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0.001 to 0.005%, and Ti: 0.005 to 0.03%, the

255HV10 balance being Fe and impurities, and having a
bainite single-phase structure. In this UOE steel

pipe, the hardness of outer and inner surface lay-
ers of the UOE steel pipe is 200 to 255 in terms
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Description

Title of Invention: UOE STEEL PIPE FOR LINE PIPE
Technical Field

The present invention relates to a UOE steel pipe and, more particularly, to a UOE
steel pipe for line pipe.
Background Art

Crude oil and natural gas produced in recent years contain wet hydrogen sulfide (H,
S). Pipelines which transmit the crude oil and natural gas obtained by drilling pose the
problem of the occurrence of hydrogen-induced cracking (hereinafter referred to as
HIC) caused by hydrogen sulfide. For this reason, UOE steel pipes used in pipelines
are required to have excellent HIC resistance.

Furthermore, in recent pipelines an improvement in transmission efficiency is
required. Although transmission efficiency is improved by increasing the operating
pressure, it is necessary to increase the strength of UOE steel pipes constituting a
pipeline in order to increase the operating pressure. Specifically, UOE steel pipes
having high strength of not less than X80 grade of API Standard (tensile strength of
not less than 625 MPa) are in demand.

JP5-271766 proposes a steel plate for pipeline having high strength and excellent
HIC resistance. In this document, HIC is considered to be caused of center segregation
and the contents of Mn, P and S which induce center segregation are reduced. Fur-
thermore, Cr and Mo are contained in order to increase strength. This document
describes that as a result of this, high strength and excellent HIC resistance are
obtained.

However, JP5-271766 describes a proposal related to a steel plate, and not a UOE
steel pipe, and is limited to an improvement in center segregation as a measure to
improve HIC resistance. Therefore, even when center segregation is improved, HIC
may sometimes occur due to other factors.

Disclosure of the Invention

The object of the present invention is to provide a UOE steel pipe for line pipe
having excellent HIC resistance even when it has high strength.

The UOE steel pipe for line pipe in this embodiment contains, by mass%, C: 0.01 to
0.1%, Si: 0.01 to 0.5%, Mn: 1.0 to 1.7%, P: at most 0.015%, S: at most 0.002%, Cr:
0.01 to 0.45%, Mo: 0.03 to 0.5%, Al: 0.005 to 0.05%, Ca: 0.0005 to 0.0050%, N:
0.001 to 0.005%, and Ti: 0.005 to 0.03%, the balance being Fe and impurities, and has
a bainite single-phase structure. In this UOE steel pipe, the hardness of outer and inner
surface layers of the UOE steel pipe is 200 to 255 in terms of HV 10, the hardness of a
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center portion of wall thickness of the UOE steel pipe is 200 to 248 in terms of HV 10,

and the tensile strength is not less than 625 MPa.
In this case, the UOE steel pipe for line pipe has excellent HIC resistance even when

it has high strength.

The UOE steel pipe in this embodiment may further contain, in place of part of Fe, at
least one selected from the group consisting of Cu: at most 0.5%, Ni: at most 0.5%,
Nb: at most 0.05%, and V: at most 0.10%.

Brief Description of Drawings

[fig.1]Figure 1 is a diagram of hardness distribution in the cross section of a UOE pipe
in a radial direction (a wall thickness direction).

[fig.2]Figure 2 is a cross sectional view of a UOE pipe.

[fig.3]Figure 3 is a diagram showing the relationship between a difference value delta
of the hardness of the outer and inner surface layers of a steel plate for UOE steel pipe
and the hardness of the outer and inner surface layers of a UOE steel pipe and t/D (wall
thickness/outside diameter) of the UOE steel pipe.

Modes for Carrying Out the Invention

Embodiments of the present invention will be described in detail below with
reference to the figures. Hereinafter, "%" of the contents of elements refers to mass%.
Outline of UOE steel pipe in the embodiments

The present inventors investigated and studied the HIC resistance of high-strength
UOE steel pipes for line pipe. As a result, the inventors obtained the following
findings.

(A) A steel plate in which center segregation is suppressed has excellent HIC re-
sistance even when it has high strength. However, HIC may sometimes occur in the
case where a UOE steel pipe is manufactured from such a steel plate by carrying out
pipe-making processes such as C press forming, U press forming and O press forming.

(B) The cause of the occurrence of the above-described HIC is an increase in the
hardness of a steel plate in the pipe-making processes. Figure 1 is a diagram of the
hardness distribution in the cross section of a UOE steel pipe in a radial direction (a
wall thickness direction). Figure 1 was obtained by the following method. Two steel
plates having almost constant hardness in the through-thickness direction and having
hardnesses different from each other were prepared. The chemical compositions of
these steel plates are in the range of the chemical composition of this embodiment,
which will be described later, and the tensile strength was not less than 625 MPa. Each
steel plate was subjected to C press forming, U press forming, and O press forming and
two UOE steel pipes were produced (mark I, mark II). In the cross section (the section

orthogonal to the axis direction of the UOE steel pipe) of each of the produced UOE



WO 2013/114519 PCT/JP2012/008456

[0015]

[0016]

[0017]

[0018]

steel pipes, the top of the section was assumed to be the origin (0 degree). At positions
at clockwise 90 degrees (the 90-degree position) and at 180 degrees (the 180-degree
position), the Vickers hardness test in accordance with JIS 72244 (2009) was carried
out with a 0.5 mm pitch radially (in the wall thickness direction) from the outer surface
to the inner surface. The test force was 10 kgt = 98.07 N. Figure 1 was completed on
the basis of the obtained hardness (HV10).

The triangle shape mark in the figure 1 indicates the test result of the UOE steel pipe
of mark I, and the diamond shape mark indicates the test result of the UOE steel pipe
of mark II. Referring to Figure 1, in either of the UOE steel pipes, the hardness of the
center portion of the wall thickness in the radial direction (wall thickness direction) of
the steel pipes was almost the same as the hardness of the steel plates before pipe-
making. However, the hardness increased from the center portion of the wall thickness
toward the inner surface and the outer surface. In the steel pipe of mark I, maximum
values of hardness of the inner surface layer including the inner surface and of the
outer surface layer including the outer surface exceeded 255 HV10.

The HIC test, which will be described later, was carried out for the UOE steel pipes
of mark I and mark II. As a result, HIC occurred in mark I, whereas HIC did not occur
in mark II. The following facts are derived from Figure 1 and the results of the HIC
test.

(C) First, the occurrence of HIC is related to the hydrogen concentration (CO) in steel
and the hydrogen concentration (Cth) which is allowed until the occurrence of HIC in
steel. The hydrogen concentrations Cth allowed in the outer and inner surface layers
are low compared to those of portions other than the outer and inner surface layers and
the center portion of the wall thickness. This is because the outer and inner surface
layers include floating inclusions (for example, oxide-based inclusions, such as Al,O;
and CaQ) generated during continuous casting and because these floating inclusions
lower the allowable hydrogen concentration Cth (hereinafter referred to as the
allowable hydrogen concentration).

(D) On the other hand, the allowable hydrogen concentration Cth in the center
portion of the wall thickness is lower than the allowable hydrogen concentration Cth of
the outer and inner surface layers. This is because in the center portion of the wall
thickness, more carbonitrides are generated and grow due to center segregation and
because these carbonitrides increase HIC sensitivity more than oxide-based inclusions
do. Furthermore, because in the center portion of the wall thickness hydrogen is apt to
condense due to center segregation, the hydrogen concentration CO in the center
portion of the wall thickness is higher than in portions other than the center portion of
the wall thickness. That is, from the standpoint of the hydrogen concentrations C0O and

Cth, the HIC sensitivity is highest in the center portion of the wall thickness and is
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second highest in the portions of the outer and inner surface layers.

(E) Incidentally, in a UOE steel pipe, the hardness of the outer and inner surface
layers increases due to steelmaking processes even when there is no hardness variation
in the through-thickness direction of a steel plate which is the base material. During
pipe-making, tensile stress is applied to the outer surface layer (the surface layer
including the outer surface) and compressive stress is applied to the inner surface layer
(the surface layer including the inner surface). On the other hand, strain is not much
applied to the center portion of the wall thickness compared to the outer and inner
surface layers. For this reason, the hardness of the outer and inner surface layers
increases remarkably compared to the hardness in the center portion of the wall
thickness. This increase in hardness increases HIC sensitivity.

(F) From the foregoing, for the occurrence of HIC in UOE steel pipes, it is necessary
to consider not only the crack sensitivity related to the hydrogen concentration in steel
and the allowable hydrogen concentration, but also the synergistic effect of an increase
in HIC sensitivity due to a change in hardness by pipe-making. That is, from the
standpoint of the hydrogen concentration, it is necessary not only to limit the hardness
in the center portion of the wall thickness where crack sensitivity is high, but also to
limit the hardness of the outer and inner surface layers which increases during pipe-
making.

More specifically, if an upper limit to the hardness in the center portion of the wall
thickness is set at 248 HV10 and an upper limit to the hardness of the outer and inner
surface layers is set at 255 HV 10, then the occurrence of HIC is suppressed even in
UOE steel pipes having strength of not less than X80 grade of API Standard.

The UOE steel pipe for line pipe in this embodiment was completed on the basis of
the above-described findings. Details of the UOE steel pipe for line pipe in this em-
bodiment will be described below.

Chemical composition

The UOE steel pipe for line pipe in this embodiment has the following chemical
composition. As described above, % related to elements means mass%.

C:0.01 t0 0.1%

Carbon (C) increases the strength of steel. However, if the C content is too high, the
chemical composition of the steel is included in the peritectic region. For this reason, it
becomes difficult to produce steel by continuous casting. Therefore, the C content is
0.01 to 0.1%. The lower limit to the C content is preferably higher than 0.01%, more
preferably 0.03%, and still more preferably 0.04%. The upper limit to the C content is
preferably less than 0.1%, more preferably 0.07%, and still more preferably 0.06%.

Si: 0.01 to 0.5%

Silicon (Si) deoxidizes steel. However, if the Si content is too high, toughness
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decreases. Therefore, the Si content is 0.01 to 0.5%. The lower limit to the Si content is
preferably higher than 0.01%, more preferably 0.03%, and still more preferably 0.05%.
The upper limit to the Si content is preferably less than 0.5%, more preferably 0.40%,
and still more preferably 0.35%.

Mn: 1.0 to 1.7%

Manganese (Mn) increases the strength of steel. However, if the Mn content is too
high, the Mn concentration in a normal segregation band in the center portion of the
wall thickness becomes high, and HIC becomes apt to occur in a wet H,S environment.
Therefore, the Mn content is 1.0 to 1.7%. The lower limit to the Mn content is
preferably higher than 1.0%, more preferably 1.1%, and still more preferably 1.2%.
The upper limit to the Mn content is preferably less than 1.7%, more preferably 1.6%,
and still more preferably 1.5%.

P: Not more than 0.015%

Phosphorus (P) is an impurity. Like Mn, P is apt to segregate normally in the center
portion of the wall thickness and hardens a normally segregated part. The hardening of
a normally segregated part induces HIC. Therefore, it is preferred that the P content be
low. The P content is not more than 0.015%. The P content is preferably less than
0.015%, more preferably not more than 0.010%.

S: Not more than 0.002%

Sulfur (S) is an impurity. S forms MnS. MnS provides an initiation point of HIC.
Therefore, it is preferred that the S content be as low as possible. The S content is not
more than 0.002%. The S content is preferably less than 0.002%, more preferably not
more than 0.001%.

Cr: 0.01 t0 0.45%

Chromium (Cr) increases the strength and toughness of steel. However, if the Cr
content is too high, weldability decreases and weld cracking becomes apt to occur.
Therefore, the Cr content is 0.01 to 0.45%. The lower limit to the Cr content is
preferably higher than 0.01%, more preferably 0.05%, and still more preferably 0.1%.
The upper limit to the Cr content is preferably less than 0.45%, more preferably 0.35%,
and still more preferably 0.3%.

Mo: 0.03 to 0.5%

Molybdenum (Mo) increases the hardenability of steel and increases the strength of
steel. Furthermore, because the microsegregation of Mo is not apt to occur, the oc-
currence of HIC caused by center segregation is suppressed. However, because Mo is
expensive, the manufacturing cost increases if Mo is contained excessively. Therefore,
the Mo content is 0.03 to 0.5%. The lower limit to the Mo content exceeds preferably
0.03%, is more preferably 0.05%, and still more preferably 0.1%. The upper limit to
the Mo content is preferably less than 0.5%, more preferably 0.4%, and still more
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preferably 0.3%.

Al: 0.005 to 0.05%

Aluminum (Al) deoxidizes steel. However, if the Al content is too high, cleanliness
and toughness of steel decrease. Therefore, the Al content is 0.005 to 0.05%. The
lower limit to the Al content is preferably higher than 0.005%, more preferably 0.01%,
and still more preferably 0.015%. The upper limit to the Al content is preferably less
than 0.05%, more preferably 0.045%, and still more preferably 0.04%.

The Al content in this embodiment means the content of sol. Al (acid-soluble Al).

Ca: 0.0005% to 0.0050%

Calcium (Ca) controls the shape of MnS, which provides an initiation point of HIC,
to a spherical shape and suppresses the occurrence of HIC. Furthermore, Ca forms CaS
and suppresses the generation of MnS. On the other hand, if Ca is contained ex-
cessively, the effect of Ca becomes saturated, resulting in an increase in the manu-
facturing cost. Therefore, the Ca content is 0.0005% to 0.0050%. The lower limit to
the Ca content exceeds preferably 0.0005%, is more preferably 0.001% and still more
preferably 0.0015%. The upper limit to the Ca content is preferably less than 0.0050%,
more preferably 0.0040%, and still more preferably 0.0030%.

Ti: 0.005% to 0.03%

Titanium (T1) combines with nitrogen (N) to form TiN. TiN suppresses the
coarsening of austenite grains during slab heating and the HAZ (heat-affected zone)
and increases the low-temperature toughness of the base metal and the HAZ. However,
if the Ti content is too high, TiN is generated excessively, resulting in a decrease in
toughness. Therefore, the Ti content is 0.005 to 0.03%. The lower limit to the Ti
content exceeds preferably 0.005%, is more preferably 0.008%, and still more
preferably 0.01%. The upper limit to the Ti content is preferably less than 0.03%, more
preferably 0.025%, and still more preferably 0.02%.

N: 0.001 to 0.005%

Nitrogen (N) combines with the above-described Ti to form TiN, and increases the
low-temperature toughness of the base metal and the HAZ. However, if the N content
is too high, TiN is formed excessively and toughness decreases. Therefore, the N
content is 0.001 to 0.005%. The lower limit to the N content is preferably higher than
0.001%, more preferably 0.0015%, and still more preferably 0.002%. The upper limit
to the N content is preferably less than 0.005%, more preferably 0.0045%, and still
more preferably 0.004%.

The balance of the chemical composition of the UOE steel pipe in this embodiment
consists of Fe and impurities. The impurities mentioned here refer to the elements
which are mixed in from ores and scraps used as the raw materials for steel or from the

environment and the like of manufacturing processes.
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The UOE steel pipe in this embodiment may further contain, in place of part of Fe, at
least one selected from the group consisting of Cu, Ni, Nb, and V. These elements are
all optional elements and increase the strength of steel.

Cu: Not more than 0.5%

Copper (Cu) is an optional element. Cu increases the hardenability of steel and
increases the strength of steel. If even a small amount of Cu is contained, the above-
described effects are obtained. However, if the Cu content is too high, the hot
workability of steel decreases. Furthermore, the surfaces of a slab become apt to crack
during continuous casting. Therefore, the Cu content is not more than 0.5%. The lower
limit to the Cu content is preferably 0.05%, more preferably higher than 0.05%, and
still more preferably 0.1%. The upper limit to the Cu content is preferably less than
0.5%, more preferably 0.4%, and still more preferably 0.3%.

Ni: Not more than 0.5%

Nickel (Ni) is an optional element. Ni increases the strength of steel by solid-solution
strengthening. Furthermore, Ni increases the toughness of steel. If even a small amount
of Ni is contained, the above-described effects are obtained. However, if the Ni content
is too high, the weldability of steel decreases. Therefore, the Ni content is not more
than 0.5%. The lower limit to the Ni content is preferably 0.05%, more preferably
higher than 0.05%, and still more preferably 0.1%. The upper limit to the Ni content is
preferably less than 0.5%, more preferably 0.4%, and still more preferably 0.3%.

Nb: Not more than 0.05%

Niobium (Nb) is an optional element. Nb forms carbides in steel. Nb carbides reduce
the grain size of steel, increasing the strength and toughness of steel. If even a small
amount of Nb is contained, the above-described effects are obtained. However, if the
Nb content is too high, the toughness of weld zones decreases. Therefore, the Nb
content is not more than 0.05%. The lower limit to the Nb content is preferably
0.005%, more preferably higher than 0.005, and still more preferably 0.01%. The
upper limit to the Nb content is preferably less than 0.05%, more preferably 0.045%,
and still more preferably 0.04%.

V: Not more than 0.10%

Vanadium (V) is an optional element. V dissolves in steel in a solid solution state or
forms carbonitrides in steel, increasing the strength of steel. If even a small amount of
V is contained, the above-described effect is obtained. However, if the V content is too
high, V carbonitrides coarsen in the HAZ and HAZ toughness decreases. Therefore,
the V content is not more than 0.10%. The lower limit to the V content is preferably
0.005%, more preferably higher than 0.005%, and still more preferably 0.01%. The
upper limit to the V content is preferably less than 0.10%, more preferably 0.08%, and
still more preferably 0.07%.
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[0042]  The structure of the UOE steel pipe in this embodiment is a bainite single phase. The
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"bainite single phase" in this specification may contain quasi-polygonal ferrite,
granular bainitic ferrite, and bainitic ferrite. Although the structure of the UOE steel
pipe may contain M-A constituent (MA), martensite, and pearlite, the total content rate
of MA, martensite, and pearlite is not more than 2% in terms of area fraction.
Hereinafter MA, martensite, and pearlite are called "hardened structures.” Therefore, in
this specification, the "bainite single phase" may contain hardened structures in
amounts of not more than 2% in area fraction.

The structure of the UOE steel pipes is identified, for example, by the following
method of microstructure observation and test. In the cross section of a UOE steel pipe,
the portion at a depth of 1/4 of the wall thickness from the outer surface is etched with
nital and the like. Any of 10 to 30 fields of vision (each field of vision: 8 to 24 mm?) in
the etched 1/4 portion of the wall thickness is observed. An optical microscope with a
magnification of 200 times is used in the observation. Bainite, MA, martensite, and
pearlite can be recognized by etching. Therefore, the area fraction of the bainite in each
field of vision and the area fraction of other structures (hardened structures) can be
found. The value obtained by averaging the area fraction of the hardened structures in
each field of vision is defined as the area fraction (%) of hardened structures.

The structure of the UOE steel pipe may further contain inclusions and precipitates.
Bainite shingle phase does not contain polygonal ferrite.

As described above, the structure of the UOE steel pipe of this embodiment is a
bainite single phase, and the area fraction of hardened structures, such as MA,
martensite, and pearlite, is low. For this reason, the UOE steel pipe is excellent in HIC
resistance although the steel pipe has high strength.

Hardness and tensile strength

In the UOE steel pipe in this embodiment, the hardness of the outer and inner surface
layers is 200 to 255 in terms of HV10, and the hardness of the center portion of the
wall thickness is 200 to 248 in terms of HV10. The condition that this upper limit to
the hardness of the center portion of the wall thickness is limited to be lower than the
upper limit to the hardness of the outer and inner surface layers was found by the result
of a study carried out by the inventors by trial and error.

The hardness of the outer and inner layers is measured by the following method.
Figure 2 shows the cross sectional view of a UOE steel pipe (i.e., a sectional view
obtained by cutting the UOE steel pipe in the radial direction). Referring to Figure 2, a
UOE steel pipe 100 is divided into 20 equal parts in the direction of wall thickness t.
The range from an outer surface 10 of a UOE steel pipe 100 to t/5 in the direction of an
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inner surface 20 is defined as an outer surface layer OL. The range from an inner
surface 20 to t/5 in the direction of an outer surface 10 is defined as an inner surface
layer IL. The range of t/10 in the wall thickness t direction around a center position Pc
of the wall thickness t is defined as a center portion of the wall thickness CN.

The top of the cross section of the UOE steel pipe is assumed to be an origin (0
degree). The position at clockwise 90 degrees (the 90-degree position), the outer
surface layer OL in the position at 180 degrees (the 180-degree position), the inner
surface layer IL, and the center portion of the wall thickness CN are identified. The
outer surface layer OL, the inner surface layer IL, and the center portion of the wall
thickness CN are all the base metal and do not provide a weld zone.

In the identified outer surface layer OL and inner surface layer IL, the Vickers
hardness test in accordance with JIS Z2244 (2009) is carried out in the radial direction
(in the wall thickness t direction) with a 0.5-mm pitch. The test force is 10 kgf = 98.07
N. In the case where the test force is 10 kgf, a dent formed by the Vickers indenter
covers a plurality of crystal grains.

In the outer and inner surface layers OL and IL, a maximum value and a minimum
value are identified in a plurality of values obtained by the Vickers hardness test, and
these are defined as the hardness of the outer and inner surface layers OL and IL (a
maximum value and a minimum value).

Similarly, in the center portion of the wall thickness, a maximum value and a
minimum value are identified in a plurality of values obtained by the Vickers hardness
test, and these are defined as the hardness of the center portion of the wall thickness
CN (a maximum value and a minimum value).

Maximum values of the hardness of the outer and inner surface layers OL and IL
defined by the above-described method are not more than 255 HV10. Minimum values
of the hardness of the outer and inner surface layers OL and IL are not less than 200
HV10. Similarly, maximum values of the hardness of the center portion of the wall
thickness CN are not more than 248 HV10. Minimum values of the hardness of the
center portion of the wall thickness CN are not less than 200 HV10. To sum up, the
hardness of the outer and inner surface layers OL and IL is 200 to 255 HV 10, and the
hardness of the center portion of the wall thickness CN is 200 to 248 HV10.

That is, different allowable upper limits to hardness are set for the outer and inner
surface layers and the center portion of the wall thickness. The reason for this is that
for the occurrence of HIC in a UOE steel pipe, it is necessary to consider not only the
hydrogen concentration in steel and the crack sensitivity related to the allowable
hydrogen concentration, but also the synergistic effect of an increase in HIC sensitivity
due to a change in hardness due to working, and it is necessary not only to limit the

hardness of the center portion of the wall thickness where crack sensitivity is high from
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[0059]

the standpoint of the hydrogen concentration, but also to limit the hardness of the outer
and inner surface layers which rises during pipe-making.

In order to ensure that the tensile strength TS of the UOE steel pipe becomes not less
than 625 MPa, it is necessary that the hardness of the outer and inner surface layers OL
and IL and that the hardness of the center portion of the wall thickness CN become not
less than 200 HV10.

Manufacturing method

An example of a manufacturing method of UOE steel pipes in this embodiment will
be described. A slab is produced from a molten steel having the above-described
chemical composition by the continuous casting method (the continuous casting
process). A steel plate for UOE steel pipe is produced by rolling the produced slab (the
rolling process). A UOE steel pipe is produced by working the produced steel plate
(the pipe-making process). Each of the processes will be described in detail below.
Continuous casting process

A molten steel having above-described chemical composition is produced by refining
steel. A slab is produced from the produced molten steel by the continuous casting
method.

Preferably, the slab is reduced in the vicinity of a final solidification position during
continuous casing. Furthermore, preferably, appropriate water cooling conditions and
casting speed are selected so that remarkable solidification nonuniformity does not
occur in the casting width direction, the casting length direction. In this case, the seg-
regation of Mn, P, S and the like in the center portion of the wall thickness is
suppressed. For this purpose, it is possible to increase the allowable hydrogen con-
centration Cth in the center portion of the wall thickness.

Rolling process

In the rolling process, the slab produced in the continuous casting process is heated
in a heating furnace (the heating process). The heated slab is rolled on a rolling mill to
produce a steel plate (the working process). The steel plate after rolling is immediately
cooled (the cooling process). After cooling, annealing is carried out as required (the
annealing process). If the rolling process is carried out on the basis of the heating
process, working process, cooling process, and annealing process which are described
below, a UOE steel pipe obtains the above-described structure, hardness and tensile
strength.

Heating process

The slab heating temperature in the heating furnace is set at 1000 to 1250°C. If the

heating temperature is too high, it is impossible to reduce the size of crystal grains

because austenite grains coarsen. For this reason, HIC resistance decreases. On the
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other hand, if the heating temperature is too low, it is impossible to cause the Nb car-
bonitrides formed in the slab during continuous casting to dissolve in a solid solution
state, and HIC resistance decreases. Furthermore, it becomes difficult to obtain the
grain refinement of the crystal grains during rolling and precipitation strengthening
after rolling. By setting the heating temperature at 1000 to 1250°C, it becomes possible
to suppress the coarsening of austenite grains and to cause Nb to dissolve in a solid
solution state.

Preferably, the heating temperature T (°C) satisfies Expression (1) below:
[Math.1]

6770/(2.26 — log(NbxC)) — 73>T>6770/(2.26 log — (Nbx C)) — 273
(n

Here, the content of each element (mass%) is substituted into each chemical symbol
in Expression (1).

In this case, Nb in steel is apt to dissolve in a solid solution state.

Soaking may be carried out for the slab. In this case, the segregation in the center
portion of the wall thickness is suppressed. Preferred soaking temperatures are 1000 to
1300°C, and the soaking time is 20 to 50 hours. In this case, the segregation of C, Mn,
P, S and the like is suppressed.

Working process

It is preferred that the surface temperature of the workpiece material during rolling be
not less than the A, point. The A; point is defined by Expression (2) below:

A;=910-310xC-80xMn-20xCu-15xCr-55xNi-80xMo+0.35-(t0-8)
2)

Here, the content of each element (mass%) is substituted into each chemical symbol
in Expression (2). The thickness (mm) of the steel plate after the completion of final
rolling is substituted into the symbol t0.

The rolling reduction (%) is not specifically limited. In general, the rolling reduction
is not less than 50%. The rolling reduction is defined by Expression (3) below:

Rolling reduction = { 1-(cross-sectional area of steel plate after completion of final
rolling (thickness x width) / cross-sectional area of slab (thickness x width))} x 100 (3)
Cooling process

The steel plate is cooled immediately after the completion of rolling. That is, ac-
celerated cooling is carried out. It is preferred that the surface temperature of the steel
plate at the start of cooling be not less than the A, point. If the surface temperature of
the steel plate is less than the A5 point, ferrite is generated and the discharge of carbon
is started. HIC resistance decreases because hardened structures become apt to be
formed due to the carbon discharged from the ferrite phase.

It is preferred that the cooling rate after rolling be 10 to 40°C/sec. Preferably, water
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cooling is carried out. If the cooling rate is too low, the diffusion of C and P is
promoted. Diffused elements precipitate at the grain boundaries or on inclusions. On
the other hand, because if the cooling rate is too high, hardening is carried out ex-
cessively and hardened structures are generated, with the result that the structure of
steel does not easily become a bainite shingle phase.

Preferable cooling stop temperatures are 350 to 600°C. That is, when the surface tem-
perature of the steel plate has become 350 to 600°C, the cooling at the above-described
cooling rates is stopped. The diffusion of C and P is promoted in the case where the
steel plate is allowed to cool immediately without cooling after rolling at the above-
described cooling rates.

Natural cooling is preferable after the cooling at the above-described cooling rates is
stopped at the cooling stop temperatures. This is because toughness is increased due to
the annealing effect during natural cooling and the occurrence of HIC can be
suppressed.

Tensile strength of steel plate after cooling and annealing process

Adjustments are made so that the tensile strength TSO (MPa) of the steel plate after
cooling satisfies Expression (4) below:

[Math.2]

TSO< — 1.11 x (/D x 100)2 + 4.32 x (t/D x 100) + 693 (4)

Here, tis the wall thickness (mm) of a UOE steel pipe to be produced, and D is the
diameter (mm) of the UOE steel pipe to be produced.

Figure 3 is a diagram showing the relationship between a difference value delta of
the hardness of the outer and inner surface layers of a steel plate and the hardness of
the outer and inner surface layers of a UOE steel pipe and t/D (%) of the UOE steel
pipe, which was obtained when the UOE steel pipe was produced from the steel plate
having the above-described chemical composition. Figure 3 was obtained by the
following method.

A plurality of steel plates having the above-described chemical composition were
produced by the above-described manufacturing method. A plurality of UOE steel
pipes having different t/D were produced from the produced steel plates by the pipe-
making process which will be described later. The pipe expansion rate during pipe-
making was 0.7 to 1.2%. In the steel plates before pipe-making and the UOE steel
pipes, maximum values of the hardness of the outer and inner surface layers were
found in accordance with the above-described Vickers hardness test. The difference
value delta of hardness (HV 10) was found on the basis of Expression (5) below:

delta = Maximum value of hardness of outer and inner surface layers of UOE steel

pipe - maximum value of hardness of outer and inner surface layers of steel plate (5)
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Figure 3 was prepared by using the obtained difference value delta.

Referring to Figure 3, the larger t/D, the larger the difference value delta. More
specifically, as indicated by the curve CO in Figure 3, the hardness of the outer and
inner surface layers increases remarkably in a manner represented by a quadric
function as t/D increases. Hardness and tensile strength are substantially directly pro-
portional to each other. Specifically, when hardness increases, tensile strength also
increases in a manner represented by a linear function. Expression (4) was obtained on
the basis of the above-described findings.

If the chemical composition and microstructure specified by the present invention are
satisfied and the tensile strength TSO of a steel plate satisfies Expression (4), then the
hardness of the outer and inner surface layers of a UOE steel pipe after pipe-making
satisfies 200 to 255 HV10 and the hardness of the center portion of the wall thickness
satisfies 200 to 248 HV10.

In the case where the tensile strength TSO of a steel plate after the cooling process
does not satisfy Expression (4), it is ensured that the tensile strength TSO of the steel
plate satisfies Expression (4) by carrying out annealing less than the A, point.
Preferable annealing temperatures are 350 to 600°C, and preferable annealing time is
30 to 90 minutes. When the tensile strength TS0 of a steel plate after cooling satisfies
Expression (4), it is not necessary to carry out annealing treatment.

Pipe-making process

The produced steel plate is formed to produce an open pipe by using a C press, a U
press, an O press and the like. Subsequently, both longitudinal end surfaces of the open
pipe are welded by the submerged arc welding process and the like to form a welded
steel pipe. The produced welded steel pipe is subjected to pipe expanding to produce a
UOE steel pipe.

Examples

Slabs were produced by continuously casting the molten steel of the steel grades A to

H shown in Table 1.
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[0079]  The chemical compositions of the steel grades A to D, F and G in Table 1 were in the
range of the chemical composition of the UOE steel pipe of the present invention. On
the other hand, the Mn content, P content and S content of the steel grade E exceeded
the upper limits to the Mn content, P content and S content of the present invention.

[0080]  The UOE steel pipes with the marks 1 to 18 shown in Table 2 were produced from a
plurality of slabs of the steel grades A to H.

[0081]
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The slabs with all of the marks were heated in a heating furnace. The heating tem-
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peratures (°C) were as shown in Table 2. The slabs after heating were rolled to produce
steel plates. Each of the steel plates was water-cooled immediately after rolling.
Cooling rates by water cooling were in the range of 10 to 40°C/sec. The cooling start
temperatures (°C) of the steel plates with all of the marks were as shown in Table 2.
Furthermore, water cooling was stopped at the cooling stop temperatures (°C) shown in
Table 2. The steel plates after the stop of water cooling were allowed to cool.

Tensile test specimens were taken from part of the steel plates after natural cooling
and the tensile test was carried out at normal temperature (25°C) to find the tensile
strength TSO (MPa). Furthermore, the value F1 was found on the basis of Expression
(6) below:

F1=-1.11 x (/D x 100)?> + 4.32 x (D x 100) + 693 (6)

That is, the value F1 is the right side of Expression (4).

In the marks 8 to 10 and 13 to 15, the yield strength TSO of the steel plates after
cooling exceeded the value F1. For this reason, the steel plates of the marks 8 to 10
were subjected to annealing. The annealing temperatures were in the range of 350 to
600°C and the annealing time was 30 to 90 minutes. The tensile strength TSO (MPa) of
the marks 8 to 10 in Table 2 are values obtained before annealing. As not shown in
Table 2, the tensile strength ThO (MPa) of the mark & to 10 after annealing were not
more than the value of F1. The steel plates of marks other than the marks 8 to 10 and
17 were not subjected to annealing.

Incidentally, in the marks 8 and 13, the manufacturing conditions other than whether
or not annealing was carried out and the steel grade were the same. Similarly, for the
marks 9 and 14, and the marks 10 and 15, the manufacturing conditions other than
whether or not annealing was carried out and the steel grade were the same. As
described above, for the marks 13 to 15, annealing was not carried out.

After the production of the steel plates by the above-described processes, UOE steel
pipes were produced by subjecting the steel plates of all marks to pipe-making by the
above-described method. The wall thickness t (mm) and outside diameter D (mm) of
the produced UOE steel pipes were measured. Tensile test specimens were taken from
the UOE steel pipes and the tensile test was carried out at normal temperature (25°C) to
find the yield strength YS (MPa) and tensile strength TS (MPa).

Observation of microstructure

On the basis of the above-described method of microstructure observation, the
structure of each mark was observed. In the case where the area fraction of hardened
structures is not more than 2%, it was judged that the structure of that mark is a bainite
shingle phase. Table 2 shows the result of the structure observation. "B" in the column
"Structure” of Table 2 means that the structure of the corresponding mark is a bainite

single phase.
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Vickers hardness test

In the UOE steel pipes of all marks, maximum values and minimum values (HV10)
of the hardness of the outer and inner surface layers and maximum values and
minimum values (HV10) of the hardness of the center portion of the wall thickness
were found on the basis of the above-described Vickers hardness test.

HIC test

Test specimens (thickness: 10 mm, width: 20 mm, length: 100 mm) were taken from
the UOE steel pipes of all marks. The HIC test was conducted with the aid of the taken
test specimens. The test specimens were subjected to the NACE test specified in
NACE TM-02-84 as the HIC test, and by the ultrasonic flaw detection method a
judgment was made as to whether or not HIC occurred in each of the test specimens
after the test.

Test results

Table 2 shows the test results. The "min" column of "Outer and inner surface layers"
of "Vickers hardness" of Table 2 indicates a minimum value (HV 10) of the hardness of
the outer and inner surface layers of a UOE steel pipe of a corresponding mark. The
"max" column indicates a maximum value (HV10) of the hardness of the outer and
inner surface layers of a UOE steel pipe. Similarly, the "min" column of "Center
portion of wall thickness" of "Vickers hardness" indicates a minimum value (HV10) of
the hardness of the center portion of the wall thickness of a UOE steel pipe, and the
"max" column indicates a maximum value of the hardness of the center portion of the
wall thickness.

Furthermore, "No crack" of the "HIC test" column in Table 2 means that HIC was
not observed in a UOE steel pipe of a corresponding mark. "Cracking" means that HIC
was observed.

Referring to Table 2, the chemical compositions of the marks 1 to 12 were in the
range of the present invention. Furthermore, the tensile strength was not less than 625
MPa and the UOE steel pipes had strength of not less than X80 grade of API standard.
Furthermore, the maximum values and minimum values of the hardness of the outer
and inner surface layers of the UOE steel pipes were all in the range (200 to 255) of the
present invention. Also the maximum values and minimum values of the hardness of
the center portion of the wall thickness were in the range (200 to 248) of the present
invention. For this reason, HIC did not occur in the UOE steel pipes of the marks 1 to
12.

On the other hand, in the marks 13 to 15, the tensile strength TS0 of the steel plates
was higher than F1 although the chemical compositions were in the range of the

present invention. For this reason, the maximum value of the hardness of the outer and
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inner surface layers of the UOE steel pipes exceeded the upper limit (255) to the
hardness of the outer and inner surface layers of the present invention. For this reason,
HIC was observed in the HIC test.

The Mn contents, P contents and S contents of the marks 16 and 17 all exceeded the
upper limits of the present invention. For this reason, the maximum values of hardness
in the center portion of the wall thickness of the UOE steel pipes exceeded the upper
limit (248) to the hardness in the center portion of the wall thickness of the present
invention. For this reason, HIC was observed. It seems that the hardness of the center
portion of the wall thickness increased excessively because of the excessive seg-
regation of Mn, P, and S in the center portion of the wall thickness.

In the mark 18, an appropriate reduction was not given to the slab in continuous
casting and the control to suppress center segregation was insufficient although the
chemical composition was in the range of the present invention. For this reason, the
maximum value of hardness in the center portion of the wall thickness of the UOE
steel pipes exceeded the upper limit (248) of the preset invention and HIC was
observed.

The embodiment of the present invention was described above. However, the above-
described embodiment is illustrative only for carrying out the present invention.
Therefore, the present invention is not limited by the above-described embodiment,
and the present invention can be carried out by appropriately modifying the above-

described embodiment so long as the gist of the invention is not departed from thereby.
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Claims

A UOE steel pipe for line pipe containing, by mass%, C: 0.01 to 0.1%,
Si: 0.01 to0 0.5%, Mn: 1.0 to 1.7%, P: at most 0.015%, S: at most
0.002%, Cr: 0.01 to 0.45%, Mo: 0.03 to 0.5%, Al: 0.005 to 0.05%, Ca:
0.0005 to 0.0050%, N: 0.001 to 0.005%, and Ti: 0.005 to 0.03%, the
balance being Fe and impurities, and having a bainite single-phase
structure,

wherein the hardness of outer and inner surface layers of the UOE steel
pipe is 200 to 255 in terms of HV 10,

the hardness of a center potion of wall thickness of the UOE steel pipe
is 200 to 248 in terms of HV 10, and

the tensile strength is not less than 625 MPa.

The UOE steel pipe according to claim 1, further containing, in place of
part of Fe, at least one selected from the group consisting of Cu: at
most 0.5%, Ni: at most 0.5%, Nb: at most 0.05%, and V: at most
0.10%.
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