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A thick-walled seamless steel pipe for line pipe which has a high strength and improved toughness and corrosion resistance In
spite of the thick wall and which is suitable for use as a riser and flow line has a chemical composition comprising, In mass percent,
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IMn] x [Mo] = 2.6, wherein [Mn] and [Mo] are the numbers equivalent to the contents of Mn and Mo, respectively, In mass percent.
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Abstract

A thick-walled seamless steel pipe for line pipe which has a high strength and
improved toughness and corrosion resistance in spite of the thick wall and which is
suitable for use as a riser and flow line has a chemical composition comprising, in
mass percent, C: 0.02 - 0.08%, Si: at most 0.5%, Mn: 1.5 - 3.0%, Al: 0.001 - 0.10%,
Mo: greater than 0.4% - 1.2%, N: 0.002 - 0.015%, at least one of Ca and REM in a
total amount of 0.0002 - 0.007%, and a remainder of Fe and impurities, with the
impurities having the content of P: at most 0.05%, S: at most 0.005%, and O: at
most 0.005%, the chemical composition satisfying the inequality: 0.8 < [Mn] x [Mo]
< 2.6, wherein [Mn] and [Mo] are the numbers equivalent to the contents of Mn and

Mo, respectively, in mass percent.
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Description

Seamless steel pipe for line pipe and a process for its manufacture

Technical Field

This invention relates to a seamless steel pipe for line pipe having improved
strength, toughness, corrosion resistance, and weldability and to a process for
manufacturing the same. A seamless steel pipe according to the present invention is
a high-strength, high-toughness, thick-walled seamless steel pipe for line pipe
having a strength of at least X80 grade prescribed by API (American Petroleum
Institute) standards, and specifically a strength of X80 grade (a yield strength of at
least 551 MPa), X90 grade (a yield strength of at least 620 MPa), or X100 grade (a
yield strength of at least 689 MPa) along with good toughness and corrosion

resistance. It 1s particularly suitable for use as steel pipe for flow lines on the seabed

or steel pipe for risers.

Background Art

In recent years, since crude o1l and natural gas resources in oil fields located
on land or in so-called shallow seas having a water depth of up to around 500 meters
are being depleted, development of seabed oil fields in so-called deep seas at a depth
of 1000 - 3000 meters, for example, beneath the surface of the sea is being actively
carried out. With deep sea oil fields, it is necessary to transfer crude oil or natural

gas from the well head of an oil well or natural gas well which is installed on the
seabed to a platform on the water surface using steel pipes referred to as flow lines

and risers.

Steel pipes constituting tflow lines installed deep in the sea or rises are
exposed to a high internal fluid pressure applied to their interior due to the formation
pressure in deep underground regions and to the effects of water pressure of the
deep sea applied to their exterior when operation is stopped. Steel pipes constituting

risers are additionally exposed to the effects of repeated strains applied by waves.

Flow lines are steel pipes for transport which are installed on the ground or

along the contours of the seabed. Risers are steel pipes for the transportation of oil
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or gas which rise from the surface of the seabed to a platform on the surface of the
sea. When such pipes are used in a deep sea oil fields, it 1s considered necessary for
the wall thickness to usually be at least 30 mm, and actually thick-walled steel pipes
having a wall thickness in the range of 40 mm to 50 mm are generally used. This
indicates that they are used under very severe conditions.

Figure 1 1s an explanatory view schematically showing an example of an
arrangement of risers and flow lines in the sea. In the figure, a well head 12
provided on the seabed 10 and a platform 14 provided on the water surface 13
immediately above it are connected by a top tension riser 16. A flow line 18
installed on the seabed and connected to an unillustrated remote well head extends
to the vicinity of the platform 14. The end of the flow line 18 is connected to the
platform 14 by a steel catenary riser 20 which rises from the vicinity of the platform.

The environment of use of the risers and the flow lines is very severe, and it
1s said that the maximum temperature is 177° C and the maximum internal pressure
1s 1400 atmospheres or more. Therefore, the steel pipes used in the risers and flow
lines must be able to withstand such a severe environment. A riser is also subjected
to bending stress due to waves, so it must be able to also withstand such external
influences.

Accordingly, a steel pipe having a high strength and high toughness is desired
for use as risers and flow lines. In order to ensure reliability, seamless steel pipes
rather than welded steel pipes are used in such applications.

For welded steel pipes, a technique for manufacturing a steel pipe having a
strength exceeding X80 grade has already been disclosed. For example, Patent
Document 1 (JP H9-41074A) discloses a steel which exceeds X100 grade (a yield
strength of at least 689 MPa) set forth in API standards. A welded steel pipe is
manufactured by ﬁrst'producing a steel plate, rolling up the steel plate, and welding
the seam to form a steel pipe. In order to impart essential properties such as strength
and toughness at the time of producing the steel plate, control of the microstructure
has been employed by subjecting the steel sheet to thermomechanical treatment at
the stage of rolling. Also in Patent Document 1, the desired properties of a steel
pipe after welding are secured by performing thermomechanical treatment during

hot rolling of a steel sheet in such a manner that the microstructure is controlled so
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as to include detformed ferrite. Accordingly, the technique disclosed in Patent
Document 1 can be realized just by a rolling process to form a steel plate in which
thermomechanical treatment can be easily applied by controlled rolling, and
therefore 1t can be applied to a welded steel pipe but not to a seamless steel pipe.

In the case of seamless steel pipes, a seamliess steel pipe of X80 grade has
been developed recently. With seamless steel pipes, since application of the above-
described technique including thermomechanical treatment which has been
developed for welded steel pipes is difficult, it is basically necessary to attain the
desired properties by heat treatment after pipe formation. For example, a technique
for manufacturing a seamless steel pipe of X80 grade (a yield strength of at least 551
MPa) is disclosed 1n Patent Document 2 (JP 2001-288532A). However, as disclosed
in the examples of that document, the technique is merely demonstrated for a thin-
walled steel pipe (with a wall thickness of 11.0 mm) for which hardenability is
inherently good. Accordingly, even if the technique disclosed therein is employed,
when a seamless steel pipe with a wall thickness of around 40 - 50 mm which is
actually used for risers or flow lines, there is a problem in that an adequate strength
and toughness cannot be attained since the cooling speed at the time of hardening is

slow particularly in the central portion of such a thick-walled steel pipe.

Disclosure of the Invention
The present invention aims to solve the above-described problem.
Specifically, 1ts object 1s to provide a seamless steel pipe for line pipe having a high

strength and stable toughness and good corrosion resistance particularly in the case

of a thick-walled seamless steel pipe as well as a process for its manufacture.
With respect to a conventional steel for line pipes, it is known that the
strength of steel can be predicted by the formula for C equivalent shown below by

the formula for CE (IT'W) and the formula for Pcm. Based on these formulae, the
strength of the steel has been adjusted and material design has been carried out.
CE (IIW)=C + Mn/6 + (Cr + Mo + V)/5 + (N1 + Cu)/15
Pcm = C + S1/30 + (Mn + Cu + Cr)/20 + N1/60 + Mo/15 + V/10 + 5B
Although these formulae apply to a conventional steel for line pipe, in the

case of a material for thick-walled steel pipes having a wall thickness exceeding 30
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mm intended for use as risers or flow lines, for which a still higher strength has been
demanded recently, the above formulae are not reliable, and it was found that even a
steel material which 1s expected to have a high strength based on the above formulae
may sometimes possess a markedly decreased property in toughness particularly.
Thus, it is insufficient merely to add the alloying elements set forth in the formulae
for C equivalent in order to provide a steel with high strength, and it is also
necessary to improve its toughness.

The present inventors analyzed the factors controlling the toughness of a
thick-walled seamless steel pipe. As a result, they found that in order to provide
high strength and improved toughness particularly with a large wall thickness, it is
important to suppress the C content to a low level and add Ca or REM as an
essential alloying element, with the product of the added amount of Mn multiplied
by the added amount of Mo in mass percent being at least 0.8. Furthermore, if
necessary, one or more of Cr, Ti, N1, Nb, V, Cu, B, and Mg can be added, and in
such cases, it 1s also important to control their contents within prescribed ranges.

The mechanism whereby a high strength and improvements in toughness are
realized in the present invention is not clear, but it 1s thought to be as follows,
although the present invention is not bound by the mechanism.

Mn 1s effective at increasing hardenability of steel and serves to increase
strength and toughness by facilitating the formation of a fine transformed structure
up to the center of a thick-walled member. On the other hand, addition of Mo,
which 1s effective at increasing the resistance of steel to temper softening, makes it
possible to set a higher temperature for tempering to achieve the same target
strength, thereby contributing to a great increase in toughness. The above-described
effect of Mn or Mo can be obtained even when either of these elements i1s added
solely, but when these elements are added together at least at a certain level, due to a
synergistic effect of an increase in hardenability and capability of tempering at a
higher temperature, it becomes possible to provide a thick-walled seamless steel pipe
with a high strength and high toughness of a level which could not be achieved in

the past. When the content of Mn is higher than one in a conventional range, MnS

which decreases toughness and corrosion resistance tends to easily precipitate. In

this respect, further improvement in toughness and corrosion resistance can be
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achieved by adding Ca or REM 1n oder to prevent the precipitation of MﬁS and by
decreasing the C content so as to decrease the amount of precipitated carbides.

In the case of a steel material having thé above-described chemical
composition, a manufacturing process including quenching and tempering after pipe
formation 1s suitable in order to obtain a thick-walled seamless steel pipe having
high strength and toughness.

A seamless steel pipe tor line pipe according to the present invention is

characterized by having a chemical composition containing, in mass percent, C: 0.02

- 0.08%, S1: at most 0.5%, Mn: 1.5 - 3.0%, Al: 0.001 - 0.10%, Mo: greater than

0.4% - 1.2%, N: 0.002 - 0.015%, at least one of Ca and REM 1n a total of 0.0002 -
0.007%, and a remainder of Fe and impurities, the impurities having the content of
P: at most 0.05%, S: at most 0.005%, and O: at most 0.005%, and the chemical
composition satisfying the following inequality:

0.8 < [Mn] x [Mo] < 2.6,

wherein [Mn] and [Mo] are the numbers equivalent to the contents of Mn and
Mo, respectively, 1n mass percent.

The chemical composition may further contain one or more elements, in mass
percent, selected from Cr: at most 1.0%, T1: at most 0.05%, Ni: at most 2.0%, Nb: at
most 0.04%, V: at most 0.2%, Cu: at most 1.5%, B: at most 0.01%, and Mg: at most
0.007%.

The present invention also relates to a process for a seamless steel pipe for
line pipe.

In one embodiment, the process according to the present invention comprises
forming a seamless steel pipe by hot working from a steel billet having the above-
described chemical composition, then cooling and subsequent reheating the steel
pipe, and performing quenching and subsequent tempering on the steel pipe.

In another embodiment, the process according to the present invention
comprises forming a seamless steel pipe by hot working from a steel billet having
the above-described chemical composition, and immediately performing quenching
and subsequent tempering on the steel pipe.

According to the present invention, by prescribing the chemical composition,

i.€., the steel composition of a seamless steel pipe and a process for its manufacture
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as set forth above, particularly in the case of a thick-walled seamless steel pipe
having a thickness of at least 30 mm, 1t is possible to manufacture a seamless steel
pipe for line pipe having a high strength of X80 grade (a yield strength of at least
551 MPa), X90 grade (a yield strength of at least 620 MPa), or X100 grade (a yield
strength of at least 689 MPa) and having improved toughness and corrosion
resistance just by heat treatment in the form of quenching and tempering.

The terms "line pipe" used herein refers to a tubular structure which is
intended for use 1n transportation of fluids such as crude oil or natural gas, not only
on land, but also on the sea and in the sea. A seamless steel pipe according to the
present invention 1s particularly suitable for use as line pipe such as the above-
described flow line or riser which is located on the sea or in the sea. However its
end use is not limited thereto.

There are no particular limits on shape or dimensions of a seamless steel pipe
according to the present invention, but there are restrictions on the size of a seamless
steel pipe due to 1ts manufacturing process. Usually, it has an outer diameter which
1s a maximum of around 500 mm and a minimum of around 150 mm. The effects of
the present invention are particularly marked when the wall thickness is at least 30
mm, but the present invention is not limited to this wall thickness.

A seamless steel pipe according to the present invention can be used for
installation 1n more severe deep seas and particularly as flow lines on the seabed.
Accordingly, the present invention greatly contributes to stable supply of energy.
When it is used as a riser or a flow line installed in deep seas, it preferably has a wall

thickness of at least 30 mm. The upper limit of the wall thickness is not limited, but

normally the wall thickness will be at most 60 mm.

Brief Description of the Drawings

Figure 1 1s an explanatory schematic view showing one end use of a seamless
steel pipe according to the present invention.

Figure 2 is a graph showing the relationship between the value of [Mn] x

[Mo] and strength and toughness based on the results of an example.

Best Mode for Carrying Out the Invention
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The reasons why the chemical composition of a steel pipe is prescribed in the
above manner in the present invention will be described. As set forth above, percent
with respect to the content (concentration) of an element in a chemical composition
means mass percent.

C:0.02 -0.08%

C 1s an important element for obtaining the strength of steel. The C content is
at least 0.02% 1n order to increase hardenability and obtain a sufficient strength of a
thick-walled material. On the other hand, if its content exceeds 0.08%, toughness
decreases. Therefore, the C content 1s in the range of 0.02 - 0.08%. From the
standpoint of obtaining the strength of a thick-walled material, a preferred lower
limit of the C content 1s 0.03% and a more preferred lower limit is 0.04%. A more
preferred upper limit of the C content is 0.06%.

St: at most 0.5%

S1 acts as a deoxidizing agent during steelmaking, and although its addition is
necessary, 1ts content is preferably as small as possible. This is because it greatly
decreases toughness, particularly in heat affected zones during circumferential
welding to connect line pipes. If the Si content exceeds 0.5%, the toughness is
markedly decreased 1n heat affected zones during large heat input welding.
Therefore, the content of S1 which is added as a deoxidizing agent is limited to at

most 0.5%. Preferably the Si content is at most 0.3% and more preferably at most
0.15%.

Mn: 1.5 - 3.0%

Mn must be added 1n a large amount in order to increase the hardenability of
steel so that even a thick material can be strengthened up to its center and at the
same time in order to improved the toughness thereof. These effects cannot be
obtained if its content 1s less than 1.5%, while if its content exceeds 3%, resistance
to HIC (hydrogen induced cracking) decreases. Therefore, the Mn content is in the
range of 1.5 - 3.0%. The lower limit of the Mn content 1s preferably 1.8%, more
preferably 2.0%, and still more preferably 2.1%. As stated below, since addition of
Mn together with Mo provides a synergistic effect at obtaining high strength and
high toughness, the amount of Mn should be decided taking the added amount of

Mo into account.
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Al: 0.001 - 0.10%

Al 1s added as a deoxidizing agent during steelmaking. In order to obtain this
effect, 1t 1s added with a content of at least 0.001%. If the Al content exceeds
0.10%, inclusions in the steel form clusters, thereby causing toughness to
deteriorate, and a large number of surface defects form at the time of beveling of the
ends of a pipe. Therefore, the Al content is 0.001 - 0.10%. From the standpoint of
preventing surface detects, it 1s preferable to further restrict the upper limit of the Al
content. A preferred upper limit is 0.05%, and a more preferred upper limit is
0.03%. In order to fully effect deoxidation and increase toughness, a preferred
lower limit on the Al content 1s 0.010%. The Al content used herein indicates the
content of acid soluble Al (so-called “sol. Al”).

Mo: greater than 0.4% - 1.2%

Mo 1s an important element in the present invention in that it has an effect of
increasing the hardenability of steel particularly even under conditions having a slow
cooling speed, thereby making 1t possible to strengthen up to the center of even a
thick material, and at the same time increasing the resistance of the steel to temper
softening, thereby making it possible to perform tempering at a higher temperature
so as to improve toughness. In order to obtain these effects, it is necessary for the
content of Mo to be greater than 0.4%. A more preferred lower limit of the Mo
content i1s 0.5%, and a still more preferred lower limit is 0.6%. However, Mo is an
expensive element, and its eftects saturate at around 1.2%, so the upper limit is made
1.2%. As stated below, Mo provides a high strength and high toughness by a
synergistic effect when added with Mn, and the amount of Mo should be decided

taking the added amount of Mn 1nto consideration.

N: 0.002 - 0.015%

The content of N is made at least 0.002% in order to increase the
hardenability of steel so that sufficient strength can be obtained in a thick material.
On the other hand, if the N content exceeds 0.015%, toughness decreases.
Therefore, the N content 1s in the range of 0.002 - 0.015%.

At least one of Ca and REM: 0.0002 - 0.007% 1n total

These elements are added 1n order to improve toughness and corrosion

resistance of steel by shape control of inclusions and in order to improve casting
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properties by suppressing clogging of a nozzle at the time of casting. In order to
obtain these effects, at least one of Ca and REM is added in a total amount of at least
0.0002%. If the total amount of these elements exceeds 0.007%, the above-
described effects saturate, and not only is a further effect not exhibited, but it
becomes easy for inclusions to form clusters, thereby causing toughness and
resistance to HIC to decrease. Accordingly, these elements are added such that the
total content of one or more of these is in the range of 0.0002 - 0.007% and
preferably 0.0002 - 0.005%. REM is a generic name for the 17 elements including
the elements 1n the lanthanoid series, Y, and Sc. In the present invention, the
content of REM refers to the total amount of at least one of these elements.

A seamless steel pipe for line pipe according to the present invention contains
the above-described elements, and a remainder of Fe and impurities. Among the
impurities, an upper limit is set on the content of each of P, S, and O as follows.

P: at most 0.05%

P 1s an impurity element which decreases toughness of steel, so its content is
preferably made as low as possible. If its content exceeds 0.05%, the steel has a
markedly decreased toughness, so the allowable upper limit of P is made 0.05%.
Preterably the P content is at most 0.02% and more preferably at most 0.01%.

S: at most 0.005%

S 1s also an impurity element which decreases toughness of steel, so its
content 1s preferably made as small as possible. If its content exceeds 0.005%, the
steel has a markedly decreased toughness, so the allowable upper limit of S is made

0.005%. Preferably it is made at most 0.003% and more preferably at most 0.001%.
O: at most 0.005%

O 1s also an impurity element which decreases toughness of steel, so its
content is preferably made as low as possible. If its content exceeds 0.005%,
toughness markedly decreases, so the allowable upper limit of O is made 0.005%.
[ts content 1s preferably at most 0.003% and more preferably at most 0.002%.

In addition to the limitations on each of the above-described elements, the
Mn and Mo contents of a seamless steel pipe for line pipe according to the present

invention are adjusted so as to satisfy the following formula:
0.8 < [Mn] x [Mo] < 2.6
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wherein [Mn] and [Mo] are the numbers equivalent to the contents of Mn and
Mo expressed in mass percent.

By having Mn and Mo contents which are within the respective ranges
prescribed above and which satisfy the above formula, a seamless steel pipe having
a high strength and high toughness as aimed by the present invention can be
obtained. In general, a steel having a larger value for [Mn] x [Mo] has a higher
strength and toughness. Preferably the value is at least 0.9, more preferably at least
1.0, and still more preferably at least 1.1. If the value of [Mn] x [Mo] exceeds 2.6,
toughness starts to decrease, so the upper limit thereof is made 2.6.

A seamless steel for line pipe according to the present invention can achieve a
yet higher strength, higher toughness, and/or higher corrosion resistance by adding
one or more of the following elements as necessary to the chemical composition
prescribed in the above manner.

Cr: at most 1.0%

Cr need not be added, but it may be added in order to increase the
hardenability of steel, thereby increasing the strength of a thick-walled steel
member. However, if its content becomes excessive, it ends up decreasing
toughness. Thus, when Cr is added, its content is at most 1.0%. There is no
particular lower limit of Cr, but its effects become particularly marked when its
content 1s at least 0.02%. A preferred lower limit on the Cr content when it is added

1s 0.1% and a more preferred limit is 0.2%.
Ti: at most 0.05%

T1 need not be added, but it can be added in order to achieve its effects of
preventing surface defects at the time of continuous casting and providing a high
strength with refining crystal grains. If the Ti content exceeds 0.05%, toughness
decreases, so its upper limit is 0.05%. There is no particular lower limit on the Ti
content, but in order to obtain its effects, it is preferably at least 0.003%.

Ni: at most 2.0%

N1 need not be added, but it can be added in order to increase the
hardenability of steel, thereby increasing the strength of a thick-walled steel
member, and also in order to increase the toughness of steel. However, Ni is an

expensive element, and if too much is contained, its effects saturate, so when it is
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added, its upper limit is 2.0%. There 1s no particular lower limit on the Ni content,
but its effects are particularly marked when its content is at least 0.02%.

Nb: at most 0.04%

Nb need not be added, but it can be added in order to obtain the effects of
increasing strength and refining crystal grains. If the Nb content exceeds 0.04%,
toughness decreases, so when it is added, its upper limit is 0.04%. There is no
particular lower limit on the Nb content, but in order to obtain the above effects, its
content 1s preferably at least 0.003%.

V: at most 0.2%

Addition of V 1s determined by the balance between strength and toughness.
When a sufficient strength 1s obtained by other alloying elements, a good toughness
1s obtained by not adding V. When V is added as a strength increasing element, its
content is preterably at least 0.003%. If its content exceeds 0.2%, toughness greatly
decreases, so when 1t 1s added, the upper limit on the V content is 0.2%.

Cu: at most 1.5%

Cu need not be added, but it may be added in order to improve the resistance
to HIC. The minimum Cu content for exhibiting an improvement in HIC resistance
1s 0.02%. Its eftect saturates when the Cu content exceeds 1.5%, so when it is
added, the Cu content 1s preferably 0.02 - 1.5%.

B: at most 0.01%

B need not be added, but it improves the hardenability of steel when added
even in a minute amount, so 1t 1s effective to add B when a higher strength is
necessary. In order to obtain this effect, it 1s desirable to add at least 0.0002% of B.
However, excessive addition thereof decreases toughness, so when B is added, its
content i1s at most 0.01%.

Mg: at most 0.007%

Mg need not be added, but 1t increases toughness when added even in a
minute amount, so it is effective to add Mg, particularly when it is desired to obtain
toughness in a weld zone. In order to obtain these effects, it is desirable for the Mg

content to be at least 0.0002%. However, excessive addition ends up decreasing
toughness, so when Mg 1s added, its content 1s at most 0.007%.

Next, a process of manufacturing a seamless steel pipe according to the
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present invention will be explained. In this invention, there are no particular
limitations on the manufacturing process itself, and a usual process for the
manufacture of a seamless steel pipe can be employed. According to the present
invention, a high strength, high toughness, and good corrosion resistance are
achieved by subjecting a steel pipe having a wall thickness of at least 30 mm to
quenching and then tempering. Below, preferred manufacturing conditions for a
manufacturing process according to the present invention will be described.

Seamless steel pipe formation:

Molten steel prepared so as to have a chemical composition as described
above 1s, for example, cast by continuous casting to form a cast mass having a round
cross section, which 1s directly used as material for rolling (billet), or to form a cast
mass having a rectangular cross section, which is then formed by rolling into a billet
having a round cross section. The resulting billet is subjected to piercing, rolling,
and sizing under hot working conditions to form a seamless steel pipe.

The working conditions to form the pipe may be the same as conventionally
employed in the manufacture of a seamless steel pipe by hot working, and there are
no particular limitations thereon in the present invention. However, in order to
achieve shape control of inclusions so as to secure the hardenability of the steel at
the time of subsequent heat treatment, it 1s preferable that hot working for pipe
formation be performed with a heating temperature for hot piercing of at least 1150°
C and a finish rolling temperature of at most 1100° C.

Heat treatment after pipe formation:

The seamless steel pipe produced by pipe formation is subjected to quenching
and tempering for heat treatment. Quenching may be carried out either by a process
in which once the formed hot steel pipe 1s cooled, it is reheated and then quenched
for hardening, or a process 1n which quenching for hardening is carried out
immediately after pipe formation, without reheating, in order to exploit the heat of
the formed hot steel pipe.

When the steel pipe 1s cooled before quenching, the finishing temperature of
cooling 1s not limited. For example, the pipe may be let cool to room temperature
before it 1s reheated for quenching, or it may be cooled to around 500° C, at which

transformation occurs, before it is reheated for quenching, or it may be cooled
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during transport to a reheating furnace, where it is immediately heated for
quenching. The reheating temperature is preferably 880 - 1000° C.

Quenching 1s followed by tempering, which is preferably carried out at a
temperature of 550 - 700° C. In the present invention, the steel has a chemical
composition containing a relatively large amount of Mo, which provides the steel
with a high resistance to temper softening and makes it possible to perform
tempering at a higher temperature so as to improve toughness. In order to exploit
this effect, it is preferred that tempering be carried out at a temperature of 600° C or
above. The temperature for tempering is preferably 600 - 650° C.

In this manner, according to the present invention, a seamless steel pipe for
line pipe hiving a high strength of at least X80 grade and improved toughness and
corrosion resistance even with a large wall thickness can stably be manufactured.
The seamless steel pipe can be used as line pipe in deep seas, namely as a riser or
flow line, so the present invention has great practical significance.

The tollowing example 1s intended to demonstrate the effects of the present

invention and not intended to restrict the invention in any way.

Example

As materials for rolling, billets having a round cross section and the steel
compositions shown in Table 1 were prepared by a conventional process including
melting, casting, and rough rolling. On the resulting billets, hot pipe-forming
working including piercing, rolling (drawing), and sizing was performed using
Mannesmann mandrel mill-type pipe forming equipment to produce seamless steel
pipes having an outer diameter of 219.1 mm and a wall thickness of 40 mm. For
each pipe, the heating temperature for piercing was in the range of from 1150° C to
1270° C, and the finish rolling temperature in sizing was as shown in Table 2.

The resulting steel pipes were subjected to quenching and tempering under
the conditions shown 1n Table 2. In Table 2, those steels for which the values of
finish cooling temperature (finishing temperature of cooling) and reheating
temperature are indicated means that after hot rolling, the steel pipes were cooled
and then reheated for quenching. On the other hand, those steels for which the

values of finish cooling temperature and reheating temperature are not indicated
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means that the steel pipes were quenched immediately after hot rolling. Quenching
was carried out by water cooling. Tempering was carried out by placing the steel
pipes in a heating furnace in which each steel pipe was isothermally treated for 15
minutes at the indicated temperature.

Each of the resulting steel pipes was tested with respect to strength,
toughness, and corrosion resistance in the following manner. The test results are
also shown 1n Table 2.

Strength was evaluated by the yield strength (YS) measured in a tensile test,
which was carrted out in accordance with JIS Z 2241 using a JIS No. 12 tensile test
piece taken from the steel pipe to be tested.

Toughness was evaluated by the fracture appearance transition temperature
(FATT) determined 1n a Charpy impact test. The test was carried out using an
impact test ptece which measured 10 mm (width) x 10 mm (thickness) with a 2-mm
V-shaped notch and was taken from the center of the wall thickness in the
longitudinal direction of the steel pipe in accordance with No. 4 test piece in JIS Z
2202. The lower this transition temperature, the better the toughness.

Corrosion resistance was evaluated by resistance to sulfide stress cracking
(SSC) determined by a test using as a test solution an aqueous 5% NaCl solution
which was saturated with H,S at atmospheric pressure and to which 0.5%
CH,COOH was added [a so-called NACE (National Association of Corrosion
Engineers) solution, temperature = 25° C, pH = 2.7 - 4.0]. Three rectangular 4-
point bending test pieces which measured a thickness of 2 mm, a width of 10 mm,
and a length of 100 mm and which were each taken from the center of the wall
thickness of each steel pipe in the longitudinal direction were immersed in the test
solution for 720 hours while a stress equivalent to 90% of the yield stress of the pipe
was applied to each test piece, and resistance to SSC was evaluated based on
whether there was any crack found after the immersion.

In Table 2, the results of the evaluation are indicated by an X when there was
a crack observed and by a circle (O) when there was no crack. The case in which the

three test pieces were all without a crack is indicated by “000”, and the case in
which the three test pieces all had a crack 1s indicated by “XXX”.
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Steel Finish Finish |{Reheat-|{Temper—| Yield Charpy Resist
No rolling T. | cooling T.| ing T. ing T. |Strength] FATT* isussgréce Remarks
| (°C) (°C) °’c) | ¢c) | (MPa) | (°C) 0

1 | 1050 | 900 | 920 [ 630 | 642 [ -65 | OOOQ | Invent.
2 | 950 | 900 | 920 [ 630 | 615 [ -62 | QOQ | Invent

31 90 | = | = -76 | OOO | Invent.
1050 920 | 000 | Invent.
1000 630 | 662 000 [ Invent.
1050 920 | 630 | 694 OO0 _| Invent.
950 920 | 630 OO0 [ Invent.
- 1050 R.T 920 | 630 615 -76 - OO0 | Invent.
1000 76 000 | Invent.
1050 920 [ 63 94 -62 | OOO | Invent.
= 52 -65 | OO0OQ [ Invent.
1000 | = 000 | Invent.
950 63 44 67 | OOO | Invent.
1050 20 63 36 67 | OOO | Invent
950 000 | Invent.
1000 | RT - OO0 | Invent.
950 000 [ Invent.

950 - OO0 | Invent.
98 - OO0 | Invent.
- Q00O | Invent.

[r—,

105

-
N
>

Invent.
Invent.
Invent.
Invent.
Invent.

630
630
630
630

A
—

A A Y . . .
] . - . . .

-> DI DID|HIO ol ) (@)
O W W[WILW]I0O Lo o T
emd.

Q| ~JIOD -~ ~J]=J QO o) ~J ~J Od ~J ~J1| O ] L2201 (=2,
b g ey O wW - do o
© WO N - — -

| l A ERREER lpijtq1 l
O |~~~ DO~ ~J
2O W WIWIHO oL

N o1|lanlon S g N ol leolwlwicolclwiwinoinInd il oo N — b ot | et | et { i
i On ol ro ~J Hlco |||l ||~ Ol alolal ]l Olco ~J anlaleoino ~J

920
920
920
920
1000
1050 920 000
®
1050 920 000 |
950 | — 000
950 920 000
1000 000
1050 — | 630 OO0 | Invent.
920 00O I Invent.
920 -75 | OOO | Invent.
920 65 ~75 | OO0 | Invent.
1050 | 920 OO0 | Invent.
1000 [ 950 OO0 | Invent.
1000 920 000 | Invent.
1050 715 -65 | OOO | Invent.
1050 920 | 630 756 -57 | OO0 [ Invent.
950 __— 1630 000 | Invent.
_— | 630 | 63 | OOO | Invent.
950 920 | 630 000 | Invent.
1000 67 | OOO [ Invent.
1050 T. | 920 | 630 000 | Invent.
950 08 000 | Invent.
950 920 | 630 | 761 -718 | OOOQO | Invent.
950 920 | 630 | 637 000 | Invent.
1050 _— | 630 -718 | OOO [ Invent.
1000 OO0 | Invent.
1050 | 920 | 610 | 762 | -58 | OOOQO [ Invent
1000 920 | 630 | 638 000 | Invent.
950 920 | 600 | 749 | -67 | OOO [ Invent
1000 | 950 | 980 | 630 | 719 | -69 | OOO | Invent
950 | 900 | 920 | 630 | 757 | -69 | OOO [ Invent
1050 [ 900 | 920 | 630 | 630 | -64 | OOO [ Invent
1] 1050 [ 900 | 920 [ 640 | 558 | -69 | OOO T Invent.
1050 | 900 | 920 | 630 | 647 | -54 | OOO [ Invent.
1000 | = | = 1 630 | 610 | 69 | OOO | Invent
1050 | — 1 = 1 630 | 678 | -53 | OOO | Invent
1050 | — } — | 630 | 565 | -718 | OOQO | Invent.
90 | 900 | 920 | 630 | /21 | -54 T OOO | Invent.

*FAT T T=fracture appearance transition temperature (to be continued)
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Table 2 (continued

Q

Yield Charpy :
(MPa) (°C)

_orv_l)
2’0
em/l\
f—
l
whd
aT\l/
o ..0O
S 2T
.

Finish
cooling T.
(°C)

Finish
rolling T.
(°C)

s I~ e N
[~ ol—lnim |l ]|o|r~]o|o
5 - -mmmm-mmm-mm-----mm-
7P

i)

—OQ00 [ Invent.

736 | 77
673 [ -66

17

Q
o0
o

. . . ¢ » . » . . . . . . . » -t » ¢ » . . . ” . . . . ¢ *
-
O

= C - -

v Dedl MI Illllmm.mm IIIIIIIIIII

nvent
nvent
nvent
nvent
nvent

vent
nvent
nvent
nvent
nvent
nvent
nvent
nvent

vent

vent

vent

vent
nvent
nvent
nvent
nvent
nvent

vent
nvent
nvent
nvent

vent
nvent

' .

L)
|
mn
+— 10O
LD
- OI0
& IS S
© O o (o OO
QOIOIO|I0O O
QUKD SIRIBIRIKIKKUS
arilarler N MNIH IO IO N

=75
=75
=77
67

721
607
607

630

- - o]l
O N o0 [N
o) N o] oy

100
100

<M QIO ™~
CNION L) 1€0O (@]
O~~~}
QIO -] [en - -
NI D ap)Tap ap (P
m“__m_“m_mmmm
- QOICIOIO OIOIOIKC
O ICN|CO 00 CNICN OO
- - -
o c 2
“mmmmmmmm m

N[O f~
™~ 100 CN D | ] \ = ® o

vent
nvent
nvent
nvent
nvent
nvent
nvent
nvent
nvent
nve
om

nvent

v [ » ] " » [ . ’ [ »
povng [ puung | omng | g § bumeg § puwng § Qg | Gumng § ey Pannng

0
mmmmn“
i

R.T.

105
100
1050

630
630 |
630
640

-
e

ar
ar
ar

Compar

Compar
Compar
Com
Com

636
693
-~ 6/3 |
707 |
588
671 |

612

639
599

_ o
Te] s
S

m"“m— _"_“—

X
X @

X | X
002330 0230000
QIO X | X |

.
T

1

m
m
m

Om
o
y—
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As can be seen from the results for Steel Nos. 1 through 98 in Table 2, the
seamless steel pipes according to the present invention have a high strength
corresponding to X80 grade (a yield strength of at least 551 MPa) to X100 grade (a
yield strength of at least 689 MPa) of API standards as well as improved toughness
(a fracture appearance transition temperature of -50° C or below) and improved
corrosion resistance (resistance to SSC indicated by “000” in all the steels) .

In contrast, Steel Nos. 99 - 108, which are comparative examples in which
the chemical composition was outside the range defined by the present invention
have inferior properties with respect to at least one of strength, toughness, and
COrrosion resistance.

Steel Nos. 109 - 111 are comparative examples in which the contents of the
individual alloying elements were within the range defined by the present invention
but the value of [Mn] x [Mo] was smaller than the lower limit, 0.8 defined by the
present invention. Figure 2 1s a graph obtained by plotting the results of strength
and toughness of these steels along with those of some inventive steels according to
the present invention. It should be noted that in the ordinate of this figure which is
fracture appearance transition temperature indicative of toughness, the higher in the
ordinate (the higher the temperature), the lower the toughness.

In general, the relationship between strength and fracture appearance
transition temperature 1s a linear relationship which slopes upwards to the right,
indicating that toughness decreases as strength increases. However, as the value of
[Mn] x [Mo] increases, the plots shift to the right in this figure, indicating that
strength increases without a decrease in toughness or that strength can be increased
with keeping a balance to toughness. Thus, it can be seen from this figure that the
balance between strength and toughness is controlled by [Mn] x [Mo]. For Steel
Nos. 109 through 111 in which the value of [Mn] x [Mo] was less than 0.8, their
toughness 1s significantly inferior to that of inventive steels having the same

strength, indicating that the balance between strength and toughness was not good.
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What 1s claimed is:

1. A seamless steel pipe for line pipe characterized by having a
chemical composition which consists essentially, in mass percent, of C: 0.02-
0.08%, S1: at most 0.5%, Mn: 2.0-3.0%, Al: 0.001-0.10%. Mo: greater than 0.4% -
1.2%, N: 0.002-0.015%, at least one of Ca and REM in a total amount of 0.0002-
0.007%, and a remainder of Fe and impurities, with the impurities having the
content of P: at most 0.05%, S: at most 0.005%, and O: at most 0.005%, and the

chemical composition satisfying the following inequality:
1.0 £ [Mn] x [Mo] £ 2.6,

wherein [Mn] and [Mo] are the numbers equivalent to the contents of Mn

and Mo, respectively, in mass percent.

2. A seamless steel pipe for line pipe as set forth in claim 1, wherein
the chemical composition contains one or more elements, in mass percent,
selected from Cr: 0.02-1.0%, Ti: 0.003-0.05%, Ni: 0.02-2.0%, Nb: 0.003-0.04%,
V:0.003-0.2%, Cu: 0.02-1.5%, B: 0.0002-0.01%, and Mg: 0.0002-0.007%.

3. A process of manufacturing a seamless steel pipe for line pipe
characterized by forming a seamless steel pipe under hot working conditions from
a billet having a chemical composition as set forth in claim 1 or 2 and subjecting
the resulting steel pipe to quenching and tempering, the quenching being carried
out by cooling the steel pipe heated at 880-1000°C and the tempering being

carried out at a temperature of 550-700°C.

4, A process as set forth in claim 3, wherein the steel pipe formed

under hot working conditions is cooled and then reheated before it is subjected to

quenching.

5. A process as set forth in claim 3, wherein the steel pipe formed

under hot working conditions is directly subjected to quenching.

6. A process as set forth in claim 3, wherein tempering is performed

at a temperature in the range of 550-700°C.
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