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(54) HIGH STRENGTH SEAMLESS STEEL PIPE AND RISER

(57) A high-strength seamless steel pipe providing both high strength and low hardness in a stable manner while
weldability is maintained is provided. A high-strength seamless steel pipe has a chemical composition of, in mass %:
0.10 to 0.18 % C; 0.03 to 1.0 % Si; 0.5 to 2.0 % Mn; up to 0.020 % P; up to 0.0080 % S; 0.10 to 0.60 % Cr; 0.10 to 0.40
% Mo; 0.02 to 0.40 % V; 0.004 to 0.020 % Ti; 0.0005 to 0.005 % B; up to 0.10 % Al; up to 0.008 % N; 0.0004 to 0.0040
% Ca; 0.1 to 1.0 % Cu; 0.2 to 1.0 % Ni; 0 to 0.05 % Nb; and the balance being Fe and impurities, wherein the following
formula, F (1), is satisfied:

C+Si/30+(Mn+Cu+Cr)/20+Ni/60+Mo/15+V/10+53B≤0.28 F (1)

For the element symbols in F (1), the contents of the corresponding elements in mass % are substituted.
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Description

TECHNICAL FIELD

[0001] The present invention relates to a high-strength seamless steel pipe and a riser that uses it, and, more partic-
ularly, to a high-strength seamless steel pipe suitable for a workover riser and a riser that uses it.

BACKGROUND ART

[0002] In recent years, oil and natural-gas resources in on-land and shallow-sea oil fields have been drying up, prompt-
ing development in offshore oil fields. In an offshore oil field, crude oil or natural gas must be transported from the pithead
of the oil well or natural gas well installed on the seabed to the platform on the sea using a transport steel pipe (or line
pipe) known as flow line or riser.
[0003] A flow line is a transport steel pipe laid along the terrain on land or on the seabed. A riser is a transport steel
pipe rising from the seabed to the platform on the sea. A flow line or riser laid in the deep sea receives pressures from
high-pressure fluids to which deep-formation pressures have been applied. Further, it is affected by deep-sea water
pressures when the operation is halted. A riser is further subject to repeated distortions by waves. Accordingly, a flow
line or riser is required to have a high strength, where thick-wall steel pipes with wall thicknesses of 30 mm or larger are
used.
[0004] A workover riser is used for test operations of oil-well equipment or test production during offshore oil-field
development. A workover riser may be in contact with produced fluids during test production. Accordingly, a workover
riser is required to have a high strength and, in addition, a certain sour resistance.
[0005] For risers and flow lines, X60 grade steel pipes (with a yield strength of 415 MPa or higher) and X65 grade
steel pipes (with a yield strength of 450 MPa or higher) in accordance with the American Petroleum Institute (API)
standards are currently used; in addition, X80 grade steel pipes (with a yield strength of 555 MPa or higher) are being
developed.
[0006] Japanese Patent No. 4502010 discloses a seamless steel pipe for line pipe with a large wall thickness and
having high strength and stable toughness and good corrosion resistance, and a method of manufacturing it. This
publication describes, as an inventive example, a steel pipe for line pipe with a wall thickness of 40 mm and a yield
strength of 555 MPa or higher and having good sulfide stress-corrosion cracking resistance (SSC resistance).
[0007] JP 2013-32584 A discloses a thick-wall high-strength seamless steel pipe with good sour resistance and a
method of manufacturing it. This publication describes, as an inventive example, a seamless steel pipe with a wall
thickness of 30 mm and a yield strength of 600 MPa and having good sour resistance.
[0008] Japanese Patent 5516831 discloses a seamless steel pipe suitable for line pipe with high strength and good
hydrogen-induced cracking resistance (HIC resistance) and having good HIC resistance in welded heat-affected zones
(HAZs) even after circumferential welding. This publication describes, as an inventive example, a seamless steel pipe
with a wall thickness of 40 mm and a yield strength of 555 MPa or higher and having good HIC resistance.

DISCLOSURE OF THE INVENTION

[0009] Typically, a high-strength seamless steel pipe for line pipe is produced by a heat treatment process with quench-
ing and tempering. In order to achieve a high strength in a thick-wall product, carbon equivalent may be increased to
increase hardenability. However, increasing carbon equivalent decreases weldability. Since a line pipe is used after
circumferential welding, it is required to have a sufficient weldability. Accordingly, the ingredients of a steel pipe for line
pipe are decided so as to provide a lower carbon equivalent than in a steel pipe for oil wells which is deployed without
welding, resulting in a low hardenability.
[0010] ISO 15156 stipulates that the hardness of the surface layers of a carbon-steel line pipe which is required to
have SSC resistance should be controlled to be 250 Hv or lower. However, since a steel pipe for line pipe has low
hardenability, as discussed above, the hardness of central portions as determined along the wall thickness, where the
cooling rate is low during quenching, does not easily increase, while the hardness of the surface layers with higher
cooling rates is relatively high. This hardness distribution is retained even after tempering. Thus, particularly in a thick-
wall steel pipe, it is difficult to control the hardness of the surface layers to be low.
[0011] JP 2013-32584 A describes, for example, a method of grinding high-hardness surface layers after quenching,
a method of causing surface decarburization before quenching, and a method of quenching in a film-boiling state.
However, these methods are greatly different from the typical steps for manufacturing a seamless steel pipe, and thus
may decrease manufacture efficiency.
[0012] Japanese Patent Nos. 4502010 and 5516831 are silent on a specific method for controlling hardness.
[0013] An object of the present invention is to provide a high-strength seamless steel pipe and riser providing both
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high strength and low hardness in a stable manner while weldability is maintained.
[0014] A high-strength seamless steel pipe according to an embodiment of the present invention has a chemical
composition of, in mass %: 0.10 to 0.18 % C; 0.03 to 1.0 % Si; 0.5 to 2.0 % Mn; up to 0.020 % P; up to 0.0080 % S;
0.10 to 0.60 % Cr; 0.10 to 0.40 % Mo; 0.02 to 0.40 % V; 0.004 to 0.020 % Ti; 0.0005 to 0.005 % B; up to 0.10 % Al; up
to 0.008 % N; 0.0004 to 0.0040 % Ca; 0.1 to 1.0 % Cu; 0.2 to 1.0 % Ni; 0 to 0.05 % Nb; and the balance being Fe and
impurities, wherein the following formula, F (1), is satisfied:

C+Si/30+(Mn+Cu+Cr)/20+Ni/60+Mo/15+V/10+53B≤0.28 F (1).

For the element symbols in F (1), the contents of the corresponding elements in mass % are substituted.
[0015] The present invention provides a high-strength seamless steel pipe and riser providing both high strength and
low hardness in a stable manner while weldability is maintained.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016]

FIG. 1 schematically shows the positions for measurement of HAZ hardness.
FIG. 2 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 1.
FIG. 3 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 2.
FIG. 4 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 3.
FIG. 5 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 4.
FIG. 6 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 5.
FIG. 7 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 6.
FIG. 8 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 7.
FIG. 9 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 8.
FIG. 10 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 9.
FIG. 11 shows the relationship between the tempering parameter TP on one hand and yield strength, tensile strength
and surface-layer hardness for steel type 10.

EMBODIMENTS FOR CARRYING OUT THE INVENTION

[0017] The present inventors attempted to create a high-strength seamless steel pipe having both high strength and
low hardness while maintaining weldability, and obtained the following findings.
[0018] To increase hardenability, a steel product containing 0.10 to 0.18 % carbon (C), which has traditionally not
been considered suitable for a steel product for line pipe, is used. Even if a steel product has C in this content range, it
provides a weldability required for practical use if PCM, defined by the formula provided below, is 0.28 or smaller. More
specifically, if PCM is 0.28 or smaller, the product can be welded without preheating. 

For the element symbols in this formula, the contents of the corresponding elements in mass % are substituted.
[0019] Boron (B) significantly deteriorates weldability, and it is though that B should not be intentionally contained in
a steel product for line pipe. However, if B is contained in an appropriate amount that satisfies PCM≤0.28, the hardenability
of the steel can be dramatically improved. Further, it is effective if Cu and Ni, which are elements that improve hardenability
and whose influence on PCM is relatively small, are contained in predetermined amounts. This will provide a quenched
microstructure even in central portions as determined along the wall thickness even in a thick-wall steel pipe, thereby
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providing both high strength and low hardness.
[0020] By improving the hardenability of the steel pipe, the variance of hardness in a cross section perpendicular to
the pipe-axis direction can be reduced. This contributes to the improvement of the toughness of the steel pipe. Reducing
the variance of hardness and restricting impurities such as P and S as appropriate provide good toughness.
[0021] The present invention was made based on these findings. The high-strength seamless steel pipe according to
an embodiment of the present invention will be described below in detail.

[Chemical Composition]

[0022] The high-strength seamless steel pipe according to the present embodiment has the chemical composition
described below. In the following description, "%" in the content of an element means mass percent.

C: 0.10 to 0.18%

[0023] Carbon (C) increases the hardenability of steel. This effect is not sufficiently present if the C content is lower
than 0.10 %. On the other hand, if the C content exceeds 0.18 %, the weldability of the steel decreases. In view of this,
the C content should be in the range of 0.10 to 0.18 %. The lower limit of C content is preferably 0.12 %. The upper limit
of C content is preferably 0.15 %.

Si: 0.03 to 1.0 %

[0024] Silicon (Si) deoxidizes steel. This effect is conspicuous if the Si content is 0.03 % or higher. However, if the Si
content exceeds 1.0 %, the toughness of the steel decreases. In view of this, the Si content should be in the range of
0.03 to 1.0 %. The lower limit of Si content is preferably 0.05 %, and more preferably 0.10 %. The upper limit of Si content
is preferably 0.8 %, and more preferably 0.5 %.

Mn: 0.5 to 2.0 %

[0025] Manganese (Mn) increases the hardenability of steel. This effect is not sufficiently present if the Mn content is
lower than 0.5 %. On the other hand, if the Mn content exceeds 2.0 %, Mn is segregated in the steel, decreasing the
toughness of the steel. In view of this, the Mn content should be in the range of 0.5 to 2.0 %. The lower limit of Mn content
is preferably 0.6 %. The upper limit of Mn content is preferably 1.5 %, and more preferably 1.0 %.

P: up to 0.020 %

[0026] Phosphorus (P) is an impurity. P decreases the toughness of the steel. Thus, the lower the P content, the better.
In view of this, the P content should be 0.020 % or lower. The P content is preferably not higher than 0.015 %, and more
preferably not higher than 0.013 %.

S: up to 0.0080 %

[0027] Sulfur (S) is an impurity. S combines with Mn to form coarse MnS particles, decreasing the toughness and HIC
resistance of the steel. Thus, the lower the S content, the better. In view of this, the S content should be 0.0080 % or
lower. The S content is preferably not higher than 0.0060 %, and more preferably not higher than 0.0040 %.

Cr: 0.10 to 0.60 %

[0028] Chromium (Cr) increases the hardenability of steel. Cr further increases the temper-softening resistance of the
steel. These effects are not sufficiently present if the Cr content is lower than 0.10 %. On the other hand, if the Cr content
exceeds 0.60 %, weldability and HAZ toughness decrease. In view of this, the Cr content should be in the range of 0.10
to 0.60 %. The lower limit of Cr content is preferably 0.20 %, and more preferably 0.25 %, and yet more preferably 0.30
%. The upper limit of Cr content is preferably 0.55 %, and more preferably 0.50 %.

Mo: 0.10 to 0.40 %

[0029] Molybdenum (Mo) increases hardenability of steel. Mo further combines with C and V in the steel to increase
the strength of the steel. These effects are not sufficiently present if the Mo content is lower than 0.10 %. On the other
hand, if the Mo content exceeds 0.40 %, the weldability and HAZ toughness of the steel decrease. In view of this, the
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Mo content should be in the range of 0.10 to 0.40 %. The lower limit of Mo content is preferably 0.20 %, and more
preferably 0.25 %. The upper limit of Mo content is preferably 0.35 %.

V: 0.02 to 0.40 %

[0030] Vanadium (V) combines with C in the steel to form V carbides to increase the strength of the steel. This effect
is not sufficiently present if the V content is lower than 0.02 %. On the other hand, if the V content is higher than 0.40
%, carbide particles become coarse, decreasing the toughness of the steel. In view of this, the V content should be in
the range of 0.02 to 0.40 %. The lower limit of V content is preferably 0.03 %. The upper limit of V content is preferably
0.30 %, and more preferably 0.20 %, and yet more preferably 0.10 %.

Ti: 0.004 to 0.020 %

[0031] Titanium (Ti) combines with N in the steel to form TiN, minimizing the decrease in the toughness of the steel
due to dissolved N. Further, fine dispersed TiN particles that have been deposited increase the toughness of the steel.
These effects are not sufficiently present if the Ti content is lower than 0.004 %. On the other hand, if the Ti content is
higher than 0.020 %, TiN particles become coarse or coarse TiC particles are formed, decreasing the toughness of the
steel. In view of this, the Ti content should be in the range of 0.004 to 0.020 %. The lower limit of Ti content is preferably
0.010 %.

B: 0.0005 to 0.005 %

[0032] Boron (B), even in small contents, dramatically improves hardenability. Thus, even in a thick-wall steel pipe,
quenched microstructure can be provided even in central portions as determined along the wall thickness, providing
both high strength and lower hardness. Further, if B is contained, it widens the ranges of tempering conditions that satisfy
predetermined ranges of strength and hardness at the same time. This makes it possible to produce a seamless steel
pipe having predetermined ranges of strength and hardness at the same time in an industrially stable manner. The
above-discussed effects are not sufficiently present if the B content is lower than 0.0005 %. On the other hand, if an
excessive amount of B is contained, weldability rapidly decreases. In view of this, the B content should be in the range
of 0.0005 to 0.005 %. The lower limit of B content is preferably 0.0008 %, and more preferably 0.0010 %. The upper
limit of B content is preferably 0.0030 %, and more preferably 0.0020 %, and yet more preferably 0.0015 %.

Al: up to 0.10 %

[0033] Aluminum (Al) combines with N to form fine nitride particles, increasing the toughness of the steel. This effect
is present if small amounts of Al are contained. On the other hand, if the Al content is higher than 0.10 %, Al nitride
particles become coarse, decreasing the toughness of the steel. In view of this, the Al content should be 0.10 % or lower.
The lower limit of Al content is preferably 0.001 %, and more preferably 0.01 %. The upper limit of Al content is preferably
0.08 %, and more preferably 0.06 %. Al content as used herein means the content of acid-soluble Al (i.e. so-called Sol-Al).

N: up to 0.008 %

[0034] Nitrogen (N) combines with Al to form fine Al nitride particles, increasing the toughness of the steel. This effect
is present if small amounts of N are contained. On the other hand, if the N content is higher than 0.008 %, dissolved N
decreases the toughness of the steel. Further, if the N content is too high, carbonotride particles become coarse,
decreasing the toughness of the steel. In view of this, the N content should be 0.008 % or lower. The lower limit of N
content is preferably 0.001 %. The upper limit of N content is preferably 0.006 %, and more preferably 0.005 %.

Ca: 0.0004 to 0.0040 %

[0035] Calcium (Ca) combines with S in steel to form CaS. As CaS is formed, the formation of MnS is reduced. Thus,
Ca increases the toughness and HIC resistance of the steel. It also has the function of preventing alumina-based
inclusions from becoming coarse, thereby improving toughness and HIC resistance. These effects are not sufficiently
present if the Ca content is lower than 0.0004 %. On the other hand, if the Ca content is higher than 0.0040 %, the index
of cleanliness of the steel decreases, decreasing the toughness and HIC resistance of the steel. In view of this, the Ca
content should be in the range of 0.0004 to 0.0040 %. The lower limit of Ca content is preferably 0.0005 %, and more
preferably 0.0008 %. The upper limit of Ca content is preferably 0.0035 %, and more preferably 0.0030 %.
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Cu: 0.1 to 1.0 %

[0036] Copper (Cu) increases the hardenability of the steel and increases the strength of the steel. This effect is not
sufficiently present if the Cu content is lower than 0.1 %. On the other hand, if the Cu content is higher than 1.0 %, the
weldability of the steel decreases. Further, if the Cu content is too high, the grain-boundary strength of the steel at high
temperatures decreases, decreasing the hot workability of the steel. In view of this, the Cu content should be in the
range of 0.1 to 1.0 %. The lower limit of Cu content is preferably 0.12 %, and more preferably 0.15 %. The upper limit
of Cu content is preferably 0.5 %, and more preferably 0.3 %, and yet more preferably 0.2 %.

Ni: 0.2 to 1.0 %

[0037] Nickel (Ni) increases the hardenability of steel and increases the strength of the steel. Further, Ni has only
small adverse effects on weldability even though Ni is an element that increases hardenability. Furthermore, Ni improves
the toughness of the steel. These effects are not sufficiently present if the Ni content is lower than 0.2 %. On the other
hand, if the Ni content is higher than 1.0 %, SSC resistance decreases. In view of this, the Ni content should be in the
range of 0.2 to 1.0 %. The lower limit of Ni content is preferably 0.3 %, and more preferably 0.35 %, and yet more
preferably 0.4 %. The upper limit of Ni content is preferably 0.9 %, and more preferably 0.8 %.
[0038] The balance of the chemical composition of the high-strength seamless steel pipe according to the present
embodiment is Fe and impurities. Impurity as used herein means an element originating from ore or scraps used as raw
material for steel or an element that has entered from the environment or the like during the manufacturing process.
[0039] In the chemical composition of the high-strength seamless steel pipe according to the present embodiment,
some of the Fe may be replaced by Nb. Nb is an optional element. That is, the chemical composition of the high-strength
seamless steel pipe according to the present embodiment may lack Nb.

Nb: 0 to 0.05 %

[0040] Niobium (Nb) combines with C and/or N in steel to form fine Nb carbide particles, increasing the strength and
toughness of the steel. Further, Nb dissolves in Mo carbides, preventing Mo carbide particles from becoming coarse.
These effects are present if small amounts of Nb are contained. On the other hand, if the Nb content is higher than 0.05
%, carbide particles become coarse, decreasing the toughness of the steel. In view of this, the Nb content should be in
the range of 0 to 0.05 %. The lower limit of Nb content is preferably 0.005 %. The upper limit of Nb content is preferably
0.04 %, and more preferably 0.03 %.
[0041] The chemical composition of the high-strength seamless steel pipe for a riser according to the present embod-
iment satisfies the following formula, F (1):

C+Si/30+(Mn+Cu+Cr)/20+Ni/60+Mo/15+V/10+53B≤0.28 F (1)

For the element symbols in F (1), the contents of the corresponding elements in mass % are substituted.
[0042] The value of the left side of F (1) is referred to as PCM. If PCM is high, weldability can easily decrease or, more
particularly, the hardness of welded heat-affected zones (HAZs) can easily increase excessively, or weld cracking can
easily occur. In view of this, PCM should be 0.28 or smaller. PCM is preferably not larger than 0.27, and more preferably
not larger than 0.26.
[0043] In the chemical composition of the high-strength seamless steel pipe for risers according to the present em-
bodiment, the carbon equivalent Ceq defined by the following formula, F (2), is preferably 0.40 or more:

Ceq=C+Mn/6+(Cr+Mo+V)/5+(Ni+Cu)/15 F (2)

For the element symbols in F (2), the contents of the corresponding elements in mass % are substituted.
[0044] The carbon equivalent Ceq is used as in indicator of hardenability. If the carbon equivalent Ceq is too small,
sufficient hardenability is not achieved; particularly, in a steel pipe with large wall thickness, the difference between the
hardness of surface layers and the hardness of central portions as determined along the wall thickness is large. This
makes it difficult to provide both high strength and low hardness. The lower limit of the carbon equivalent Ceq is preferably
0.42, and more preferably 0.45. On the other hand, if the carbon equivalent Ceq is too large, this makes it difficult to
provide sufficient weldability. The upper limit of the carbon equivalent Ceq is preferably 0.55, and more preferably 0.50.

[Mechanical Properties]

[0045] Preferably, the high-strength seamless steel pipe according to the present embodiment has a yield strength of
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555 MPa or higher and a tensile strength of 625 MPa or higher. More preferably, the high-strength seamless steel pipe
according to the present embodiment has a yield strength of 600 MPa or higher and a tensile strength of 670 MPa or higher.
[0046] In the high-strength seamless steel pipe according to the present embodiment, the hardness of the surface
layers is preferably 250 Hv or lower. More particularly, each of the hardness measured at a position 1 mm from the inner
surface of the steel pipe and the hardness measured at a position 1 mm from the outer surface of the steel pipe is
preferably 250 Hv or lower. Hardness is measured in accordance with JIS Z 2244. More preferably, in the high-strength
seamless steel pipe according to the present embodiment, the hardness of the surface layers is 240 Hv or lower.
[0047] In the high-strength seamless steel pipe according to the present embodiment, the variance of hardness in a
cross section perpendicular to the pipe-axis direction (hereinafter referred to as "variance of hardness in a given cross
section") is preferably 15 Hv or smaller. More specifically, the difference between the larger one of the hardness measured
at a position 1 mm from the inner surface of the steel pipe and the hardness measured at a position 1 mm from the outer
surface of the steel pipe and the average hardness in central portions as determined along the wall thickness is preferably
15 Hv or smaller. Average hardness in central portions as determined along the wall thickness is the average of the
values measured at four points in central portions as determined along the wall thickness (i.e. 1/2 wall-thickness position).
More preferably, in the high-strength seamless steel pipe according to the present embodiment, the variance of hardness
in a given cross section is 13 Hv or smaller.
[0048] The high-strength seamless steel pipe according to the present embodiment preferably has a wall thickness
of 30 mm or larger. The high-strength seamless steel pipe according to the present embodiment preferably has a wall
thickness of 35 mm or larger, and more preferably has a wall thickness of 40 mm or larger.
[0049] The high-strength seamless steel pipe according to the present embodiment is suitable for risers. The high-
strength seamless steel pipe according to the present embodiment is particularly suitable for workover risers.

[Manufacture Method]

[0050] An example of the method of manufacturing the high-strength seamless steel pipe according to the present
embodiment will be described below. However, the method of manufacturing the high-strength seamless steel pipe
according to the present embodiment is not limited to this example.
[0051] Steel with the above-listed chemical composition is smelted and refined. Subsequently, the steel melt is sub-
jected to continuous casting to produce a billet. Alternatively, a slab or bloom may be produced from the steel melt, and
the slab or bloom may be subjected to hot working to produce a billet. The billet is subjected to hot working to produce
a hollow shell. More specifically, piercing/rolling, elongation rolling and sizing/rolling are performed to produce a hollow
shell.
[0052] The resulting hollow shell is quenched. Quenching is a heat treatment in which a hollow shell is rapidly cooled
from the austenite region. The quenching may be so-called direct quenching, i.e. a hot hollow shell after hot working
may be rapidly cooled from a temperature that is not lower than the Ar3 point, or the quenching may be so-called in-line
quenching, i.e. a hot hollow shell after hot working may be soaked to a temperature that is not lower than the Ac3 point
in a supplementary heating furnace and then rapidly cooled. Or, the quenching may be so-called reheat quenching, i.e.
a hollow shell may cooled and then reheated to a temperature that is not lower than the Ac3 point and then rapidly cooled.
[0053] The quenched hollow shell is tempered. Tempering usually occurs at a temperature that is not higher than the
Ac1 point. The conditions of tempering are adjusted depending on yield strength and hardness. The tempering conditions
can be controlled using the following tempering parameter TP: 

Here, T is the tempering temperature in °C, t is the tempering time in hours, and log(t) is the common logarithm of t.
[0054] The higher the tempering parameter TP during tempering, the lower the yield strength and surface-layer hard-
ness. As discussed above, the high-strength seamless steel pipe preferably has a high yield strength and a low surface-
layer hardness. The tempering parameter TP is adjusted to provide the required properties.
[0055] An embodiment of the method of manufacturing a high-strength seamless steel pipe has been described. The
high-strength seamless steel pipe according to the present embodiment and a riser using it provide both high strength
and low hardness while providing sufficient weldability.

[Examples]

[0056] The present invention will now be described in more detail using inventive examples. The present invention is
not limited to these inventive examples.
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[0057] Steels with the chemical compositions of steel types 1 to 10 shown in Table 1 were smelted in a converter
furnace, and continuous casting was performed to produce round billets. "-" in Table 1 indicates that the content of the
relevant element was at an impurity level.

[Table 1]

[0058]
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[0059] Steel types 1, 2 and 10 are steels satisfying the preferred conditions of the present embodiment. Steel type 3
is a comparative example selected from steel products for line pipe with common chemical components with low C
content and having a carbon equivalent Ceq that is substantially equal to that of steel type 1. Steel type 4 is a comparative
example selected from steel products for line pipe with common chemical components containing Nb and having a
carbon equivalent Ceq that is substantially equal to that of steel type 1. Steel type 5 is a comparative example having
a C content and a carbon equivalent Ceq that are substantially equal to those of steel type 1 and having low B content.
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Steel type 6 is a comparative example simulating a steel product with high carbon equivalent used for steel pipe for oil
wells, for example. Steel type 7 is a comparative example with low Ca content. Steel type 8 is a comparative example
with low Cu and Ni contents. Steel type 9 is a comparative example with low Mo content.
[0060] The produced round billets were heated in a heating furnace to 1100 to 1300 °C and were subjected to pierc-
ing/rolling in a piercing mill. Further, elongation rolling was performed by a mandrel mill and sizing/rolling was performed
by a sizer to produce seamless steel pipes with the outer diameters (OD) and wall thicknesses (WT) shown in Table 2.
The seamless steel pipes were quenched and tempered under the conditions shown in Table 2 to produce the seamless
steel pipes labeled Items A to L.

[Table 2]
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[Hardness Measurement]

[0062] From each seamless steel pipe after tempering, a test specimen for hardness measurement was taken and its
hardness was measured in accordance with JIS Z 2244. The higher one of the hardness measured at a position 1 mm
from the inner surface of the steel pipe and the hardness measured at a position 1 mm from the outer surface of the
steel pipe is listed in the column "Surface Layer" in Table 2. The four-point average hardness measured in central portions
as determined along the wall thickness is listed in the column "Thickness Center" in Table 2.. The difference between
the value of "Surface Layer" and the value of "Thickness Center" is listed in the column "Difference" in Table 2.

[Tensile Testing]

[0063] From each seamless steel pipe after tempering, an arched test specimen with long sides extending in the
longitudinal direction (L-direction) of the steel pipe, defined by ASTM E8/E8M (with a width of 38.1 mm and a gauge-
mark distance of 50.8 mm), was taken. The test specimen taken was used to perform tensile testing in the atmosphere
at room temperature (25 °C) to determine the yield stress and tensile strength. The yield stress was calculated by the
0.5 % total-elongation method. The yield stress is listed in the column "YS" in Table 2 and the tensile strength is listed
in the column "TS".

[HIC Testing]

[0064] From each seamless steel pipe after tempering, a test specimen including a portion of the inner surface, a test
specimen including a central portion as determined along the wall thickness, and a test specimen including a portion of
the outer surface were taken. Each test specimen had a thickness of 30 mm, a width (circumferential) of 20 mm, and a
length 100 mm. The HIC resistance of each test specimen was evaluated in accordance with NACE TM 0284-2003.
The testing bath was a 5 % NaCl + 0.5 % acetic acid-water solution at room temperature, saturated with 1 atm hydrogen
sulfide gas. 96 hours after each specimen was immersed, the specimen was cut into three equal parts arranged in the
longitudinal direction, and the presence or absence of cracks was visually determined. Further, in each test specimen
including a portion of the inner surface of the steel pipe, the presence or absence of cracks was determined by ultrasonic
inspection testing.
[0065] The results are shown in the column "HIC" in Table 2. "No HIC" in the column "HIC" indicates that no cracks
were found. "HIC" indicates that cracks were found.

[SSC Testing]

[0066] From each seamless steel pipe after tempering, a test specimen including a portion of the inner surface, a test
specimen including a central portion as determined in the wall thickness, and a test specimen including a portion of the
outer surface were taken. Each test specimen had a thickness of 2 mm, a width (circumferential) of 20 mm, and a length
of 100 mm. These test specimens were immersed in the same NACE testing bath as for the above-discussed HIC testing
for 720 hours, where each test specimen had a stress of 90 % of its yield strength applied thereto. After the immersion,
the presence or absence of cracks were determined in the test specimens.
[0067] The results are shown in the column "SSC" in Table 2. "No SSC" in the column "SSC" indicates that no cracks
were found in any of the test specimens. "SSC" indicates that cracks were found in one of the test specimens.

[Weldability]

[0068] Each seamless steel pipe after tempering was used to make a circumferentially welded joint, and HAZ hardness
testing was conducted. The groove shape was 5 ° narrow groove, and the welding process was gas metal arc welding
(GMAW), and the welding conditions were as follows: the heat input during welding was 1.0 kJ/mm, the preheating/in-
terlayer temperature was 200 to 250 °C, and the shield gas was diargon (80 volume % Ar + 20 volume % CO2).
[0069] FIG. 1 schematically shows the positions for measurement of HAZ hardness. A circumferentially-welded joint
was cut in a plane parallel to the pipe axis. At a position 0.3 mm distant from the fusion line (FL), hardness was measured
at 7 points with a 1.0 mm interval, beginning with the position of 1.5 mm away from the inner surface of the steel pipe
toward the outer surface along the wall-thickness direction. The maximum hardness measured at the measurement
points was treated as the maximum HAZ hardness. The results are shown in the column "Maximum HAZ Hardness" in
Table 2.
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[Toughness]

[0070] The toughness of each produced steel pipe was determined by Charpy impact testing. A 2 mm V-notch test
specimen (with a cross-sectional area of 10310 mm (1038 mm at the notch)) with long sides extending in the longitudinal
direction (L direction) of the steel pipe was taken from near central portions of the steel pipe as determined along the
wall thickness and testing was conducted at -40 °C. The results are shown in the column "Absorbed Energy" in Table
2. A material that exhibited an absorbed energy above 100 J during this Charpy impact testing was determined to have
high toughness.

[Test Results]

[0071] As shown in Table 2, in each of Items A, B and L which were produced from steel types 1, 2 and 10 which
satisfied the preferred conditions of the present embodiment, the yield strength was not lower than 555 MPa and the
tensile strength was not lower than 625 MPa, and the surface-layer hardness was not higher than 250 Hv. Further, in
each of Items A, B and L the variance of hardness in a given cross section (i.e. difference between the surface-layer
hardness and the hardness of central portions as determined along the wall thickness) was not higher than 15 Hv.
Further, in each of Items A, B and L the maximum HAZ hardness was not higher than 250 Hv. Also, in Charpy impact
testing, they had an absorbed energy above 100 J, which means high toughness.
[0072] In Item C produced from steel type 3, the yield strength and tensile strength did not satisfy specifications of
X80 grade. In Item D, which was produced also from steel type 3 but under different tempering conditions, the specifi-
cations of X80 grade were satisfied but the hardness of the surface layers exceeded 250 Hv. Consequently, in Item D,
cracks were found in SSC testing.
[0073] In Item E produced from steel type 4, the yield strength and tensile strength satisfied the specifications of X80
grade, and the surface-layer hardness was not higher than 250 Hv. However, the variance of the hardness in a given
cross section was larger than 15 Hv. The yield strength and tensile strength of Item E were close to their lower limits for
X80 grade, and the surface-layer hardness was close to its upper limit for the specifications of ISO 15156. As such,
variations in operation conditions may lead to one or more of these specifications not being satisfied. In Item F, which
was produced also from steel type 4 but under different tempering conditions, the surface-layer hardness exceeded 250
Hv. Consequently, in Item F, cracks were found in SSC testing.
[0074] In Item G produced from steel type 5, the yield strength did not satisfy the specifications of X80 grade.
[0075] In Item H produced from steel type 6, the yield strength and tensile strength satisfied the specifications for X80
grade and the surface-layer hardness was not higher than 250 Hv. However, the maximum HAZ hardness exceeded
260 Hv, which is a high value. The absorbed energy from Charpy impact testing was below 100 J.
[0076] In Item I produced from steel type 7, the yield strength and tensile strength satisfied the specifications for X80
grade, and the surface-layer hardness was not higher than 250 Hv. However, cracks were produced in HIC testing, and
the absorbed energy in Charpy impact testing was below 100 J.
[0077] In Item J produced from steel pipe 8, the surface-layer hardness exceeded 250 Hv. Thus, cracks were found
in Item J in the SSC test.
[0078] In Item K produced from steel pipe 9, the yield strength did not satisfy the provisions of X80 grade.

[Strength-Hardness Balance Testing]

[0079] For each of steel types 1 to 10, seamless steel pipes were produced under different tempering conditions, and
the yield strength, tensile strength and the hardness of the surface layers were measured. From the measurements, the
relationship between the tempering parameter TP and these properties was determined by regression analysis. Then,
the range of TP where all of the three conditions of a yield strength not lower than 555 MPa, a tensile strength not lower
than 625 MPa and a surface-layer hardness not higher than 250 Hv were satisfied (i.e. TP tolerance) was determined.
[0080] More specifically, the TP tolerance is defined by the following formula: 

where TPMIN is the minimum TP that results in a surface-layer hardness not higher than 250 Hv, and TPMAX is the
smaller one of the maximum TP that results in a yield strength not lower than 555 MPa and the maximum TP that results
in a tensile strength not lower than 625 MPa.
[0081] If the TP tolerance is wide, both the strength of X80 grade and a hardness of 250 Hv or lower can be provided
even when operation conditions vary to some degree. This will enable producing the high-strength seamless steel pipe
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exhibiting the above-indicated properties in an industrially stable manner. The TP tolerance is preferably not less than
200, and more preferably not less than 300, and yet more preferably not less than 400.
[0082] The results are shown in FIGS. 2 to 11 and in the column "TP Tolerance" in Table 2. FIG. 2 shows the relationship
between the tempering parameter TP on one hand and yield strength, tensile strength and surface-layer hardness on
the other hand for steel type 1. Similarly, FIGS. 3 to 11 each show the relationship between the tempering parameter
TP on one hand and yield strength, tensile strength and surface-layer hardness on the other hand for steel types 2 to
10, respectively.
[0083] As shown in FIGS. 2 to 11 and Table 2, steel types 1, 2 and 10, which satisfy the preferred conditions specified
by the present embodiment had larger TP tolerances than steel types 3 to 9. Thus, even when the operation conditions
vary to some degree, both the strength of X80 grade and a hardness not higher than 250 Hv can be provided. Thus,
using steel types 1, 2 and 10, a high-strength seamless steel pipe having the above-discussed properties can be produced
in an industrially stable manner.
[0084] An embodiment of the present invention has been described. The above-described embodiment is merely an
example for carrying out the present invention. Thus, the present invention is not limited to the above-described embod-
iment, and the above-described embodiment can be modified appropriately without departing from the spirit of the present
invention.

Claims

1. A high-strength seamless steel pipe having a chemical composition of, in mass %:

0.10 to 0.18 % C;
0.03 to 1.0 % Si;
0.5 to 2.0 % Mn;
up to 0.020 % P;
up to 0.0080 % S;
0.10 to 0.60 % Cr;
0.10 to 0.40 % Mo;
0.02 to 0.40 % V;
0.004 to 0.020 % Ti;
0.0005 to 0.005 % B;
up to 0.10 % Al;
up to 0.008 % N;
0.0004 to 0.0040 % Ca;
0.1 to 1.0 % Cu;
0.2 to 1.0 % Ni;
0 to 0.05 % Nb; and

the balance being Fe and impurities,
wherein the following formula, F (1), is satisfied:

C+Si/30+(Mn+Cu+Cr)/20+Ni/60+Mo/15+V/10+53B≤0.28 F (1),

wherein, for the element symbols in F (1), the contents of the corresponding elements in mass % are substituted.

2. The high-strength seamless steel pipe according to claim 1, wherein the chemical composition includes, in mass %:
0.005 to 0.05 % Nb.

3. The high-strength seamless steel pipe according to claim 1 or 2, wherein:

the pipe has a wall thickness of 30 mm or larger,
the pipe has a yield strength of 555 MPa or higher and a tensile strength of 625 MPa or higher, and
a hardness of surface layers is 250 Hv or lower.

4. The high-strength seamless steel pipe according to any one of claims 1 to 3, wherein a variance of hardness in a
cross section perpendicular to a pipe-axis direction is 15 Hv or smaller.
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5. A riser composed of the high-strength seamless steel pipe according to any one of claims 1 to 4.
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