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(54) STEEL PLATE WITH EXCELLENT HYDROGEN-INDUCED CRACKING RESISTANCE AND 
TOUGHNESS, AND STEEL PIPE FOR LINE PIPE

(57) The present invention provides a steel plate hav-
ing demonstrably excellent hydrogen-induced cracking
resistance and toughness. The steel plate is character-
ized in including, in percent by mass, 0.02-0.15% of C,
0.02-0.50% of Si, 0.6-2.0% of Mn, more than 0% and up
to 0.030% of P, more than 0% and up to 0.003% of S,
0.010-0.08% of Al, 0.0003-0.0060% of Ca, 0.001-0.01%

of N, and more than 0% and no more than 0.0045% of
O, the balance comprising iron and unavoidable impuri-
ties; the mass ratio of Ca to S (Ca/S) being at least 2.0;
the amounts of Ca, S, and O satisfying the equation
(Ca-1.25 S)/O≤1.80; and the Ar gas content of the steel
being no greater than 0.5 mL/cm3.
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Description

Technical Field

[0001] The present invention relates to a steel plate with excellent hydrogen-induced cracking resistance and toughness
and a steel pipe for a line pipe, and relates specifically to a steel plate with excellent hydrogen-induced cracking resistance
and toughness and a steel pipe for a line pipe with excellent hydrogen-induced cracking resistance and toughness
obtained using the steel plate which are suitable to a line pipe for natural gas/crude oil transportation, a pressure vessel,
a storage tank and the like.

Background Art

[0002] In a line pipe for transportation, a pressure vessel, and a storage tank mainly for petroleum, gas and the like,
for steel material that forms the line pipe and the like, high toughness is required in order to suppress generation of the
brittle fracture from the viewpoint of safety and to prevent and suppress propagation of the crack when fracture is
generated. Also, in recent years, accompanying development of bony resources containing hydrogen sulfide, so-called
sour resistance such as hydrogen-induced cracking resistance and stress corrosion cracking resistance is also required.
The hydrogen-induced cracking is known to be cracking caused by that the hydrogen having intruded to the inside of
steel material accompanying a corrosion reaction by hydrogen sulfide and the like described above gathers in non-metal
inclusions and the like such as MnS and Nb (C, N) and is gasified. Below, the hydrogen-induced cracking may be referred
to as HIC (Hydrogen-Induced Cracking), and the hydrogen-induced cracking resistance may be referred to as HIC
resistance. When the HIC is generated during use of the line pipe and the like, the toughness of the structure deteriorates.
[0003] Conventionally, several proposals have been made with respect to the technology for improving the HIC re-
sistance. For example, in Patent Literature 1, a steel is disclosed in which the hydrogen-induced cracking resistance is
improved by suppressing the segregation degree of Mn, Nb, and Ti of the plate thickness center part. In addition, in
Patent Literature 2, a method is disclosed in which the HIC originated from MnS and Ca-based oxy-sulfide is suppressed
by a parameter expression formed of the content of Ca, O, and S.
[0004] By these methods, although many HICs are suppressed, as described below, there is a case that many fine
HICs which are hardly observed in the optical microscopic level are generated locally, and the toughness deteriorates
locally after the HIC test that is equivalent to the time during the actual use. Therefore, it is required that the toughness
is stabilized at a high level after the HIC test.

Citation List

Patent Literature

[0005]

Patent Literature 1: Japanese Unexamined Patent Application Publication No. 2010-209461
Patent Literature 2: Japanese Unexamined Patent Application Publication No. Hei 06-136440

Summary of Invention

Technical Problem

[0006] The present invention has been developed in view of such circumstances as described above, and its object
is to achieve a steel plate and a steel pipe for a line pipe with excellent hydrogen-induced cracking resistance and
toughness.

Solution to Problem

[0007] The steel plate with excellent hydrogen-induced cracking resistance and toughness of the present invention
which could solve the problems described above satisfies, in terms of mass%, C: 0.02-0.15%, Si: 0.02-0.50%, Mn:
0.6-2.0%, P: over 0% and 0.030% or less, S: over 0% and 0.003% or less, Al: 0.010-0.08%, Ca: 0.0003-0.0060%, N:
0.001-0.01%, and O: over 0% and 0.0045% or less, with the remainder consisting of iron and inevitable impurities, in
which Ca/S that is the ratio of the Ca and the S is 2.0 or more, the Ca, the S, and the O satisfy (Ca-1.25S)/O≤1.80, and
Ar gas content in steel is 0.50 microliter/cm3 or less. Below, microliter is expressed as "mL". As other elements, the steel
plate may further contain (a) one element or more selected from a group consisting of B: over 0% and 0.005% or less,
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V: over 0% and 0.1% or less, Cu: over 0% and 1.5% or less, Ni: over 0% and 1.5% or less, Cr: over 0% and 1.5% or
less, Mo: over 0% and 1.5% or less, and Nb: over 0% and 0.06% or less, and (b) one element or more selected from a
group consisting of Ti: over 0% and 0.03% or less, Mg: over 0% and 0.01% or less, REM: over 0% and 0.02% or less,
and Zr: over 0% and 0.010% or less.
[0008] The steel plate described above is suitable to the use of a line pipe and the use of a pressure vessel. Further,
a steel pipe for a line pipe manufactured using the steel plate described above is also included in the present invention.
Below, there is a case the steel plate and the steel pipe are collectively referred to as a steel material.

Advantageous Effects of Invention

[0009] According to the present invention, because the steel plate is made to satisfy the specified componential
composition and to suppress the Ar gas content in steel to within a specified range, the steel plate and the steel pipe
for a line pipe with excellent hydrogen-induced cracking resistance and toughness can be provided.

Description of Embodiments

[0010] The present inventors made a lot of intensive studies in order to solve the problems described above. First,
with respect to various steel plates, the present inventors executed the HIC test specified in NACE (National Association
of Corrosion Engineers) TM0284, and evaluated the HIC resistance. The NACE test is a test in which hydrogen sulfide
gas is made to saturate in the aqueous solution of pH 2.7 of 5% NaCl solution+0.5% acetic acid and generation of the
HIC is evaluated after 96 hours.
[0011] Next, the present inventors measured the Charpy impact resistance after the HIC test according to ASTM A370
with respect to the steel plate surface layer part which is known in that the hydrogen concentration in particular increased
during the HIC test as shown in CAMP-ISIJ Vol. 24 (2011)-p. 671 for example. As a result, it was found that the values
of the Charpy impact absorption energy dispersed.
[0012] When the cause of it was investigated particularly with respect to the test samples whose values of the Charpy
impact absorption energy dispersed and showed low values, it was found that fine HIC of the observation limit or less
was generated which could not be observed by microscopic observation with 100 magnifications which was specified
in the NACE test described above. In addition, as a result of the study on the generation cause of the fine HIC described
above, it was found out first that Ar gas in steel was the cause.
[0013] Therefore, when the relation between the content of the Ar gas in steel and the dispersion of the toughness of
the steel plate surface layer part after the HIC test was investigated, a clear correlation was found out between the both.
As a result of more detailed investigation, it was found that, in a case the Ar content described above was high, the
Charpy impact absorption energy lowered because Ar bubbles that had remained in the slab remained within the steel
plate as the fine defects without perfect rolling at the time of hot rolling, fine HIC was generated originated from it, and
the separation that became the parallel cracking was generated on the steel plate surface by the Charpy test.
[0014] Next, as evaluated in the examples discussed below, it was studied to how much degree the Ar gas content
in steel described above should be suppressed in order to secure the toughness of the steel plate surface layer part
after the HIC test which was stable at a high level. As a result, it was found out that the Ar gas content in steel described
above only had to be 0.50 mL/cm3 or less. The Ar gas content described above is preferably 0.30 mL/cm3 or less, and
more preferably 0.25 mL/cm3 or less. However, it is necessary to blow Ar into the molten steel for suppression of blockage
of the injection nozzle, recirculation at the RH for degassing, agitation within the tundish (TD) for flotation separation of
the inclusions, and so on for example in the manufacturing step, and therefore it is difficult to suppress the Ar gas content
in steel to zero.
[0015] The "Ar gas content in steel" described above can be obtained by the method described in the example discussed
below.
[0016] In order to secure excellent HIC resistance and toughness, it is necessary to control the componential compo-
sition of the steel in addition to control the Ar gas content in steel described above. Further, in order to also secure other
properties such as the high strength and excellent weldability required as a steel plate for a line pipe and a pressure
vessel for example, the componential composition of the steel plate should be made as described below. Below, the
reasons for specifying each component will be described.

[Componential composition]

[C: 0.02-0.15%]

[0017] C is an indispensable element for securing the strength of the base plate and the weld part, and should be
contained by 0.02% or more. C amount is preferably 0.03% or more, and more preferably 0.05% or more. In contrast,
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when C amount is excessive, the HAZ toughness and the weldability deteriorate. Also, when C amount is excessive,
NbC and island martensite which become an origin of the HIC and a fracture development route are liable to be formed.
Therefore, C amount should be 0.15% or less. C amount is preferably 0.12% or less, and more preferably 0.10% or less.

[Si: 0.02-0.50%]

[0018] Si is an element having a deoxidizing action and effective in improving the strength of the base plate and the
weld part. In order to secure such effects, Si amount is made 0.02% or more. Si amount is preferably 0.05% or more,
and more preferably 0.15% or more. However, when Si amount is too much, the weldability and the toughness deteriorate.
Also, when Si amount is excessive, island martensite is formed, and the HIC is generated and develops. Therefore, Si
amount should be suppressed to 0.50% or less. Si amount is preferably 0.45% or less, and more preferably 0.35% or less.

[Mn: 0.6-2.0%]

[0019] Mn is an element effective in improving the strength of the base plate and the weld part, and is contained by
0.6% or more in the present invention. Mn amount is preferably 0.8% or more, and more preferably 1.0% or more.
However, when Mn amount is too much, MnS is formed, not only the hydrogen-induced cracking resistance deteriorates,
but also the HAZ toughness and the weldability deteriorate. Therefore, the upper limit of Mn amount is made 2.0%. Mn
amount is preferably 1.8% or less, more preferably 1.5% or less, and still more preferably 1.2% or less.

[P: over 0% and 0.030% or less]

[0020] P is an element inevitably included in steel material. When P amount exceeds 0.030%, the toughness of the
base plate and the HAZ part significantly deteriorate, and the hydrogen-induced cracking resistance also deteriorates.
Therefore, in the present invention, P amount is suppressed to 0.030% or less. P amount is preferably 0.020% or less,
and more preferably 0.010% or less.

[S: over 0% and 0.003% or less]

[0021] S is an element that forms large amount of MnS and extremely deteriorates the hydrogen-induced cracking
resistance when it is contained excessively, and therefore the upper limit of S amount is made 0.003% in the present
invention. S amount is preferably 0.002% or less, more preferably 0.0015% or less, and still more preferably 0.0010%
or less. Thus, from the viewpoint of improving the hydrogen-induced cracking resistance, S amount is preferable to be
as small as possible.

[Al: 0.010-0.08%]

[0022] Al is a strong deoxidizing element. When Al amount is insufficient, the Ca concentration in oxide is liable to
increase or the Ca-based inclusions are liable to be formed in the steel plate surface layer part, and the fine HIC is
generated. Therefore, in the present invention, Al should be made 0.010% or more. Al amount is preferably 0.020% or
more, and more preferably 0.030% or more. In contrast, when Al amount is excessive, the oxide of Al is formed in a
cluster shape and becomes the origin of the hydrogen-induced cracking. Therefore, Al amount should be 0.08% or less.
Al amount is preferably 0.06% or less, and more preferably 0.05% or less.

[Ca: 0.0003-0.0060%]

[0023] Ca has an action of controlling the form of sulfide, and has an effect of suppressing formation of MnS by forming
CaS. In order to secure this effect, Ca amount should be made 0.0003% or more. Ca amount is preferably 0.0005% or
more, and more preferably 0.0010% or more. In contrast, when Ca amount exceeds 0.0060%, large amount of HIC is
generated from the origins of the Ca-based inclusions. Therefore, in the present invention, the upper limit of Ca amount
is made 0.0060%. Ca amount is preferably 0.0045% or less, more preferably 0.0035% or less, and still more preferably
0.0025% or less.

[N: 0.001-0.01%]

[0024] N is an element precipitating as TiN in the steel microstructure, suppressing coarsening of the austenitic grain
of the HAZ part, promoting the ferritic transformation, and improving the toughness of the HAZ part. In order to secure
these effects, N should be contained by 0.001% or more. N amount is preferably 0.003% or more, and more preferably
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0.0040% or more. However, when N amount is excessive, the HAZ toughness deteriorates adversely because of presence
of solid solution N, and therefore N amount should be 0.01% or less. N amount is preferably 0.008% or less, and more
preferably 0.0060% or less.

[O: over 0% and 0.0045% or less]

[0025] O, namely oxygen is preferable to be smaller from the viewpoint of improving the cleanliness. When large
amount of O is contained, in addition to that the toughness deteriorates, the HIC is generated from the origin of the
oxide, and the hydrogen-induced cracking resistance deteriorates. From this viewpoint, O amount should be 0.0045%
or less, is preferably 0.0030% or less, and more preferably 0.0020% or less.

[Ca/S that is the mass ratio of the Ca and the S: 2.0 or more]

[0026] As described above, S forms MnS as the sulfide-based inclusions, and the HIC is generated originated from
the MnS. Therefore, Ca is added, the form of the sulfide-based inclusions in steel is controlled as CaS, and S is made
harmless with respect to the HIC resistance. In order to exert this action and effect sufficiently, Ca/S should be 2.0 or
more. Ca/S is preferably 2.5 or more, and more preferably 3.0 or more. The upper limit of Ca/S is approximately 17 from
Ca amount and S amount specified in the present invention.

[(Ca-1.25S)/O≤1.80]

[0027] In order to suppress generation of the HIC caused by Ca-based oxy-sulfide, it is effective to suppress CaO that
is liable to form agglomerates particularly among the Ca-based inclusions. Also, for that purpose, it should be made that
"Ca-1.25S" that is the Ca amount obtained by deducting the Ca portion present as CaS from the whole Ca amount in
steel does not become excessive with respect to the O amount. When "Ca-1.25S" that is the Ca amount is excessive
with respect to the O amount, CaO is liable to be formed as the oxide-based inclusions, and the agglomerates of the
CaO which is the coarse Ca-based inclusions are liable to be formed in large amounts in the steel plate surface layer
part. In order to suppress this event, the present inventors studied the relationship of (Ca-1.255)/O and the toughness,
and found out that (Ca-1.25S)/O should be 1.80 or less in order to secure the excellent toughness. (Ca-1.25S)/O described
above is preferably 1.40 or less, more preferably 1.30 or less, further more preferably 1.20 or less, and especially
preferably 1.00 or less. Also, from the viewpoint of suppressing Al2O3 that is liable to form agglomerates similar to CaO,
the lower limit value of (Ca-1.25S)/O becomes approximately 0.1.
[0028] The composition of the steel plate and the steel pipe of the present invention is as described above, and the
remainder is iron and inevitable impurities. Also, in addition to the elements described above, (a) by further containing
at least one element selected from a group consisting of B, V, Cu, Ni, Cr, Mo, and Nb of the amount described below,
the strength and toughness can be further improved, and (b) by further containing at least one element selected from a
group consisting of Ti, Mg, REM, and Zr of the amount described below, the HAZ toughness can be improved, desul-
furization is promoted, and the HIC resistance can be further improved. Below, these elements will be described in detail.

[B: over 0% and 0.005% or less]

[0029] B enhances the quenchability, increases the strength of the base plate and the weld part, is bonded with N in
the process the HAZ part having been heated in welding is cooled to precipitate BN, promotes ferritic transformation
from inside the austenitic grain, and therefore improves the HAZ toughness. In order to secure these effects, it is preferable
to contain B amount by 0.0002% or more. B amount is more preferably 0.0005% or more, and still more preferably
0.0010% or more. However, when the B content becomes excessive, the toughness of the base plate and the HAZ part
deteriorate, thereby deteriorating the weldability, and therefore B amount is preferably 0.005% or less. B amount is more
preferably 0.004% or less, and still more preferably 0.0030% or less.

[V: over 0% and 0.1% or less]

[0030] V is an element effective in improving the strength, and, in order to secure this effect, it is preferable to contain
V by 0.003% or more, and more preferably 0.010% or more. In contrast, when V content exceeds 0.1%, the weldability
and the base plate toughness deteriorate. Therefore, V amount is preferably 0.1% or less, and more preferably 0.08%
or less.
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[Cu: over 0% and 1.5% or less]

[0031] Cu is an element effective in improving the quenchability and increasing the strength. In order to secure these
effects, it is preferable to contain Cu by 0.01% or more. Cu amount is more preferably 0.05% or more, and still more
preferably 0.10% or more. However, because the toughness deteriorates when Cu content exceeds 1.5%, 1.5% or less
is preferable. Cu amount is more preferably 1.0% or less, and still more preferably 0.50% or less.

[Ni: over 0% and 1.5% or less]

[0032] Ni is an element effective in improving the strength and toughness of the base plate and the weld part. In order
to secure the effect, it is preferable to make Ni amount 0.01% or more. Ni amount is more preferably 0.05% or more,
and still more preferably 0.10% or more. However, when large amount of Ni is contained, the cost increases extremely
as a structural steel material, and therefore it is preferable to make Ni amount 1.5% or less from the economical viewpoint.
Ni amount is more preferably 1.0% or less, and still more preferably 0.50% or less.

[Cr: over 0% and 1.5% or less]

[0033] Cr is an element effective in improving the strength, and, in order to secure this effect, it is preferable to contain
Cr by 0.01% or more. Cr amount is more preferably 0.05% or more, and still more preferably 0.10% or more. On the
other hand, when Cr amount exceeds 1.5%, the HAZ toughness deteriorates. Therefore it is preferable to make Cr
amount 1.5% or less. Cr amount is more preferably 1.0% or less, and still more preferably 0.50% or less.

[Mo: over 0% and 1.5% or less]

[0034] Mo is an element effective in improving the strength and toughness of the base plate. In order to secure the
effects, it is preferable to make Mo amount 0.01% or more. Mo amount is more preferably 0.05% or more, and still more
preferably 0.10% or more. However, when Mo amount exceeds 1.5%, the HAZ toughness and weldability deteriorate.
Therefore Mo amount is preferably 1.5% or less, more preferably 1.0% or less, and still more preferably 0.50% or less.

[Nb: over 0% and 0.06% or less]

[0035] Nb is an element effective in enhancing the strength and base plate toughness without deteriorating the weld-
ability. In order to secure the effects, it is preferable to make Nb amount 0.002% or more. Nb amount is more preferably
0.010% or more, and still more preferably 0.020% or more. However, when Nb amount exceeds 0.06%, the toughness
of the base plate and HAZ deteriorates. Therefore, in the present invention, it is preferable that the upper limit of Nb
amount is made 0.06%. Nb amount is more preferably 0.050% or less, further more preferably 0.040% or less, and still
more preferably 0.030% or less.

[Ti: over 0% and 0.03% or less]

[0036] Ti is an element effective in improving the toughness of the HAZ part because coarsening of the austenitic
grains is prevented and ferritic transformation is promoted in the HAZ part at the time of welding by precipitating as TiN
in steel. Further, Ti is an element also effective in improving the HIC resistance because Ti exhibits the desulfurization
action. In order to secure these effects, it is preferable to contain Ti by 0.003% or more. Ti amount is more preferably
0.005% or more, and still more preferably 0.010% or more. In contrast, when Ti amount becomes excessive, solid
solution Ti and TiC precipitate, the toughness of the base plate and the HAZ part deteriorate, and therefore 0.03% or
less is preferable. Ti amount is more preferably 0.02% or less.

[Mg: over 0% and 0.01% or less]

[0037] Mg is an element effective in improving the toughness through miniaturization of the grain, and is effective also
in improving the HIC resistance because Mg exhibits the desulfurizing action. In order to secure these effects, it is
preferable to contain Mg by 0.0003% or more. Mg amount is more preferably 0.001% or more. In contrast, even when
Mg is contained excessively, the effects saturate, and therefore it is preferable that the upper limit of Mg amount is made
0.01%. Mg amount is more preferably 0.005% or less.
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[REM: over 0% and 0.02% or less]

[0038] REM (Rare Earth Metal) is an element effective in suppressing formation of MnS by the desulfurizing action
and enhancing the hydrogen-induced cracking resistance. In order to exert such effects, it is preferable to contain REM
by 0.0002% or more. REM amount is more preferably 0.0005% or more, and still more preferably 0.0010% or more. On
the other hand, even when large amount of REM is contained, the effects saturate. Therefore, it is preferable that the
upper limit of REM amount is made 0.02%. From the viewpoint of suppressing blockage of the immersion nozzle in
casting and improving the productivity, REM amount is more preferably 0.015% or less, further more preferably 0.010%
or less, and still more preferably 0.0050% or less. Also, in the present invention, the REM means the lanthanoid elements
namely 15 elements from La to Lu, Sc, and Y.

[Zr: over 0% and 0.010% or less]

[0039] Zr is an element improving the HIC resistance by the desulfurizing action, and contributing to improvement of
the HAZ toughness by forming and finely dispersing oxide. In order to exert these effects, it is preferable to make Zr
amount 0.0003% or more. Zr amount is more preferably 0.0005% or more, further more preferably 0.0010% or more,
and still more preferably 0.0015% or more. On the other hand, when Zr is added excessively, coarse inclusions are
formed, and the hydrogen-induced cracking resistance and the base plate toughness are deteriorated. Therefore, it is
preferable to make Zr amount 0.010% or less. Zr amount is more preferably 0.0070% or less, further more preferably
0.0050% or less, and still more preferably 0.0030% or less.
[0040] The steel plate specified in the present invention has been described above. The method for manufacturing
the steel plate of the present invention is not particularly limited as far as it is a method of obtaining the steel plate that
satisfies the stipulation of the Ar gas content described above. As the method for easily obtaining the steel plate of the
stipulation described above, a method described below is recommended.

[Manufacturing method]

[0041] In order to achieve the Ar gas content described above, it is recommended that the inclusions with the melting
point of 1,550°C or above and the length of 3 mm or more are present preferably by 3 pieces/cm2 or more of the number
density inside the mold in the continuous casting step.
[0042] With respect to the inclusions described above with the melting point of 1,550°C or above, wettability with the
molten steel is poor because the inclusions are present as the solid matter inside the mold, the inclusions agglomerate
with each other, the volume expands because the Ar gas is entangled into the inclusions, and therefore the inclusions
easily float. Also, relatively coarse inclusions with the length of 3 mm or more are brought into contact with each other
inside the mold to be further coarsened and to entangle the Ar bubbles, and can therefore promote flotation separation
of the Ar bubbles inside the mold. As a result, the Ar gas content in steel can be reduced. Particularly, when the Ar gas
is used in a step before the molten steel is poured into the mold, because the Ar gas easily remains within the steel,
flotation separation by the inclusions described above is effective.
[0043] As the inclusions described above with the melting point of 1,550°C or above, Al2O3, CaO, and complex
inclusions thereof can be cited for example. When the melting point is not known because they are complex inclusions
and so on, the melting point can be obtained by executing quantitative analysis of the inclusions by energy dispersive
X-ray spectroscopic analysis method and the like, preparing artificial inclusions simulating the composition thereof, and
measuring the temperature at which the artificial inclusions start to melt by a laser microscope and the like. Also, in an
easier way, the inclusions with the aspect ratio of 1.3 or more may be handled as the inclusions with the melting point
of 1,550°C or above utilizing that the liquid inclusions inside the mold are observed to be spherical after being solidified.
[0044] Although the number density of the inclusions described above is more preferably 5 pieces/cm2 or more and
still more preferably 10 pieces/cm2 or more, even when the number density of the inclusions described above becomes
excessive, the toughness of the base plate and the HAZ part deteriorates, and therefore the upper limit of the number
density of the inclusions described above is approximately 100 pieces/cm2.
[0045] As the concrete means for achieving the number density of the inclusions described above, for example, the
methods of making the recirculation time in the RH in the smelting step 45 minutes or less, and, after 15 minutes or
more elapses after adding Ca in the RH,

(A) performing casting using the tundish in which 30 minutes or more elapsed after completion of casting of the prior
charge in the continuous casting machine that uses the hot reuse tundish;
(B) performing casting after adding metal Al to the molten steel inside the hot reuse tundish by 0.04 kg/ton or more
for example;
and so on can be cited. To employ the method of (A) or (B) above or to employ the method of (B) above in addition
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to the method of (A) above can be cited. The adding amount of the metal Al described above can be made approx-
imately 0.2 kg/ton for example. The upper limit is approximately 0.50 kg/ton or less, preferably approximately 0.40
kg/ton or less.

[0046] As another means for reducing the Ar gas content in steel, to suppress/stop the use of Ar in the injection nozzle,
RH, and tundish can also be cited. However, to stop the use of Ar in the injection nozzle is not recommended because
it is effective to blow in Ar from the position of 50 mm or more from the upper part of the discharge hole of the injection
nozzle in order to suppress blockage of the injection nozzle described above and to prevent drop of the yield. Also, in
order to achieve the stipulated Ar gas content, it is recommended to make the Ar blowing amount in the injection nozzle
described above preferably 9.0 L(liter)/t (ton) or less, more preferably 6.0 L/t or less. Further, although it is also possible
to change the gas used for blowing in the injection nozzle described above from Ar gas to nitrogen gas, the nitrogen
gas is not preferable because the N amount of the steel plate cannot be controlled and the toughness becomes liable
to deteriorate.
[0047] In the present invention, the step after casting as described above is not particularly the object, and the steel
plate can be manufactured by performing hot rolling according to an ordinary method. Also, using the steel plate, a steel
pipe for a line pipe can be manufactured by a method generally employed. The steel pipe for a line pipe obtained using
the steel plate of the present invention is also excellent in the HIC resistance and the toughness.
[0048] The present application is to claim the benefit of the right of priority based on Japanese Patent Application No.
2013-138178 applied on July 1, 2013. Entire contents of the description of Japanese Patent Application No. 2013-138178
applied on July 1, 2013 are incorporated by reference into the present application.

Examples

[0049] Although the present invention will be described below more specifically referring to examples, the present
invention is not to be limited by the examples below, it is a matter of course that the present invention can also be
implemented with modifications being appropriately added within the range adaptable to the purposes described above
and below, and any of them is to be included within the technical range of the present invention.
[0050] Steel with the componential composition shown in Table 1 was molten, and a slab was obtained by continuous
casting as the slab with 280 mm thickness. Also, casting was executed so that the number of pieces of the inclusions
with the length of 3 mm or more became 3 pieces/cm2 or more in the inside of the mold. Specifically, with respect to
control of the number of pieces of the inclusions, in the present example, the recirculation time in the RH was made 5
minutes or more and 45 minutes or less, Ca was added after the recirculation in the RH, and the molten steel was
thereafter left for 15 minutes or more and 45 minutes or less. Thereafter, the tundish in which 30 minutes or more and
60 minutes or less elapsed after completion of casting of the prior charge was filled with the molten steel in the continuous
casting machine that used the hot reuse tundish, and casting was thereafter executed adding metal Al of 0.04 kg/ton or
more with the upper limit of approximately 0.50 kg/ton to the molten steel inside the tundish. Also, in measuring the
number density of the inclusions, the sample taken from the inside of the mold at 10 minutes after casting was used.
[0051] The number of pieces of the inclusions inside the mold described above was observed by a SEM (Scanning
Electron Microscope) with the molten steel sample being taken from the inside of the mold. In the observation, the
magnification was made 400 times, and the number of the field of view was made 30. Also, the inclusions with the length
of 3 mm or more and the aspect ratio of 1.3 or more were deemed the inclusions having the melting point of 1,550°C or
above, and the number density thereof was obtained. In Table 2, the case the inclusions described above were made
to present inside the mold by the method described above by the number density of 3 pieces/cm2 or more is marked
with "OK", and the case other than that is marked with "NG".
[0052] Thereafter, after reheating the slab described above manufactured by continuous casting so as to become
1,050-1,250°C, hot rolling was executed so that the cumulative compression reduction at 900°C or above of the surface
temperature of the steel plate and at 1,000°C or above of the steel plate average temperature obtained by calculation
became 40% or more and the pass whose compression reduction per one pass was 10% or more became 2 passes or
more, hot rolling was further executed thereafter so that the cumulative compression reduction of 700°C or above and
below 900°C became 20% or more with the rolling finish temperature being made 700°C or above and below 900°C,
water cooling was thereafter started from a temperature of 650°C or above and was stopped at a temperature of
350-600°C, and air cooling was thereafter executed to the room temperature. Thus, the steel plates having the size of
9-50 mm plate thickness32,000-3,500 mm width312,000-35,000mm length and various componential compositions
were obtained.
[0053] Also, using each steel plate, the Ar gas content in steel was measured as shown below. Further, the HIC test
was executed to evaluate the HIC resistance, and the Charpy impact test was executed to evaluate the toughness.
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[Measurement of Ar gas content in steel]

[0054] A specimen of the product plate thickness315 mm315 mm cut out from the steel plate surface was charged
into a vacuum chamber, the degree of vacuum was made 2310-5 Torr or less, drilling was executed using a G-Straight
Drill made by Mitsubishi Materials Corporation from the steel plate surface to 5 mm below the surface, the gas component
in steel was thereby extracted, and the gas component was quantitatively analyzed thereafter using an M-101QA-TDM
type made by Anelva Corporation with the mass number measurement rage: 1-100 amu as a quadrupole mass analyzer.
As the G-Straight Drill, the product number GSDD 3000 was used which had the diameter D1: 3.0 mm, the groove length
L3: 32 mm, the total length: 71 mm, and the blade diameter: 3.0 mm. Also, the ratio of the Ar amount with respect to the
volume of the steel material that was drilled by drilling described above (mL/cm3) was obtained. This measurement was
executed at 10 optional positions of the steel plate, and the maximum value among the 10 positions was made "Ar gas
content in steel".

[HIC test]

[0055] The HIC test was executed for evaluation according to NACE standard TM0284-2003. More specifically, from
1/4 position and 1/2 position in the width W of each steel plate, 20 pieces each of the specimens were taken respectively.
The size of the specimen was made the plate thickness3width: 100 mm3rolling direction: 20 mm. Also, the specimen
was immersed for 96 hours in an aqueous solution containing 0.5% NaCl and 0.5% acetic acid of 25°C saturated with
hydrogen sulfide of 1 atm, evaluation of the cross section was executed according to NACE standard TM0284-2003
FIGURE 3, and the crack length ratio that was the rate (%) of the total of the crack length with respect to the specimen
width was measured. The rate is hereinafter referred to as CLR (Crack Length Ratio). Further, the case the CLR was
3% or less was evaluated to be excellent in the HIC resistance namely OK, and the case the CLR exceeded 3% was
evaluated to be poor in the HIC resistance namely NG.

[Charpy impact test]

[0056] After the NACE test, with 6 mm below the steel surface in the center, according to ASTM A370, the Charpy
test specimens with 10 mm in the plate thickness direction310 mm in the rolling direction were taken by 10 pieces in
the direction perpendicular to the rolling direction, and a notch was worked in the plate thickness direction of the steel
plate. The Charpy impact test was executed according to ASTM A370, the test temperature was made 20°C, and the
Charpy absorption energy and the percent brittle fracture were evaluated. With respect to the taken Charpy test specimens
of 10 pieces in total, those with the percent brittle fracture of 5% or less were extracted, the standard deviation σ of the
value of the Charpy absorption energy was obtained, and those with this standard deviation σ of 20 J or less were
evaluated to be excellent in toughness, or in particular, to be less in dispersion of the toughness and capable of securely
achieving high toughness.
[0057] These results are shown in Table 2.
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[0058] From Table 1 and Table 2, followings are turned out. In Nos. 1-13, because the stipulated componential com-
position is satisfied and the Ar gas content in steel is suppressed to within the stipulated range, the HIC resistance is
excellent and excellent toughness is secured stably.
[0059] By contrast, in Nos. 14 and 15, because the Ar gas content in steel was excessive, the dispersion of the
toughness became large. No. 16 resulted to be poor in the HIC resistance because Ca/S deviated from the stipulation
of the present invention in the chemical componential composition of the steel plate. Also, No. 17 was poor in the HIC
resistance and was large in the dispersion of the toughness because the value of (Ca-1.25S)/O was large and Ca-based
inclusions particularly large amount of CaO were formed.

Industrial Applicability

[0060] Because the steel plates related to the present invention are excellent in the hydrogen-induced cracking re-
sistance and the HAZ toughness, they are used suitably to a line pipe for transportation of natural gas and crude oil, a
pressure vessel, a storage tank and the like.

Claims

1. A steel plate with excellent hydrogen-induced cracking resistance and toughness, comprising in terms of mass%:

C: 0.02-0.15%;
Si: 0.02-0.50%;
Mn: 0.6-2.0%;
P: over 0% and 0.030% or less;
S: over 0% and 0.003% or less;
Al: 0.010-0.08%;
Ca: 0.0003-0.0060%;

[Table 2]

No.
Number density of inclusions 

inside mold
Ar gas content 

(mL/cm3)
Standard deviation (σ) (J) of Charpy 

absorption energy
HIC 

resistance

1 OK 0.12 13.2 OK

2 OK 0.03 8.5 OK

3 OK 0.32 5.4 OK

4 OK 0.22 17.2 OK

5 OK 0.41 11.2 OK

6 OK 0.04 4.9 OK

7 OK 0.45 6.7 OK

8 OK 0.22 10.7 OK

9 OK 0.01 6.5 OK

10 OK 0.05 8.3 OK

11 OK 0.19 6.1 OK

12 OK 0.22 16.2 OK

13 OK 0.33 7.3 OK

14 NG 0.54 35.1 OK

15 NG 0.61 76.2 OK

16 OK 0.08 8.1 NG

17 OK 0.25 24.5 NG
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N: 0.001-0.01%; and
O: over 0% and 0.0045% or less,
with the remainder consisting of iron and inevitable impurities;

wherein

Ca/S that is the mass ratio of the Ca and the S is 2.0 or more,
the Ca, the S, and the O satisfy (Ca-1.25S)/O≤1.80, and
Ar gas content in steel is 0.50 microliter/cm3 or less.

2. The steel plate according to claim 1, further comprising in terms of mass%, as other elements, at least one of (a)
and (b) below.

(a) One element or more selected from a group consisting of:

B: over 0% and 0.005% or less;
V: over 0% and 0.1% or less;
Cu: over 0% and 1.5% or less;
Ni: over 0% and 1.5% or less;
Cr: over 0% and 1.5% or less;
Mo: over 0% and 1.5% or less; and
Nb: over 0% and 0.06% or less

(b) One element or more selected from a group consisting of:

Ti: over 0% and 0.03% or less;
Mg: over 0% and 0.01% or less;
REM: over 0% and 0.02% or less; and
Zr: over 0% and 0.010% or less

3. The steel plate according to claim 1 or 2 used for a line pipe.

4.  The steel plate according to claim 1 or 2 used for a pressure vessel.

5. A steel pipe for a line pipe manufactured using the steel plate according to claim 1 or 2.



EP 3 428 301 A1

13

5

10

15

20

25

30

35

40

45

50

55



EP 3 428 301 A1

14

5

10

15

20

25

30

35

40

45

50

55



EP 3 428 301 A1

15

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• JP 2010209461 A [0005]
• JP HEI06136440 B [0005]

• JP 2013138178 A [0048]

Non-patent literature cited in the description

• CAMP-ISIJ, 2011, vol. 24, 671 [0011]


	bibliography
	abstract
	description
	claims
	search report
	cited references

