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ABSTRACT

A method for producing steel for line pipes includes
heating a steel having a specific composition to a
temperature of 1000°C to 1200°C; hot rolling such that a
cumulative rolling reduction ratio in a non-
recrystallization temperature range is 60% or more, a
cumulative rolling reduction ratio in a temperature range of
(a rolling finish temperature + 20°C) or less is 50% or more,
and a rolling finish temperature is the Ars transformation
point or more and 790°C or less. Accelerated cooling is
performed from a cooling start temperature of the Ars
transformation point or more, at a cooling rate of 10 °C/s
or more, until a surface of a steel plate reaches 300°C to
500°C. The method produces steel material for line pipes
which has a tensile strength of 570 MPa or more, a
compressive strength of 440 MPa or more, and a thickness of

30 mm or more.

Date regue / Date received 2021-12-14



CA 03087986 2020-07-08

DESCRIPTION
Title of Invention:
STEEL MATERIAL FOR LINE PIPES, METHOD FOR PRODUCING THE SAME,
AND METHOD FOR PRODUCING LINE PIPE
Technical Field
[0001]

The present invention relates to a steel material for
line pipes, a method for producing the steel material for
line pipes, and a method for producing a line pipe. The
present invention relates to a steel material for line pipes
which is suitable as a material for line pipes used for the
transportation of oil and natural gas and is particularly
suitable as a material for offshore pipelines, which are
required to have a high collapse resistant performance, a
method for producing such a steel material for line pipes,
and a method for producing a line pipe. The term
"compressive strength" used herein refers to 0.5%
compressive proof strength and is also referred to as
"compressive yield strength", unless otherwise specified.
Background Art
[0002]

With an increasing demand for energy, the development
of 0il and natural gas pipelines has been active. Various
pipelines that extend across sea have been developed in

order to cope with a situation where gas fields or oil
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fields are located at remoter places or versatility in
transport routes. Line pipes used as offshore pipelines
have a larger wall thickness than onshore pipelines in order
to prevent collapse due to water pressure. Furthermore, the
line pipes used as offshore pipelines are required to have a
high degree of roundness. In addition, as for the
properties of line pipes, the line pipes need to have a high
compressive strength in order to resist the compression
stress caused in the circumferential direction of the pipes
by an external pressure.

[0003]

Since the final step of a method for making UOE steel
pipes includes a pipe expanding process, the pipes are
compressed after the pipes have been subjected to a tensile
deformation in the circumferential direction of the pipes.
Consequently, compressive yield strength may be reduced due
to the Bauschinger effect.

[0004]

There have been various studies of improvement of the
collapse resistant performance of UOE steel pipes. Patent
Literature 1 discloses a method in which a steel pipe is
heated by Joule heating and expanded, and the temperature is
subsequently held for a certain period of time or more.
[0005]

As a method in which heating is performed subsequent to
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the pipe expansion in order to restore the reduction in
compressive yield strength caused by the Bauschinger effect
as described above, Patent Literature 2 proposes a method in
which the outer surface of a steel pipe is heated to a
temperature higher than that of the inner surface in order
to restore the impact due to the Bauschinger effect caused
in the outer surface-side portion of the steel pipe which
has been subjected to a tensile deformation and to maintain
the strain hardening of the inner surface-side portion due
to compression. Patent Literature 3 proposes a method in
which, in a steel plate making process using a steel
containing Nb and Ti, accelerated cooling is performed from
a temperature of the Ars transformation point or more to the
temperature of 300°C or less subsequent to hot rolling and
heating is performed after a steel pipe has been formed by
the UOE process.

(0006]

On the other hand, as a method in which the compressive
strength of a steel pipe is increased by adjusting the
conditions under which the steel pipe is formed, instead of
performing heating subsequent to the pipe expansion, Patent
Literature 4 discloses a method in which the compression
ratio at which compression is performed when a steel pipe is
formed using the O-ing press is set to be higher than the

expansion ratio at which pipe expansion is performed in the
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subsequent step.
[0007]

Patent Literature 5 discloses a method in which the
diameter of a steel pipe which passes through the vicinity
of a weld zone, which has a low compressive strength, and
the position that forms an angle of 180° with respect to the
weld zone is set to be the maximum diameter of the steel
pipe in order to enhance the collapse resistant performance
of the steel pipe.

[C008]

Patent Literature 6 proposes a steel plate capable of
limiting a reduction in yield stress due to the Bauschinger
effect, which is produced by performing reheating subsequent
to accelerated cooling to reduce the fraction of the hard
second phase in the surface-layer portion of the steel plate.
[C009]

Patent Literature 7 proposes a method for producing a
high-strength steel plate for line pipes for sour gas
service having a thickness of 30 mm or more, in which the
surface-layer portion of a steel plate is heated in a
reheating process performed subsequent to accelerated
cooling while a rise in the temperature of the center of the
steel plate is suppressed.

Citation List

Patent Literature



[0010]
PTL 1:
Publication
PTL 2:
Publication
PTL 3:
Publication
PTL 4:
Publication
PTL 5:
Publication
PTL 6:
Publication
PTL 7:

Publication

CA 03087986 2020-07-08

Japanese Unexamined
No. 9-49025
Japanese Unexamined
No. 2003-342639
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Summary of Invention

Technical Problem

[0011]

Patent

Patent

Patent

Patent

Patent

Patent

Patent

Application

Application

Application

Application

Application

Application

Application

According to the method described in Patent Literature

1, dislocation brought about by the pipe expansion is
eliminated or dispersed and, consequently, compressive
strength is increased. However, this method requires the

Joule heating to be continued for five minutes or more
subsequent to the pipe expansion and is therefore poor in

terms of productivity.
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[0012]

In the method described in Patent Literature 2, it is
necessary to individually manage the temperatures at which
the outer and inner surfaces of a steel pipe are heated and
the amounts of time during which the outer and inner
surfaces of the steel pipe are heated. This is difficult in
terms of the actual production. It is considerably
difficult to manage the quality of steel pipes in a mass
production process. The method described in Patent
Literature 3 requires the accelerated cooling stop
temperature in the production of a steel plate to be a low
temperature of 300°C or less. This may increase the
distortion of a steel plate and degrades the roundness of a
steel pipe produced by the UOE process. Furthermore, since
the accelerated cooling is performed from a temperature of
the Arsz point or more, it is necessary to perform rolling at
a relatively high temperature. This may result in the
degradation of toughness.

[0013]

According to the method described in Patent Literature
4, tensile pre-strain substantially does not occur in the
circumferential direction of the pipe. Accordingly, the
Bauschinger effect is not produced and a high compressive
strength may be achieved. However, a low expansion ratio

makes it difficult to maintain the roundness of a steel pipe
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and may degrade the collapse resistant performance of the
steel pipe.
[0014]

The portion of .a pipeline which is prone to collapse
when the pipeline is actually constructed is a portion (sag-
bend portion) subjected to a bending deformation when the
pipe reaches the seabed. When a pipeline is constructed,
girth welding is performed on the pipe and the pipes are
laid on the seabed without reference to the positions of
weld zones of steel pipes. Therefore, even if steel pipes
are produced by performing pipe forming and welding such
that a cross section of each of the steel pipes has the
maximum diameter at the seam weld zone as described in
Patent Literature 5, it is not possible to determine the
positions of the seam weld zones when a pipeline is
constructed actually. Thus, the technology according to
Patent Literature 5 does not produce virtually any
advantageous effects.

[0015]

The steel plate described in Patent Literature 6 needs
to be heated in the reheating until the center of the steel
plate is heated. This may result in the degradation of a
DWTT (drop weight tear test) property. Therefore, it is
difficult to use this steel plate for producing deep-sea

thick-walled line pipes. In addition, the steel plate has
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room for improvement in terms of increase in the thickness
of the steel plate.
[0016]

According to the method described in Patent Literature
7, the fraction of the hard second phase in the surface-
layer portion of a steel plate may be reduced while the
degradation of a DWTT (drop weight tear test) property is
limited. This may reduce the hardness of a surface-layer
portion and inconsistencies in the material property of the
steel plate. Furthermore, the reduction in the fraction of
the hard second phase may reduce the Bauschinger effect.
However, it is difficult to consistently achieve a strength
of X70 grade or more while maintaining a DWTT property by
the technology described in Patent Literature 7.

[0017]

The present invention was made in view of the above-
described circumstances. An object of the present invention
is to provide a steel material for line pipes having a heavy
wall thickness of 30 mm or more, a high strength required
for applying the steel material to offshore pipelines,
excellent low-temperature toughness, and an excellent DWTT
property, a method for producing the steel material for line
pipes, and a method for producing a line pipe.

Solution to Problem

[(0018]
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The inventors of the present invention conducted
extensive studies in order to limit the reduction in
compressive strength due to the Bauschinger effect and
maintain strength and toughness and, as a result, found the
fecllowing facts.

(a) The reduction in compressive strength due to the
Bauschinger effect is induced by the back stress caused as a
result of the dislocation accumulation at the interfaces
between different phases and the hard second phase. For
preventing this, first, it is effective to form a uniform
microstructure in order to reduce the interfaces between the
soft and hard phases, at which dislocations are integrated.
Accordingly, forming a metal microstructure composed
primarily of bainite in which the formation of soft
polygonal ferrite and a hard martensite-austenite
constituent is suppressed may limit the reduction in
compressive strength due to the Bauschinger effect.

(b) It is difficult to completely inhibit the formation
of the martensite-austenite constituent (hereinafter, may be
referred to simply as "MA") in high-strength steel produced
by accelerated cooling and, in particular, thick-walled
steel plates used for producing offshore pipelines because
such high-strength steel and thick-walled steel plates have
high hardenability as a result of containing large amounts

of alloying elements to achieve an intended strength.



CA 03087986 2020-07-08

_10_

However, the reduction in compressive strength due to the
Bauschinger effect may be limited when MA is decomposed into
cementite by optimizing accelerated cooling.

{c) For enhancing low-temperature toughness, it is
effective to reduce the size of microstructures by lowering
the rolling temperature at which a steel plate is hot-rolled.
However, if the rolling temperature is excessively low,
polygonal ferrite may be formed and a mixed microstructure
of bainite and poclygonal ferrite may be formed subsequent to
the accelerated cooling. This increases the Bauschinger
effect. On the other hand, adjusting the composition of the
steel contributes to reduction in formation of polygonal
ferrite being formed subsequent to rolling with a low
rolling temperature . This enables both suitable low-
temperature toughness and suitable compressive strength to
be achieved. In addition, contrclling the rolling reduction
during hot rolling enables introduction of a number of
deformation bands, which serve as nuclei for transformation,
and refinement of microstructures. This enables even a
thick-walled steel plate having a thickness of 30 mm or more
to have high low-temperature toughness.

[0019]

The present invention was made on the basis of the

above findings and additional studies. The summary of the

present invention is as follows.
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[1] A method for producing a steel material for line
pipes, the steel material having a tensile strength of 570
MPa or more, a compressive strength of 440 MPa or more, and
a thickness of 30 mm or more, the method including heating a
steel having a composition containing, by mass,

C: 0.030% to 0.10%,

Si: 0.01% to 0.20%,

Mn: 1.0% to 2.0%,

Nb: 0.005% to 0.050%,

Ti: 0.005% to 0.025%, and

Al: 0.08% or less,

the composition further containing one or more elements
selected from, by mass,

Cu: 0.5% or less,

Ni: 1.0% or less,

Cr: 1.0% or less,

Mo: 0.5% or less, and

V: 0.1% or less,

wherein a Ceq value represented by Formula (1) is 0.350
or more, a Pcm value represented by Formula (2) is 0.20 or
less, and an Ariz transformation point represented by Formula
(3) is 750°C or less, with the balance being Fe and
inevitable impurities, to a temperature of 1000°C to 1200°C;
performing hot rolling such that a cumulative rolling

reduction ratio in a non-recrystallization temperature range
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is 60% or more, such that a cumulative rolling reduction
ratio in a temperature range of (a rolling finish
temperature + 20°C) or less is 50% or more, and such that a
rolling finish temperature is the Arz transformation point
or more and 790°C or less; and subsequently performing
accelerated cooling from a cooling start temperature of the
Ars transformation point or more, at a cooling rate of 10
°C/s or more, until the temperature of a surface of a steel

plate reaches 300°C to 500°C,

Ceg = C + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V) /5 --- (1)

Pcm = C + Si/30 + (Mn + Cu + Cr)/20 + Ni/60 + Mo/15 +
v/10 --- (2)

Arz (°C) = 910 - 310C - 80Mn - 20Cu - 15Cr - 55Ni - 80Mo

(3)

wherein, in Formulae (1) to (3), the symbol of each
element represents the content (mass%) of the element and is
zero when the composition does not contain the element.

[2] A method for producing a line pipe having a tensile
strength of 570 MPa or more, a compressive strength of 440
MPa or more, and a thickness of 30 mm or more, the method
including cold forming a steel material for line pipes
produced by the method described in [1] into a steel pipe-
like shape; joining butting edges to each other by seam
welding; and subsequently performing pipe expansion at an

expansion ratio of 1.2% or less to produce a steel pipe.
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[3] A steel material for line pipes, the steel material
having a tensile strength of 570 MPa or more, a compressive
strength of 440 MPa or more, and a thickness of 30 mm or
more, the steel material including a composition containing,
by mass,

C: 0.030% to 0.10%,

Si: 0.01% to 0.20%,

Mn: 1.0% to 2.0%,

Nb: 0.005% to 0.050%,

Ti: 0.005% to 0.025%, and

Al: 0.08% or less,

the composition further containing one or more elements

selected from, by mass,

Cu: 0.5% or less,
Ni: 1.0% or less,
Cr: 1.0% or less,
Mo: 0.5% or less, and

V: 0.1% or less,

wherein a Ceq value represented by Formula (1) is 0.350
or more, a Pcm value represented by Formula (2) is 0.20 or
less, and an Arsz transformation point represented by Formula
(3) is 750°C or less, with the balance being Fe and
inevitable impurities,

the steel material further including a metal

microstructure composed primarily of bainite, wherein an
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area fraction of polygonal ferrite at a position of 1/4
plate thickness is 10% or less, an area fraction of
martensite-austenite constituent at the position of 1/4
plate thickness is 5% or less, and an average grain size of
bainite at a position of 1/2 plate thickness is 10 um or

less,

I
@]

Ceq + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5 --- (1)
Pcm = C + Si/30 + (Mn + Cu + Cr)/20 + Ni/60 + Mo/15 +
v/10 --- (2)

910 - 310C - 80Mn - 20Cu - 15Cr - 55Ni - 80Mo

i
R
w
o
Q
[

wherein, in Formulae (1) to (3), the symbol of each
element represents the content (mass$%) of the element and is
zero when the composition does not contain the element.

[4] A method for producing a line pipe having a tensile
strength of 570 MPa or more, a compressive strength of 440
MPa or more, and a thickness of 30 mm or more, the method
including cold forming a steel material for line pipes
described in [3] into a steel pipe-like shape; joining
butting edges to each other by seam welding; and
subsequently performing pipe expansion at an expansion ratio
of 1.2% or less to produce a steel pipe.

Advantageous Effects of Invention
[0020]

According to the present invention, a steel material
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for line pipes which has a high strength, excellent low-
temperature toughness, and an excellent DWTT property may be
produced. The present invention may be suitably applied to
offshore pipelines.

[0021]

According to the present invention, a thick-walled line
pipe having excellent low-temperature toughness and a high
compressive strength may be provided without employing
special conditions for forming steel pipes or performing a
heat treatment subsequent to pipe making.

Description of Embodiments
[0022]

An embodiment of the present invention is described
below. When referring to the contents of constituent
elements, the symbol "%" refers to "% by mass" unless
otherwise specified.

[0023]
1. Chemical Composition
C: 0.030% to 0.10%

C is an element most effective in increasing the
strength of a steel plate produced by accelerated cooling.
However, if the C content is less than 0.030%, a
sufficiently high strength may not be maintained. On the
other hand, if the C content is more than 0.10%, toughness

may become degraded. In addition, the formation of MA may
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be accelerated. This results in a reduction in compressive
strength. Accordingly, the C content is limited to 0.030%
to 0.10%. Preferable lower limit of C content is 0.040% and
preferable upper limit is 0.098%.

[0024]

Si: 0.01% to 0.20%

Si is contained for deoxidization. However, if the Si
content is less than 0.01%, a sufficient deoxidation effect
may not be achieved. On the other hand, if the Si content
is more than 0.20%, toughness may become degraded. In
addition, the formation of MA may be accelerated. This
results in a reduction in compressive strength. Accordingly,
the Si content is limited to 0.01% to 0.20%. Preferable
lower limit of Si content is 0.03% and preferable upper
limit is 0.15%.

[0025]
Mn: 1.0% to 2.0%

Mn: 1.0% to 2.0%. Mn is contained for increasing
strength and enhancing toughness. However, if the Mn
content is less than 1.0%, the above advantageous effects
may not be produced to a sufficient degree. On the other
hand, if the Mn content is more than 2.0%, toughness may
become degraded. Accordingly, the Mn content is limited to
1.0% to 2.0%. Preferable lower limit of Mn content is 1.5%

and preferable upper limit is 1.95%.
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[0026]
Nb: 0.005% to 0.050%

Nb reduces the size of microstructures and thereby
enhances toughness. Nb also causes the formation of
carbides, which increase strength. However, if the Nb
content is less than 0.005%, the above advantageous effects
may not be produced to a sufficient degree. On the other
hand, if the Nb content is more than 0.050%, the toughness
of a weld heat-affected zone may become degraded.
Accordingly, the Nb content is limited to 0.005% to 0.050%.
Preferable lower limit of Nb content is 0.010% and
preferable upper limit is 0.040%.

[0027]
Ti: 0.005% to 0.025%

Ti suppresses coarsening of austenite grains during
heating of slabs by the pinning effect of TiN and thereby
enhances toughness. However, if the Ti content is less than
0.005%, the above advantageous effects may not be produced
to a sufficient degree. On the other hand, if the Ti
content is more than 0.025%, toughness may become degraded.
Accordingly, the Ti content is limited to 0.005% to 0.025%.
Preferable lower limit of Ti content is 0.008% and
preferable upper limit is 0.023%.

[0028]

Al: 0.08% or Less
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Al is contained as a deoxidizing agent. However, if the
Al content is more than 0.08%, the cleanliness of steel may
become degraded and toughness may become degraded.
Accordingly, the Al content is limited to 0.08% or less.
The Al content is preferably 0.05% or less.

[0029]

In the present invention, one or more elements selected
from Cu: 0.5% or less, Ni: 1.0% or less, Cr: 1.0% or less,
Mo: 0.5% or less, and V: 0.1% or less are contained.

[0030]
Cu: 0.5% or Less

Cu is an element effective in improving toughness and
increasing strength. However, if the Cu content is more
than 0.5%, the HAZ toughness of a weld zone may become
degraded. Accordingly, in the case where Cu is contained,
the Cu content is limited to 0.5% or less. The lower limit
for the Cu content is not specified. In the case where Cu
is contained, the Cu content is preferably 0.01% or more.
{00311
Ni: 1.0% or Less

Ni is an element effective in improving toughness and
increasing strength. However, if the Ni content is more
than 1.0%, the HAZ toughness of a weld zone may become
degraded. Accordingly, in the case where Ni is contained,

the Ni content is limited to 1.0% or less. The lower limit
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for the Ni content is not specified. In the case where Ni
is contained, the Ni content is preferably 0.01% or more.
[0032]
Cr: 1.0% or Less

Cr is an element that enhances hardenability and
thereby effectively increase strength. However, if the Cr
content is more than 1.0%, the HAZ toughness of a weld zone
may become degraded. Accordingly, in the case where Cr is
contained, the Cr content is limited to 1.0% or less. The
lower limit for the Cr content is not specified. In the
case where Cr is contained, the Cr content is preferably
0.01% or more.
[0033]
Mo: 0.5% or Less

Mo is an element effective in improving toughness and
increasing strength. However, if the Mo content is more
than 0.5%, the HAZ toughness of a weld zone may become
degraded. Accordingly, in the case where Mo is contained,
the Mo content is limited to 0.5% or less. The lower limit
for the Mo content is not specified. In the case where Mo
is contained, the Mo content is preferably 0.01% or more.
[0034]
V: 0.1% or Less

V is an element that forms complex carbides as well as

Nb and Ti and is markedly effective in increasing strength
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by precipitation strengthening. However, if the V content
is more than 0.1%, the HAZ toughness of a weld zone may
become degraded. Accordingly, in the case where V is
contained, the V content is limited to 0.1% or less. The
lower limit for the V content is not specified. In the case
where V is contained, the V content is preferably 0.01% or
more.

[0035]

In the present invention, the Ceqg value represented by
Formula (1) is 0.350 or more, the Pcm value represented by
Formula (2) is 0.20 or less, and the Ars transformation
point represented by Formula (3) is 750°C or less.

[0036]
Ceqg Value: 0.350 or More

The Ceq value is limited to 0.350 or more. The Ceq
value is represented by Formula (1) below. The Ceq value
has a correlation with the strength of base metal and is
used as a measure of strength. If the Ceq value is less
than 0.350, a high tensile strength of 570 MPa or more may
not be achieved. Accordingly, the Ceq value is limited to
0.350 or more. The Ceg value is preferably 0.360 or more.

Ceg = C + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5 --- (1)

In Formula (1), the symbol of each element represents
the content (mass%) of the element and is zero when the

composition does not contain the element.
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[0037]
Pcm Value: 0.20 or Less

The Pcm value is limited to 0.20 or less. The Pcm value
is represented by Formula (2) below. The Pcm value is used
as a measure of weldability; the higher the Pcm value, the
lower the toughness of a welded HAZ. The Pcm value needs to
be strictly limited particularly in a thick-walled high-
strength steel, because the impact of the Pcm value is
significant in the thick-walled high-strength steel.
Accordingly, the Pcm value is limited to 0.20 or less. The
Pcm value is preferably 0.19 or less.

Pcm = C + Si/30 + (Mn + Cu + Cr)/20 + Ni/60 + Mo/15 +
v/1i0 -+ (2)

In Formula (2), the symbol of.each element represents
the content (mass%) of the element and is zero when the
composition does not contain the element.

[0038]
Ar3 Transformation Point: 750°C or Less

The Ars transformation point is limited to 750°C or less.
Formula (3) below represents the Ar3 transformation point.
The higher the Ars transformation point, the higher the
temperature at which ferrite is formed and the more the
difficulty in achieving the metal microstructure according
to the present invention. In addition, it beccmes more

difficult to achieve both intended compressive strength and
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intended toughness. Accordingly, the composition is
controlled such that the Arsz transformation point is 750°C or
less.

Arz (°C) = 910 - 310C - 80Mn - 20Cu - 15Cr - 55Ni - 80Mo

(3)

In Formula (3), the symbol of each element represents
the content (mass%) of the element and is zero when the
composition does not contain the element.

[0039]

The remaining part of the composition which is other
than the above-described constituents, that is, the balance,
includes Fe and inevitable impurities. The composition may
contain an element other than the above-described elements
such that the action and advantageous effects of the present
invention are not impaired.

[0040]
2. Metal Microstructure
Composed Primarily of Bainite

The metal microstructure according to the present
invention is composed primarily of bainite in order to limit
the reduction in compressive strength due to the Bauschinger
effect. The expression "the metal microstructure according
to the present invention is composed primarily of bainite"
means that the area fraction of bainite in the entire metal

microstructure is 85% or more. For limiting the reduction



CA 03087986 2020-07-08

- 23 -

in compressive strength due to the Bauschinger effect, the
metal microstructure is desirably composed only of bainite
in order to prevent the dislocation accumulation at the
interfaces between different phases and the hard second
phase. When the fraction of the balance microstructures
other than bainite is 15% or less, they may be acceptable.
Note that, the area fraction of bainite is measured at a
position of 1/4 plate thickness.
[0041]
Area Fractions of Polygonal Ferrite and Martensite-Austenite
Constituent at Position of 1/4 Plate Thickness Are 10% or
Less and 5% or Less, Respectively

For reducing the Bauschinger effect and achieving a
high compressive strength, it is desirable to form a uniform
microstructure free of a soft polygonal ferrite phase or a
hard martensite-austenite constituent in order to reduce the
likelihood of dislocations being locally integrated inside
the microstructure during deformation. Accordingly, in
addition to forming a microstructure composed primarily of
bainite as described above, the area fractions of polygonal
ferrite and the martensite-austenite constituent at a
position of 1/4 plate thickness are limited to 10% or less
and 5% or less, respectively. The area fractions of
polygonal ferrite and the martensite-austenite constituent

may be 0%.
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[0042]
Average Grain Size of Bainite at Position of 1/2 Plate
Thickness Is 10 pum or Less

It is effective to form a fine microstructure for
producing a thick-walled steel plate having sufficiently
high base metal toughness particularly at a position of 1/2
plate thickness. The above advantageous effects may be
produced by adjusting the grain size of bainite at a
position of 1/2 plate thickness to 10 um or less.
Accordingly, the average grain size of bainite at a position
of 1/2 plate thickness is limited to 10 pm or less.

[(0043]

The metal microstructure according to the present
invention may include any phases other than bainite,
polygonal ferrite, or the martensite-austenite constituent
as long as it includes the above-described structure.
Examples of the other phases include pearlite, cementite,
and martensite. The amount of the other phases is
preferably minimized; the area fraction of the other phases
at a position of 1/4 plate thickness is preferably 5% or
less.

[0044]
3. Method for Producing Steel Material for Line Pipes

The method for producing a steel material for line

pipes according to the present invention includes heating a
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steel slab having the above-described chemical composition,
hot rolling the steel slab, and subsequently performing
accelerated cocling. The reasons for limiting the
production conditions are described below. Hereinafter, the
term "temperature" refers to the average temperature of the
steel plate (steel material) in the thickness direction,
unless otherwise specified. The average temperature of the
steel plate (steel material) in the thickness direction is
determined on the basis of thickness, surface temperature,
cooling conditions, etc. by simulation calculation or the
like. For example, the average temperature of the steel
plate (steel material) in the thickness direction may be
calculated from a temperature distribution in the thickness
direction determined by a finite difference method.
[0045]
Steel Slab Heating Temperature: 1000°C to 1200°C

If the steel slab heating temperature is less than
1000°C, NbC does not dissclve sufficiently and, consequently,
precipitation strengthening may not be achieved in the
subsequent step. On the other hand, if the steel slab
heating temperature is more than 1200°C, low-temperature
toughness may become degraded. Accordingly, the steel slab
heating temperature is limited to 1000°C to 1200°C.
Preferable lower limit of the steel slab heating temperature

is 1000°C and preferable upper limit is 1150°C.
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[00456]
Cumulative Rolling Reduction Ratio in Non-Recrystallization
Temperature Range: 60% or More, and Cumulative Rolling
Reduction Ratio in Temperature Range of (Rolling Finish
Temperature + 20°C) or Less: 50% or More

For achieving high base metal toughness, it is
necessary to perform sufficient rolling reduction within the
non-recrystallization temperature range in the hot rolling
process. However, if the cumulative rolling reduction ratio
in the non-recrystallization temperature range is less than
60% or the cumulative rolling reduction in the temperature
range of (rolling finish temperature + 20°C) or less is less
than 50%, the size of crystal grains may not be reduced to a
sufficient degree. Accordingly, the cumulative rolling
reduction ratio in the non-recrystallization temperature
range is limited to 60% or more, and the cumulative rolling
reduction in the temperature range of (rolling finish
temperature + 20°C) or less is limited to 50% or more. The
cumulative rolling reduction ratio in the non-
recrystallization temperature range is preferably 65% or
more. The cumulative rolling reduction ratio in the
temperature range of (rolling finish temperature + 20°C) or
less is preferably 55% or more.
[0047]

Rolling Finish Temperature: Arz Transformation Point or More
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and 790°C or Less

For limiting the reduction in strength due to the
Bauschinger effect, it is necessary to form a metal
microstructure composed primarily of bainite and suppress
the formation of soft microstructures, such as polygonal
ferrite. This requires the hot rolling to be performed
within the temperature range of the Arz transformation point
or more, in which polygonal ferrite does not form.
Accordingly, the rolling finish temperature is limited to
the Arsz transformation point or more. For achieving high
base metal toughness, it is necessary to perform the rolling
at lower temperatures in the temperature range of the Ar;
transformation point or more. Accordingly, the upper limit
for the rolling finish temperature is set to 790°C. The
rolling finish temperature is preferably 780°C or less.
(0048]
Cooling Start Temperature: Arsz Transformation Point or More

If the cooling start temperature is less than the Ars
transformation point, the area fraction of polygonal ferrite
at a position of 1/4 plate thickness may exceed 10% and a
sufficiently high compressive strength may not be achieved
due to the Bauschinger effect. Accordingly, the cocling
start temperature is limited to the Ars transformation point
or more. The cooling start temperature is preferably (the

Ar3 transformation point + 10°C) or more.
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[0049]

As described above, the Arz transformation point can be
calculated using Formula (3).

Arz (°C) = 910 - 310C - 80Mn - 20Cu - 15Cr - 55Ni - 80Mo

(3)

In Formula (3), the symbol of each element represents
the content (mass$%) of the element and is zero when the
composition does not contain the element.

[0050]
Cooling Rate: 10 °C/s or More

Accelerated cooling performed at a cooling rate of 10
°C/s or more is a process essential for producing a high
strength steel plate having high toughness. Performing
cooling at a high cooling rate enables strength to be
increased due to transformation strengthening. However, if
the cooling rate i1s less than 10 °C/s, a sufficiently high
strength may not be achieved. Furthermore, diffusion of C
may occur during cooling. This results in concentrating of
C at non-transformed austenite and an increase in the amount
of MA formed. Consequently, compressive strength may be
reduced, because the presence of hard second phases, such as
MA, accelerates the Bauschinger effect as described above.
When the cooling rate is 10 °C/s or more, diffusion of C
which occurs during the cooling may be suppressed and,

consequently, the formation of MA may be reduced.
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Accordingly, the cooling rate in the accelerated cooling is
limited to 10 °C/s or more. The cooling rate is preferably
20 °C/s or more.
[0051]
Cooling Stop Temperature: Temperature of Surface of Steel
Plate Is 300°C to 500°C

Performing rapid cooling until the temperature of the
surface of the steel plate reaches 300°C to 500°C by the
accelerated cooling subsequent to the rolling suppresses the
formation of MA and pearlite and enables the formation of a
uniform microstructure composed primarily of bainite.
However, if the cooling stop temperature is less than 300°C,
MA may be formed. This results in a reduction in
compressive strength due to the Bauschinger effect and
degradation of toughness. When the cooling stop temperature
at the surface of the steel plate is set to 300°C or more,
MA becomes decomposed due to recuperation and, consequently,
a uniform microstructure may be formed. On the other hand,
if the cooling stop temperature is more than 500°C, pearlite
may be formed. This makes it not possible to achieve a
sufficiently high strength and results in a reduction in
compressive strength due to the Bauschinger effect.
Accordingly, the cooling stop temperature is determined such
that the temperature of the surface of the steel plate is

300°C to 500°C. Preferable lower limit of the cooling stop
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temperature is 350°C and preferable upper limit is 490°C.
[0052]
4. Method for Producing Line Pipe

In the present invention, a steel pipe (line pipe) is
produced using a steel plate (steel material) produced by
the above-described method. Examples of a method for
forming the steel material include a method in which a steel
material is formed into the shape of a steel pipe by cold
forming, such as a UOE process or press bending (also
referred to as "bending press"). In the UOE process, the
edges of a steel plate (steel material) in the width
direction are subjected to edge preparation and then the
edges of the steel plate in the width direction is crimped
using a C-press machine. Subsequently, the steel plate is
formed into a cylindrical shape such that the edges of the
steel plate in the width direction face each other using a
U-ing press machine and an 0O-ing press machine. Then, the
edges of the steel plate in the width direction are brought
into abutment with and welded to each other. This welding
is referred to as "seam welding". The seam welding is
preferably performed using a method including two steps,
that is, a tack welding step of holding the cylindrical
steel plate, bringing the edges of the steel plate in the
width direction into abutment with each other, and

performing tack welding; and a final welding step of
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subjecting the inner and outer surfaces of the seam of the
steel plate to welding using a submerged arc welding method.
After the seam welding, pipe expansion is performed in order
to remove welding residual stress and to improve the
roundness of the steel pipe. In the pipe expansion step,
the expansion ratio (the ratio of a change in the outer
diameter of the pipe which occurs during the pipe expansion
to the outer diameter of the pipe before the pipe expansion)
is set to 1.2% or less. This is because, 1f the expansion
ratio 1is excessively high, compressive strength may be
significantly reduced due to the Bauschinger effect. The
expansion ratio is preferably 1.0% or less. The expansion
ratio is preferably 0.4% or more and is more preferably 0.6%
or more in order to reduce welding residual stress and
enhance the roundness of the steel pipe.

[0053]

In the press bending, the steel plate is repeatedly
subjected to three-point bending to gradually change its
shape and, thereby, a steel pipe having a substantially
circular cross section is produced. Then, seam welding is
performed as in the UOE process described above. Also in
the press bending, pipe expansion may be performed after the
seam welding.

EXAMPLES

[0054]
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Slabs were manufactured from steels (Steel types A to
K) having the chemical compositions described in Table 1 by
a continuous casting process. Steel plates (Nos. 1 to 25)
having a thickness of 35 to 40 mm were manufactured from the
slabs. Steel pipes were manufactured from the steel plates
by the UOE process. Seam welding was performed by four-wire
submerged arc welding such that one welding path is formed
on both of the inner and outer surfaces of the seam. The
heat input during the welding was selected from the range of
20 to 80 kJ/cm in accordance with the thickness of the steel
plate. Table 2 summarizes the conditions under which the
steel plates were produced and the condition under which the
steel pipes were produced (expansion ratio).

[0055]
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To determine the tensile properties of the steel pipes
produced as described above, a full-thickness test piece in
the circumferential direction of the pipe was taken from
each of the steel pipes as a test piece for tensile test and
the tensile strength of the test piece was measured by a
tensile test. In a compression test, a test piece having a
diameter of 20 mm and a length of 60 mm was taken from the
inner surface-side portion of each of the steel pipes in the
circumferential direction of the pipe and the 0.5%
compressive proof strength of the test piece was measured as
a compressive yield strength.

[0056]
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[0058]

A DWTT test piece was taken from each of the steel
pipes in the circumferential direction of the pipe. Using
the DWTT test piece, the temperature at which the percent
ductile fracture reached 85% was determined as 85%SATT.
[0059]

For determining the HAZ toughness of the joint, the
temperature at which the percent ductile fracture reached
50% was determined as vTrs. The position of the notch was
determined such that the fusion line was located at the
center of the notch root of the Charpy test piece and the
ratio between the weld metal and the base metal (including
welded heat-affected zone) at the notch root was 1:1.

[0060]

For determining metal microstructure, a sample was
taken from the inner surface-side portion of each of the
steel pipes at a position of 1/4 plate thickness. The
sample was etched using nital after polishing, and the metal
microstructure was observed using an optical microscope.
The area fractions of bainite and polygonal ferrite were
calculated by image analysis of 3 photographs captured at a
200-fold magnification. For observing MA, the sample used
for measuring the area fractions of bainite and polygonal
ferrite was subjected to nital etching and then electrolytic

etching (two-step etching). Subsequently, the metal
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microstructure was observed with a scanning electron
microscope (SEM). The area fraction of MA was calculated by
image analysis of 3 photographs captured at a 1000-fold
magnification. The average grain size of bainite was
determined by a linear analysis using a micrograph obtained
by taking a sample from the inner surface-side portion of
each of the steel pipes at a position of 1/4 plate thickness,
etching the sample using nital after polishing, and
observing the metal microstructure using an optical
microscope.

[0061]

Although the metal microstructures of the steel pipes
are determined in Examples, the results may be considered as
the metal microstructures of the respective steel plates
{steel materials).

[0062]

Table 3 shows the metal microstructures and mechanical

properties measured.

[(0063]
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[C064]

In Table 3, all of Nos. 1 to 10 had a tensile strength
of 570 MPa or more; a compressive strength of 440 MPa or
more; as for DWTT property, a 85%SATT of -10°C or less; and
a HAZ toughness of -20°C or less. That is, all of Nos. 1 to
10 were evaluated as good.

[0065]

In contrast, in Nos. 11 to 20, although the compcsition
fell within the scope of the present invention, the
production method was outside the scope of the present
invention and therefore the intended microstructure was not
formed. As a result, Nos. 11 to 20 were evaluated as poor
in terms of any of tensile strength, compressive strength,
and DWTT property. In Nos. 21 to 25, the chemical
composition was outside the scope of the present invention.
As a result, Nos. 21 to 25 were evaluated as poor in terms
of any of tensile strength, compressive strength, DWTT
property, and HAZ toughness.

[0066]

According to the present invention, a high-strength
steel pipe of API-X70 grade or more which has excellent low-
temperature toughness and an excellent DWTT property may be
produced. Therefore, the steel pipe according to the
present invention may be used as deep-sea line pipes that

require high collapse resistant performance.



[Claim 1]

CA 03087986 2020-07-08

_40_

CLAIMS

A method for producing a steel material for line pipes,

the steel material having a tensile strength of 570 MPa or

more, a compressive strength of 440 MPa or more,

thickness of 30 mm or more,

steel having a composition containing,

C:

Si:

Mn:

Nb:

Ti:

Al:

0.030% to 0.10%,

0.01% to 0.20%,

1.0% to 2.0%,

0.005% to 0.050%,
0.005% to 0.025%, and

0.08% or less,

by mass,

and a

the method comprising heating a

the composition further containing one or more elements

selected from, by mass,

Cu:
Ni:
Cr:

Mo:

V:

0.5% or less,

1.0% or less,
1.0% or less,
0.5% or less, and

0.1% or less,

wherein a Ceqg value represented by Formula

Oor more,

a Pcm value represented by Formula

(2)

(1) is 0.350

is 0.20 or

less, and an Aris transformation point represented by Formula

(3) is 750°C or less,

inevitable impurities,

with the balance being Fe and

to a temperature of 1000°C to 1200°C;
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performing hot rolling such that a cumulative rolling
reduction ratio in a non-recrystallization temperature range
is 60% or more, such that a cumulative rolling reduction
ratio in a temperature range of (a rolling finish
temperature + 20°C) or less is 50% or more, and such that a
rolling finish temperature is the Arz transformation point
or more and 790°C or less; and subsequently performing
accelerated cooling from a cooling start temperature of the
Ars transformation point or more, at a cooling rate of 10
°C/s or more, until the temperature of a surface of a steel

plate reaches 300°C to 500°C,

Ceq = C + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5 -+ (1)

Pcm = C + Si/30 + (Mn + Cu + Cr)/20 + Ni/60 + Mo/15 +
v/10 -+ (2)

Ars (°C) = 910 - 310C - 80Mn - 20Cu - 15Cr - 55Ni - 80Mo

(3)

wherein, in Formulae (1) to (3), the symbol of each
element represents the content (mass%) of the element and is
zero when the composition does not contain the element.
[Claim 2]

A method for producing a line pipe having a tensile
strength of 570 MPa or more, a compressive strength of 440
MPa or more, and a thickness of 30 mm or more, the method
comprising cold forming a steel material for line pipes

produced by the method according to Claim 1 into a steel
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pipe-like shape; joining butting edges to each other by seam
welding; and subsequently performing pipe expansion at an
expansion ratio of 1.2% or less to produce a steel pipe.
[Claim 3]

A steel material for line pipes, the steel material
having a tensile strength of 570 MPa or more, a compressive
strength of 440 MPa or more, and a thickness of 30 mm or
more, the steel material comprising a composition containing,
by mass,

C: 0.030% to 0.10%,

Si: 0.01% to 0.20%,

Mn: 1.0% to 2.0%,

Nb: 0.005% to 0.050%,

Ti: 0.005% to 0.025%, and

Al: 0.08% or less,

the composition further containing one or more elements
selected from, by mass,

Cu: 0.5% or less,

Ni: 1.0

oe

or less,

@]
[a]

'—_l
o
oo

or less,

=<
O

[ew]
w
o

or less, and

V: 0.1% or less,

wherein a Ceqg value represented by Formula (1) is 0.350
or more, a Pcm value represented by Formula (2) is 0.20 or

less, and an Ars transformation point represented by Formula
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(3) is 750°C or less, with the balance being Fe and
inevitable impurities,

the steel material further comprising a metal
microstructure composed primarily of bainite, wherein an
area fraction of polygonal ferrite at a position of 1/4
plate thickness is 10% or less, an area fraction of
martensite—-austenite constituent at the position of 1/4
plate thickness is 5% or less, and an average grain size of
bainite at a position of 1/2 plate thickness is 10 um or

less,

I
@]

Ceq + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5 --- (1)
Pcm = C + Si/30 + (Mn + Cu + Cr)/20 + Ni/60 + Mo/1l5 +
v/10 -+ (2)

910 - 310C - 80Mn - 20Cu - 15Cr - 55Ni - 80Mo

Arz (°C)

(3)

wherein, in Formulae (1) to (3), the symbol of each
element represents the content (mass$%$) of the element and 1is
zero when the composition does not contain the element.
[Claim 4]

A method for producing a line pipe having a tensile
strength of 570 MPa or more, a compressive strength of 440
MPa or more, and a thickness of 30 mm or more, the method
comprising cold forming a steel material for line pipes
according to Claim 3 into a steel pipe-like shape; joining

butting edges to each other by seam welding; and



CA 03087986 2020-07-08

_44_

subsequently performing pipe expansion at an expansion ratio

of 1.2% or less to produce a steel pipe.
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