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(54) STEEL MATERIAL HAVING SUPERIOR TOUGHNESS OF WELDED HEAT-AFFECTED ZONE, 
AND METHOD FOR MANUFACTURING SAME

(57) This steel material satisfies the following condi-
tions: (a) the ZrO2 content is 5-50%, the REM oxide con-
tent is 5-50%, and the CaO content is 50% or less (ex-
cluding 0%) when composition of all oxide-based inclu-
sions is measured and then expressed in terms of the
mass of the individual oxides; (b) among all the inclu-
sions, those having a circle equivalent diameter of 0.1-2
mm are present in an amount of 120/mm2 or greater,
oxides larger than 3 mm are present in an amount of
5.0/mm2 or less, and oxides larger than 5mm are present
in an amount of 5.0/mm2 or less; and when the compo-
sition of all the inclusions is measured, (c-1) the number
of REM- and Zr-containing inclusions I that satisfy the
REM/Zr molar ratio of 0.6-1.4 is 30% or greater in relation
to the entire number of inclusions, and/or (c-2) the
number of REM-, Zr-, Al-, Ca-, and Ti-containing inclu-
sions II is 40% or greater in relation to the entire number
of inclusions, inclusions II satisfying the condition in
which the ratio of the total number of moles of REM and
Zr and the total number of moles of Al, Ca, and Ti is
0.5-1.2. The HAZ toughness is thereby kept at a very
high level even when the material is welded with a high
heat input of 50 kJ/mm or greater.
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Description

Technical Field

[0001] The present invention relates: to a steel material used for bridges, high-rise buildings, marine vessels, etc.;
and in particular to a steel material having a superior toughness at a zone affected by heat when the steel material is
welded (hereunder referred to as "welded heat-affected zone" or "HAZ" occasionally) and a method for manufacturing
the steel material.

Background Art

[0002] Properties required for a steel material used for bridges, high-rise buildings, marine vessels, etc. are increasingly
stringent in recent years and notably a good toughness is required. Such a steel material is generally joined by welding
in many cases and a problem is that the toughness of a welded joint, particularly a HAZ, is likely to deteriorate as a
result of the influence of heat during welding. The toughness deteriorates more conspicuously as input heat increases
during welding and an estimated reason is that, when input heat increases during welding, a cooling rate decreases at
a HAZ, hardenability lowers, and coarse insular martensite forms. It is estimated that, in order to improve the toughness
of a HAZ therefore, it is only necessary to decrease input heat to the least possible extent during welding. On the other
hand, in order to increase welding operation efficiency, a high heat input welding method with a welding input heat of
50 kJ/mm or more, such as electrogas welding, electroslag welding, or submerged arc welding is desired to be adopted.
[0003] To this end, the present applicants propose in Patent Literatures 1 to 3 a steel material that can inhibit the
toughness  of a HAZ from deteriorating when a high heat input welding method is adopted. Such a steel material is
characterized by containing oxides of REM and/or CaO and ZrO2 as oxides acting as nuclei of intragranular ferrite
transformation. The oxides disperse finely in steel because they exist in the state of a liquid in molten steel. Moreover,
the oxides are thermally stable, are solute, and do not disappear even when they are exposed for a long period of time
at a high temperature of about 1,400°C for example, and hence contribute largely to the improvement of HAZ toughness.
[0004] Further the present applicants have repeatedly studied even after they have disclosed Patent Literature 1 in
order to provide a steel material excellent in HAZ toughness even at high heat input welding of a higher level and as a
result have previously proposed the invention described in Patent Literature 4. Patent Literature 4 discloses that the
size and the number of all oxide-based inclusions (not being limited to oxides acting as nuclei of intragranular ferrite
transformation but including all oxides) in a steel material are greatly related to the improvement of HAZ toughness and
in particular, by reducing the number of coarse oxides having circle equivalent diameters exceeding 5.0 mm to five or
less, it is possible to obtain a steel material excellent in HAZ toughness even when high heat input welding is applied
with a high input heat of about 50 kJ/mm. By Patent Literature 4, since the number of coarse oxides can conspicuously
be suppressed, it is possible to enhance HAZ toughness even when a material is welded with an input heat larger than
the input heat adopted in a HAZ toughness evaluation method disclosed in an example of Patent Literature 1. Specifically,
whereas a heat cycle of cooling a steel material for 300 sec. in the temperature range of 800°C to 500°C after the steel
material is retained for 5 sec. at a heating temperature of 1,400°C (heat input conditions: 1,400°C x 5 sec., cooling time
Tc is 300 sec.) is applied and an absorption energy at -40°C (vE-40) is measured in Patent Literature 1, in Patent Literature
4 an absorption energy is measured likewise when a heat cycle in which the retention time at 1,400°C is prolonged to
30 sec. (heat input conditions: 1,400°C x 30 sec., cooling time Tc is 300 sec.) is applied and it is confirmed that a good
HAZ toughness is obtained even on this occasion.
[0005] Meanwhile, Patent Literatures 5 to 7 disclose: not such a technology of using both REM oxides and ZrO2 as
disclosed in Patent Literatures 1 to 4; but that HAZ toughness can be improved by adding REM into molten steel having
an adjusted dissolved oxygen content when a high heat input welding exceeding about 300 kJ/cm (about 30 kJ/mm) is
applied.

Prior Technical Literature

Patent Literature

[0006]

Patent Literature 1: JP-A No. 2007-100213
Patent Literature 2: JP-A No. 2007-247004
Patent Literature 3: JP-A No. 2007-247005
Patent Literature 4: JP-A No. 2009-197267
Patent Literature 5: JP-A No. 2003-221643
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Patent Literature 6: JP-A No. 2003-286540
Patent Literature 7: JP-A No. 2002-363687

Summary of the Invention

Problem to be solved by the invention

[0007] The improvement of welding operation efficiency is demanded inevitably and a welding input heat increases
in accordance with the demand. A steel material exhibiting excellent performance even under a high heat input condition
of 50 kJ/mm or more that has not been much studied heretofore is desired. The present invention is established in view
of the above situation and an object thereof is to provide: a steel material excellent in HAZ toughness even when high
heat input welding is applied with a input heat of 50 kJ/mm or more; and a method for manufacturing the steel material.

Means for solving the problem

[0008] A steel material excellent in toughness at a welded heat-affected zone according to the present invention that
has solved the above problem is a steel material containing C: 0.02% to 0.15% (in terms of % by mass, the same shall
apply hereafter), Si: 0.5% or less (excluding 0%), Mn: 2.5% or less (excluding 0%), P: 0.03% or less (excluding 0%), S:
0.02% or less (excluding 0%), Al: 0.050% or less (excluding 0%), N: 0.010% or less (excluding 0%), Ti: 0.005% to 0.10%,
Zr: 0.0005% to 0.050%, REM: 0.0003% to 0.015%, Ca: 0.0003% to 0.010%, and O: 0.0005% to 0.010%, with the balance
consisting of Fe and unavoidable impurities. Then the gist thereof is to satisfy the conditions that (a) the ZrO2 content
is 5% to 50%, the REM oxide (M2O3 when REM is expressed by the symbol M) content is 5% to 50%, and the CaO
content is 50% or less (excluding 0%) in average when the composition of all oxide-based inclusions included in the
steel material is measured and then expressed in terms of the mass of the individual oxides, (b) among all the inclusions
included in the steel material, the number of inclusions having circle equivalent diameters of 0.1 to 2 mm is not less than
120 in an observation visual field area of 1 mm2, the number of oxides having circle equivalent diameters exceeding 3
mm is not more than 5.0 in an observation visual field area of 1 mm2, and the number of oxides having circle equivalent
diameters exceeding 5 mm is not more than 5.0 in an observation visual field area of 1 mm2, and (c-1) the proportion of
the number of REM and Zr containing inclusions I satisfying the condition that the molar ratio of REM to Zr (REM/Zr) is
0.6 to 1.4 to the number of all the inclusions is 30% or more when the composition of all the inclusions included in the
steel material is measured, and/or (c-2) the proportion of the number of REM, Zr, Al, Ca, and Ti containing inclusions II
satisfying the condition that the ratio of the total mole number of REM and Zr to the total mole number of Al, Ca, and Ti
[(REM+Zr)/(Al+Ca+Ti)] is 0.5 to 1.2 to the number of all the inclusions is 40% or more when the composition of all the
inclusions included in the steel material is measured.
[0009] The steel material may further contain the following  elements as other elements;

[1] Cu: 2% or less (excluding 0%) and/or Ni: 3.5% or less (excluding 0%),
[2] Cr: 3% or less (excluding 0%) and/or Mo: 1% or less (excluding 0%),
[3] Nb: 0.25% or less (excluding 0%) and/or V: 0.1% or less (excluding 0%), and
[4] B: 0.005% or less (excluding 0%).

[0010] A steel material according to the present invention can be manufactured: by adding REM so that a dissolved
oxygen content Qof and an added REM amount QREM in molten steel may satisfy the following expression (1), 

when REM is added to the molten steel having the dissolved oxygen content Qof adjusted in the range of 0.0003% to
0.01% by mass; and by controlling the condition of adding elements so as to satisfy the following condition (2) and/or
(3) when REM and Zr are regarded as a-group elements and Ti, Ca, and Al are regarded as b-group elements in the
case of adding REM, Zr, Ti, Ca, and Al to the molten steel having the dissolved oxygen content Qof adjusted in the above
range,

(2) with regard to the a-group elements, both of REM and Zr are added simultaneously or either of REM and Zr is
added firstly and then the other is added within 5 min. after the first addition, and/or
(3) the b-group elements are added before the a-group elements are added and/or after the a-group elements are
added and, when the b-group elements are added before the a-group elements are added, the time period from the
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time when the addition of a first element in the b-group elements commences to the time when the addition of a first
element in the a-group elements commences is defined as t1 (min.) and, when the b-group elements are added
after the a-group elements are added, the time period from the time when the addition of a last element in the a-
group elements commences to the time when the addition of a first element in the b-group elements commences
is defined as t2 (min.), and the sum of t1 and t2 is controlled to be 3 min. or longer (0 ≤ t1 and 0 ≤ t2, t1 and t2 are
not zero).

Effect of the invention

[0011] By the present invention, since a prescribed amount of oxides (oxides containing Zr, REM, and Ca) acting as
nuclei of intragranular α transformation (α means ferrite or a mixed structure comprising ferrite and bainite, the same
shall apply hereafter) are formed and the sizes and the numbers (namely grain size distributions) of inclusions and
oxides existing in a steel material and the proportion of the number of inclusions containing prescribed elements in
specific relationship to the number of all inclusions are controlled appropriately, it is possible to provide a steel material
excellent in HAZ toughness at high heat input welding. In a steel material according to the present invention in particular,
since not only a prescribed amount or more of fine inclusions having circle equivalent diameters of 0.1 to 2 mm that are
useful for the improvement of HAZ toughness exist but also both the numbers of coarse oxides having circle equivalent
diameters exceeding 3 mm and ultra-coarse oxides having circle equivalent diameters exceeding 5 mm, it having been
obvious that those oxides adversely affect the improvement of HAZ toughness, are controlled significantly, and moreover
the proportion of the number of REM and Zr containing inclusions I in which the molar ratio of REM to Zr satisfies a
prescribed relationship and/or the proportion of the number of REM, Zr, Al, Ca, and Ti containing inclusions II in which
the ratio of the total mole number of REM and Zr to the total mole number of Al, Ca, and Ti satisfies a specific relationship
to the number of all the inclusions are controlled to a prescribed value or more, it is possible to enhance HAZ toughness
even when welding is applied with an input heat larger than the input heat adopted in a HAZ toughness evaluation
method disclosed in an example of Patent Literature 4.

Brief Description of the Drawings

[0012]

[Fig. 1] Fig. 1 shows an example of a sequence in the addition of elements when b-group elements are added before
and after a-group elements are added.
[Fig. 2] Fig. 2 is a graph showing the relationship between a left-hand value (Z value) in the expression (1) stipulated
in the present invention and the number of oxides having circle equivalent diameters exceeding 3 mm in an observation
visual filed area of 1 mm2.
[Fig. 3] Fig. 3 is a graph showing the relationship between the number of oxides having circle equivalent diameters
exceeding 3 mm in an observation visual filed area of 1 mm2 and an absorption energy at -40°C (vE-40).

Best Mode for Carrying Out the Invention

[0013] The present invention relates to a technology for obtaining a steel material having a HAZ toughness not dete-
riorating even when the steel material is welded with a higher input heat by improving the technology of using oxides
acting as nuclei of intragranular α transformation disclosed in Patent Literatures 1 to 4.
[0014] That is, the present inventors have studied in order to provide a steel material excellent in HAZ toughness at
high heat input welding of a higher level even after Patent Literature 4 is proposed. As a result, the present inventors
have found that, in order to provide a steel material excellent in HAZ toughness even when "heat cycle of cooling a steel
material for 400 sec. in the temperature range of 800°C to 500°C after the steel material is retained for 5 sec. at a heating
temperature of 1,450°C" (heat input conditions: 1,450°C x 5 sec., cooling time Tc is 400 sec.) that are conditions of a
higher input heat than Patent Literature 4 is applied, it is insufficient to merely reduce the number of oxides having circle
equivalent diameters exceeding 5.0 mm to not more than 5 like Patent Literature 4. And the present inventors have found
that it is extremely important that: the number of oxides  exceeding 3.0 mm to which documents including Patent Literature
4 have not heretofore paid attention at all is reduced and, when the composition of all inclusions included in a steel
material is measured, the proportion of the number of REM and Zr containing inclusions I satisfying the condition that
the molar ratio of REM to Zr (REM/Zr) is 0.6 to 1.4 to the number of all the inclusions included in the steel material is
30% or more; or the proportion of the number of REM, Zr, Al, Ca, and Ti containing inclusions II satisfying the condition
that the ratio of the total mole number of REM and Zr to the total mole number of Al, Ca, and Ti [(REM+Zr)/(Al+Ca+Ti)]
is 0.5 to 1.2 to the number of all the inclusions included in the steel material is 40% or more; and have completed the
present invention.



EP 2 666 880 A1

5

5

10

15

20

25

30

35

40

45

50

55

[0015] In this way, specific features of the present invention are that:

(a) the number of fine oxides having circle equivalent diameters of 0.1 to 2 mm which are useful for the improvement
of HAZ toughness is increased (to 120 pieces/mm2 or more);
(b) the number of oxides having circle equivalent diameters exceeding 5 mm which adversely affect the improvement
of HAZ toughness is reduced (to 5.0 pieces/mm2 or less);
(c) further the number of oxides having circle equivalent diameters exceeding 3 mm, it having been obvious for the
first time in the present invention that those oxides adversely affect the improvement of HAZ toughness, is reduced
(to 5.0 pieces/mm2 or less); and
(d) when the composition of all inclusions included in a steel material is measured, the proportion of the number of
REM and Zr containing inclusions I satisfying the condition that the molar ratio of REM to Zr (REM/Zr) is 0.6 to 1.4
to the number of all the inclusions included in the steel material is 30% or more or the proportion of the number of
REM, Zr, Al, Ca, and Ti containing inclusions II satisfying the condition that the ratio of the total mole number of
REM and Zr to the total mole number of Al, Ca, and Ti [(REM+Zr)/(Al+Ca+Ti)] is 0.5 to 1.2 to the number of all the
inclusions included in the steel material is 40% or more.

[0016] By having such specific features, it is possible to improve HAZ toughness even when welding is applied with
an input heat larger than an input heat in Patent Literature 4. That is, the present invention is characterized by stipulating
the requirements (c) and (d) in addition to the requirements (a) and (b) in relation to Patent Literature 4.
[0017] Strictly speaking, the requirement (a) is different from Patent Literature 4. The difference is that, whereas oxides
are focused on and the number of fine oxides in the oxides is controlled in Patent Literature 4, not only oxides but also
all inclusions existing in a steel material are focused on and the number of fine inclusions in the inclusions is controlled
in the present invention. As a result of studies by the present inventors, it has been clarified that oxides having large
circle equivalent diameters (hereafter abbreviated merely to "grain size" occasionally) (both oxides exceeding 3 mm and
oxides exceeding 5 mm in the present invention) largely influence the realization of a good HAZ toughness. Then by
controlling the large oxides so as not to be formed, it is possible to secure desired characteristics even when small
inclusions having grain sizes of 0.1 to 2 mm are not limited to oxides but expanded to all inclusions.
[0018] Further, it has been found that, in order to meet the requirement (c), it is insufficient to merely control a dissolved
oxygen content in molten steel before REM is added as disclosed in Patent Literature 4 and Patent Literatures 5 to 7
and it is extremely important to control the added REM amount QREM appropriately in accordance with a dissolved
oxygen content Qof in molten steel. Specifically, an amount of REM (QREM) satisfying the expression (1) below is added
in accordance with a dissolved oxygen content Qof in molten steel before REM is added. By so doing, it is possible to
inhibit REM-based oxides having large grain sizes and adversely influencing the realization of a desired HAZ toughness
from forming. Details including technological significance and the like of the following expression (1) will be  described later. 

[0019] Further, it has been clarified that, in order to meet the requirement on the proportion of the number of the
inclusions I in the requirement (d), it is necessary to pay attention to the sequence in the addition of REM and Zr and
the interval between the addition of REM and the addition of Zr and it is important to add both of REM and Zr simultaneously
or control the interval from the time when either of REM and Zr is added to the time when the other is added to within 5
min. when REM is added to molten steel having an adjusted dissolved oxygen content Qof.
[0020] Furthermore, it has been clarified that, in order to meet the requirement on the proportion of the number of the
inclusions II in the requirement (d), it is important to control the conditions for adding REM, Zr, Ti, Ca, and Al appropriately.
Specifically, when REM, Zr, Ti, Ca, and Al are divided into an a-group (REM and Zr) and a b-group (Ti, Ca, and Al), it
is necessary to pay attention to the sequence in the addition of the groups and the interval between the addition of the
two groups.
[0021] Details including technological significance of the requirement (d) will be described later.
[0022] In the present description, in order to distinguish oxides acting as nuclei of intragranular α transformation,
namely oxides containing Zr, REM, and Ca from all oxides included in a steel material, for convenience of explanation,
the former is particularly referred to as "Zr-REM-Ca-based oxides" and the latter is particularly referred to as " all oxide-
based inclusions" occasionally. The oxides here mean to include both individual oxides and composite oxides formed
by combining inclusions other than the oxides (for example, sulfides, nitrides, carbides, or a composite compound of
those). Further, indispensable components (Zr, REM, and Ca) constituting Zr-REM-Ca-based oxides are particularly
referred to as "intragranular α  transformation forming elements" occasionally.
[0023] Zr-REM-Ca-based oxides acting as the origins of intragranular α transformation are explained hereunder. The
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Zr-REM-Ca-based oxides mean substances indispensably including oxides of Zr, oxides of REM, and oxides of Ca.
Elements (intragranular α transformation forming elements) constituting the Zr-REM-Ca-based oxides are Zr, REM, and
Ca but, besides those, may also include oxide forming elements such as Ti, Mn, Si, and Al or other components existing
in steel.
[0024] The existence form of the Zr-REM-Ca-based oxides is not particularly limited and the Zr-REM-Ca-based oxides
may exist as either individual oxides containing intragranular α transformation forming elements individually or composite
oxides containing two or more intragranular α transformation forming elements. Examples of individual oxides are ZrO2
in the case of Zr, CaO in the case of Ca, and M2O3, MgO5, and MO2 in the case of REM when REM is represented by
the symbol "M". Further, the oxides may exist either in the state where they agglutinate or in the state where other
compounds such as sulfides and nitrides precipitate compositely in the oxides.
[0025] It is preferable that the Zr-REM-Ca-based oxides further contain oxides of Ti. When oxides of Ti exist further,
intragranular α transformation is accelerated and the improvement of HAZ toughness is enhanced further. Oxides of Ti
may exist either as individual oxides (Ti2O3, Ti3O5, or TiO2 for example) or in the form of composite oxides including at
least one kind of the Zr-REM-Ca-based oxides and Ti.
[0026] Further, in a steel material according to the present invention, besides the aforementioned oxides, sulfides,
nitrides, carbides, or a composite compound of those are also included and oxides, sulfides, nitrides, carbides, and a
composite compound of those contained in a steel material are collectively referred to as "all inclusions" in the present
description.
[0027] In the present description furthermore, among all oxide-based inclusions included in a steel material, oxides
having circle equivalent diameters of 0.1 to 2 mm are referred to as "fine oxides", oxides having circle equivalent diameters
exceeding 3 mm as "coarse oxides", and oxides having circle equivalent diameters exceeding 5 mm as "ultra-coarse
oxides" respectively and they are distinguished from each other in some cases. Although oxides having circle equivalent
diameters exceeding 5 mm are defined as "coarse oxides" in Patent Literature 4, oxides having circle equivalent diameters
exceeding 3 mm are defined as "coarse oxides" in the present description.
[0028] In the present description, "a steel material excellent in HAZ toughness at high heat input welding" means a
steel material having an absorption energy at -40°C (vE-40) of 130 J or more when a heat cycle (heat history) of retaining
the steel material for 5 sec. at 1,450°C and thereafter cooling the steel material for 400 sec. from 800°C to 500°C. (heat
input conditions: 1,450°C x 5 sec., cooling time Tc is 400 sec.) is given to the steel material. The larger a value of vE-40,
the better and a preferable vE-40 value is 150 J or more. The above heat cycle may sometimes be referred to as "high
heat input heat history". The input heat given by the heat cycle is larger than the input heat given by a heat cycle described
in Patent Literatures 1 and 4 and in that sense the input heat level at "high heat input welding" in the present invention
is different from the heat input level at "high heat input welding" described in Patent Literatures 1 and 4.
[0029] The temperature in the heat cycle is set at 1,450°C in the present invention in consideration of the fact that
heating temperature of a site particularly adjacent to weld metal (referred to as a bond site occasionally) in a HAZ exceeds
1,400°C and reaches about 1,450°C.
[0030] The requirements (a) to (c) constituting the present invention are hereunder explained in detail.

[With regard to (a) average composition of oxides]

[0031] A steel material according to the present invention satisfies the conditions that the ZrO2 content is 5% to 50%,
the REM oxide (M2O3 when REM is expressed by the symbol M) content is 5% to 50%, and the CaO content is 50% or
less (excluding 0%) in average when the composition of all oxide-based inclusions included in the steel material is
measured and then expressed in terms of the mass of the individual oxides (100% in total) and thereby they function
effectively as nuclei of intragranular α transformation. If the respective oxide contents are lower than the relevant lower
limits, the amount of oxides acting as nuclei of intragranular α transformation during welding is insufficient and the
function of improving HAZ toughness is not exhibited. On the other hand, if the respective oxide contents exceed the
relevant upper limits, oxides coarsen, the number of fine oxides effectively acting as nuclei of intragranular α transfor-
mation reduces, and the function of improving HAZ toughness is not effectively exhibited.
[0032] The ZrO2 content is 5% or more, preferably 8% or more, and yet preferably 10% or more. On the other hand,
the upper limit thereof is 50%, preferably 45%, and yet preferably 40%.
[0033] The REM oxide content is 5% or more, preferably 10% or more, and yet preferably 13% or more. On the other
hand, the upper limit thereof is 50%, preferably 45%, and yet preferably 40%. Here the REM oxides exist in the forms
of M2O3, M3O5, and MO2 in a steel material when REM is expressed by the symbol M and a REM oxide content means
an amount obtained by converting all REM oxides into M2O3 in the present invention.
[0034] CaO functions effectively as nuclei of intragranular α transformation but, if it is contained excessively, the ability
of intragranular α transformation rather deteriorates. Further, if CaO is contained excessively, a nozzle used during
casting melts and is damaged. Consequently, the upper limit thereof is set at 50%, preferably 45% or less, yet preferably
40% or less, and still  yet preferably 30% or less. In order to effectively exhibit the above function, CaO is contained by
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preferably 3% or more, yet preferably 5% or more, and still yet preferably 10% or more.
[0035] Here, the other components in the composition of the all oxide-based inclusions are not particularly limited and
the examples are oxides of oxide forming elements (SiO2, Al2O3, and MnO for example) included in a steel material
according to the present invention.
[0036] The composition of all oxide-based inclusions included in a steel material can be measured by observing the
surface of the steel material with an electron probe X-ray micro analyzer (EPMA) for example and quantitatively analyzing
oxides recognized in an observation visual field. Details of the measurement conditions are explained in the section of
the examples that will be described later.

[With regard to (b) grain size distribution of all inclusions]

[0037] The numbers and the sizes of all inclusions characterizing the present invention are explained hereunder. A
steel material according to the present invention is a steel material satisfying all of the following conditions that;

(i) the number of fine inclusions having circle equivalent diameters of 0.1 to 2 mm is not less than 120 in an observation
visual field area of 1 mm2,
(ii) the number of coarse oxides having circle equivalent diameters exceeding 3 mm is not more than 5.0 in an
observation visual field area of 1 mm2, and
(iii) the number of ultra-coarse oxides having circle equivalent diameters exceeding 5 mm is not more than 5.0 in
an observation visual field area of 1 mm2. In particular, the greatest characteristic of the present invention is that
both the conditions (ii) and (iii) are stipulated with regard to oxides having large circle equivalent diameters (grain
sizes).

[0038] Here, to satisfy both the requirements (ii) and (iii) means  namely that the number of oxides having grain sizes
of more than 3 mm to not more than 5 mm is as small as 5.0 or less. That is, it has been clarified for the first time as a
result of the study by the present inventors that, in order to secure a very high HAZ toughness of vE-40 ≥ 130 J even
when a high heat input heat history is applied in the present invention, it is extremely important to reduce the oxides
having "grain sizes of more than 3 mm to not more than 5 mm which have not been focused on at all in Patent Literature
4 and, when the number of oxides in the above range cannot be controlled, the oxides act as the origin of brittle fracture
and HAZ toughness deteriorates.
[0039] The technological significance of the requirements (ii) and (iii) is hereunder explained in detail in reference to
Tables 5 and 6 below of the examples.
[0040] Nos. 1 to 32 in Table 5 are the cases of satisfying all the requirements stipulated in the present invention.
According to study focused on the requirements (ii) and (iii), the number of oxides exceeding 3 mm is controlled to 4.64
even in the case of No. 5 where the number of oxides exceeding 5 mm is largest (1.440 oxides) in Nos. 1 to 32 and as
a result a good HAZ toughness is secured.
[0041] On the other hand, Nos. 35 to 38, 49, 53, 54, and 61 in Table 6 are the cases of satisfying the requirement (iii)
but not satisfying the requirement (ii). Specifically, although the oxides exceeding 5 mm are suppressed to 0.440 to 2.250
pieces, namely not more than 5.0 pieces, the oxides exceeding 3 mm are more than 5.0 pieces and increase to 5.71 to
10.65 pieces and as a result a desired HAZ toughness is not obtained.
[0042] Here, it is obvious that Nos. 35 to 38, 49, 53, 54, and 61 stated above are the cases included in the range of
Patent Literature 4 on the point that they satisfy the requirement (iii) but a desired HAZ toughness stipulated in the
present invention is not attained in the cases of not satisfying the requirement (ii) even when the cases are included in
the range of Patent Literature 4. For that reason, the requirement (ii) is further stipulated as a requirement for securing
a desired HAZ toughness in addition to the requirement (iii) in the present invention.
[0043] Further, it is understood from the requirements (ii) and (iii) that particularly the number of oxides of more than
3 mm to not more than 5 mm deeply relates to the attainment of a desired HAZ toughness. That is, it has been an
unexpected finding for the present inventors that, oxides exceeding 5.0 pieces may exist in the very narrow range of
more than 3 mm to not more than 5 mm in some manufacturing conditions and a desired HAZ toughness is not obtained
only by the existence of coarse oxides exceeding 5.0 pieces in the range of more than 3 mm to not more than 5 mm even
if the number of fine oxides in the region of the requirement (i) is greatly increased and the number of ultra-coarse oxides
in the region of the requirement (iii) is reduced.
[0044] Detailed mechanism on why a desired HAZ toughness is secured by satisfying both the requirements (ii) and
(iii) is not obvious but, if a temperature exceeds 1,400°C and reaches 1,450°C, disappearance of TiN advances accel-
eratedly and toughness deteriorates. It is estimated however that such deterioration of toughness can be suppressed
by reducing the oxides of more than 3 mm to not more than 5 mm.
[0045] As stated above, in the present invention, it is necessary to satisfy both the requirements (ii) and (iii) simulta-
neously. That is, the number of coarse oxides having grain sizes exceeding 3 mm is set at 5.0 or less and the number
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of ultra-coarse oxides having grain sizes exceeding 5 mm is also set at 5.0 or less. The smaller the numbers are, the
better. In both the cases, the numbers are preferably 3.0 or less, yet preferably 2.0 or less, still yet preferably 1.0 or less,
and ultimately preferably zero. Specifically, it is desirable to appropriately control the numbers including the balance of
both the numbers and it is more desirable to reduce the number of ultra-coarse oxides having grain sizes  exceeding 5
mm rather than coarse oxides having grain sizes exceeding 3 mm in the range of the present invention (not more than
5.0 pieces in both the cases). More specifically, whereas a better HAZ toughness is obtained as the number of ultra-
coarse oxides approaches the lower limit (zero), then the number is preferably about 1.0 or less, and a number ultimately
closer to zero is the best, the number of coarse oxides may be acceptable even if the number is close to the upper limit
(5.0) and even the number of 4.0 or less is preferably accepted.
[0046] Here, the number of oxides having circle equivalent diameters exceeding 3 mm and the number of oxides having
circle equivalent diameters exceeding 5 mm can be obtained by observing a cross-section of a steel material for example
with an EPMA, quantitatively analyzing the component composition of inclusions recognized in an observation visual
field, regarding the inclusions having oxygen contents of 5% or more as oxides, and observing and measuring the circle
equivalent diameters of the oxides for example with a scanning-type electron microscope (SEM).
[0047] The requirements (ii) and (iii) characterizing the present invention have heretofore been described in detail.
[0048] In a steel material according to the present invention, as stipulated in the requirement (i), it is necessary to set
the number of fine inclusions having circle equivalent diameters of 0.1 to 2 mm at not less than 120 in an observation
visual field area of 1 mm2. The number of fine inclusions is set at not less than 120 in an observation visual field area
of 1 mm2, preferably not less than 200 per 1 mm2, yet preferably not less than 500 per 1 mm2, and still yet preferably
not less than 700 per 1 mm2.
[0049] Here, the number of fine inclusions having circle equivalent diameters of 0.1 to 2 mm may be obtained by
observing and measuring a cross-section of a steel material for example with SEM.
[0050]   In a steel material according to the present invention, inclusions having circle equivalent diameters of less
than 0.1 mm scarcely contribute to the improvement of HAZ toughness by the dispersion of inclusions and hence are
not included in the number of the aforementioned inclusions.
[0051] A "circle equivalent diameter" stated above is a diameter of a circle assumed so as to have the same area as
inclusions (including oxides) and can be recognized on an observation plane of an SEM.
[0052] [With regard to (c) the proportion of the number of REM and Zr containing inclusions I satisfying the condition
that a REM/Zr ratio is 0.6 to 1.4 and the proportion of the number of REM, Zr, Al, Ca, and Ti containing inclusions II
satisfying the condition that a (REM+Zr)/(Al+Ca+Ti) ratio is 0.5 to 1.2]
The HAZ toughness of a steel material according to the present invention is further enhanced by, in addition to appro-
priately adjusting the numbers and the sizes of all inclusions, satisfying the following requirements when the composition
of all the inclusions included in the steel material is measured;

(c-1) the proportion of the number of REM and Zr containing inclusions I (hereunder merely referred to as inclusions
I occasionally) satisfying the condition that a molar ratio of REM to Zr (REM/Zr) is 0.6 to 1.4 to the number of all the
inclusions is 30% or more, or
(c-2) the proportion of the number of REM, Zr, Al, Ca, and Ti containing inclusions II (hereunder merely referred to
as inclusions II occasionally) satisfying the condition that a ratio of the total mole number of REM and Zr to the total
mole number of Al, Ca, and Ti [(REM+Zr)/(Al+Ca+Ti)] is 0.5 to 1.2 to the number of all the inclusions is 40% or more.

[0053] With regard to the requirements (c-1) and (c-2), it is only necessary to satisfy at least either of the two require-
ments and it is acceptable to satisfy both the two requirements as a matter of  course.
[0054] The requirement (c-1) specifies a molar ratio of REM/Zr and the proportion of the number of the inclusions I
required for realizing a desired HAZ toughness with regard to inclusions containing REM and Zr in intragranular α
transformation forming elements (REM, Zr, and Ca). Meanwhile, the requirement (c-2) specifies a molar ratio of (REM+Zr)
/(Al+Ca+Ti) and the proportion of the number of the inclusions II required for realizing a desired HAZ toughness with
regard to inclusions containing intragranular α transformation forming elements (Zr, REM, and Ca) and other elements
constituting inclusions (Ti and Al).
[0055] That is, as it will be obvious in the examples described later, it has been found that the values of toughness in
steel materials vary even when the requirements (a) and (b) are nearly identical. That is, an absorption energy at -40°C
(vE-40) of 100 J or more can be attained even when high heat input welding is applied by controlling the average
composition of oxides and the sizes and the grain size distribution of inclusions as stipulated by the requirements (a)
and (b) and further a vE-40 of 130 J or more can be attained by controlling the proportion of the number of the inclusions
I stipulated in the requirement (c-1) and/or the proportion of the number of the inclusions II stipulated in the requirement
(c-2), in addition to the requirements (a) and (b).
[0056] With regard to the requirement (c-1), in No. 2 shown in Table 5 and No. 33 shown in Table 6 for example, the
difference of 42 J is caused in absorption energy at -40°C (vE-40) in spite of the fact that the grain size distributions of
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all the inclusions stipulated in the requirement (b) are nearly identical. Then as a result of further studies by the present
inventors, it has been found that, with regard to REM and Zr constituting inclusions, in the case (No. 2) where the
proportion of the number of the inclusions I satisfying the condition that a molar ratio of REM to Zr (REM/Zr) is 0.6 to
1.4 to the number of all inclusions is controlled to 30% or more, the ability of intragranular α  transformation is excellent
and HAZ toughness is good but, in the case (No. 33) where the proportion of the number of the inclusions I satisfying
the condition is less than 30%, a desired HAZ toughness is not secured. REM and Zr are elements of forming oxides
acting as nuclei of intragranular α transformation and it is found that the proportion of the number of the inclusions I to
the number of all inclusions and HAZ toughness are well correlated and thus the requirement (c-1) is stipulated. That
is, it has been found that the inclusions I satisfying the condition that a REM/Zr ratio is 0.6 to 1.4: are superior in the
ability of intragranular α transformation to inclusions having REM/Zr ratios of less than 0.6 or more than 1.4; and hence
contribute to further miniaturizing a metallographic structure at a HAZ and improving HAZ toughness.
[0057] Then by setting the proportion of the number of the inclusions I to the number of all inclusions at 30% or more,
it is possible to attain an absorption energy at -40°C (vE-40) of 130 J or more even when high heat input welding is
applied. The larger the proportion of the number of the inclusions I to the number of all inclusions, the better and the
proportion is preferably 40% or more and yet preferably 50% or more. The larger the proportion of the number of the
inclusions I, the better and the proportion is ultimately preferably 100%.
[0058] With regard to the requirement (c-2) too, in the same manner as the requirement (c-1), in No. 17 shown in
Table 5 and No. 51 shown in Table 6 for example, the difference of 36 J is caused in absorption energy at -40°C (vE-40)
in spite of the fact that the grain size distributions of all the inclusions stipulated in the requirement (b) are nearly identical.
Then as a result of further studies by the present inventors, it has been found that, with regard to REM, Zr, Ti, Ca, and
Al constituting inclusions, in the case (No. 17) where the proportion of the number of the inclusions II satisfying the
condition that a ratio of the total mole number of REM and Zr to the total mole number of Al, Ca, and Ti [(REM+Zr)/
(Al+Ca+Ti)] is 0.5 to 1.2 to the number of all inclusions is controlled to 40% or more, intragranular α transformation is
accelerated and HAZ toughness is good but, in the case (No. 51) where the proportion of the number of the inclusions
II satisfying the ratio is less than 40%, a desired HAZ toughness is not secured.
[0059] In the inclusions II having (REM+Zr)/(Al+Ca+Ti) ratios satisfying the aforementioned range, REM and Zr in
elements acting as nuclei of intragranular α transformation are controlled appropriately in relation to other elements (Al,
Ca, and Ti) constituting inclusions, hence intragranular α transformation is accelerated, a metallographic structure at a
HAZ is miniaturized further, and hence HAZ toughness improves.
[0060] That is, as a result of studies on the relationship between the component composition of inclusions dispersing
in steel and HAZ toughness, it has been found that inclusions themselves acting as nuclei of intragranular α transformation
have to have a good consistency with an α phase in order to miniaturize a metallographic structure by forming an
intragranular α phase in a HAZ. It has been clarified through experiments by the present inventors that inclusions
containing Ti, in addition to REM and Zr, are effective as inclusions having a good consistency with an α phase. In order
to grow an intragranular α phase formed by using inclusions containing REM, Zr, and Ti as origins in a succeeding
austenite phase however, it is also desired that the consistency between the inclusions themselves containing REM,
Zr, and Ti and an austenite phase is also good. Thus the present inventors have further studied in order to improve the
consistency between the inclusions containing REM, Zr, and Ti and an austenite phase and have found that it is possible
to control intragranular α transformation by controlling the melting point of the inclusions. That is, when inclusions melt
once in an austenite phase during welding, the affinity between the molten inclusions and the austenite phase increases
and the inclusions are crystallized during cooling while the consistency with the ambient austenite phase is retained.
When the temperature lowers further, an α phase starts to form, on that occasion inclusions having a good consistency
with the α phase form  preferentially, the α phase formed from the inclusions has a good consistency with austenite too,
hence intragranular α transformation is accelerated, and the effect of improving HAZ toughness by the miniaturization
of crystal is obtained.
[0061] Then the present inventors have investigated, with regard to inclusions containing REM, Zr, and Ti, the behavior
of the melting point of inclusions with a high temperature laser microscope in order to find a component composition
region where the melting point lowers. As a result, it has been clarified that the melting point of inclusions containing
REM, Zr, and Ti is influenced by the contents of Ca and Al and, when a (REM+Zr)/(Al+Ca+Ti) ratio in terms of the mole
number of the elements is in the range of 0.5 to 1.2, the melting point of the inclusions lowers locally and the ability of
intragranular α transformation increases.
[0062] That is, it has been found that the inclusions II satisfying the condition that the (REM+Zr)/(Al+Ca+Ti) ratios are
0.5 to 1.2 are excellent in intragranular α transformation in comparison with inclusions having (REM+Zr)/(Al+Ca+Ti)
ratios of lower than 0.5 or higher than 1.2, hence further miniaturize a metallographic structure at a HAZ, and contribute
to the improvement of HAZ toughness.
[0063] The composition of inclusions included in a steel material may be obtained by observing a cross-section of the
steel material for example with an EPMA and quantitatively analyzing the component composition of the inclusions
recognized in an observation visual field and the proportion of the number of the inclusions I and the proportion of the
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number of the inclusions II to the number of all inclusions may be obtained after the composition of all inclusions included
in the steel material is measured. Here, in a steel material according to the present invention, the composition of inclusions
having circle equivalent diameters of 0.1 mm or more is quantitatively analyzed. The reason is that inclusions having
circle equivalent diameters of less  than 0.1 mm are too small to be quantitatively analyzed with a high degree of accuracy.
[0064] The component composition of a steel material (base material) according to the present invention is explained
hereunder. A steel material according to the present invention contains, as the basic components, C: 0.02% to 0.15%,
Si: 0.5% or less (excluding 0%), Mn: 2.5% or less (excluding 0%), P: 0.03% or less (excluding 0%), S: 0.02% or less
(excluding 0%), Al: 0.050% or less (excluding 0%), N: 0.010% or less (excluding 0%), Ti: 0.005% to 0.10%, Zr: 0.0005%
to 0.050%, REM: 0.0003% to 0.015%, and Ca: 0.0003% to 0.010%. The reasons why such ranges are decided are as
follows.
[0065] C is an element indispensable for securing the strength of a steel material (base material) and must be contained
by 0.02% or more. A C content is set at preferably 0.04% or more and yet preferably 0.05% or more. If a C content
exceeds 0.15% however, insular martensite (MA) is formed abundantly at a HAZ during welding and not only causes
the toughness of a HAZ to deteriorate but also adversely affects the weldability. Consequently, a C content is set at
0.15% or less, preferably 0.10% or less, and yet preferably 0.08% or less.
[0066] Si is an element that has a deoxidation function and contributes to improving the strength of a steel material
(base material) by solid-solution strengthening. It is preferable to contain Si by 0.01% or more in order to effectively
exhibit such functions. An Si content is set at yet preferably 0.05% or more and still yet preferably 0.1% or more. If an
Si content exceeds 0.5% however, the weldability and toughness of a steel material deteriorate and hence an Si content
has to be suppressed to not more than 0.5%. An Si content is set at preferably 0.3% or less, yet preferably 0.25% or
less, and still yet preferably 0.21% or less.
[0067] Mn is an element contributing to improving the strength of a steel material (base material). If an Mn content
exceeds 2.5%  however, the weldability of a steel material (base material) deteriorates. Consequently, an Mn content
must be suppressed to not more than 2.5%. An Mn content is set at preferably 2.30% or less and yet preferably 2.0%
or less. Meanwhile, it is preferable to contain Mn by 0.2% or more in order to effectively exhibit the above effect. An Mn
content is set at yet preferably 0.40% or more, still yet preferably 0.60% or more, and particularly preferably 0.8% or more.
[0068] P is an element likely to segregate and deteriorates HAZ toughness particularly by segregating at crystal grain
boundaries in a steel material. Consequently, a P content has to be suppressed to 0.03% or less. A P content is set at
preferably 0.02% or less and yet preferably 0.015% or less. Meanwhile, usually P is unavoidably contained by about
0.001%.
[0069] S is a harmful element that forms sulfides (MnS) by combining with Mn and deteriorates the toughness and
ductility in the plate thickness direction of α base material. Further, if S combines with REM such as La and Ce and
forms sulfides of REM (LaS and CeS for example), oxides of REM are inhibited from forming and hence HAZ toughness
deteriorates. Consequently, an S content has to be suppressed to 0.02% or less. An S content is set at preferably 0.015%
or less, yet preferably 0.010% or less, and still yet preferably 0.006% or less. Meanwhile, usually S is unavoidably
contained by about 0.0005%.
[0070] Al is an element functioning as a deoxidizing agent. If Al is excessively added however, Al reduces oxides,
coarse Al oxides are formed, and HAZ toughness deteriorates. Consequently, an Al content has to be suppressed to
0.050% or less. An Al content is set at preferably 0.04% or less, yet preferably 0.03% or less, still yet preferably 0.025%
or less, and particularly preferably 0.010% or less. Meanwhile, usually Al is unavoidably contained by about 0.0005%.
[0071] N is an element precipitating nitrides (ZrN and TiN for  example) and the nitrides prevent austenite grains
formed at a HAZ during welding from coarsening by a pinning effect, accelerate intragranular α transformation, and
contribute to the improvement of HAZ toughness. N forms nitrides more and accelerates the miniaturization of austenite
grains more as it increases and hence N acts effectively on the improvement of toughness at a HAZ. If an N content
exceeds 0.010% however, the content of solute N increases, the toughness of a base material itself deteriorates, and
HAZ toughness also deteriorates. Consequently, an N content has to be suppressed to 0.010% or less. An N content
is set at preferably 0.0090% or less and yet preferably 0.008% or less. Meanwhile, it is preferable to contain N by 0.003%
or more in order to effectively exhibit the above effect. An N content is set at yet preferably 0.004% or more and still yet
preferably 0.005% or more.
[0072] Ti is an element that forms nitrides such as TiN and oxides containing Ti in a steel material and contributes to
the improvement of HAZ toughness. Ti has to be contained by 0.005% or more in order to exhibit the effect. A Ti content
is preferably 0.007% or more and yet preferably 0.010% or more. If Ti is excessively added however, a base material
itself hardens by solid-solution strengthening of Ti, the lowering of HAZ toughness is caused, and hence Ti has to be
suppressed to 0.10% or less. A Ti content is set at preferably 0.07% or less and yet preferably 0.06% or less.
[0073] Zr is an element that forms composite oxides including Zr and contributes to the improvement of HAZ toughness.
Zr has to be contained by 0.0005% or more in order to exhibit the function. A Zr content is preferably 0.0015% or more
and yet preferably 0.0020% or more. If Zr is excessively added however, coarse Zr oxides (ZrO2 for example) are formed
abundantly and HAZ toughness deteriorates. Consequently, a Zr content is suppressed to 0.050% or less. A Zr content
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is set at preferably 0.04% or less, yet preferably 0.03% or less, and still yet preferably 0.01% or less.
[0074]   REM (rare-earth elements) and Ca are elements necessary for forming respective oxides. By containing such
oxides, the oxides are likely to disperse finely and the finely dispersing oxides act as nuclei of intragranular α transformation
and hence contribute to the improvement of HAZ toughness.
[0075] REM should be contained by 0.0003% or more and a REM content is set at preferably 0.001% or more and
yet preferably 0.0020% or more. If REM is excessively added however, solute REM forms and segregates and thereby
the toughness of a base material deteriorates. Consequently, a REM content should be suppressed to 0.015% or less.
A REM content is set at preferably 0.010% or less and yet preferably 0.007% or less. Here, REM in the present invention
includes lanthanoid elements (15 elements from La to Lu), Sc (scandium), and Y (yttrium). Among those elements, it is
preferable to contain at least one element selected from the group consisting of La, Ce, and Y and it is yet preferable
to contain La and/or Ce.
[0076] Ca should be added by 0.0003% or more and a Ca content is set at preferably 0.0005% or more, yet preferably
0.0008% or more, and still yet preferably 0.001% or more. If Ca is excessively added however, coarse Ca sulfides form
and the toughness of a base material deteriorates. Further, if Ca is excessively added, CaO forms excessively, inclusions
of high CaO concentrations form, the composition deviates from an optimum inclusion composition range, hence the
effect of the inclusions in functioning as intragranular transformation nuclei weakens, and HAZ toughness rather dete-
riorates. Consequently, a Ca content is suppressed to 0.010% or less. A Ca content is preferably 0.009% or less, yet
preferably 0.008% or less, and still yet preferably 0.005% or less.
[0077] A steel material according to the present invention contains the above elements as indispensable components
and an O (oxygen) content is 0.0005% to 0.010%. An oxygen content here is a total oxygen content and means the total
content of oxygen constituting oxides and free oxygen dissolving in a steel material. The residual components of a steel
material may be iron and unavoidable impurities (Mg, As, Se, etc. for example).
[0078] It is also effective that a steel material according to the present invention further contains the following elements
as other elements;

[1] Cu: 2% or less (excluding 0%) and/or Ni: 3.5% or less (excluding 0%),
[2] Cr: 3% or less (excluding 0%) and/or Mo: 1% or less (excluding 0%),
[3] Nb: 0.25% or less (excluding 0%) and/or V: 0.1% or less (excluding 0%), and
[4] B: 0.005% or less (excluding 0%).

The reasons why the ranges are set are as follows.

«[1] Cu and/or Ni»

[0079] Both Cu and Ni are elements contributing to enhancing the strength of a steel material and can be added
individually or compositely.
[0080] If a Cu content exceeds 2% however, the strength of a base material increases excessively, the toughness of
the base material rather deteriorates, and hence HAZ toughness also lowers. Consequently, a Cu content is set at
preferably 2% or less, yet preferably 1.8% or less, and still yet preferably 1.5% or less. Meanwhile, in order to effectively
exhibit the function by the addition of Cu, it is preferable to contain Cu by 0.05% or more. A Cu content is set at yet
preferably 0.1% or more and still yet preferably 0.20% or more.
[0081] If an Ni content exceeds 3.5%, in the same manner as Cu, the strength of a base material increases excessively,
the toughness of the base material deteriorates, and hence HAZ toughness also lowers. Consequently, an Ni content
is set at preferably 3.5% or less, yet preferably 3.0% or less, and still yet preferably 2.5% or less. Meanwhile, in order
to effectively exhibit the function by the addition of Ni, it is preferable to  contain Ni by 0.05% or more. An Ni content is
set at yet preferably 0.1% or more and still yet preferably 0.2% or more.

«[2] Cr and/or Mo»

[0082] Both Cr and Mo are elements contributing to enhancing the strength of a steel material and can be added
individually or compositely.
[0083] If a Cr content exceeds 3% however, the strength of a base material increases excessively, the toughness of
the base material deteriorates, and hence HAZ toughness lowers. Consequently, a Cr content is set at preferably 3%
or less, yet preferably 2% or less, and still yet preferably 1.0% or less. Meanwhile, in order to effectively exhibit the
function by the addition of Cr, it is preferable to contain Cr by 0.05% or more. A Cr content is set at yet preferably 0.1%
or more and still yet preferably 0.15% or more.
[0084] If an Mo content exceeds 1%, in the same manner as Cr, the strength of a base material increases excessively,
the toughness of the base material deteriorates, and hence HAZ toughness lowers. Consequently, an Mo content is set
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at preferably 1% or less, yet preferably 0.9% or less, and still yet preferably 0.8% or less. Meanwhile, in order to effectively
exhibit the function by the addition of Mo, it is preferable to contain Mo by 0.05% or more. An Mo content is set at yet
preferably 0.1% or more and still yet preferably 0.15% or more.

«[3] Nb and/or V»

[0085] Both Nb and V are elements that precipitate as carbonitrides, prevent austenite grains from coarsening during
welding by the pinning effect of the carbonitrides, and have the function of improving HAZ toughness. Nb and V can be
added individually or compositely.
[0086] If an Nb content exceeds 0.25% however, precipitating carbonitrides coarsen and HAZ toughness rather de-
teriorates. Consequently, an Nb content is set at preferably 0.25% or less, yet  preferably 0.2% or less, and still yet
preferably 0.15% or less. Meanwhile, in order to effectively exhibit the function by the addition of Nb, it is preferable to
contain Nb by 0.002% or more. An Nb content is set at yet preferably 0.010% or more and still yet preferably 0.02% or more.
[0087] If a V content exceeds 0.1%, in the same manner as Nb, precipitating carbonitrides coarsen and HAZ toughness
rather deteriorates. Consequently, a V content is set at preferably 0.1% or less, yet preferably 0.09% or less, and still
yet preferably 0.08% or less. Meanwhile, in order to effectively exhibit the function by the addition of V, it is preferable
to contain V by 0.002% or more. A V content is set at yet preferably 0.005% or more and still yet preferably 0.01% or more.

« [4] B (boron)»

[0088] B is an element that suppresses the formation of grain boundary ferrite and improves toughness. If a B content
exceeds 0.005% however, B precipitates as BN at austenite grain boundaries and toughness is caused to lower. Con-
sequently, a B content is set at preferably 0.005% or less, yet preferably. 0.004% or less, and still yet preferably 0.0030%
or less. Meanwhile, in order to effectively exhibit the functions by the addition of B, it is preferable to contain B by 0.001%
or more. A B content is set at yet preferably 0.0015% or more.
[0089] A method of manufacturing a steel material according to the present invention that can be adopted appropriately
is hereunder explained.
[0090] In order to manufacture a steel material according to the present invention,

(1) REM has to be added to molten steel having a dissolved oxygen content QOf adjusted in the range of 0.0003%
to 0.01% by mass so that the dissolved oxygen content QOf and an added REM amount QREM in the molten steel
may satisfy the following expression (1),

[0091] Further, it is also important that REM, Zr, Ti, Ca, and Al are added to the molten steel having the dissolved
oxygen content QOf adjusted in the above range so that the conditions of adding the elements may satisfy the following
requirements (2) and/or (3) when REM and Zr are regarded as a-group elements and Ti, Ca, and Al are regarded as b-
group elements;

(2) with regard to the a-group elements, both of REM and Zr are added simultaneously or either of REM and Zr is
added firstly and then the other is added within 5 min. after the first addition, and/or
(3) the b-group elements are added before the a-group elements are added and/or after the a-group elements are
added and, when the b-group elements are added before the a-group elements are added, the time period from the
time when the addition of a first element in the b-group elements commences to the time when the addition of a first
element in the a-group elements commences is defined as t1 (min.) and, when the b-group elements are added
after the a-group elements are added, the time period from the time when the addition of a last element in the a-
group elements commences to the time when the addition of a first element in the b-group elements commences
is defined as t2 (min.), and the sum of t1 and t2 is controlled to be 3 min. or longer (0 ≤ t1 and 0 ≤ t2, t1 and t2 are
not zero).

Detailed explanations are made hereunder.

[(1) With regard to relationship between dissolved oxygen content and added REM amount in molten steel]

[0092] The expression (1) is set in order to secure a desired HAZ toughness stipulated in the present invention and
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it is possible to secure a desired HAZ toughness by appropriately controlling an added REM amount QREM in accordance
with a dissolved oxygen content QOf in molten steel on the basis of the expression (1) (refer to examples that will be
described later).
[0093] Here, the coefficient on the left side of the expression (1) is  a value based on the reaction formula in forming
oxides of REM in molten steel shown by the following expression (2), 

[0094] That a dissolved oxygen content QOf and an added REM amount QREM in molten steel satisfy the expression
(1) means that an added REM amount QREM relating to the formation of oxides of REM is set so as to be reduced. It is
estimated that, as a result, the number of formed REM oxides also reduces, resultantly the numbers of coarse and ultra-
coarse oxides reduce in the ranges of the present invention, and a desired HAZ toughness is secured.
[0095] If a Z value exceeds -12.00, the balance between a dissolved oxygen content QOf and an added REM amount
QREM in molten steel deteriorates, the added REM amount QREM increases, and coarse REM oxides form. As a result,
HAZ toughness lowers. Consequently, a Z value is set at -12.00 or less. A Z value is preferably -12.25 or less, yet
preferably -12.50 or less, and still yet preferably -12.75 or less. The lower limit of a Z value is not particularly limited but
about -15 in consideration of a REM content in steel and others.
[0096] Meanwhile, the expression (1) is not taken into consideration at all in Patent Literature 4. As a result, there
have been some cases where the relationship of the expression (1) is not satisfied and an added REM amount QREM
is increased so that the value on the left side of the expression (1) (Z value) may exceed -12.00. Further, in Patent
literatures 5 to 7, although to add REM to molten steel having an adjusted dissolved oxygen content QOf is described,
to decide an added REM amount QREM in accordance with a dissolved oxygen content QOf and add REM is not taken
into consideration at all. Furthermore, in Patent literatures 5 to 7, since to use REM, Zr, and Ca in combination is not
described, oxides containing Zr, REM, and Ca (Zr-REM-Ca-based oxides) having such a HAZ toughness improvement
function as stipulated in the present invention are not obtained originally.
[0097]   An added REM amount QREM and a dissolved oxygen content QOf constituting the expression (1) are explained
hereunder.
[0098] Firstly, an added REM amount QREM may be added arbitrarily in accordance with a dissolved oxygen content
QOf as stated above. Here, an added REM amount QREM is set so as to be larger than the amount of REM contained
in a steel material according to the present invention. The reason is that the REM added before casting volatilizes during
a casting process and the like and disperses into slag and the amount of the REM contained in a steel material reduces.
[0099] Further, a dissolved oxygen content QOf in molten steel is set in the range of 0.0003% to 0.01% by mass.
Dissolved oxygen means oxygen that does not form oxides and exists in molten steel in a free state. That is, in order to
manufacture a steel material according to the present invention, firstly as a prerequisite, a dissolved oxygen content QOf
in molten steel is adjusted in the range of 0.0003% to 0.01% by mass. If a dissolved oxygen content QOf in molten steel
is less than 0.0003% by mass, the dissolved oxygen content QOf in the molten steel is insufficient, hence a prescribed
amount of Zr-REM-Ca-based oxides acting as nuclei of intragranular α transformation are not secured, and HAZ tough-
ness is not improved. Further, if a dissolved oxygen content QOf is insufficient, since Zr that has not been able to form
oxides forms carbides or REM and Ca form sulfides, the toughness of a base material itself is caused to deteriorate.
Consequently, a dissolved oxygen content QOf is set at 0.0003% or more by mass. A dissolved oxygen content QOf is
preferably 0.001% or more by mass and yet preferably 0.0020% or more by mass.
[0100] On the other hand, if a dissolved oxygen content QOf exceeds 0.01% by mass, the dissolved oxygen content
in molten steel is too much, hence not only reaction between oxygen and the aforementioned elements in the molten
steel intensifies and refining operation is unfavorably influenced but also coarse oxides and ultra-coarse oxides form
and HAZ toughness rather  deteriorates. Consequently, a dissolved oxygen content QOf should be suppressed to 0.01%
or less by mass. A dissolved oxygen content QOf is set at preferably 0.008% or less by mass and yet preferably 0.007%
or less by mass.
[0101] Meanwhile, a dissolved oxygen content QOf in molten steel refined primarily in a converter or an electric furnace
usually exceeds 0.01% by mass. In a manufacturing method according to the present invention therefore, it is necessary
to adjust a dissolved oxygen content QOf in molten steel within the above range in some way.
[0102] As a method of adjusting a dissolved oxygen content QOf in molten steel, a method of applying vacuum deox-
idation with an RH-type degassing refiner or a method of adding deoxidizing elements such as Si, Mn, Ti, and Al is
named for example and a dissolved oxygen content QOf may be adjusted by arbitrarily combining those methods. Further,
it is also possible to adjust a dissolved oxygen content QOf with a ladle heating type refining apparatus or a simple molten
steel processing apparatus in place of an RH-type degassing refiner. On this occasion, since a dissolved oxygen content
QOf cannot be adjusted by vacuum deoxidation, a method of adding an deoxidizing element such as Si may be adopted
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for the adjustment of the dissolved oxygen content QOf. In the case of adopting a method of adding a deoxidizing element
such as Si, it is also possible to add a deoxidizing element when molten steel is tapped from a converter to a ladle.

[(2, 3) With regard to addition sequence of REM, Zr, Ti, Ca, and Al]

[0103] After a dissolved oxygen content QOf in molten steel is adjusted in the above range as stated above, it is
important for the condition of adding REM and Zr to satisfy the requirement (2) in order to set the proportion of the
number of the inclusions I at 30% or more as stipulated in the requirement (c-1) and it is important for the condition of
adding REM, Zr, Ti, Ca, and Al to satisfy the requirement (3) in order to set the proportion of the  number of the inclusions
II at 40% or more as stipulated in the requirement (c-2). Consequently, although any addition sequence is acceptable
as long as at least one of them is satisfied, it is important to satisfy both the requirements (2) and (3) in order to set the
proportion of the number of the inclusions I at 30% or more and the proportion of the number of the inclusions II at 40%
or more.

[(2) With regard to addition sequence of REM and Zr]

[0104] In the requirement (2), only the addition sequence of the a-group elements (REM and Zr) is stipulated and the
proportion of the number of the inclusions I can be adjusted thereby.
[0105] In order to increase the proportion of the number of the inclusions I to the number of all inclusions, it is necessary
to add REM and Zr simultaneously or nearly simultaneously (within 5 min.) to molten steel having an adjusted dissolved
oxygen content QOf.
[0106] When REM and Zr are added separately, either Zr may be added after REM is added or REM may be added
after Zr is added and in any of the cases it is necessary to control the interval from the time when REM (or Zr) is added
to the time when Zr (or REM) is added to not longer than 5 min. The interval is preferably within 4 min. and yet preferably
within 3 min.
[0107] Meanwhile, it is preferable to pay attention to the addition sequence of the b-group elements (Ti, Ca, and Al)
with the aim of further improving HAZ toughness by Zr-REM-Ca-based oxides. For example, it is recommended to add
Ca after REM and Zr are added.
[0108] Further, for example it is preferable to add Ti to molten steel before REM is added with the aim of further
improving HAZ toughness by the miniaturization of Ti oxides. Since the interface energy of Ti oxides with molten steel
is smaller than that of Zr-REM-Ca-based oxides, it is possible to miniaturize the  Ti oxides and resultantly form fine
oxides contributing to HAZ toughness by adding Ti before Zr, REM, and Ca are added to the molten steel. Then by
adding Zr, REM, and Ca as stated above after Ti is added, desired Zr-REM-Ca-based oxides acting as nuclei of intra-
granular α transformation can be obtained.
[0109] Even in the case of adding REM after Ti is added to molten steel having an adjusted dissolved oxygen content
QOf, it is possible to appropriately control the size and the density of oxides by adding REM so that an added REM
amount QREM may satisfy the expression (1) in accordance with the dissolved oxygen content QOf in the molten steel
as it will be described later. This is because, if Ti is added in advance of REM, dissolved oxygen in molten steel combines
with Ti, forms oxides, and hence reduces, Ti hardly combines with oxygen however in comparison with REM, Ti oxides
have a small interface energy with molten steel, and hence coarse oxides having circle equivalent diameters exceeding
3 mm hardly form. Further, REM and Zr are more likely to combine with oxygen than Ti and hence the aforementioned
inclusions can be formed even when Ti is added in advance of REM and Zr.

[(3) With regard to addition sequence of a-group elements (REM and Zr) and b-group elements (Ti, Ca, and Al)]

[0110] The requirement (3) stipulates the addition conditions of a-group elements and b-group elements and thereby
the proportion of the number of the inclusions II can be adjusted.
[0111] In order to increase the proportion of the number of the inclusions II to the number of all inclusions, it is necessary
to appropriately control the addition conditions of REM, Zr, Ti, Ca, and Al added in molten steel having an adjusted
dissolved oxygen content QOf. Specifically, when REM and Zr are regarded as a-group elements and Ti, Ca, and Al are
regarded as b-group elements, it is necessary to add the b-group elements before and/or after the a-group elements
are added. That is, the a-group elements and the b-group elements are not added simultaneously but have to be added
with a time lag.
[0112] Further, it is necessary to appropriately control the interval between the addition of the a-group elements and
the addition of the b-group elements. That is, when the time period from the time when the addition of a first element in
the b-group elements commences to the time when the addition of a first element in the a-group elements commences
is defined as t1 (min.) in the case where the b-group elements are added before the a-group elements are added and
the time period from the time when the addition of a last element in the a-group elements commences to the time when
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the addition of a first element in the b-group elements (a b-group element added first after the a-group elements are
added) commences is defined as t2 (min.) in the case where the b-group elements are added after the a-group elements
are added, it is necessary to control the sum of t1 and t2 to 3 min. or longer.
[0113] In the case of computing t1, the time period to the time when the addition of a first element in the a-group
elements commences means the time period to the time when a first a-group element is added. For example, it means
the time period to the time of simultaneous addition in the case where REM and Zr are added simultaneously and the
time period to the time when REM (an element added first in the a-group elements) is added in the case where Zr is
added after REM is added.
[0114] Further, in the case of computing t2, the time period to the time when the addition of a last element in the a-
group elements commences means the time period to the time when the addition of all the a-group elements terminates.
For example, it means the time period to the time of simultaneous addition in the case where REM and Zr are added
simultaneously and the time period to the time when Zr (an element added last in the a-group elements) is added in the
case where Zr is added after REM is added.
[0115] The interval between the addition of the a-group elements and the addition of the b-group elements and the
addition sequence of the a-group elements and the b-group elements are  hereunder explained in reference to a drawing.
Fig. 1 shows an example of a sequence in the addition of elements when the b-group elements are added before and
after the a-group elements are added. In Fig. 1, a1 and a2 represent the a-group elements and a symbol ♦ shows the
time when the addition of each of the elements commences. Then b1 to b4 represent the b-group elements and a symbol
d shows the time when the addition of each of the elements commences.
[0116] In Fig. 1, elements are added in the sequence of b1, b2, a1, a2, b3, and b4, an element added first in the a-group
elements is a1, an element added last in the a-group elements is a2, an element added first in the b-group elements is
b1, and an b-group element added first after the a-group elements are added is b3. Since t1 is a time period from the
time when the addition of a first element in the b-group elements commences to the time when the addition of a first
element in the a-group elements commences, the time period from the time when the addition of b1 commences to the
time when the addition of a1 commences is t1 in Fig. 1. Further, since t2 is a time period from the time when the addition
of a last element in the a-group elements commences to the time when the addition of a first element in the b-group
element commences, the time period from the time when the addition of a2 commences to the time when the addition
of b3 commences is t2 in Fig. 1.
[0117] In Fig. 1, when the a-group elements are added simultaneously, a1 and a2 may be added simultaneously and
on this occasion the time when the addition of a first element in the a-group elements commences and the time when
the addition of a last element in the a-group elements commences are the same.
[0118] The interval between the addition of the a-group elements and the addition of the b-group elements is explained
in more detail in reference to concrete examples.
[0119] Firstly as a first example, explanations are made on the basis of the case where Al, Ti, REM, Zr, and Ca are
added in this  sequence. In this case, t1 means the time period from the time when the addition of Al (a b-group element
added first) commences to the time when the addition of REM (an a-group element added first) commences and t2
means the time period from the time when the addition of Zr (an a-group element added last) commences to the time
when the addition of Ca (a b-group element added first in the remaining b-group elements) commences.
[0120] Secondly as a second example, explanations are made on the basis of the case where Al, Ti, then REM and
Zr simultaneously, and Ca are added in this sequence. In this case, t1 means the time period from the time when the
addition of Al (a b-group element added first) commences to the time when the simultaneous addition of REM and Zr
commences and t2 means the time period from the time when the simultaneous addition of REM and Zr commences to
the time when the addition of Ca (a b-group element added first in the remaining b-group elements) commences.
[0121] The sum of t1 and t2 is set at 3 min. or longer. By setting the sum of t1 and t2 at 3 min. or longer, it is possible
to form inclusions containing REM and Zr and containing appropriate amounts of Al, Ca, and Ti. The sum of t1 and t2
is set at preferably 5 min. or longer and yet preferably 7 min. or longer. The upper limit of the sum of t1 and t2 is not
particularly limited but, if the time is too long, productivity lowers and hence the upper limit is about 20 min.
[0122] Here, in the case of not adding the a-group elements before the b-group elements are added or in the case of
not adding the a-group elements after the b-group elements are added, it is possible to compute by setting t1 or t2 at
zero. However, t1=t2=0 is excluded.
[0123] With regard to the addition sequence of the a-group elements and the b-group elements, either the b-group
elements may be added after the a-group elements are added or the a-group  elements may be added after the b-group
elements are added. Otherwise, the a-group elements may be added after the b-group elements are added and suc-
cessively the b-group elements may be added. When the b-group elements are added both before and after the a-group
elements are added, it is acceptable as long as the kinds and the contents of all the b-group elements are controlled
both before and after the a-group elements are added. For example, either the a-group elements may be added after
some of the b-group elements are added and successively the remainder of the b-group elements may be added or an
identical element may be redundantly added before and after the a-group elements are added.
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[0124] The a-group elements and the b-group elements may be added simultaneously or individually in the ranges
satisfying the requirement (b-2).
[0125] Further, when the b-group elements are added, by adding them so that the addition conditions of REM and Zr
may satisfy the requirement (b-1), it is possible to control the proportion of the number of the inclusions I to 30% or more
and improve HAZ toughness.
[0126] The forms of REM, Ca, Zr, Al and Ti added in molten steel are not particularly limited and for example pure La,
pure Ce, or pure Y as REM, pure Ca, pure Zr, pure Al, pure Ti, Fe-Si-La alloy, Fe-Si-Ce alloy, Fe-Si-Ca alloy, Fe-Si-La-
Ce alloy, Fe-Ca alloy, Fe-Zr alloy, Fe-Ti alloy, Fe-Al alloy, or Ni-Ca alloy may be added. Otherwise, misch metal may
be added in molten steel. Misch metal is a mixture of rare earth elements and specifically contains Ce by about 40% to
50% and La by about 20% to 40%. Since misch metal contains Ca as an impurity in many cases however, when misch
metal includes Ca, the range stipulated in the present invention has to be satisfied.
[0127] Molten steel obtained by adjusting the components in this way is continuously casted in accordance with an
ordinary method  to manufacture a slab and successively the slab is hot-rolled in accordance with an ordinary method.
[0128] A steel material according to the present invention can secure an absorption energy at -40°C (vE-40) of 130 J
or more even when a heat cycle of cooling the steel material for 400 sec. from 800°C to 500°C after the steel material
is retained for 5 sec. at 1,450°C (heat input conditions: 1,450°C x 5 sec., cooling time Tc is 400 sec.) is given. As a
result, a steel material according to the present invention can be used as a material for structures such as bridges, high-
rise buildings, and marine vessels and can prevent the toughness of a welded heat-affected zone from deteriorating not
only at low-to-middle heat input welding but also at high heat input welding with a welding input heat of 50 kJ/mm or
more. A steel material according to the present invention is applied to a heavy steel plate 3.0 mm or more in thickness
or the like.
[0129] The present invention is hereunder explained more specifically in reference to examples, but naturally is not
limited by the examples, and can appropriately be modified within the range conforming to the gists described above or
below and the modifications are all included in the technological scope of the present invention.

Example

[0130] Test steels having the component compositions (% by mass) shown in Tables 3 and 4 below (the balance
consists of iron and unavoidable impurities) are melted and refined under the conditions shown in Tables 1 and 2 below
with a vacuum melting furnace (capacity 150 kg), cast into ingots of 150 kg, and cooled. Successively, the ingots are
heated and rolled and heavy steel plates are manufactured. It is confirmed here that the total O content of each of the
test steels satisfying the requirements stipulated in the present invention among the test steels shown in Tables 3 and
4 is in the range of 0.0005% to 0.010%.
[0131] When each of the test steels is melted and refined with a  vacuum melting furnace, the components of elements
other than Ti, Zr, REM, and Ca are adjusted and the dissolved oxygen content QOf in the molten steel is adjusted by
deoxidizing the molten steel with at least one element selected from the group consisting of C, Si, Mn, and Al. The
dissolved oxygen contents QOf after adjusted are shown in Table 1.
[0132] Ti is added in molten steel having an adjusted dissolved oxygen content QOf, successively Zr and REM are
added, and then Ca or Ca and Al is/are added. The addition sequence of Zr and REM is shown in Tables 1 and 2. On
this occasion, when Zr is added after REM is added or REM is added after Zr is added, the time spent from the time
when either of the elements is added to the time when the other of the elements is added (interval between the additions)
is shown in Tables 1 and 2. The sum (t1 + t2) of the intervals between the addition of the a-group elements (REM and
Zr) and the addition of the b-group elements (Ti, Ca, and Al) is shown in Tables 1 and 2.
[0133] Further, an added REM amount is represented by QREM and the values of QREM are shown in Tables 1 and 2.
Furthermore, the Z values each of which is computed by substituting a dissolved oxygen content QOf and an added
REM amount QREM into the expression (1)’ are jointly shown in Tables 1 and 2, 

[0134] Here, Ti is added in the form of Fe-Ti alloy, Zr is in the form of Fe-Zr alloy, REM in the form of a misch metal
containing La by about 25% and Ce by about 50%, Ca in the form of Ni-Ca alloy, and Al in the form of pure Al, respectively.
In the cases of No. 12 in Table 3 and Nos. 39 and 41 in Table 4 however, REM is not added in the form of a misch metal
but only Ce is added.
[0135] After the elements are added, they are casted into ingots and cooled. The obtained ingots are hot-rolled and
heavy steel plates 30 to 80 mm in thickness are manufactured. A sample is cut out from each of the obtained heavy
steel plates on a  transverse section at a position of t/4 (here, t is the thickness of a steel plate), the component composition
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of all oxide-based inclusions included in the sample is measured and expressed in terms of the mass of the individual
oxides, and the average composition of the oxides is computed.
[0136] The component composition of all oxide-based inclusions is measured through the following procedure. The
surface of a cutout sample is observed with an electron probe microanalyzer (EPMA: "JXA-8500F (equipment name)")
made by JEOL DATUM Ltd. and the component composition of the inclusions having circle equivalent diameters of 0.1
mm or more is measured quantitatively. The acceleration voltage is set at 20 kV, the specimen current is set at 0.01 mA,
and the number of analysis is set at 100 or more as the observation conditions and the component compositions at the
center parts of the inclusions are analyzed quantitatively by wavelength dispersive spectrometry of characteristic X-rays.
The elements subjected to analysis are Si, Mn, S, Al, Ti, Zr, La, Ce, Ca and O (oxygen), the relationship between an X-
ray strength and an element concentration of each element is obtained as a calibration curve with a known material
beforehand, and the content of an element contained in an inclusion is measured quantitatively from the X-ray strength
of the inclusion subjected to the analysis and the calibration curve.
[0137] From the obtained quantitative analysis results, an inclusion having an oxygen content of 5% or more by mass
is defined as an oxide. On this occasion; when plural elements are observed from one inclusion, each of the elements
is expressed in terms of the mass of the individual oxide from the ratio of the X-ray strengths showing the existence of
the elements and thereby the composition of the oxide is computed. In the present invention, a value obtained by
expressing the elements in terms of the mass of the individual oxides and averaging them is regarded as the average
composition of the oxides. Among the oxides, the average compositions of ZrO2, oxides of REM, and CaO are shown
in Tables 5 and 6 below. Here, the oxides of REM exist in the  forms of M2O3, M3O5, and MO2 in a steel material when
a metallic element is represented by the symbol M but the composition is computed by converting all the oxides to M2O3.
Further, "Others" shown in Tables 5 and 6 are oxides (AL2O3, MnO, and SiO2 for example) other than ZrO2, oxides of
REM, and CaO.
[0138] Successively, the circle equivalent diameters of the quantitatively analyzed inclusions are measured by SEM
observation and the number of inclusions having circle equivalent diameters (grain sizes) of 0.1 to 2.0 mm is measured.
The numbers in an observation visual field area of 1 mm2 are shown in Tables 5 and 6 as the observation results.
[0139] Further, the circle equivalent diameters of the oxides having the oxygen contents of 5% or more by mass in
the obtained quantitative analysis result are measured by SEM observation and the numbers of oxides having circle
equivalent diameters (grain sizes) exceeding 3 mm and the numbers of oxides having circle equivalent diameters (grain
sizes) exceeding 5 mm are measured. The numbers of oxides in an observation visual field area of 1 mm2 are shown
in Tables 5 and 6.
[0140] The relationship between a Z value and the number of oxides having circle equivalent diameters exceeding 3
mm in an observation visual filed area of 1 mm2 is shown in Fig. 2. In Fig. 2, the results of Nos. 1 to 32 (s in Fig. 2) and
the results in which the Z values are in the range of -12.50 to -11.50 (d in Fig. 2) in the results of Nos. 35 to 40, 53, 54,
and 61 shown in Tables 5 and 6 are plotted in order to represent the critical significance of Z values.
[0141] It is obvious from Fig. 2 that it is possible to inhibit the oxides having circle equivalent diameters exceeding 3
mm from forming by adding REM so as to satisfy the expression (1) in accordance with a dissolved oxygen content QOf
in molten steel.
[0142] Successively, with regard to the inclusions containing REM  and Zr in the quantitatively analyzed inclusions,
the molar ratio of REM to Zr is computed, the proportion of the number of the REM and Zr containing inclusions I
(proportion of the number of the inclusion I) satisfying the condition that a REM/Zr ratio is 0.6 to 1.4 to the number of all
inclusions is computed, and the results are shown in Tables 5 and 6. With regard to the inclusions containing REM, Zr,
Ti, Ca, and Al in the quantitatively analyzed inclusions, the ratio of the total mole number of REM and Zr to the total mole
number of Al, Ca, and Ti [(REM+Zr)/(Al+Ca+Ti)] is computed, the proportion of the number of the REM, Zr, Al, Ca, and
Ti containing inclusions II (proportion of the number of the inclusion II) satisfying the condition that a (REM+Zr)/(Al+Ca+Ti)
ratio is 0.5 to 1.2 to the number of all the inclusions is computed, and the results are shown in Tables 5 and 6.
[0143] Successively, weld reproducing test shown below simulating high heat input welding is carried out in order to
evaluate the toughness of a HAZ affected by heat during welding. In the weld reproducing test, a sample of a heavy
steel plate cut out from the position of t/4 (here, t is the plate thickness) is subjected to a heat cycle of heating the sample
to 1,450°C and, retaining the sample for 5 sec. at the temperature, and thereafter cooling the sample. The cooling rate
is adjusted so that the cooling time from 800°C to 500°C may be 400 sec. (heat input conditions: 1,450°C x 5 sec.,
cooling time Tc is 400 sec.).
[0144] The impact characteristic of a sample after cooled is evaluated by obtaining three V-notched Charpy test pieces
in the rolling direction from a sample subjected to the heat cycle and applying impact test in accordance with JIS Z2242.
In the impact test, an absorption energy at -40°C (vE-40) is measured and the average of the three measurements is
computed. In the present invention, a case where the average of vE-4o is 130 J or more is rated as acceptable (HAZ
toughness is good). The measurement results are shown in Tables 5 and 6.
[0145] The following consideration will be given from Tables 1 to 6.  Nos. 1 to 32 are the cases of satisfying the
requirements stipulated in the present invention and a steel material having a good HAZ toughness is obtained by
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adjusting ZrO2, REM oxides, and CaO so as to be contained by prescribed amounts when the composition of all oxide-
based inclusions included in the steel material is measured and then expressed in terms of the mass of the individual
oxides, then inhibiting the oxides having circle equivalent diameters exceeding 3 mm and the oxides having circle
equivalent diameters exceeding 5 mm from forming, forming the inclusions having circle equivalent diameters of 0.1 to
1.2 mm abundantly, and further controlling the proportion of the number of the inclusions I to the number of all the
inclusions to 30% or more and/or the proportion of the number of the inclusions II to the number of all the inclusions to
40% or more. Further, it is understood that the HAZ toughness tends to improve as the Si content increases.
[0146] On the other hand, Nos. 33 to 64 are the cases of deviating from any one of the requirements stipulated in the
present invention. Among those, the time from the addition of REM to the addition of Zr in the cases of Nos. 33, 51, 52,
55 to 58, 62, and 64 and the time from the addition of Zr to the addition of REM in the cases of Nos. 34 and 60 do not
satisfy the requirements stipulated in the present invention and hence the proportion of the number of the inclusions I
is lower than 30%. Consequently, the HAZ toughness deteriorates.
[0147] In Nos. 35 to 40, 53, 54, and 61, the balance between a dissolved oxygen content QOf and an added REM
amount QREM in molten steel does not satisfy the expression (1) and hence oxides having circle equivalent diameters
exceeding 3 mm (particularly oxides having circle equivalent diameters exceeding 3 mm but not exceeding 5 mm) form
abundantly. Consequently, the HAZ toughness deteriorates. In No. 41, the amount of oxides of REM obtained by meas-
uring the composition of all oxide-based inclusions included in a steel material and being expressed in terms of the mass
of individual oxides is lower than the range  stipulated in the present invention, hence the amount of the oxide acting as
nuclei of intragranular α transformation during welding is insufficient, and the HAZ toughness deteriorates.
[0148] In Nos. 42 and 59, the REM content contained in a steel material is large, the amount of oxides of REM obtained
by measuring the composition of all oxide-based inclusions included in the steel material and being expressed in terms
of the mass of individual oxides is larger than the range stipulated in the present invention, hence the oxides coarsen,
the number of fine oxides acting as nuclei of intragranular α transformation reduces, and the function of improving HAZ
toughness is not exhibited. In No. 43, it is estimated that the Zr content contained in a steel material is too little, hence
the ZrO2 content in the composition of all oxide-based inclusions reduces, and the amount of the Zr-REM-Ca-based
oxides acting as nuclei of intragranular α transformation also reduces. As a result, the HAZ toughness deteriorates. In
Nos. 44 and 63, the Zr content contained in a steel material is too much and hence the ZrO2 content in the composition
of all oxide-based inclusions increases. As a result, the amount of oxides acting as nuclei of intragranular α transformation
during welding is insufficient, a fine structure is not obtained, and the HAZ toughness deteriorates.
[0149] In No. 45, the Ca content contained in a steel material is too much and hence the CaO content in the composition
of all oxide-based inclusions increases. As a result, the amount of oxides acting as nuclei of intragranular α transformation
during welding is insufficient, a fine structure is not obtained, and the HAZ toughness deteriorates. In No. 46, the Ca
content contained in a steel material is too little and hence CaO does not form. As a result, the amount of the Zr-REM-
Ca-based oxides acting as nuclei of intragranular α transformation reduces, and the HAZ toughness deteriorates. In No.
47, the Ti content contained in a steel material is too much, hence the base material is solute-strengthened by the solid
solution of Ti, and resultantly the HAZ toughness deteriorates. In No. 48, the Ti content contained in a  steel material is
too little and hence the amount of the formed inclusions having circle equivalent diameters of 0.1 to 2 mm acting as
nuclei of intragranular α transformation is not secured. Consequently, the HAZ toughness deteriorates. In No. 49, the
Al content contained in a steel material is too much, hence coarse oxides having circle equivalent diameters exceeding
3 mm form abundantly, and the HAZ toughness deteriorates. No. 50 is the case where the N content contained in a steel
material is too much and it is estimated that the solute N content contained in the steel material is excessive and the
HAZ toughness deteriorates.
[0150] Successively, the relationship between the number of oxides having circle equivalent diameters exceeding 3
mm in an observation visual filed area of 1 mm2 and an absorption energy at -40°C (vE-40) is shown in Fig. 3. In Fig. 3,
the results of Nos. 1 to 32 shown in Table 5 are represented with the symbols s and the results of Nos. 35 to 40, 49,
53, 54, and 61 shown in Table 6 (the cases of exceeding 5.0 pieces in the comparative examples) are represented with
the symbols d.
[0151] It is obvious from Fig. 3 that a good HAZ toughness can be obtained even when a steel material is heated and
retained for 5 sec. at 1,450°C as long as the number of the oxides having circle equivalent diameters exceeding 3 mm
in an observation visual field area of 1 mm2 is 5.0 or less.
[0152] Successively, No. 2 shown in Table 5 and No. 33 shown in Table 6 are examined. The steel materials are
nearly identical except that the proportions of the numbers of the inclusions I to the numbers of all inclusions are different
from each other (the proportions of the numbers of the inclusions II to the numbers of all inclusions are lower than 40%
in both the cases). It is understood that, whereas vE-40 is less than 130 J in the case where the proportion of the number
of the inclusion I to the number of all inclusions is less than 30% (No. 33), vE-40 is not less than 130 J and the HAZ
toughness improves in the case where the proportion of the number of the inclusion I to the number of all  inclusions is
not less than 30% (No. 2). Similar results are obtained in the cases of No. 23 shown in Table 5 and No. 62 shown in
Table 6. That is, vE-40 is not less than 130 J and the HAZ toughness improves in the case where the proportion of the
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number of the inclusion I to the number of all inclusions is not less than 30% (No. 23).
[0153] Successively, No. 17 and No. 51 shown in Tables 5 and 6 are examined. The steel materials are nearly identical
except that the proportions of the numbers of the inclusions II to the numbers of all inclusions are different from each
other (the proportions of the numbers of the inclusions I to the numbers of all inclusions are lower than 30% in both the
cases). It is understood that, whereas vE-40 is less than 130 J in the case where the proportion of the number of the
inclusion II to the number of all inclusions is less than 40% (No. 51), vE-40 is not less than 130 J and the HAZ toughness
improves in the case where the proportion of the number of the inclusion II to the number of all inclusions is not less
than 40% (No. 17). Similar results are obtained in the cases of No. 26 shown in Table 5 and No. 64 shown in Table 6.
That is, vE-40 is not less than 130 J and the HAZ toughness improves in the case where the proportion of the number
of the inclusion II to the number of all inclusions is not less than 40% (No. 26).
[0154]

[Table 1]

No. Qof (% by mass)
QREM (% by 

mass)
Z value

Addition 
sequence of Zr 

and REM

Interval 
between REM 
addition and Zr 
addition (min.)

Sum of intervals 
between a-

group element 
addition and b-
group element 
addition (min.)

1 0.0015 0.0052 -13.04 REM→Zr 0.75 2.35

2 0.0015 0.0050 -13.07 Zr→REM 1.20 2.05

3 0.0013 0.0042 -13.41 REM→Zr 1.10 16.68

4 0.0021 0.0080 -12.23 Simultaneous - 1.82

5 0.0011 0.0250 -12.08 REM→Zr 1.50 1.88

6 0.0003 0.0800 -12.76 REM→Zr 0.83 4.65

7 0.0096 0.0010 -12.05 Zr→REM 1.28 2.15

8 0.0022 0.0075 -12.22 REM→Zr 4.25 1.93

9 0.0017 0.0060 -12.75 Simultaneous - 4.33

10 0.0023 0.0080 -12.11 REM→Zr 0.90 13.65

11 0.0019 0.0070 -12.47 REM→Zr 1.42 3.67

12 0.0025 0.0065 -12.18 REM→Zr 4.78 2.20

13 0.0024 0.0055 -12.38 REM→Zr 2.40 4.38

14 0.0032 0.0040 -12.28 Simultaneous - 1.65

15 0.0030 0.0055 -12.09 Zr→REM 1.35 2.13

16 0.0027 0.0055 -12.23 Simultaneous - 4.17

17 0.0024 0.0060 -12.30 REM→Zr 6.10 3.32

18 0.0019 0.0067 -12.51 Zr→REM 6.95 7.52

19 0.0019 0.0071 -12.46 REM→Zr 6.70 5.95

20 0.0024 0.0054 -12.39 Zr→REM 5.37 18.30

21 0.0022 0.0055 -12.49 REM→Zr 3.00 7.42

22 0.0015 0.0060 -12.92 Simultaneous - 7.70

23 0.0019 0.0050 -12.77 Simultaneous - 2.38

24 0.0011 0.0055 -13.40 REM→Zr 1.50 5.53

25 0.0014 0.0062 -12.98 Simultaneous - 1.67

26 0.0024 0.0056 -12.36 Zr→REM 7.25 8.80
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[0155]

(continued)

No. Qof (% by mass)
QREM (% by 

mass)
Z value

Addition 
sequence of Zr 

and REM

Interval 
between REM 
addition and Zr 
addition (min.)

Sum of intervals 
between a-

group element 
addition and b-
group element 
addition (min.)

27 0.0020 0.0065 -12.47 Simultaneous - 7.90

28 0.0025 0.0065 -12.18 REM→Zr 7.23 4.73

29 0.0004 0.0088 -14.30 Simultaneous - 2.52

30 0.0010 0.0080 -13.19 Zr→REM 4.00 5.28

31 0.0017 0.0065 -12.68 Simultaneous - 1.25

32 0.0014 0.0057 -13.05 REM→Zr 2.20 3.42

[Table 2]

No. QOf (% by mass)
QREM (% by 

mass)
Z value

Addition 
sequence of Zr 

and REM

Interval 
between REM 
addition and Zr 
addition (min.)

Sum of intervals 
between a-

group element 
addition and b-
group element 
addition (min.)

33 0.0018 0.0065 -12.61 REM→Zr 6.20 1.45

34 0.0016 0.0071 -12.69 Zr→REM 5.75 1.52

35 0.0024 0.0090 -11.95 REM→Zr 1.53 2.05

36 0.0036 0.0050 -11.93 REM→Zr 4.60 4.02

37 0.0095 0.0012 -11.91 REM→Zr 2.32 8.77

38 0.0011 0.0350 -11.79 REV→ZR 1.80 5.58

39 0.0086 0.0014 -11.90 Simultaneous - 2.23

40 0.0021 0.0350 -10.95 Zr→REM 3.45 9.60

41 0.0045 0.0020 -12.44 Simultaneous - 2.28

42 0.0011 0.0250 -12.08 REM→Zr 3.43 5.63

43 0.0023 0.0074 -12.18 REM→Zr 1.98 2.30

44 0.0021 0.0058 -12.51 Zr→REM 0.70 1.47

45 0.0018 0.0110 -12.15 Simultaneous - 7.70

46 0.0025 0.0070 -12.12 REM→Zr 4.67 10.93

47 0.0021 0.0066 -12.39 REM→Zr 1.10 8.95

48 0.0018 0.0075 -12.48 Simultaneous - 6.22

49 0.0018 0.0100 -12.23 REV→ZR 2.42 10.40

50 0.0027 0.0063 -12.11 Zr→REM 3.37 5.75

51 0.0018 0.0055 -12.75 REM→Zr 7.20 1.15

52 0.0019 0.0070 -12.47 Rev→Zr 6.55 1.47

53 0.0035 0.0080 -11.56 Zr→REM 3.25 2.27
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[0156]

(continued)

No. QOf (% by mass)
QREM (% by 

mass)
Z value

Addition 
sequence of Zr 

and REM

Interval 
between REM 
addition and Zr 
addition (min.)

Sum of intervals 
between a-

group element 
addition and b-
group element 
addition (min.)

54 0.0038 0.0085 -11.40 Simultaneous - 8.55

55 0.0031 0.0055 -12.05 REM→Zr 6.67 10.18

56 0.0022 0.0060 -12.42 REM→Zr 7.83 4.93

57 0.0025 0.0071 -12.10 REM→Zr 6.65 6.90

58 0.0023 0.0063 -12.32 REM→Zr 7.35 2.28

59 0.0025 0.0070 -12.12 Simultaneous - 5.60

60 0.0023 0.0056 -12.42 Zr→REM 8.45 1.85

61 0.0030 0.0090 -11.66 Zr→REM 3.63 3.73

62 0.0018 0.0060 -12.68 REM→Zr 7.28 2.35

63 0.0021 0.0050 -12.64 Simultaneous - 5.12

64 0.0024 0.0066 -12.22 REM→Zr 8.55 1.58
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[0157]
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[0158]
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[Table 5]

No.

Component composition (% by mass) Number (pieces/mm2) Proportion 
of number 

of 
inclusions I 

(%)

Proportion 
of number 

of 
inclusions II 

(%)

vE-40 
(J)ZrO2

Oxide 
of REM

CaO Others
0.1 to 
2 mm

Over 
3 mm

Over 5 
mm

1 23.1 26.8 15.2 34.9 530 0.97 0 51.0 34.7 164

2 17.5 24.0 15.4 43.1 770 1.56 0.0038 44.3 28.3 156

3 21.3 14.8 15.5 48.4 860 0.65 0.0002 46.7 53.5 170

4 14.1 24.5 10.8 50.6 675 1.88 0.086 35.5 23.4 154

5 13.5 41.1 14.9 30.5 970 4.64 1.440 55.6 32,9 148

6 11.2 48.8 9.9 30.1 1020 4.66 0.540 53.7 50.1 147

7 25.5 6.6 24.0 43.9 150 4.31 0.065 34.1 27.5 151

8 48.5 13.6 12.4 25.5 430 2.96 0.086 38.3 18.6 142

9 5.4 39.8 16.1 38.7 520 2.88 0.098 56.6 58.2 156

10 10.6 25.4 47.0 17.0 750 3.24 0.210 49.3 42.3 143

11 24.0 23.3 18.9 33.8 590 3.32 0.580 68.4 46.9 147

12 30.5 15.6 18.2 35.7 610 4.55 1.120 45.4 25.6 134

13 20.2 32.4 14.7 32.7 670 2.39 0.830 54.2 48.8 140

14 19.6 24.4 13.3 42.7 700 1.76 0.120 47.1 19.2 144

15 12.4 28.9 17.0 41.7 490 3.94 0.230 61.4 16.6 149

16 20.9 27.5 23.0 28.6 600 2.01 0.098 61.1 64.2 187

17 19.5 34.3 12.5 33.7 660 2.54 0.873 25.4 50.7 144

18 17.5 33.0 19.8 29.7 690 2.55 0.065 21.7 52.2 152

19 15.6 29.5 23.3 31.6 720 3.67 1.023 27.4 43.2 138

20 29.4 23.1 18.6 28.9 780 3.25 0.077 24.5 47.3 146

21 15.4 31.2 17.6 35.8 660 0.84 0.104 44.3 51.7 189

22 19.9 24.5 20.4 35.2 820 1.02 0.098 37.7 46.0 158

23 21.4 36.7 18.3 23.6 790 0.87 0.160 41.1 33.8 162

24 13.0 27.0 18.0 42.0 670 1.54 0.121 47.2 50.6 189

25 26.0 25.6 23.4 25.0 920 0.76 0.056 56.9 25.4 164

26 24.2 35.7 18.5 21.6 480 2.21 0.255 19.8 46.9 162

27 21.5 29.7 11.6 37.2 450 1.65 0.086 34.1 47.7 185

28 13.7 34.2 24.4 27.7 360 1.70 0.106 22.5 46.2 150

29 26.2 22.5 13.9 37.4 950 0.66 0.077 39.8 30.5 149

30 18.0 27.2 26.2 28.6 680 0.81 0.045 38.5 48.2 166

31 21.5 34.0 13.5 31.0 800 0.34 0.066 40.2 26.8 180

32 17.2 26.4 20.6 35.8 770 0.55 0.071 39.9 43.3 184
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alternations and modifications not departing from the spirit and scope of the present invention are apparent to those
skilled in the art.
The present application is based on Japanese Patent Application No. 2011-008258 filed on January 18, 2011 and

[Table 6]

No.

Component composition (% by mass) Number (pieces/mm2) Proportion 
of number 

of 
inclusions I 

(%)

Proportion 
of number 

of 
inclusions II 

(%)

vE-40 
(J)ZrO2

Oxide 
of REM

CaO Others
0.1 to 
2 mm

Over 3 
mm

Over 5 
mm

33 20.1 23.5 13.5 42.9 710 1.47 0.017 22.1 34.8 114

34 15.0 26.6 17.7 40.7 940 0.86 0 26.8 17.9 111

35 25.5 23.2 10.2 41.1 660 5.71 0.440 47.2 28.4 95

36 13.9 40.1 8.8 37.2 810 5.93 0.440 46.3 43.1 72

37 29.1 6.4 14.6 49.9 155 7.67 0.960 35.6 53.7 84

38 10.1 47.9 11.8 30.2 560 7.62 1.250 44.2 47.0 71

39 30.7 4.2 24.0 41.1 140 9.06 1.145 57.8 20.2 63

40 16.1 54.0 11.6 18.3 840 12.88 5.230 40.1 56.5 63

41 32.4 3.5 20.5 43.6 270 2.92 0.353 63.3 17.7 75

42 9.7 53.8 13.4 23.1 880 4.30 0.960 37.4 42.1 67

43 4.4 36.4 17.5 41.7 520 3.13 0.345 47.2 26.4 62

44 54.2 15.9 13.6 16.3 630 4.28 0.644 55.7 17.8 70

45 8.7 15.6 55.0 20.7 480 4.43 0.658 58.3 62.8 65

46 25.6 29.8 0 44.6 630 2.36 0.340 48.2 45.4 67

47 35.5 26.4 10.2 27.9 640 2.08 0.942 38.5 52.3 59

48 14.8 23.2 20.5 41.5 85 0.52 0.051 46.6 44.5 50

49 18.0 25.4 13.2 43.4 350 6.89 1.870 52.5 49.7 48

50 16.6 23.4 23.9 36.1 590 3.58 0.920 47.8 52.6 55

51 14.4 25.8 16.5 43.3 610 2.81 0.880 19.4 24.9 108

52 19.1 24.6 20.0 36.3 570 3.86 1.050 23.5 15.3 110

53 20.6 35.2 13.2 31.0 480 9.43 1.380 42.9 20.6 78

54 25.6 31.1 20 23.4 240 10.65 1.996 38.8 56.3 90

55 60.2 24.0 9.8 6.0 530 4.23 0.876 22.5 47.6 85

56 19.5 18.6 26.0 35.9 660 3.68 0.983 19.8 52.2 72

57 13.0 29.2 27.5 30.3 510 4.60 1.305 15.5 44.5 60

58 13.6 36.1 26.6 23.7 630 3.45 1.415 14.6 16.8 55

59 9.4 58.5 15.1 17.0 570 3.64 1.336 33.5 45.2 86

60 12.4 28.5 17.4 41.7 420 2.17 0.898 18.4 22.8 99

61 21.2 33.4 16.5 28.9 330 8.65 2.250 37.3 45.9 73

62 18.8 32.2 14.6 34.4 610 1.65 0.788 20.9 33.3 102

63 60.2 18.7 11.5 9.6 490 2.77 1.255 36.6 47.2 91

64 21.6 34.3 16.6 27.5 580 2.64 0.950 19.4 28.6 106
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Japanese Patent Application No. 2011-206542 filed on September 21, 2011 and the contents are incorporated herein
by reference.

Industrial Applicability

[0161] A steel material according to the present invention is excellent in HAZ toughness even when a high heat input
welding method is applied and can be used for bridges, high-rise buildings, and marine vessels.

Claims

1. A steel material excellent in toughness at a welded heat-affected zone, containing:

C: 0.02% to 0.15% (in terms of % by mass, the same shall apply hereafter),
Si: 0.5% or less (excluding 0%),
Mn: 2.5% or less (excluding 0%),
P: 0.03% or less (excluding 0%),
S: 0.02% or less (excluding 0%),
Al: 0.050% or less (excluding 0%),
N: 0.010% or less (excluding 0%),
Ti: 0.005% to 0.10%,
Zr: 0.0005% to 0.050%,
REM: 0.0003% to 0.015%,
Ca: 0.0003% to 0.010%, and
O: 0.0005% to 0.010%,
with the balance consisting of Fe and unavoidable impurities; and
satisfying the conditions that

(a) the ZrO2 content is 5% to 50%, the REM oxide (M2O3 when REM is expressed by the symbol M) content
is 5% to 50%, and the CaO content is 50% or less (excluding 0%) in average when the composition of all
oxide-based inclusions included in the steel material is measured and then expressed in terms of the mass
of the individual oxides,
(b) among all the inclusions included in the steel material, the number of inclusions having circle equivalent
diameters of 0.1 to 2 mm is not less than 120 in an observation visual field area of 1 mm2, the number of
oxides having circle equivalent diameters exceeding 3 mm is not more than 5.0 in an observation visual
field area of 1 mm2, and the number of oxides having circle equivalent diameters exceeding 5 um is not
more than 5.0 in an observation visual field area of 1 mm2, and

(c-1) the proportion of the number of REM and Zr containing inclusions I satisfying the condition that
the molar  ratio of REM to Zr (REM/Zr) is 0.6 to 1.4 to the number of all the inclusions is 30% or more
when the composition of all the inclusions included in the steel material is measured, and/or
(c-2) the proportion of the number of REM, Zr, Al, Ca, and Ti containing inclusions II satisfying the
condition that the ratio of the total mole number of REM and Zr to the total mole number of Al, Ca, and
Ti [(REM+Zr)/(Al+Ca+Ti)] is 0.5 to 1.2 to the number of all the inclusions is 40% or more when the
composition of all the inclusions included in the steel material is measured.

2. A steel material according to Claim 1, wherein the steel material further contains
Cu: 2% or less (excluding 0%) and/or
Ni: 3.5% or less (excluding 0%)
as other elements.

3. A steel material according to Claim 1 or 2, wherein the steel material further contains
Cr: 3% or less (excluding 0%) and/or
Mo: 1% or less (excluding 0%)
as other elements.

4. A steel material according to any one of Claims 1 to 3, wherein the steel material further contains
Nb: 0.25% or less (excluding 0%) and/or
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V: 0.1% or less (excluding 0%)
as other elements.

5. A steel material according to any one of Claims 1 to 4, wherein the steel material further contains
B: 0.005% or less (excluding 0%)
as another element.

6. A method for manufacturing a steel material excellent in toughness at a welded heat-affected zone according to
any one of Claims 1 to 5, wherein:

REM is added to molten steel having a dissolved oxygen content QOf adjusted in the range of 0.0003% to 0.01%
by mass so that the dissolved oxygen content QOf and an added REM amount QREM in the molten steel may
satisfy the following expression (1), 

and
REM, Zr, Ti, Ca, and Al are added to the molten steel having the dissolved oxygen content QOf adjusted in the above
range so that the conditions of adding the elements may satisfy the following condition (2) and/or (3) when REM
and Zr are regarded as a-group elements and Ti, Ca, and Al are regarded as b-group elements,

(2) with regard to the a-group elements, both of REM and Zr are added simultaneously or either of REM and
Zr is added firstly and then the other is added within 5 min. after the first addition, and/or
(3) the b-group elements are added before the a-group elements are added and/or after the a-group elements
are added and, when the b-group elements are added before the a-group elements are added, the time period
from the time when the addition of a first element in the b-group elements commences to the time when the
addition of a first element in the a-group elements commences is defined as t1 (min.) and, when the b-group
elements are added after the a-group elements are added, the time period from the time when the addition of
a last element in the a-group elements commences to the time when the addition of a first element in the b-
group elements commences is defined as t2 (min.), and the sum of t1 and t2 is controlled to be 3 min. or longer
(0 ≤ t1 and 0 ≤ t2, t1 and t2 are not zero).
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