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(57) Abstract: A martensitic stainloss steel which comprises, in mass %, 0.01 to 0.1 % of C, 9 to 15 % of Cr, 0.1 % or less of
& N, wherein it contains carbides present in old austenite grain boundaries in an amount of 0.5 vol % or less, or wherein carbides

contained therein have a maximum short diameter of 1 to 200 nm, or wherein carbides contained therein have a ratio of an average

Cr concentration to an average Fe concentration of 0.4 or less, or wherein it contains carbides of M:C type in an amount of | vol %
QN or less, carbides of MsC type in an amount of 0.01 to 1.5 vol %, and nitrides of MN type or MyN type in an amount of 0.3 vol % or
& less. The martensitic stainless steel has a relatively high Cr content resulting in high strength, and also exhibits improved toughness,
¢ nd accordingly has a wide range of applications including those for an oil well containing carbon dioxide and a small amount of
& hydrogen sulfide, in particular, an oil well pipe for a greatly deep ofl well.
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DESCRIPTION -
MARTENSITIC STAINLESS STEEL

Technical Field _

‘ The present invention relates to a martensitic stainless steel having a high
strength and excellent properties regarding corrosion resistance and toughness,
which stainless steel is suited to use as a well pipe or the like for oil wells or gas
wells (hereinafter these are generally referred to as “oil well”), in particular for oil
wells having a much greatér depth, which contain carbon dioxide and a very small

amount of hydrogen sulfide.

Background Art

A 13 % Cr martensitic stainless steel is frequently used in an oil well
environment containing carbon dioxide and a very small amount of hydrogen
sulfide. More specifically, an API — 13 % Cr steel (13 % Cr — 0.2 % C), which is
specified by APT (American Petroleum Institute), is widely used since it has an
excellent corrosion proof against carbon dioxide (% used herein means mass %
unless a special usage). However, it is noi;ed that the API — 13 % Cr steel has a
relatively small toughness. Although it can generally be used for an oil well steel
pipe which normally requires a yield stress of 552 to 655 MPa (80 to 95 ksi), there
is a problem that a reduced toughness prevents the steel pipe from being used in
an oil well having a much greater depth, since it requires a high yield stress of not
less than 759 MPa (110 ksi).

In recent years, modified type 1b3 % Cr steel has been developed in order to
improve the corrosion resistance, in which case, an extremely small amount of C
content is used and Ni is added instead of the reduced carbon content. This

modified type 13 % Cr steel can be used in much severer corrosion environments
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under a condition of requiring a high strength, since a sufficiently high toughness
can be obtained. However, such a reduction in the C content tends to precipitate
0 ferrites which cause the hot workability, corrosion resistance, toughness and
the like to deteriorate. In order to suppress the generation of ferrites, it is
necessary to appropriately include expensive Ni in accordance with the added

amount of ‘Cr, Mo and other, thereby providing a great increase in the production

cost.

Several attempts have been proposed to improve the strength and
toughriess in both API — 13 % Cr steel and modified 13 % Cr steel. For instance,
in Japanese Patent Application Laid-open No. H08-120415, it is shown that an
attempt has been made to improve the strength and toughness using effective N
which cannot be immobilized by Al on the basis of API — 13 % Cr steel. In this
prior art, however, it follows from the ‘description of the embodiments that steel
having a yield stress of order of 552 to 655 MPa (80 to 95 ksi) provides a fracture
appearance transition temperature of — 20 to ~ 30 °C at most in the Charpy
impact test, thereby making it impossible to ensure a sufficient toughness at such
a high strength as 759 MPa (110 ksi). »

In Japanese Patent Applications Laid-open No. 2000-144337, No. 2000-
226614, No. 2001-26820 and No. 2001-32047, a technique for ensuring a high
strength and a high toughness in improved 13 % Cr steel having low carbon

content is respectively described, wherein such a high strength and such a high

- toughness can be obtained by controlling the precipitation of carbides in grain

boundaries and by precipitating residual austenite, along with the effective usage
of fine V precipitates. For this purpose, it is necésséry to add a corresponding
amount of Ni or V, which is very expensive, and further to control the temper
condition to a very restricted extent, thereby again providing a great increase in

the manufacturing cost, compared with those of API - 18 % Cr steel.
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Any discussion of documents, acts, materials, devices, articles or the like which
has been included in the present specification is solely for the purpose of providing a
context for the present invention. It is not to be taken as an admission that any or all of
these matters form part of the prior art base or were common general knowledge in the
field relevant to the present invention as it existed before the priority date of each claim

of this application.

Disclosure of Invention

An advantage of a preferred embodiment of the present invention is to provide a
martensitic stainless steel having a high strength together with excellent properties
regarding the corrosion resistance and toughness, in which case, the factors controlling
the toughness are systematically clarified and analyzed so as to improve the toughness.

To attain the above advantage, the present inventors investigated the factors
controlling the toughness in martensitic stainless steels and then found that the
toughness could be greatly improved by controlling the structure and composition of
precipitated carbides without any application of the prior art method either of
precipitating residual austenite by carrying out a high temperature tempering for a high
Ni content steel or of dispersing the carbides inside grains due to the preferable
precipitation of VC's.

Firstly, the present inventors investigated the reason why the API - 13 Cr steel
exhibited such a low toughness. In the course of investigation, using 11 % Cr - 2 % Ni
- Fe steel which provided no generation of § ferrites and single phase of martensite

even if the C content was varied, three-type steel specimens each having a carbon




content 0f 0.20 %, 0.11 % or 0.008 % were prepared, and then the metallurgical
structure in the case of the tempering temperature being varied as well as the toughness
after the tempering is inspected for each steel specimen,

The results are shown in Fig. 1, where the abscissa indicates the tempering
temperature (°C) and the coordinate indicates the fracture appearance transition
temperature vTrs (°C). As can be seen, a reduction in the amount of the carbon content
provides an improvement in the toughness.

Fig. 2 shows as an example of an electron microscopic photograph of replica

3a
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extracted from a steel containing an amount of 0.20 % C content which is

approximately identical with that in API — 18 % Cr steel. As can be recognized

- from this photograph, the conventional treatment of tempering generates a

greater amount of carbides, which are not of M;C type, but of M,,C, type and
mostly coarse in size (M represents a metal element). The metal elements in the
carbide of M,C; type are mostly Cr, and a few remaining elements are Fe.
However, there are few carbides in the steel having a carbon content of 0.008 %.
Accordingly, it can be recognized that the reduced toughness of API - 13 %

Cr steel is due to the existence of a number of M,,C, type carbides precipitated.

. Hence, an extremely reduced carbon content is required in order to obtain a high

toughness and to prevent M,C; type carbides from being precipitated. If
however, the carbon content decreases, a high strength can hardly be obtained
and, at the same time, the addition of Ni is required in order to maintain the
single phase of martensite, thereby causing an increase in the production cost.

From this viewpoint, the present iﬁventors researched steels having both a
metallurgical structure including no precipitation of M,,C, type carbides and a
sufﬁciently high toughness without reduction of the carbon content. As a result,
the present inventors found steel having a sufficiently tough structure to suppress
the precipitation of M,;C; type carbides, and to provide a fine precipitation of M,C
type carbides having a relatively small size, compared with those of MyC, type
carbides having a metallurgical structure in which carbon is supper-saturated. v

Fig. 3 shows as an example of an electron microscopic photograph of replica
extracted from steels in which M,C type carbides are finely dispersed in
precipitation by air-cooling the steel after the solution treatment. In this case,
the basic composition comprises 0.06 % C— 11 % Cr— 2 % Ni — Fe.

Fig. 4 is a diagram showing the toughness in two cases of carbide

precipitation for steel having a basic composition of 11 % Cr — 2% Ni —Fe: In one
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case M,C type carbides being finely dispersed and in the other case no carbides
being precipitated, where the abscissa indicates the carbon content (mass %) and
the ordinate indicates the fracture appearance transition temperature vIrs (°C).
Moreover, two different steels were prepared: The first includes M,C type carbides
finely dispersed in precipitation and was prepared by air-cooling (cooling at room
temperature) after the solution treatment, whereas the second includes no
carbides and was prepared by quick chilling (water-cooling) after the solution
treatment. |

As can be seen in this diagram, a great difference can be found in the
toughness at each specified amount of the carbon content between the \ﬁrst and
second steels, and the toughness is more desirable in the first steel (mar_k Hin
the diagram) than in the second steel (mark [] in the diagram).

In addition, it is found that there are no & ferrites either in the first steel
or in the second steel and therefore the carbides influence on the toughness in the
martensite. » '

Moreover, a study for the component of the carbides revealed that M in an
M,,C; type cari)ide was mainly Cr whereas M in an M,C type carbide was mainly
Fe, and that no corrosion resistance was reduced even when the carbides were
precipitated, so long as they were of M,C type.

On the basis of the above findings, a further detailed study was made as for
the influence of the carbides on the toughness in martensitic stainless steels. As
a result, it has been recognized that the toughness can be improved so long as the
meta]luygical structure satisfies the following conditions:

The carbides precipitated inside grains do not provide a marked reduction
in the toughness, whereas a greater amount of carbides precipitated in old or
former austenite grain boundaries provide a great reduction in the toughness.

When the amount of carbides in the old austenite grain boundaries is not more
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than 0.5 volume %, the toughness does not reduce, but rather increases irrespective of
the type of carbides.

It is noted that the toughness is also influenced by the size of the carbide, that is,
an increase in the size reduces the toughness. However, finely dispersed carbides
provide an increase in the toughness, compared with that in the state in which there is
no carbide. More specifically, the carbides having the maximum length of 10 to 200 nm
in the direction of the minor axis greatly improve the toughness.

Moreover, the toughness is influenced by the composition of the carbides. In
fact, a too high value of an average Cr concentration [Cr] reduces the toughness. On the
other hand, the toughness is greatly improved when the ratio ([Cr]/[Fe]) of the average
Cr concentration [Cr] to the average Fe concentration [Fe] in the steel is not more than
04.

Moreover, the toughness is influenced by the quantity of M23Cg type carbides,
the quantity of M3C type carbides and the quantity of MN type or MaN type nitrides.
An inadequate selection of the quantities of these type carbides and nitrides results in a
decreased toughness. More specifically, if a quantity of M3Cs type carbides is not
more than 1 volume %; a quantity of M3C type carbides is 0.01 to 1.5 volume %; and a
quantity of MN type or MyN type nitrides is not more than 0.3 volume %, the
toughness is greatly improved.

In conjunction with the above, the old austenite grain boundaries described
herein mean the grain boundaries in the austenite state, which corresponds to the
structure prior to the martensite transformation.

In accordance with the present invention, the following martensitic stainless
steels (1) to (3) are realized based on the above knowledge:

(1) A martensitic stainless steel including C: 0.01 to 0.1 %, Cr: 9 to 15 %, and N:

not more than 0.1 % in mass, wherein the maximum length of the carbides

-10-
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in the steel is 10 to 200 nm in the direction of the minor axis.

(2) A martensitic stainless steel including C: 0.01 to 0.1 %, Cr: 9 to 15 %, and
N: not more than 0.1 % in mass, wherein the ratio ({Cr]/[Fe]) of the average Cr
concentration [Cr] to the average Fe concentration [Fe] in the steel is not more than 0.4.

(3) A martensitic stainless steel including C: 0.01 to 0.1 %, Cr: 9 to 15 %, and
N: not more than 0.1 % in mass, wherein the quantity of My3Cy type carbides in the
steel is not more than 1 volume %, the quantity of M;C type carbides is 0.01 to 1.5
volume % and the quantity of MN type or MaN type nitrides is not more than 0.3
volume % in the steel.

It is preferable that, aside from the above-specified quantities of C, Cr and N,
the above-mentioned martensitic stainless steels (1) to (3) include Si: 0.05 to 1 %, Mn:
0.05 to 1.5 %, P: not more than 0.03 %, S: not more than 0.01 %, Ni: 0.1 to 7.0 %, Al:
0.0005 to 0.05 % in mass, and the residual comprises Fe and impurities.

Moreover, the elements in not less than one of the following groups A, B and C
can be included in the martensitic stainless steels according to the present invention:

Group A: not less than one of Mo: 0.05 to 5 % and Cu: 0.05 to 3 %,

Group B: not less than one of Ti: 0.005 to 0.5 %, V 0.005 to 0.5 % and Nb:
0.005 t0 0.5 %.

Group, C: not less than one of B: 0.0002 to 0.005 %, Ca: 0.0003 to 0.005 %,

Mg:  0.0003 to 0.005 % and rare-earth elements: 0.0003 to 0.005 %.

Brief Description of Drawings

11-
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Fig. 1 is a diagram showing the relationship between the tempering
temperature and the fracture appearance transition temper;ature vIts in steel
having a basic composition of 11 % Cr — 2 % Ni — Fe steel in the carbon contents of
0.20 %, 0.11 % and 0.008 %, '

Fig. 2is an example of an electron microscopic photograph for an extraction

replica of a steel having a basic composition of 0.20 % C — 11 % Cr—2 % Ni - Fein

.~ which coarse M,,C; type carbides are precipitated.

Fig. 3is an example of an electron microscopic photograph for an extraction

-replica of a steel having a basic.composition 0f 0.06 % C — 11 % Cr—2 % Ni— Fe in

which fine M;C type carbides are precipitated.
Fig. 4 is a diagram showing the relationship between the carbon content
and the fracture appearance transition temperature vIrs in the cases of finely

precipitated M;C type carbides and of no precipitated carbides.

Best Mode for Carrying Out the Invention

In the following, the martensitic stainless steel according to the present
invention will be described in detail as for the reason why the chemical
composition and metallurgical structure are specified as above. Hereinafter, “%”
means “mass %” unless a special limitation is given.

1. Chemical Composition

C:0.01t00.1%

Carbon comprises an austenite-generating element, and therefore C may
be included in a concentration of not less thén 0.01 %, since the concentration of
Ni, which also comprises another element of generating austenite, may be reduced
By adding C into steel. However, a carbon concentration of more than 0.1 %
reduces the corrosion resistance under a corrosion environment containing CO, or

the like. Accordingly, the carbon concentration is set to be 0.01t6 0.1%. In this

12-
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case, it is preferable that the carbon content should be set to be not less than
0.02 % in order to reduce the Ni content, it ranges preferably from 0.02 to 0.08 %,
and more preferably from 0.03 to 0.08 %.

Cr:9t015% '

Cr is a basic element for generating the martensitic stainless steel
accﬁrding to the present invention. Cris a very important element for ensuring
the corrosion resistance, the stress corrosion crack fesistance and the like under a
very server corrosion environment containing CQ,, Cl, H,S and the like.
Moreover, an appropriate Cr concentration provides a stable metallurgical
structure in the martensite. In order to obtain the above effects, Cr has to be
included in a concentration of not less than 9 %. However, a Cr concentration of
more than 15 % causes ferrites to generate in the Ihetal]urgical structure of the
steel, thereby making it difficult to obtain maretensite structure, even when the
hardening treatment is carried out. As a result, the Cr content should be set to
be 9 to 15 %. It ranges preferably from 10 to 14 %, and more preferably from 11
to 13 %.

N: not more than 0.1 %

N is an austenite-generating element and serves as an element for
reducing the Ni content in the same way as C. However, an N content of more
than 0.1 % reduces the toughness. As a result, the N content should be set to be

not more than 0.1 %. It should be preferably not more than 0.08 %, and more

- preferably not more than 0.05 %.

2. Metallurgical Structure

In the martensitic stainless steel according to the present invention, it is
necessary to satisfy the following condition a or condition b or condition ¢ or
condition d, as described above: .

Condition a: The amount of carbides in old austenite grain boundaries is

13-
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not more than 0.5 volume %.
.Condition b: The maximum length of carbides dispersed inside grainsis 10
to 200 nm in the direction of the minor axis.
Condition ¢: The ratio ((Crl/[Fe]) of the average Cr concentration [Cx] to »
the average Fe concentration [Fe] in carbides in the steel is not more
than 0.4.
Condition d: The guantity of M,,C; type carbides in the steel is not more
than 1 volume %, the quantity of M,C type carbides in the steel is »
0.01 to 1.5 volume % and fhe quantity of MN type or M,N type
nitrides in the steel is not more than 0.3 volume %.
In other words; carbides,. in particular M,;C; type carbides precipitate
preferentially in the old austenite grain boundaries, thereby reducing the
toughness of the steel. When the amount of carbides in the old austenite grain

boundaries exceeds 0.5 volume %, the toughness no longer increases. In

-accordance with the invention, therefore, the -amount of carbides in the old

austenite grain boundaries is specified to be not more than 0.5 volume %. It
should be set preferably to be not more than 0.3 volume % and more preferably to’
be not more than 0.1 volume %. In this case, it is most desirable that no carbides
reside in the old austenite grain boundaries.. For this reason, no lower limit can
be specified in the carbide concentration.

Coarse carbides reduce the toughness of the steel. However,. finely
dispersed carbides having the maximum length of not less than 10 nm in the
direction: of the minor axis increases the toughness, compared with that in the
state in which no carbides exist in grains. On the other hand, carbides having
the maximum length of more than 200 nm provide no improvement in the
toughness. In the present invention, therefore, it is preferable that the

maximum length of the carbides in the steel is 10 to 200 nm in the direction of the

10
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miﬁor axis. The upper limit of the maﬁmum length should be set to be
preferably 100 nm, and more preferably 80 nm.

When the ratio ((Crl/[Fe]) of the average Cr concentration [Ct] to the
average Fe concentration [Fe] in carbides in the steel exceeds 0.4, the toughness
no longer increases and the corrosion resistance decreases. In the present
invention, therefore, it is preferable that the ratio (Crl/[Fel) of the average Cr
concéntration [Cr] to the average Fe concentration [Fe] in carbides in the steel is
not more than 0.4. The ratio should be set to be preferably not more than 0.3,
and more preferably not more than 0.15. - In this case, a smaller magnitude of the‘
above concentration ratio ({Cr)/[Fe) is correspondingly more preferable, so that no
lower limit is given. '

When ‘M,,C, type carbides, M;C type carbides and MN type or M,N tyﬁe
nitrides in the steel are included respectively at concentrations of more than 1
volume %, less than 0.01 volﬁme % or more than 1.5 volume %, and more than 0.3 7
volume % in a steel, no toughness increases. In the present invention, therefore,

it is preferable that the quantities of the M,,C; type carbides, M,C type. carbides,

" and MN type or M,N type nitrides in the steel are not more than 1 volume %, 0.01

to 1.5 volume % and not more than 0.3 volume %, respectively.

In accordance with the invention, the upper limit of the content of M,,C,
type carbides should be preferably 0.5 volume %, and more preferably 0.1
volume %, the range of the content of M,C type carbides should be preferably 0.01
to 1 volume %, and more preferably 0.01 to 0.5 volume %, and the upper limit of
the content of MN type or M,N type nitrides should be preferably 0.2 volume %
and more preferably 0.1 volume %. In this case, smaller amounts of both M,,C,
type carbides and MN type or M,N type nitrides correspondingly provide better
results. Hence, no lower limit can be given for the amount of both the M,,C; type
carbides and the MN type or M,N type nitrides.

1
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The amount (volume rate) of the carbides inside the old austenite grain
boundaries under the condition a means the magnitude determined from the
following procedures: An extraction replica specimen was prepared, and an
electron microscopic images was taken at a magnification of 2,000 for each of
I;'mdomly selected ten fields each having a specimen area of 25 ¢m x 35 ym.
By counting the spot array shaped carbides precipitated along old austenite grain
boundaries, taking the area of the carbide spots into account, an averaged area
rate of the carbides was determihed from the ten fields.

Furthermore, the maximum length of a carbide particle in the direction of

_the minor axis under the condition b means the magnitude determined from the

following procedures: An extraction replica specimen was prepared, and an.
electron microscopic image was taken at a magnification of 10,000 for each of
randomly sélected ten fields each Eaving a specimen area of 5 ¢m x 7 um. The
minor and major axes of respective carbides in each micrograph were measured
by using the image analysis, and then the maximum length was determined from
the longest length in the direction of the minor axis among the carbides in all the
fields.

Furthermore, the ratio ((Cx}/[Fe]) of the average Cr concentration [Cr] to
the average Fe concentration [Fe] in carbides in the steel under the condition ¢
means the ratio of Cr and Fe contents (at mass %), which are determined by
chemical analysis of the extraction residual.

Furthermore, the quantities (volume rates) of M,,C, type carbides, M,C
type carbides and MN type or M,N type nitrides in the steel under the condition d
mean the magnitudes determined from the following procedures: An extraction
replica specimen was prepared, and an electron microscopic image was taken at a
magnification of 10,000 for each of randomly selected ten fields each having a
specimen area of 5 £mx 7 4m. By using the electron diffraction method or the

12
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EDS element analysis method, each carbide particle in respective fields was
identified as to whether it belongs to M,;C, type carbide or to M,C type carbide
and to MN type or M,N type nitride. Thereafter, the area rates of the respective
carbides and nitride for ten fields were determined, using the image ahalysis and}
then averaged to obtain the quantities. »

’Regarding the heat treatments for obtaining the metallurgical structure
satisfy:ing the above condition a or the condition b or the condition ¢ or the
condition d, there is no special restriction, so long as the heat treatments provide
a metallurgical structure which can be obtained under any one of the above-
mentioned conditions. However, the tempering at a high temperature, more
specifically the tempering at a temperatui‘e of more than 500 °C, which is
conventionally employed in the heat tréatments for the martensitic stainless
steels, should not be carried out in the present invention. This is because the
tempering at a temperature of more than 500 °C provides a greater number of
M,,C, type carbides for the martensitic stainless steel including such a great
amount of Cr and C as in the present invention.

The structure under any one of the above conditions can readily be
obtained by appropriately adjusting the conditions of quenching or tempering in
the production in accordance with the chemical composition of the steel (for
instance, the conditions shown in the embodiments hereinafter described). For
instance, heat treatments for obtaining a finely dispersed precipitation of M,C
type carbides are exemplified as follows:

After hot working, a martensitic stainless steel having predetermined
contents of C, Cr and N, their ranges being specified by the present invention,
either is quenched (water-cooling) and then tempered at 300 to 450 °C, or is cooled
in’ air (cooling at room temperature). Alternately, the steel is heated up to the

transformation temperature A, to form austenite phase (solid solution treatment),
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and then the steel is either cooled in air (cooling at room temperature) or

_tempered at a low temperature of 300 to 450. °C.

The martensitic stainless steel according to the present invention provides
an excellent property regarding the toughness, so long as the above-described
chemical composition and the metallurgical structure are satisﬁéd. In this case,
it is desirable that, regarding the chemical composition, the contents of Si, Mn, P,
S, Ni and Al are wi/thin.the respective ranges described in the following, and the
residual substantially comprises Fe.

Si: 0.05 to 1 % v

Si serves as an element effective for deoxidizing. However, a Si content of
less than 0.05 % provides a » greater loss of Al in the process of deoxidizing,
whereas a Si content of more than 1 % provides a decreased toughness for the
steel. Accordingly, it is desirable that the Si content is set to be 0.05 to 1 %. The
range of the content should be preferably 0.1 to 0.5 %, and more preferably 0.1 to
0.35 %. -

Mn: 0.05 to 1.5 %

Mn serves as an element effective for eﬁhancing the strength of the steel,
an‘d further is an austenite-generating element. The element is effectively used
to stabilize the metallurgical structure and to form martensite by the quenching

hardening treatment. Regarding the latter, the Mn content of less than 0.05 %

‘provides a very small effect whereas the Mn content of more than 1.5 % provides a

saturated effect. Hence, it is desirable that the Mn content is set to be 0.05 to
1.5 %. The range of the content should be preferably 0.1 to 1.0 % and more
preferably 0.1 to 0.8 %.

P: not more than 0.03 %

P is an impurity element and provides an very.harmful influence on the

toughness of the steel, and at the same time reduces the corrosion resistance in
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the corrosion environment containing CO, and others. A smaller P contént is
‘correspondingly more desirable. However, there is no special problem at a P
content of 0.03 % or less. Accordingly, the P content should be preferably not
more than 0.02 %, and more preferably not more than 0.015 %.
- St not more than 0.01 %

S is an impurity element, in the same way as P, and provides a very
harmful influence on the hot workability of the steel. Therefore, a smaller
content of S is correspondingly more desirable. However, there is nio special

problem at a S content of 0.01 % or less. Accordingly, the S content should be

_ preferably not more than 0.005 % and more preferably not more than 0.003 %.

Ni:0.1t07.0 %

Niis an element for producing austenite, and has an effect to stabilize the
metallurgical structure and to form martensite by the quenching hardening
treatment. Moreover, Ni plays an essential role for ensuring to maintain the
corrosion resistance, the stress corrosion crack resistance and the like in a severe
corrosion environment containing CO,, Cl, H,S and the like. A Ni content of not
less than 0.1 % is required to obtain the above-mentioned effects. When,
however, the content becomes more than 7.0 %, the production cost significantly
increases. Accordingly, it is desirable that the Ni content ranges from 0.1 to
7.0 %. The range should be preferably 0.1 to 3.0 % and more preferably 0.1 to
2.0 %.

Al 0.0005 to 0.05 %

Al serves as an element effective for deoxidizing. For this purpose, an Al ’
content of not less than 0.0005 % is required. On the other hand, an Al content of
more than 0.05 % reduces the toughness. Accordingly, it is desirabie that the Al
content ranges from 0.0005 to-0.05 %. The range should be preferably 0.005 to
0.03 %, and more preferably 0.01 to 0.02 %.
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In addition, (an) element(s) in at least one of group A, group B and group C,
which are described below, can be included in the above-mentioned preferable
martensitic stainless steels:

Group A: at least one of Mo and Cu

These elements improve the corrosion resistance in the corrosion
environment containing CQ, and Cl, and a marked effect can be obtained at the
Mo or Cu content of not less than 0.05 %. However, either a Mo content of more
than 5 % or a Cu content of more than 3 % provides not only saturation onthe
above effects, but also a reduction in the toughness at the area suffered by the
heat effect due to welding. It is therefore desirable .that; the Mo content and the
Cu content are set to be 0.05 to 5 % and 0.05 to 3 %, respectively. The range for
Mo should be preferably 0.1 to 2 %, and more preferablsr 0.1 to 0.5 % whereas the
range for Cu should be preferably 0.05 to 2.0 % and more prefer.ably 0.05 to 1.5 %.

Group B: at least one of Ti, V and Nb

Each of these elements improves the stress corrosion crack resistance in
the corrosion environment containing H,S, and, at the same time, increases the
tensile strength at a high temperature. A content of not less than 0.005 % for
each element provides a prominentr effect on the above properties. However, a

content of more than 0.5 % for each element causes the toughness to deteriorate.

It is therefore desirable that the content of each element ranges from 0.005 to

0.5 %. The range should be preferably 0.005 to 0.2 %, and more preferably 0.005

. t00.05 %.

Group C: at least one of B, Ca, Mg and rare-earth elements

‘Each of these elements improves the hot workability, and a prominent
effect can be obtained at a content of not less than 0.0002 % for B, or at a content
of not less than 0.0003 % for Ca, Mg or a rare-earth element. However, a content

of more than 0.005 % for each element provides a reduction not only in the
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toughness, 'but also in the corrosion resistance under the corrosion environment
containing CO, and the like. Therefore, it is desirable that the content is 0.0002
t0 0.005 % for B, 0.0003 to 0.005 % for Ca, Mg or a rare-earth element. The range
for anjr element should be preferably 0.0005 to 0.0030 %, and more preferably
0.0005 to 0.0020 %.
EXAMPLES

Five kinds of steel blocks (thickness 70 mm and width 120 mm) having a
chemical composition different from each other, as shown in Table 1.were
prepared. The steels having such a chemical composition different from each
other were molten in a vacuum-melting furnace having a capacity of 150 kg, The
respective ingots thus obtained were heated for 2 hours at 250 “Cand then forged
into a predetermined shape.

EXAMPLE 1

Each block was heated for one hour at 1,250 °C, and then hot-rolled to form
a steel plate having a tﬁickness of 7to 50 mm. In this case, two type steel plates,
one satisfying and the other unsatisfying the above condition a, were prepared by
varying both the temperature in the hot-rolling and the heat treatment conditions.
Applying» a tensile test, a Charpy impact test and a corrosion t,eét to these steel
plates, the tensile properties (vield strength: YS (MPa) and tensile strength: TS
(MPa), the impact property (fracture appearance transition temperature: vTrs
(*C)) and the corrosion property were investigéted.

The tensile test was carried out as for 4 mm diameter rod specimens

machined from the respective steel plates after the heat treatment.
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Table 1
a
-g Chemical composition (units: mass %, residual: Fe and impurities)
E}
@ —_—
E; , .
%g C |8 |Mn| P S8 {Cu|Cr Ni|Moy T | V]| Nb Al B N Ca
A 10.08]025}(052]0.013(00009]10]108/1.2[02] - [0.04 - 0.004 - 0.027 | 0.0011
B {0.060.28]0.4310.005|0.0008 |15{107{14]08] - |005 - 0.026 - 0.031 | 0.0008
C 10.070.38]0.39 }0.008 | 0.0009 | 0.8 | 11.1 {0.7] 0.3 [ 0.07 [ 0.04 - 0.002 - 0.004 | 0.0007
D {008[018}1087 [0.018[0.0013] - t122]13{02] - 005 - 0.016 - 0.016 | 0.0009
E 10,041022]066}0016 00011 | - [116][1.7] - fo.10] 004 [0.021]0.001]0.0010] 0.051 -

The Charpy impact test was carried out as for 2 mm V-shaped notch test
pieces having a sub-size of 5 mm x 10 mm x 55 mm, which were machined from
the respective steel plates after the heat treatment. )

The corrosion test was carried out by immersing coupon test pieces having
a size of 2 mm x ld mm x 26 mm into an agueous solution of 0.003 atm H,S
(0.0003 MPa H,S) - 30 atm CO, (3 MPa CO,) — 5 mass % NaCl for 720 hours, said
test pieces being machined from the respective steel plates after the heat
treatment. In the evaluation of the corrosion resistance, test pieces exhibiting a
corrosion speed of not more than 0.05 g/m*hr and those exhibiting a corrosion
speed of more than 0.05 g/m*hr are classified as a good ones (O) and bad ones (),
respectively.

The results in EXAMPLE 1 are again listed in Table 2, together with the
finishing temperatures in the hot rolling, the heat treatments and the quantities
of carbides in the old austenite grain boundaries, which were determinéd by the

above-mentioned method.
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Table 2
Amount of
I carbides in : .
Tost Steel 6 ¥ lmsb?g Treatments after hot Pl‘llii‘l;: old p:t[;i]l:as:'tliaes Impa:f Corrosi
piece type emperature rolling thick- austenite jproporty rrosion
inhot ness . VIts | resistance
No. | symbols Lling (C) (heat treatments) (o) grain ) )
roling - | boundaries | YS TS
Gol.%) | MPa) | (MP9)
1 A 1,040 wq 50 0 823 1,066 -40 0
AC+
2 A 1,050 950°C X 15minAC+ 50 *0.6 738 974 -11 X
650°C X 30minAC
3 B 950 wQ ] 25 0 864 1,071 -49 O
ACH+
4 B 950 950°C X15minAC+ 25 *0.7 819 | 1,033 -2 X
650°C X30minAC .
5 | ¢ 830 AC 7 005 | 998 | 1188 | -3 o
950°C X 16minAC ) !
ACH
6 o] 850 . 970°C X15minAC+ 7 *1 | 952 1,148 21 X
660°C X 30minAC
7| D 1,000 ACt 30 0.1 980 | 1202 | -3 o)
! 1,000°C X 15minAC i !
ACY _ -
8 D 1,020 . 1,000°C X 16minAC+ 30 *12 943 1,159 32 X
650°C X 30minAC
9 E 960 wQ 12 0 810 1,069 -41 Q
AC+
10 E 980 940°C X 15min AC+ 12 *0.9 756 1,001 -10 X
650°C X30minAC

Notes! 1) AC means air cooling (cooling at room temperature) and WQ means water cooling,

2) Mark * indicates the outside of the range specified by the invention.

As can be clearly seen in Table 2, the steel plates corresponding to test
pieces No. 1, 3, 5, 7 and 9, in which the metallurgical structure satisfies the above
condition a sp ecified in the present invention, are excellent regarding the strength,
the toughness and the corrosion resistance. On the contrary, the steel platés
corréqunding to test pieces No. 2, 4, 6, 8 and 10, in which the metallurgical

. structure does not satisfy the above condition a specified by thé present invention,
but the chemical composition satisfies the condition a specified by the present
invention, are unsatisfactory regarding both the toughness and corrosion

resistance, although a high strength can be obtained.
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. EXAMPLE 2
Each block was heated for one hour at 1,250 °C, and then hot-rolled to form
a steel plate having a thickness of 7 to 50 mm. In this case, two type steel plates,
one satisfying and the other unsatisfying the above condition b, were prepared by

varying both the temperature in the hot rolling and the heat treatment conditions.

~ Applying a tensile test, a Charpy impact test and a corrosion test to these steel

plates, the tensile properties (yield strength: YS (MPa) and tensile strength: TS

* (MPa)), the impact property (fracture appearance transition temperature: vTrs

s

(*C)) and the corrosion property were investigated.
In this case, the tensile test, the Charpy impact test and the corrosion test
and the evaluation thereof were the same as those in the case of EXAMPLE 1.
The obtained results are listed in Table 3, together with the finishing
temperatures in the hot rolling, the heat treatments and the maximum lengths of
the carbides in the direction of the minor axis, which were determined by the

above-mentioned method.
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Table 3
[ Maximum
ishi ) length of Tensile
Finishing 9 0
’l?sst Steel ten'fperatum 'I\’aatmsntls after tPhlil:t caﬂ:]lge m properties plxl:g:lfy Corrosion
piece | type in hot hot rolling Lo ;
No. | symbols rolling (heat troatments) ness | direction v:ﬁ's resistance
[C5) (mm) of.the YS TS C)
minor
s (o) (MPa) | (MPa)
AC+
11 A 1,010 920°C X 156minWQ+ 50 a3 808 | 1,053 -51 O
350°C X 30minAC )
AC+ _
12 A 1,020 920°C X 16min AC+ 50 *350 727 | 979 -9 X
650°C X 80minAC
wQ+
13 B 950 930°C X 15minWQ+ 25 50 852 | 1,078 -50 O
420°C X 30minAC
ACF
14 B 940 - 930°C X 15minAC+ | 25 *420 810 | 1,087 6 X
650°C X 30minAC
ACH
15 C 990 950°C X 15minWQ+ 18 42 984 | 1,193 -60 O
380°C X 30minAC
ACH
16 C 980 950°C X 15minAC+ 18 *520 950 1,165 18 X
650°C X 30minAC
AC+
17 D 930 980°C X 16minWQ+ 10 38 985 | 1,208 61 [e]
360°C X30minAC
AC+
18 D 930 980°C X 15minAC+ 10 *340 942 1,159 28 X
650°C X 30minAC
ACH
19 E 890 920°C X 15minWQ+ 7 45 791 | 1,074 -53 O
400°C X 80minAC
: AC+H+
20 E 870 920°C X 15minACH+ 7 *310 765 1,003 -8 X
660°C X30minAC

Notes: 1) AC means air cooling (cooling at room temperature) and WQ means wator cooling.

2) Mark * indicates the outside of the range specified by the invention.

As can be clearly seen in Table 3, the steel plates corresponding to the test

pieces No. 11, 13, 15, 17 and 19, in which the metallurgical structure satisfies the

condition b specified by the present invention, are excellent regarding the

strength, the toughness and the corrosion resistance. On the contrary, the steel

plates corresponding to the test pieces No. 12, 14, 16, 18 and 20, in which the
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metallurgical structure does not satisfy the condition b specified by the present
invention, but the chemical composition satisfies the condition specified by the
present invention, are unsatisfactory regarding the toughness and the corrosion
resistance, although a high strength can be obtained.

EXAMPLE 3

Each block was heated for one hour at 1,250 °C, and then hot-‘ro]led to form
a steel plate having a thickness of 8 to 25 mm.  In this case, two type steel plate_s,
one satisfying and the other unsatisfying the above condition c, were prepared by
varying both the temperatﬁre in the hot rolling and the heat treatment conditions.
Applying a tensile test, a Charpy impact test and a corrosion test to these steel
plates, the tensile properties (yield strength: YS (MPa) and tensile strength: TS
(MPa)), the impact property (Fracture appearance transition temperature: vTrs
(°C)) and the corrosion property were investigated.

In this case, the tensﬂe test, the Charpy impact test and the corrosion test
and the evaluation thereof were the same as those in the cvase of EXAMPLE 1.

The obtained results are listed in Table 4, together with the finishing

temperatuies in the hot rolling, the heat treatments and the ratios of the average

" Cr concentration to the average Fe concentration in the carbides, which were

"determined by the above'mentioned method.
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Table 4
C s Average Cr .
Test | Steel Finishing Treatments after Plfm conceng‘ation Thnsllg Lmpact .
. temperature : khick- N properties | property { Corrosion
Pleco | type | o h o rolling| hot rolling ness faverage lje vIrs | resistance
No. | symbols ) (heat treatments) () concentration 0)
m incarbide | ‘Y8 TS
(MPa) | (MPa)
AC+
21 A 900 280°C X 30minAC 12 0.11 843 | 1,063 -'83 O
AC+
22 A 900 910°C X 15minAC+ |- 12 *0.58 729 979 <13 X
650°C X 30minAC :
. ACt
23 B 950 320°C X 30minAC 26 0.13 867 | 1,088 -81 O
ACt+
24 B 960 940°C X 15minAC+ 26 *0.65 820 1,085 3 X
) 650°C X30minAC : RN
% | ¢ 920 800 smnac | 12 0:10 988 | 1183 | -78 o)
AC+
26 (o] 920 960°C X 15minAC+ 12 *0.82 949 | 1,141 15 X
660°C X 30minAC
27 D 800 l,OSO'CAXCl‘;minAC 8 011 1,002 | 1,228 92 (@]
AC+
28 D 800 1,020°C X 15minAC+ 8 *0.79 951 1,158 22 X
A 650°C X 80minAC
29 E 800 AC 20 0.11 783 1,065 91 o]
AC+
30 E 930 950°C X 16minAC+ | 20 *0.68 757 | 1,001 5 X -
: 650°C X 30minAC

Notes' 1) AC means air cooling {cooling at room teml;;erature).

2) Mark * indicates the outside of the range specified by the invention.

As can be clearly seen in Table 4, the steel plates corresponding to the test
pieces No. 21, 23, 25, 27 and 29, in which the metallurgical sfructure satisfy the
condition ¢ specified by the present invention, are excellent regarding the
strength, the toughness and the corrosion resistance. On the contrary, the steel
plates corresponding to the test pieces No. 22, 24, 26, 28 and 30, in which the
metallurgical structure does not satisfy the condition ¢ specified by the present
invention, but the chemical composition satisfies the condition specified by the
present invention, are unsatisfactory regarding the toughness and the corrosion

resistance, although a high strength can be obtained.
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EXAMPLE 4
Each block was heated for one hour at 1,250 °C, and then hot-rolled to form

~a steel plate having a thickness of 14 to 25 mm. In this case, two type steel

plates, one satisfying and the other unsatisfying the above condition d, were
prepared by varying both the temperature in the hot rolling and the heat
treatment conditions. Applying a tensile test, a Charpy impact test and a
corrosion test to these steel plates, the tensile properties (yield sﬁrengthi YS
(MPa) and tensile strength: TS (MPa)), the impact property ﬁacture appearance
transition temperature: vIrs (°C)) and the corrosion property were investigated.
In this case, the tensile test, the Charpf impact test and the corrosion test
and the evaluation thereof were the same as those in the case of EXAMPLE 1. -
The obtained resulis are listed in Table 5, together with the finishing
temperatures in the hot rolling, the heat treatments and the contents of M,,C,
type carbides, M,C type carbides and MN type or M,N type nitrides, which were

" determined by the above-mentioned method.
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2) Mark * indicates the outside of the range specified by the invention.

Table 5
r i Conten Content Tensile
Finishing tof | Content | of MN roperties
Test | Steel tempe?a- Treatments after Pl.ﬂ . MyCs | of MiC | type or properth Impact .
) ture in N thick property| -Corrosion
piece | type hot hot rolling hess type type MN s 5 VTts | resistance
No. | symbols rolling (heat treatments) () carbide | carbides | type oPa | opw) | €O
) .8 (vol. %) | nitrides MP
: (vol. %) (vol. %)
3t | 4 930 ACt 20| o | oo0s 0 825 | 1,057 | -81 0
900°C X 15minAC . !
AC+
32 A 1,000 910°C X 16minAC+ | 20 0.6 *0 0.21 742 967 3 X
650°C X 30minAC :
p ' AC+
33 B 1,000 960°C X 15minAC 26 0 0.12 0 863 1,073 96 o]
AC+
34 B 1,020 940°C X 16minAC+ | 25 08 *0 0.22 817 1,024 2 X
650°C X 30minAC
| © 900 Act | o 0.18 0 988 | 1,188 | -o2 0
980°C X 16minAC } !
AC+ .
36 C 890 970°C X 15minAC+ | 14 *1.2 *0 0.03 948 1,151 | 20 X
) 660°C X 30minAC
37 D 1,000 AC | 22 0 0.46 0 989 1,219 -98 0]
AC+
38 D 1,020 |1,030°CX 15minAC+| 22 *1.4 *0 0.09 946 1,164 26 X
650°C X 30minAC
39 B 940 300°C X 30minaC | 16 [1} 0.11 0 796 1,069 -78 (]
i AC+
40 E 960 900°C X 16minAC+ | 15 0 *0 *0.34 768 993 -6 X
650°C X 30minAC
Notes' 1) AC means air cooling (cooling at room temperature).

As can be clearly seen in Table 5, the steel plates corresponding to the test

pieces No. 31, 33, 35, 37 and 39, in which the metallurgical structure satisfy the

condition d specified by the present invention, are excellent regarding the

strength, the toughness and the corrosion resistance. On the contrary, the steei

plates corresponding to the test pieces No. 82, 34, 36, 38 and 40, in which the

metallurgical structure does not satisfy the condition d specified by the present

invention, but the chemical composition satisfies the condition specified by thé

DPresent invention, are unsatisfactory regarding the toughness and the corrosion

resistance, although a high strength can be obtained.
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Industrial Applicability

The martensitic stainless steel according to the present invention provides
excellent properties regarding the toughness and the corrosion resistance, in spite of
both a relatively high carbon content and a high strength, and therefore it can be used
effectively as a pipe material for oil wells, in particular for oil wells having a much
greater depth. The reduction of the carbon content as required in the conventional
improved 13% Cr steels is no longer necessary. This causes to reduce the content of Ni
which is expensive, so that the production cost can also be reduced. A wide
applicability can be expected to pipe material for oil wells containing carbon dioxide
and a very small amount of hydrogen sulfide, in particular for oil wells having a much
greater depth.

It will be appreciated by persons skilled in the art that numerous variations
and/or modifications may be made to the invention as shown in the specific
embodiments without departing from the spirit or scope of the invention as broadly
described. The present embodiments are, therefore, to be considered in all respects as

illustrative and not restrictive.
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THE CLAIMS DEFINING THE INVENTION ARE AS FOLLOWS:-

1. A martensitic stainless steel having a C content of 0.01 to 0.1 mass %, a
Cr content of 9 to 15 mass % and a N content of not more than 0.1 mass %, wherein the
maximum length of the carbides in the steel is 10 to 200 nm in the direction of the
minor axis.

2. A martensitic stainless steel having a C content of 0.0 to 0.1 mass %, a
Cr content of 9 to 15 mass % and a N content of not more than 0.1 mass %, wherein the
ratio ([Cr]/[Fe]) of the average Cr concentration [Cr] to the average Fe concentration
[Fe] in carbides in the steel is not more than 0.4.

3. A martensitic stainless steel having a C content of 0.01 to 0.1 mass %, a
Cr content of 9 to 15 mass % and a N content of not more than 0.1 mass %, wherein the
content of My3Cs type carbides in the steel is not more than 1 volume %, the content of
M;C type carbides in the steel is 0.01 to 1.5 volume % and the content of MN type or
M:N type nitrides in the steel is not more than 0.3 volume %.

4, A martensitic stainless stecl according to one of Claims 1 to 3, wherein in
addition of the above three components, the stainless steel further includes a Si content
of 0.05 to 1 mass %, a Mn content of 0.05 to 1.5 mass %, a P content of not more than
0.03 mass %, a S content of not more than 0.01 mass %, an Ni content of 0.1 to 7.0
mass % and an Al content of 0.0005 to 0.05 mass %, the residual being Fe and
impurities.

5. Amartensitic stainless steel according to Claim 4, wherein in place of part
of Fe, the stainless steel includes at least one of Mo and Cu at a content of 0.05 to 5
mass % and at a content of 0.05 to 3 mass %, respectively.

6. A martensitic stainless steel according to Claim 4 or 5, wherein in place of
part of Fe, the stainless steel includes at least one of Ti, V and Nb at a content of 0.005
to 0.5 mass %, at a content of 0.005 to 0.5 mass % and at a content of 0,005 to 0.5 mass
%, respectively.

7. A martensitic stainless steel according to one of Claims 4 to 6, wherein in
place of part of Fe, the stainless steel includes at least one of B, Ca, Mg and rare-earth
elements at a content of 0.0002 to 0.005 mass %, at a content of 0.0003 to 0.005 mass
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%, at a content of 0.0003 to 0.005 mass % and at a content of 0.0003 to 0.005 mass %,

respectively.

8. A martensitic stainless steel having a C content of 0.01 to 0.1 mass %, a
Cr content of 9 to 15 mass % and a N content of not more than 0.1 mass % as claimed
in claim 1 and substantially as described herein with reference to the accompanying
drawings.

9. A martensitic stainless steel having a C content of 0.01 to 0.1 mass %, a -
Cr content of 9 to 15 mass % and a N content of not more than 0.1 mass % as claimed
in claim 2 and substantially as described herein with reference to the accompanying
drawings. :

10. A martensitic stainless steel having a C content of 0.01 to 0.1 mass %, a
Cr content of 9 to 15 mass % and a N content of not more than 0.1 mass % as claimed
in claim 3 and substantially as described herein with reference to the accompanying
drawings.

Dated this seventeenth day of November 2004

Sumitomo Metal Industries, Ltd
Patent Attomeys for the Applicant:

FBRICE & CO
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