.0%, Mn:
0.05 — 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 — 15%, Ni: 0.1 —
4.5%, Al: 0.05% and N: not more than 0.1%, and further comprising at least one of
Cu: 0 — 5% and Mo: 0 — 5% 1n mass %, the residual being Fe and impurities,
wherein the contents of Cu and Mo satisfy the following formula (b),
0.55% < Mo + Cu/4 = 5% ... (b)

and wherein the hardness is 30 — 45 in HRC and the amount of carbides in grain
boundaries of the prior austenite is not more than 0.5 volume %.
(3) The martensitic stainless steel (1) or (2) may contain one or more elements in
the following Groups A and B, if required:

Group A; Ti: 0.005 - 0.5%, V: 0.005 — 0.5% and Nb: 0.005 — 0.5% in mass %, and

Group B; B: 0.0002 — 0.005%, Ca: 0.0003 — 0.005%, Mg: 0.0003 - 0.005% and

rare earth elements: 0.0003 — 0.005% in mass %.

Brief Description of the Drawings

Fig. 1 is a diagram showing the influence of Mo and Cu contents on the
sulfide stress cracking resistance in a corrosive environment of pH 3.75.

Fig. 2 is a diagram showing the influence of Mo and Cu contents on the

sulfide stress cracking resistance in a corrosive environment of pH 4.0.

Best Mode for Carrying Out the Invention

In the present invention, the chemical composition, the metal structure and
the hardness of the steels are specified as above. The reason for such specification
will be described. Firstly, the chemical composition of the martensitic stainless

steel according to the invention will be described. In the following description, the

chemical composition is expressed by mass %.

1. Chemical composition of steel

C: 0.01-0.10%
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Carbon is an effective element for forming austenite. Since the increase of
the content of carbon 1n the steel decreases the content of Nickel, which is also an
effectaive element for forming austenite, carbon is preferably contained at a content
of not less than 0.01%. However, a C content of more than 0.10% causes the
corrosion resistance to be deteriorated in an environment containing CO..
Accordingly, the C content should be set to be 0.01 — 0.10%. To decrease the Ni
content, it 1s desirable that the C content 1s not less than 0.02%. A preferable
range should be 0.02 - 0.08% and a more preferable range should be 0.03 — 0.08%.
Si: 0.05 - 1.0%

Silicon 1s an element serving as a deoxadizer. A Si content of less than
0.05% causes the aluminum loss to be increased in the stage of deoxidization. On
the other hand, a Si content of more than 1.0% causes the toughness to be
decreased. Accordingly, the Si content should be set to be 0.05 — 1.0%. A
preferable range should be 0.10 — 0.8% and a more preferable range should be 0.10

—-0.6%.
Mn: 0.05-1.5%

Manganese 1s an effective element for increasing the mechanical strength of
steel and it is an effective element for forming austenite to form the martensite
phase, and thereby to. stabilize the metal structure in the. quenching treatment. of
steel material. An Mn content of less than 0.05% is too small to form the
martensite phase. However, an Mn content of more than 1.5% causes the effect of
forming the martensite phase to be saturated. Accordingly, the Mn content should
be set to be 0.05 — 1.5%. A prefterable range should be 0.3 — 1.3% and a more
preferable range should be 0.4 — 1.0%.

P: Not more than 0.03%

Phosphor is included as an impurity in steel. Moreover, P has a harmful
influence on the toughness of the steel and deteriorates the corrosion resistance in
a corrosive environment containing CO, and the like. Accordingly, the content

should be as small as possible. However, there is no special problem at the content
8
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of not more than 0.03%. Accordingly, the upper limit should be set to be 0.03%. A
preferable upper limit should be 0.02% and a more preferable upper limit should be

0.015%.
S:  Not more than 0.01%

Sulfur is included as an 1impurity in steel, as similar to P, and has a harmful
influence on the hot workability of the steel. Accordingly, the content should be as
small as possible. However, there 1s no special problem at the content of not more
than 0.01%. Accordingly, the upper limit should be set to be 0.01%. A preferable
upper limit should be 0.005% and a more preferable upper limit should be 0.003%.
Cr: 9-15%

Chromium is a basic element 1n the maretensitic stainless steel according to
the invention. In particular, Cr is an important element for enhancing the
corrosion resistance and sulfide stress cracking resistance in a corrosive
environment containing CO,, ClI and H,S. Moreover, at an appropriate range of
the Cr content, austenite phase 1s formed in the metal structure at a high
temperature and martensite phase is formed to stabilize the metal structure in the
quenching treatment. For this purpose, it is necessary to contain Cr 1n steel at a
content of not less than 9%. However, an excessive content of Cr tends to generate
ferrite in the metal structure and makes it difficult to obtain the martensite phase
in the quenching treatment. Accordingly, the Cr content should be set to be 9 —
15%. A preferable range should be 9.5 — 13.5% and a more preferable range should
be 9.5 — 11.7%.

Ni: 0.1-4.5%

Nickel is an effective element for forming austenite and has an effect of
forming martensite to stabilize the metal structure in the quenching treatment.
Moreover, Ni is an important element for enhancing the corrosion resistance and
sulfide stress cracking resistance in a corrosive environment contaming CQO,, Cl
and H,S. Although an increasing content of C causes the Ni content to be

decreased, a N1 content of not less than 0.1% is necessary to obtain the above effect.
5 .
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However, a Ni content of more than 4.5% causes the steel price to be increased.
Accordingly, the Ni content should be set to be 0.1 — 4.5%. A preferable range
should be 0.5 — 3.0% and a more preferable range should be 1.0 — 3.0%.

Al: Not more than 0.05%

Aluminum should not be always included in steel. However, Al is an
effective element serving as a deoxadizer. When using as such a deoxidizer, the
content should be set to be not less than 0.0005%. However, an Al content of more
than 0.05% increases the amount of non-metallic inclusion particles, thereby
causing the toughness and the corrosion resistance to be decreased. Accordingly,
the Al content should be not more than 0.05%.

Cu: 0.05-5%

Copper 1s an effective element for forming sulfide in a corrosive environment
containing a very small amount of H,S. A copper sulfide itself prevents H,S from
diffusing into the chromium oxide layer. The coexistence of molybdenum sulfide
and copper sulfide further stabilizes the chromium oxide. In accordance with the
invention, it is necessary to contain at least one of Cu and Mo. Therefore, it 1s not
always necessary to contain Cu when Mo is contained. In the case of Cu being
contained, a content of not less than 0.05% is required to obtain the above effect.
However, a Cu content of not less than 5%. causes the effect to be saturated.
Accordingly, the upper limit should be set to be 5%. A preferable range of the Cu
content should be 1.0 — 4.0% and a more preferable range should be 1.6 — 3.5%.
Moreover, the lower limit of the Cu content is specified by the below formula (a) or
(b).

Mo: 0.05 -5%

Molybdenum is an element, which prevents the localized corrosion 1n an
environment containing carbon oxide under the condition of coexistence of Cr, and
which produces sulfide in a corrosive environment containing a very small amount
of H,S to enhance the stability of the chromium oxide. In accordance with the

invention, it is necessary to contain at least one of Cu and Mo. Therefore, it is not
10
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always necessary to contain Mo if Cu is conatained. In the case of Mo being
contained, the above effect cannot be obtained at a content of less than 0.05%.
Moreover, a Mo content of not less than 5% saturates the above effect, thereby
making it impossible to further enhance the localized corrosion resistance and the
sulfide stress cracking resistance. Accordingly, a preferable range of the Mo
content should be 0.1 — 1.0% and a more preferable range should be 0.10 — 0.7%.
Moreover, the lower limit of the Mo content is specified by the below formula (a) or
(b).

N: Not more than 0.1%

Nitrogen is an effective element for forming austenite and has an effect of
suppressing the generation of § ferrite in the quenching treatment of the steel
material and of forming martensite to stabilize the metal structure of the steel
material. An N content of not less than 0.01% is required to obtain the above
effect. However, An N content of more than 0.1% causes the toughness to be
decreased. Accordingly, a preferable range of the N content should be 0.01 — 0.1%
and a more preferable range should be 0.02 — 0.05%.

Formula (a): 02% < Mo+ Cu/4 £ 5%,

Formula (b): 0.55% < Mo + Cu/4 5%.

IA

In order to obtain the sulfide stress cracking resistance in an environment
containing a very small amount of H,S, it is necessary to stabilize a passive film of
chromium oxide formed on the stainless steel surface. Moreover, in order to
stabilize a passive film i1n the corrosive environment containing H.S, it 1s necessary

to prevent the chromium oxide from dissolving due to the effect of H,S by forming

the sulfide film on the chromium oxide layer. Cu or Mo is effective to form such a

sulfide film. In particular, a sulfide film formed by a mixture of the copper sulfide
and molybdenum sulfide enhances the effect of protecting the chromium oxide film
due to the increased fine density of the layer.

Moreover, the condition of corrosive environment, in particular, pH

influences the formation of such a sulfide film resulting from Cu and Mo.
11
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Qualitatively, a greater amount of Cu and/or Mo 1s required in the case of a
decreased pH value, 1.e., In a severer corrosive environment.

Figs. 1 and 2 show the influence of the Mo and Cu content on the sulfide
stress cracking resistance in the corrosive environments of pH 3.75 and pH 4.0,
respectively. The test material used was 0.04% C-11% Cr-2% Ni-Cu-Mo steel, as
described above. An actual yield stress was added to the respective four-point
bend test with smooth specimen at 25°C under test conditions of 300 Pa (0.003 bar)
H.S + 3MPa (30 bar) CO2, 5% NaCl and pH 3.75 or pH 4.0, and the generation of
cracks after 336 hours in the test was inspected. Marks o and e in these
diagrams indicate the non-existence and existence of sulfide stress cracking,
respectively.

As shown in Fig. 1, in order to obtain excellent sulfide stress cracking
resistance in a corrosive environment of not less than pH 3.75, it 1s necessary to
satisfy the above formula (b); 0.55% = Mo + Cu/4 = 5%. As shown in Fig. 2, in
order to obtain excellent sulfide stress cracking resistance in an environment of not
less than pH 4.0, 1t 1s nécessary to satisfy the above formula (a); 0.2% < Mo + Cu/4
< 5%. In this case, the relation of Mo + Cu/4 = 5% results from the saturation of
the effect in which the copper sulfide and molybdenum sulfide stahilize the
chromium oxide film.

Accordingly, the Cu and Mo contents satisfying the fomula (a) or (b) allows
the mixture of the copper and molybdenum sulfides to be densely deposited on the
chromium oxide film, thereby preventing the chromium oxide from being dissolved
due to the effect of HaS.

Moreover, the martensitic stainless steel according to the invention can
contain one or more of the elements in the below Groups A and B.

Group A; Ti: 0.005 - 0.5%, V- 0.005 — 0.5% and Nb: 0.005 - 0.5%

These elements enhance the sulfide stress cracking resistance in a corrosive

environment containing a very small amount of H2S, and at the same time increase

the tensile strength at a high temperature. Such effect can be obtained at a

12



N

10

15

20

25

CA 02463688 2004-04-15

content of not less than 0.005% for all the elements. However, a content of more
than 0.5% causes the toughness to be reduced. The Ty, V or Nb content should be
set to be 0.005 — 0.5%, when the element is contained. For these elements, a
preferable range of content should be 0.005 — 0.2% and a more preferable range
should be 0.005 — 0.05%.
Group B; B:0.0002 — 0.005%, Ca: 0.0003 - 0.005%, Mg: 0.0003 - 0.005% and
rare earth elements: 0.0003 — 0.005%.
These elements enhance the hot workability of steel. Therefore, one or

more of these elements may be contained therein, especially when intending to

improve the hot workability of steel. Such effect can be obtained at a content of

not less than 0.0002% in the case of B, and at a content of not less than 0.0003% in the case

of Ca, Mg or rare earth elements. However, a content of more than 0.005% 1in
anyone of these elements causes the toughness of steel to be decreased and the
corrosion resistance to be reduced in a corrosive environment containing CO, and
the like. When added, the B content should be set to be 0.0002 — 0.005% and the
content of Ca, Mg or rare earth elements should be set to be 0.0003 — 0.005%. For
all the elements, a preferable range of content should be 0.0005 — 0.0030%, and a
more preferable range should be 0.0005 — 0.0020%.
2. Metal structure

In the martensitic stainless steel according to the present invention, the
localized corrosion resistance at a high temperature requires the carbide amount of
not more than 0.5 volume % in the grain boundaries of prior austenite in the steel.

Namely, carbides, in particular M,,C; type carbides, are preferentially
precipitate in the grain boundaries of the prior austenite, thereby causing the
localized corrosion resistance of the martensitic stainless steel to be reduced.
When the amount of carbides mainly consisting of the M,.,C, type ones in the grain
boundaries of the prior austenite is more than 0.5 volume %, the localized corrosion
occurs at a high temperature.

In the present invention, therefore, the carbide amount mainly in the grain
13




10

15

20

29

CA 02463688 2004-04-15
WO 03/033754 PCT/JP02/10395

boundaries of the prior austenite should be set to be not more than 0.5 volume %.
A preferable upper limit of the amount should be 0.3 volume % and a more
preferable upper limit of the amount should be 0.1 volume %. Since the corrosion
resistance 1s excellent even 1n the case of no carbides existing in the grain
boundaries of the prior austenite, the lower limit is not specifically specified.

The amount of carbides in the grain boundaries of the prior austenite
described herein 1s determined by the following procedures: A extracted replica
specimen is prepared, and 10 fields selected at random from an area of 25 4m x 35
«m in the specimen thus prepared are observed at a magnification of 2,000 with
an electron microscope. Then, the amount of carbides 1s determined as an average
value from the area of the respective carbides e)dsﬁng in the form of a spot array by
the point counting method. Moreover, the grain boundanries in the prior austenite
mean the crystalline grain boundaries in the austenite state, which is a structure

before the martensitic transformation.
3. Hardness

In the martensitic stainless steel according to the invention, 1t 1s necessary
to set the hardness to be not less than 30 in HRC in order to obtain a desirable
resistance to the corrosive wear in a corrosive environment containing CO, and a
very small amount of H,S. On the other hand, a hardness of more than 45 m HRC
causes the effect of improving the resistance to corrosive wear in steel to be
saturated and also the toughness to be deteriorated. Accordingly, the hardness of
the steel should be set 30 — 45 in HRC. Moreover, a preferable range of the
hardness should be 32 — 40 1n HRC.

The martensitic stainless steel according to the invention may be obtained
through a process in which steel having a specified chemical composition 1s hot
worked and then a predetermined heat treatment is applied thereto. For
Istance, a steel material i1s heated 1n a temperature of the Ac; point or more, and
then cooled by the quenching or air cooling (slow cooling) after hot worked.

Alternately, the above treatment is applied to the steel material and it is thus
14
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cooled down to room temperature, and subsequently the steel material is quenched
or air cooled i1n the final treatment, after again heating it at a temperature of the
Ac; point or more. The quenching often provides too much increase in the
hardness and a reduction in the toughness, so that the air cool is preferable to the
quenching.

After cooled, the tempering can be applied in order to adjust the mechanical
strength. However, the tempering at a high temperature provides not only a
reduction 1n the mechanical strength of the steel, but also an increase in the
amount of the carbides in the grain boundaries of the prior austenite, thereby
causing the localized corrosion to be induced. In view of this fact, it 1s preferable

that the tempering should be carried out at a low temperature of not more than

400°C. The hot work in the above treatments means the forging, plate rolling,

steel pipe rolling or the like, and the steel pipe described herein means not only a

seamless steel pipe but also a welded steel pipe.

Examples

19 types of steel, whose chemical com[;osition is shown in Table 1, were used.
Each type of the steels was melted by an experimental furnace and heated at
1,250°C for 2 hours, and then forged to form a block. In steel Q, Mo + Cu/4 1s
outside of the range specified by the formula (a) or equation (b), and in steels R and

S, the content of one or more components is outside the specified range.

Therefore, steels Q, R and S are steels in comparative examples.

15
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The block thus prepared was heated at 1,250°C for 1 hr and then hot rolled
to form a steel plate having a 15 mm thickness. Thereafter, a test material was
prepared by applying one of various heat treatments to the steel plate. The
process employed is a combination of treatments, AC, AC + LT, AC + HT, WQ, WQ +

5 LT and WQ + HT, as shown in Tables 2 and 3, where the content of treatment in
each symbol 1s as follows:
AC: Air cooled after hot rolling.
WQ: Water cooled after hot rolling.
LT: Air cooled after heating at 250°C for 30 min.
10 HT: Air cooled after heating at 600°C for 30 min.

17
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Each test material thus prepared was machined to form a corresponding
test piece. The tensile test and the hardness test were carried out, using these
test pieces. Thereafter, tests on the measurement of the amount of carbides in the
grain boundaries of the prior austenite, the sulfide stress cracking resistance, the
resistance to corrosive wear and the localized corrosion resistance were carried out
under various conditions described below:

First, in the measurement of the carbide amount in the grain boundanes of
the prior austenite, an extracted replica specimen was prepared from each test
piece, and then ten fields having an area of 25 4#m x 35 «m selected at random
therefrom were observed at a magnification of 2,000 by an electron microscope.
The areas of carbides existing in the form of spot array on the grain boundaries of
the prior austenite were determined by the point counting method, and the amount
of carbides was determined averaging the areas thus obtained.

Next, in the test of the sulfide stress cracking resistance, a four-point bend
test with smooth specimen (10 mm width x 2 mm thickness x 75 mm length) was
used as a test piece and stress of 100% actual yield strength was added thereto. In
this case, the test environment was controlled under the conditions: 25°C, 300 Pa
(0.003 bar) H,S + 3MPa (30 bar) CO., 5% NaCl, pH 3.75 or pH 4.0 and a test time of
336 hours. The test result was evaluated by observing cracks with the naked eye.
The non-existence and existence of the sulfide stress cracking are indicated by O
and x, respectively.

Moreover, in the test of the resistance to corrosive wear, a coupon specimen
(20 mm width x 2 mm thickness x 30 mm length) was used as a test piece. - A test
solution including 300 Pa (0.003 bar) H,S + 100 kPa (1 bar) CO,, 5% NaCl under a
corrosive environment of pH 3.75 or pH 4.0 was splayed at a flow rate of 50 m/s and
at 25°C for 336 hours from a jet nozzle to the surface of the test piece. The test
result was evaluated by observing the corrosive wears with the naked eye. The

non-existence and existence of the corrosive wear are indicated by O and x,

respectively.
20




10

15

20

25

CA 02463688 2004-04-15
WO 03/033754 PCT/JP02/10395

Finally, in the test of the localized corrosion resistance, a coupon specimen
(20 mm width x 2 mm thickness x 50 mm length) was uséd as a test prece. In this
case, the test environment was controlled under the conditions: 150°C, 300 Pa
(0.003 bar) H,S + 3MPa (30 bar) CO,, 25% NaCl, pH 3.75 or pH 4.0 and a test time
of 336 hours. The test result was evaluated from the localized corrosion observed
with the naked eye. The non-existence and existence of the localized corrosion are
indicated by O and x, respectively. All of the test results and the evaluation

results are listed 1n Tables 2 and 3.

Test Nos. 10, 18, 24, and 26 to 29 pertain to the comparative examples: In
the test Nos. 26 to 29 the chemical composition is outside the range specified by the
invention; in the test No. 26, the formula (b) is not satisﬁed and in the test No. 27,
neither the formula (a) nor the formula (b) is satisfied; in the test Nos. 10, 18, 24
and 28, the hardness is outside the range specified by the invention; and in the test
Nos. 10, 18 and 24, the amount of carbides in the grain boundaries of the prior
austenite 1s outside the range specified by the invention. In the comparative
examples, all the specimens exhibit either crack or corrosion in the evaluation tests
for the sulfide stress cracking, the corrosive wear and the localized corrosion.

However, in the inventive examples satisfying all the requirements,

excellent results were obtained 1in every evaluation test.of.corrosion.

Industnrial Apphcability

The martensitic stainless steel according to the present invention provides
excellent properties regarding the sulfide stress cracking resistance, the resistance
to corrosive wear and the localized corrosion resistance. As a result, the work in
the o1l well can be done at a higher flow speed of oil or gas than that employed in
the conventional o1l well, thereby enabling the operation efficiency to be enhanced

1n the work of o1l wells.
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What is claimed is:

1. A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn: 0.05
- 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 - 4.5%, Al:
not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and optionally
comprising Mo: 0.05 - 5% in mass %, the residual being Fe and impurities, wherein the
contents of Cu and Mo satisty the following formula (a),

0.2% < Mo + Cu/4 < 5% ...(a)
and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.

2. A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn: 0.05
- 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 - 4.5%, Al:
not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and optionally
comprising Mo: 0.05 - 5% in mass %, the residual being Fe and impurities, wherein the
contents of Cu and Mo satisfy the following formula (b),

0.55% < Mo + Cu/4 £ 5% ... (b)
and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.

3. A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn: 0.05
- 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 - 4.5%, Al:
not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and optionally

comprising Mo: 0.05 - 5%, and further comprising one or more elements of Ti: 0.005 -

0.5%, V:0.005 - 0.5% and Nb: 0.005 - 0.5%, 1n mass %, the residual being Fe and

impurities, wherein the contents of Cu and Mo satisfy the following formula (a),
0.2% < Mo + Cu/4 < 5% ... (a)

and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.

4, A martensitic stainless steel comprising C: 0.01 - 0.10%, S1: 0.05 - 1.0%, Mn: 0.05
- 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 - 4.5%, Al:

not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and optionally
22
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comprising Mo: 0.05 - 5%, and further comprising one or more elements of Ti: 0.005 -

0.5%, V:0.005 - 0.5% and Nb: 0.005 - 0.5% in mass %, the residual being Fe and

impurities, wherein the contents of Cu and Mo satisfy the following formula (b),
0.55% < Mo + Cu/4 < 5% ... (b)

and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.

J. A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn:
0.05 - 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 -
4.5%, Al: not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and
optionally comprising Mo: 0.05 - 5%, and further comprising one or more elements of
B: 0.0002 - 0.005%, Ca: 0.0003 - 0.005%, Mg: 0.0003 - 0.005% and rare earth elements:
0.0003 - 0.005% in mass %, the residual being Fe and impurities, wherein the contents
of Cu and Mo satisfy the following formula (a),

0.2% < Mo+Cu/4 < 5% ... (a)
and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.

6. A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn:
0.05 - 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%., Ni: 0.1 -
4.5%, Al: not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and
optionally comprising Mo: 0.05 - 5%, and further comprising one or more elements of
B: 0.0002 - 0.005%, Ca: 0.0003 - 0.005%, Mg: 0.0003 - 0.005% and rare earth elements:

0.0003 - 0.005% in mass %, the residual being Fe and impurities, wherein the contents
of Cu and Mo satisty the following formula (b),

0.55% < Mo+Cu/4 £ 5% ... (b)
and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.

7. A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn:
0.05 - 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 —
4.5%, Al: not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and

optionally comprising Mo: 0.05 - 5%, and further comprising one or more elements of Ti:
23
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0.005 -0.5%, V: 0.005 - 0.5% and Nb: 0.005 - 0.5%, and further comprising one or more
elements of B: 0.0002 - 0.005%, Ca: 0.0003 - 0.005%, Mg: 0.0003 - 0.005% and rare

earth elements: 0.0003 - 0.005% in mass %, the residual being Fe and impurities,
wherein the contents of Cu and Mo satisfy the following formula (a),

0.2% < Mo+Cu/4 < 5% ... (a)
and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.

8. A martensitic stainless steel comprising C: 0.01 - 0.10%, Si: 0.05 - 1.0%, Mn: 0.05
- 1.5%, P: not more than 0.03%, S: not more than 0.01%, Cr: 9 - 15%, Ni: 0.1 -4.5%, Al:
not more than 0.05% and N: not more than 0.1%, Cu: 0.05 - 5%, and optionally
comprising Mo: 0.05 - 5%, and further comprising one or more elements ot T1: 0.005 -
0.5%, V: 0.005 - 0.5% and Nb: 0.005 - 0.5%, and further comprising one or more elements
of B: 0.0002 - 0.005%, Ca: 0.0003 - 0.005%, Mg: 0.0003 - 0.005% and rare earth
elements: 0.0003 - 0.005% in mass %, the residual being Fe and impurities, wherein the
contents of Cu and Mo satisfy the following formula (b),

0.55% < Mo+Cu/4 < 5% ...(b)
and wherein the hardness is 30 - 45 in HRC and the amount of carbides in grain

boundaries of the prior austenite is not more than 0.5 volume %.
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