DESCRIPTION
HIGH TENSILE STRENGTH STEEL PLATE HAVING EXCELLENT WELD
HEAT-AFFECTED ZONE LOW-TEMPERATURE TOUGHNESS AND METHOD FOR
PRODUCING SAME
[Technical Field]

The present invention relates to a high tensile
strength steel plate used for steel structures, such as
ships, marine structures, pressure vessels, and penstocks,
and a method for producing the same, and more particularly,
relates to a high tensile strength steel plate with a yield
stress (YS) of 400 MPa or more, not only having excellent
strength and toughness in the base metal, but also having
excellent low-temperature toughness (crack tip opening
displacement (CTOD) property) in the low to medium heat
input multi-layer weld, and a method for producing the same.
[Background Art]

Steels used for ships, marine structures, and pressure
vessels are subjected to welding and formed into structures
with desired shapes. Accordingly, these steels are required
not only to have high strength and excellent toughness in
base metals from the viewpoint of safety of the structures,
but also to have excellent toughness in welded joints (weld
metals) and weld heat-affected zones (hereinafter, referred
to as "HAZ").

As the basis for evaluation of toughness of steel, the




absorbed energy by the Charpy impact test has been mainly
used. In recent years, in order to enhance reliability, the
crack tip opening displacement test (hereinafter, referred
to as the "CTOD test™) has been often used. In this test, a
specimen having a fatigue precrack in a toughness-evaluating
portion is subjected to three-point bending, and the amount
of crack tip opening (plastic deformation volume)
immediately before failure is measured to evaluate the
resistance to occurrence of brittle failure.

In the CTOD test, since a fatigue precrack is used, an
extremely small region can be a toughness-evaluating portion.
When there is a local embrittlement area, even if good
toughness is obtained by the Charpy impact test, low
toughness may be shown by the CTOD test in some cases.

Local embrittlement areas are likely to occur in the
weld heat-affected zone (hereinafter, also referred to as
"HAZ") which is subjected to a complicated thermal history
due to multilayer welding in a thick steel plate or the like.
The bond (boundary between the weld metal and the base
metal) and a region in which the bond is formed into a dual-
phase region by reheating (region in which coarse grains are
formed in the first cycle of welding and which is heated
into a ferrite and austenite dual-phase region by the
subsequent welding pass, hereinafter, referred to as the

"dual phase re-heating area") correspond to local brittle




areas.

Since the bond is subjected to a high temperature just
below the melting point, austenite grains are coarsened and
are likely to be transformed, by the subsequent cooling,
into the upper bainite structure having low toughness. Thus,
the matrix in itself has low toughness. Furthermore, in the
bond, brittle structures, such as the Widmannstatten
structure and island martensite (M-A constituent) (MA), are
likely to be formed, and thereby, the toughness is further
degraded.

In order to improve the weld heat-affected zone
toughness, for example, a technique in which by finely
dispersing TiN in a steel, coarsening of austenite grains is
suppressed or TiN is used as nuclei for the ferrite
transformation has been practically used. However, in the
bond, heating may be performed to a temperature range in
which TiN is dissolved in some cases, and as the
requirements for the weld zone low-temperature toughness
become more stringent, the effect described above is less
likely to be obtained.

On the other hand, Patent Literatures 1 and 2 each
disclose a technique in which, by dispersing fine grains in
a steel by means of combined addition of rare-earth elements
(REM) and Ti, grain growth of austenite is suppressed, and

thereby, the weld zone toughness is improved.




In addition, a technique of dispersing oxides of Ti, a
technique of combining capability of ferrite nucleation of
BN with oxide dispersion, and a technique of enhancing
toughness by controlling sulfide morphology by means of
addition of Ca and REM have also been proposed.

However, these techniques are intended for steels
having relatively low strength and low contents of alloy
elements. In the case of steels having higher strength and
high contents of alloy elements, the HAZ structure is caused
not to contain ferrite, and thus the techniques are not
applicable.

Accordingly, as a technique that facilitates formation
of ferrite in the weld heat-affected zone, Patent Literature
3 discloses a technique in which mainly the amount of Mn
added is increased to 2% or more. However, in a continuous
cast steel, Mn is likely to be segregated in the central
portion of a slab, and the center segregation area ratio
increases not only in the base metal but also in the weld
heat-affected zone. The center segregation area serves as
the origin of the fracture, thus resulting in degradation in
toughness of the base metal and HAZ.

On the other hand, in the dual phase re-heating area,
carbon is concentrated in the region reverse-transformed
into austenite by dual phase re-heating, and the brittle

bainite structure including island martensite is formed




during cooling, resulting in degradation in toughness.
Accordingly, techniques have been disclosed in which, by
decreasing the contents of C and Si in a steel composition,
formation of island martensite 1s suppressed and toughness
is improved, and by adding Cu, the strength of the base
metal is ensured (for example, Patent Literatures 4 and 5).
In these techniques, the strength is enhanced by
precipitation of Cu by means of aging treatment. However,
since a large amount of Cu is added, hot ductility is
degraded, and productivity is impaired.
[Citation List]
[Patent Literature]

[PTL 1] Japanese Examined Patent Application
Publication No. 3-053367

[PTL 2] Japanese Unexamined Patent Application
Publication No. 60-184663

[PTL 3] Japanese Unexamined Patent Application
Publication No. 2003-147484

[PTL 4] Japanese Unexamined Patent Application
Publication No. 5-186823

[PTL 5] Japanese Unexamined Patent Application
Publication No. 2001-335884
[Summary of Invention]
[Technical Problem]

In recent years, in steel structures, such as ships,



marine structures, pressure vessels, and penstocks, as their
sizes have increased, there has been a demand to further
increase the strength of steels. Steels used for such steel
structures are often thick, for example, with a thickness of
35 mm or more. Therefore, in order to ensure a yield
strength grade of 400 MPa or more, steel chemical
composition systems having increased amounts of alloy
elements added are advantageous. However, as described
above, improvement of toughness in the bond and the dual
phase re-heating area is far from being sufficiently studied
for high strength steels having large contents of alloy
elements.

Accordingly, it is an object of the present invention
to provide a high tensile strength steel plate which has a
yield stress (YS) of 400 MPa or more and excellent low-
temperature toughness (CTOD property) in the weld heat-
affected zone in the low to medium heat input multi-layer
weld and which is suitable for use in steel structures, such
as ships, marine structures, pressure vessels, and penstocks,
and a method for producing the same.
[Solution to Problem]

The present inventors have designed a composition
specifically on the basis of the following technical
thoughts and completed the present invention.

1. Since the CTOD property is evaluated using a



specimen of a steel plate with the entire thickness, the
center segregation area in which the composition is
concentrated serves as the origin of the fracture.
Consequently, in order to improve the CTOD property of the
weld heat-affected zone, the amounts of elements that are
likely to be concentrated as center segregation of the steel
plate are controlled to appropriate levels, and thereby,
hardening of the center segregation area is suppressed. In
the center of the slab, which is the finally solidifying
portion when molten steel solidifies, C, Mn, P, Ni, and Nb
have a higher level of concentration than other elements.
Therefore, by controlling the amounts of these elements
added on the basis of the center segregation area hardness
index, the hardness in the center segregation is suppressed.

2. In order to improve the weld heat-affected zone
toughness, by effectively using TiN, coarsening of austenite
grains is suppressed in the vicinity of the weld bond. By
controlling Ti/N to an appropriate level, uniform fine
dispersion of TiN in the steel can be achieved.

3. Crystallization of the compound of Ca (CaS), which
is added for the purpose of sulfide morphology control, is
utilized for improving the weld heat-affected zone toughness.
Since CaS is crystallized at a low temperature compared with
oxides, uniform fine dispersion can be achieved. By

controlling the amount of CaS added and the amount of



dissolved oxygen in the molten steel at the time of addition
to appropriate ranges, solute S is secured even after
crystallization of CaS, and therefore, MnS is precipitated
on the surface of CaS to form complex sulfides. Since a Mn
dilute zone is formed around the MnS, ferrite transformation
is further promoted.

That is, the present invention provides the followings:
1. A high tensile strength steel plate having excellent weld
heat-affected zone low-temperature toughness characterized
by having a chemical composition containing, in percent by
mass, 0.03% to 0.12% of C, 0.01% to 0.30% of Si, 0.5% to
1.95% of Mn, 0.008% or less of P, 0.005% or less of G,
g.015% to 0.06% of A1, 0.011l% to 0.08% of N, 0.008% to
0.02% of Ti, 0.001% to 0.006% of N, 0.0005% to 0.003% of Ca,
in which Ceq specified by formula (1) below is 0.44 or less,
Ti/N is 1.5 to 3.5, and formulas (2) and (3) below are
satisfied, and the balance being Fe and incidental
impurities, in which the hardness of a center segregation
area of the steel plate satisfies formula (4) below:
Ceq = [C]+[Mn]/6+([Cul+[Ni])/15+([Cr]+[Mo]+[V])/5 --- (1)
0 < {[Ca]l-(0.184130x[Ca])x[0]}/1.25/[S] < 1 --- (2)
5.5[C1*?+15[P]+0.90[Mn]+0.12 [Ni]+7.9[Nb]*/?+0.53 [Mo] <
delB==~ £33
where [M] is the content of element M (percent by mass)

Hynax/Hvave < 1.35+0.006/[C]-t/500 -:- (4)




where Hypax 1S the maximum value of Vickers hardness of the
center segregation area, Hyave 1S the average value of
Vickers hardness of a portion of the steel plate excluding a
region extending from the front surface to 1/4 of the plate
thickness, a region extending from the back surface to 1/4
of the plate thickness, and the center segregation area, [C]
is the C content (percent by mass), and t is the thickness
(mm) of the steel plate.

2. The high tensile strength steel plate having excellent
weld heat-affected zone low-temperature toughness according
to item 1, characterized in that the steel composition
further contains, in percent by mass, one or two or more
selected from 0.20% to 2% of Cr, 0.1% to 0.7% of Mo, 0.005%
to 0.1% of V, 0.49% or less of Cu, and 2% or less of Ni.

3. A method for producing a high tensile strength steel
plate having excellent weld heat-affected zone low-
temperature toughness characterized by including heating a
steel having the chemical composition according to item 1 or
2 to 1,050°C to 1,200°C, then subjecting the steel to hot
rolling in such a manner that the cumulative rolling
reduction in the temperature range of 950°C or higher is 30%
or more, and the cumulative rolling reduction in the
temperature range of lower than 950°C is 30% to 70%, and
then performing accelerated cooling to 600°C or lower at a

cooling rate of 1.0°C/s or more.




4. The method for producing a high tensile strength steel
plate having excellent weld heat-affected zone low-
temperature toughness according to item 3, characterized by
further including, after cooling is stopped, performing
temper treatment at 450°C to 650°C.
5. The high tensile strength steel plate having excellent
weld heat-affected zone low-temperature toughness according
to item 1 or 2, characterized in that the concentrations of
the individual elements in the center segregation area
satisfy formula (5) below:

Rs = 12.5(X[Si]+X[Mn]+X[Cu]+X[Ni])+1.5X[P}+1.8X[Nb] <
64.3 --- (D)
where X[M] represents the ratio of the concentration of
element M in the center segregation area to the average
concentration of element M, i.e., (concentration of M in
center segregation area)/(average concentration of M),
obtained by EPMA line analysis.
6. A method for producing a high tensile strength steel
plate having excellent weld heat-affected zone low-
temperature toughness characterized by including heating a
steel having the chemical composition according to item 5 to
1,050°C to 1,200°C, then subjecting the steel to hot rolling
in such a manner that the cumulative rolling reduction in
the temperature range of 950°C or higher is 30% or more, and

the cumulative rolling reduction in the temperature range of



lower than 950°C is 30% to 70%, and then performing
accelerated cooling to 600°C or lower at a cooling rate of
1.0°C/s or more.

7. The method for producing a high tensile strength steel
plate having excellent weld heat-affected zone low-
temperature toughness according to item 6, characterized by
further including, after cooling is stopped, performing
temper treatment at 450°C to 650°C.

[Advantageous Effects of Invention]

According to the present invention, it is possible to
obtain a high tensile strength steel plate which has a yield
stress (YS) of 400 MPa or more and excellent low-temperature
toughness, in particular, an excellent CTOD property, in the
low to medium heat input multi-layer weld and which is
suitable for use in large steel structures, such as marine
structures, and a method for producing the same, which is
industrially very useful.

[Description of Embodiments]

In the present invention, the chemical composition and
the hardness distribution in the thickness direction are
specified.

1. Chemical composition

Reasons for limiting the chemical composition will be
described. Note that "$%" means "percent by mass" in the

description.
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C: 0.03% to 0.12%

C is an essential element for securing the strength of
the base metal as the high tensile strength steel plate.
When the C content is less than 0.03%, hardenability is
degraded, and it becomes necessary to add a large amount of
a hardenability-improving element, such as Cu, Ni, Cr, or Mo,
in order to secure strength, resulting in a rise in costs
and degradation in weldability. Furthermore, when the
amount of C added exceeds 0.12%, weldability is markedly
degraded, and also the toughness of the weld zone is
degraded. Therefore, the C content is set in the range of
0.03% to 0.12%, and preferably 0.05% to 0.10%.

Si: 0.01% to 0.30%

Si is added as a deoxidizing element and in order to
obtain the strength of the base metal. However, when a
large amount exceeding 0.30% is added, weldability is
degraded and the toughness of the welded joint is degraded.
Therefore, it is necessary to set the Si content to be 0.01%
to 0.30%. Preferably, the Si content is 0.20% or less.

Mn: 0.5% to 1.95%

In order to secure the strength of the base metal and
the strength of the welded joint, Mn is added in an amount
of 0.5% or more. However, when the amount of Mn added
exceeds 1.95%, weldability is degraded, hardenability

becomes excessive, and the toughness of the base metal and
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the toughness of the welded joint are degraded. Therefore,
the Mn content is set in the range of 0.5% to 1.95%.

P: 0.008% or less

P, which is an impurity element, degrades the toughness
of the base metal and the toughness of the weld zone. In
particular, when the P content in the weld zone exceeds
0.008%, toughness is markedly degraded. Therefore, the P
content is set at 0.008% or less.

S: 0.005% or less

S is an impurity that is inevitably contained. When the
S content exceeds 0.005%, the toughness of the base metal
and the toughness of the weld zone are degraded. Therefore,
the S content is set at 0.005% or less, and preferably
0.0035% or less.

Al: 0.015% to 0.06%

Al is an element to be added in order to deoxidize
molten steel, and it is necessary to set the Al content at
0.015% or more. On the other hand, when the amount of Al
added exceeds 0.06%, the toughness of the base metal and the
toughness of the weld zone are degraded, and Al is mixed
into the weld metal by dilution due to welding, which
degrades toughness. Therefore, the Al content is limited to
0.06% or less, and preferably 0.05% or less. Note that, in
the present invention, the Al content is specified in terms

of acid-soluble Al (also referred to as "Sol. Al" or the




like).

Nb: 0.011% to 0.05%

Nb forms an unrecrystallized zone in the low
temperature region of austenite. Therefore, by performing
rolling in such a temperature region, the structure of the
base metal can be refined and the toughness of the base
metal can be increased. Furthermore, precipitation
strengthening can be achieved by air cooling after
rolling/cooling or by the subsequent temper treatment. In
order to obtain the effects described above, it is necessary
to set the Nb content at 0.011% or more. However, when the
Nb content exceeds 0.05%, toughness is degraded. Therefore,
the upper limit is set to be 0.05%, and preferably 0.04%.

Ti: 0.005% te 0.02%

Ti is precipitated as TiN when molten steel solidifies,
which suppresses coarsening of austenite in the weld zone,
thus contributing to improvement of the toughness of the
weld zone. However, when the Ti content is less than 0.005%,
such an effect is small. On the other hand, when the Ti
content exceeds 0.02%, TiN coarsens, and it is not possible
to obtain the effect of improving the toughness of the base
metal and the toughness of the weld zone. Therefore, the Ti
content 1s set to be 0.005% to 0.02%.

N: 0.001% to 0.006%

N reacts with Al to form precipitates. Thereby, crystal




grains are refined, and the toughness of the base metal is
improved. Furthermore, N is an essential element for
forming TiN which suppresses coarsening of the structure of
the weld zone. In order to obtain such effects, it is
necessary to set the N content at 0.001% or more. On the
other hand, when the N content exceeds 0.006%, solute N
markedly degrades the toughness of the base metal and the
toughness of the weld zone. Therefore, the upper limit is
set at 0.006%.

Ca: 0.0005% to 0.003%

Ca is an element that improves toughness by fixing S.
In order to obtain this effect, it is necessary to add Ca in
an amount of at least 0.0005%. However, even when the Ca
content exceeds 0.003%, the effect is saturated. Therefore,
the Ca content is set in the range of 0.0005% to 0.003%.

Ceq: 0.44 or less

When Ceq specified by formula (1) exceeds 0.44,
weldability and the toughness of the weld zone are degraded.
Therefore, Ceq is set at 0.44 or less, and preferably 0.42
or less.
Ceq = [C]+[Mn]/6+([Cu]l+[Ni])/15+([Cr]+[Mo]l+[V])/5 ~--- (1)
where [M] is the content of element M (percent by mass).
When the element M is not contained, [M] is O.

Ti/N: 1.3 Lo 3.8

When Ti/N is less than 1.5, the amount of TiN formed



decreases, and solute N not forming TiN degrades the
toughness of the weld zone. Furthermore, when Ti/N exceeds
3.5, TiN is coarsened to degrade the toughness of the weld
zone. Therefore, Ti/N is set in the range of 1.5 to 3.5,
and preferably 1.8 to 3.2. In Ti/N, each element represents
the content (percent by mass).

0 < {[Ca]l-(0.18+130x[Cal)x[0]}/1.25/[8] < 1 --- (2)

{[Ca]-(0.18+130x[Ca]l)x[0]1}/1.25/[S] is a value
representing the atomic concentration ratio of Ca and S
which are effective for sulfide morphology control, is also
referred to as the "ACR wvalue". The sulfide morphology can
be estimated by this value, and this is specified in order
to finely disperse CaS which is not dissolved even at high
temperatures and which acts as nuclei for the ferrite
transformation. In the formula, [Ca], [S], and [O]
represent contents of the individual elements (percent by
mass) .

When the ACR value is 0 or less, CaS is not
crystallized. Consequently, S is precipitated in the form

of MnS only, and thus, it is not possible to obtain ferrite

transformation product nuclei in the weld heat-affected zone.

Furthermore, the MnS precipitated alone is elongated during
rolling and causes degradation in the toughness of the base
metal.

On the other hand, when the ACR value is 1 or more, S




is completely fixed by Ca, and MnS acting as nuclei for the
ferrite transformation is not precipitated on Cas.
Consequently, complex sulfides cannot achieve fine
dispersion of nuclei for the ferrite transformation, and
thus it is not possible to obtain a toughness-improving
sffect.

When the ACR wvalue is more than 0 and less than 1, MnS
is precipitated on CaS to form complex sulfides, which can
effectively act as nuclei for the ferrite transformation.
The ACR value is preferably in the range of 0.2 to 0.8.

5.5[C]**+15[P]+0.90 [Mn]+0.12[Ni]+7.9[Nb]*?+0.53[Mo] <
3.10--- (3)
where [M] is the content of element M (percent by mass)

The value of the left-hand side of formula (3) is the
hardness index of the center segregation area including
components that are likely to be concentrated in center
segregation, and will be referred to as the "Ceg* value" in
the description below. Since the CTOD test is carried out
over the entire thickness of a steel plate, specimens
include center segregation. In the case where the
composition concentration in the center segregation is
noticeable, a hardened region occurs in the weld heat-
affected zone. Therefore, a satisfactory value cannot be
obtained. By controlling the Ceg* value to an appropriate

range, an excessive increase in hardness in the center



segregation area can be suppressed, and an excellent CTOD
property can be obtained even in the weld zone of a thick
steel plate. The appropriate range of the Ceg* value has
been experimentally obtained. When the Ceg* value exceeds
3.10, the CTOD property is degraded. Therefore, the Ceg*
value is set at 3.10 or less, and preferably 2.90 or less.
In order to obtain a satisfactory CTOD property, it is not
necessary to specify the lower limit of the Ceg* value.
However, alloy elements must be added in amounts required
for obtaining the target strength. Therefore, in the
present invention, the Ceqg* value is preferably 2.0 or more.

The essential chemical composition of the present
invention has been described above. In the case where
further improvement in properties is desired, one or two or
more selected from 0.20% to 2% of Cr, 0.1% to 0.7% of Mo,
0.005% to 0.1% of V, 0.49% or less of Cu, and 2% or less of
Ni can be incorporated.

Crs 0.20

oe

to 2%

Cr is an element that is effective in increasing the
strength of the base metal. In order to obtain this effect,
the Cr content is preferably 0.20% or more. However, an
excessively high Cr content adversely affects toughness.
Therefore, the Cr content is preferably 0.20% to 2%, and
more preferably 0.20% to 1.5%, when contained.

Mo: 0.1% to 0.7%




Mo is an element that is effective in increasing the
strength of the base metal. In order to obtain this effect,
the Mo content is preferably 0.1% or more. However, an
excessively high Mo content adversely affects toughness.
Therefore, the Mo content is preferably 0.1% to 0.7%, and
more preferably 0.1% to 0.6%, when contained.

Yz 0.005% to 0.1%

V is an element that is effective in improving the
strength and toughness of the base metal at a V content of
0.005% or more. However, when the V content exceeds 0.1%,
toughness is degraded. Therefore, the V content is
preferably 0.005% to 0.1%, when contained.

Cu: 0.49% or less

Cu is an element that has an effect of improving the
strength of steel. 1In order to obtain the effect, the Cu
content is preferably 0.1% or more. However, a Cu content
of more than 0.49% causes hot brittleness and degrades the
surface properties of the steel plate. Therefore, the Cu
content is preferably 0.49% or less, when contained.

Ni: 2% or less

Ni is an element that is effective in improving the
strength and toughness of steel, and also effective in
improving the toughness of the weld zone. In order to
obtain such effects, the Ni content is preferably 0.1% or

more. However, Ni is an expensive element, and excessive
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addition degrades hot ductility and is likely to cause flaws
on the surface of the slab during casting. Therefore, the
upper limit of the Ni content is preferably 2%, when
contained.

2. Hardness distribution

Hymax/Hyave £ 1.354+0.006/[C]-t/500 --- (4)

Hymaxy 1S the maximum value of Vickers hardness of the
center segregation area, Hyave 18 the average value of
Vickers hardness of a portion of the steel plate excluding a
region extending from the front surface to 1/4 of the plate
thickness, a region extending from the back surface to 1/4
of the plate thickness, and the center segregation area, [C]
is the C content (percent by mass), and t is the thickness
(mm) of the steel plate. Hymax/Hvave 1S the nondimensional
parameter representing the hardness of the center
segregation area, and when the value is greater than a value
determined by 1.35+0.006/[C]-t/500, the CTOD wvalue decreases.
Therefore, Hymax/Hvave 1S set to be equal to or less than
1.35+0.006/[C]-t/500, and preferably equal to or less than
1.25+0.006/([C]-t/500.

Hymax 1s the hardness of the center segregation area, and
is defined as the maximum value among the measured values in
the range of 40mm in the thickness direction, including the
center segregation area, measured with a Vickers hardness

tester (load 10 kgf) at an interval of 0.25 mm in the
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thickness direction. Furthermore, Hyave 18 the average value
of hardness and is defined as the average of measured values
when a region between 1/4 of the thickness from the front
surface and 1/4 of the thickness from the back surface
excluding the center segregation area is measured with a
Vickers hardness tester with a load of 10 kgf at a certain
interval (e.g., 1 to 2 mm) in the thickness direction.

3. Rs (=12.5(X[Si]4+X[Mn]+X[Cu]+X[Ni])+1.5X[P]+1.8X[Nb])
< 4.3 = [3)
where X[M] represents (concentration of M in center
segregation area)/ (average concentration of M), and M
represents the type of alloy element added.

Rs is the formula expressing the degree of center
segregation of the steel plate, which the present inventors
propose. A larger Rs value indicates a higher degree of
center segregation of the steel plate. When the Rs value is
64.3 or more, the CTOD property is markedly degraded.
Therefore, the Rs value is set at less than 64.3, and
preferably 62.3 or less. A smaller Rs value indicates that
the adverse effect of segregation decreases. As the Rs
value decreases, the CTOD property tends to be more
satisfactory. Therefore, the lower limit of the Rs value 1is
not particularly set.

X [M] representing (concentration of M in center

segregation area)/(average concentration of M) is determined
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by the method described below. In a region of 500 pm x 500
pm including center segregation at a representative position,
area analysis by electron probe X-ray microanalysis (EPMA)
for Mn is performed with a beam diameter of 2 pm, at a pitch
of 2 pym, and for 0.07 seconds per point, on three fields of
view. On five points with a high concentration of Mn among
them, line analysis by electron probe X-ray microanalysis
(EPMA) in the thickness direction for Si, Mn, P, Cu, Ni, and
Nb is performed with a beam diameter of 5 um, at a pitch of
5 pm, and for 10 seconds per point. The average of the
maximums of the individual measurement lines is defined as
the concentration in the segregation area, which is divided
by the analysis value for each component. Thus, X[M]
representing (concentration of M in center segregation
area)/ (average concentration of M) is determined.
Furthermore, it is known that the CTOD property is
influenced, in addition to by the degree of embrittlement
(hardening due to center segregation) at the entire base of
the notch, also by the degree of embrittlement in extremely
small regions at the base of the notch. The CTOD value is
decreased by the very small brittle region at the base of
the notch. Therefore, in the case where a strict evaluation
(testing at low temperatures or the 1like) is performed, the
existence of extremely small brittle regions has a major

effect. In the high tensile strength steel plate having
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excellent weld heat-affected zone low-temperature toughness
according to the present invention, the degree of
segregation in the center segregation is specified by
formula (3), and furthermore, the distributions of hardness
and alloy elements in extremely small regions in the center
segregation are specified by formulas (4) and (5).

The steel of the present invention is preferably
produced by the production method described below.

A molten steel having a chemical composition adjusted to be
within the ranges of the present invention is refined by a
commonly used process using a converter, an electric furnace,
a vacuum melting furnace, or the like, and then is formed
into a slab by a continuous casting process. The slab is
subjected to hot rolling to obtain a desired thickness,
followed by cooling and temper treatment. In the hot

rolling, the slab heating temperature and the rolling
reduction are specified.

In the present invention, unless otherwise particularly
noted, temperature conditions of the steel plate are
specified at the temperature at the center of thickness of
the steel plate. The temperature at the center of thickness
can be obtained by simulated calculation or the like on the
basis of the thickness, the surface temperature, cooling
conditions, and the like. For example, the temperature at

the center of thickness can be obtained by calculating the
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temperature distribution in the thickness direction using
the calculus of finite differences.

Slab heating temperature: 1,050°C to 1,200°C

The slab heating temperature is set at 1,050°C or
higher so that cast defects in the slab can be reliably
pressure-bonded by hot rolling. When heating is performed
at a temperature exceeding 1,200°C, TiN precipitated during
solidification is coarsened, resulting in degradation in
toughness in the base metal and the weld zone. Therefore,
the upper limit of the heating temperature is set at 1,200°C.

Cumulative rolling reduction in the temperature range
of 950°C or higher: 30% or more

In order to recrystallize austenite grains into a fine
microstructure, the cumulative rolling reduction is set at
30% or more. When the cumulative rolling reduction is less
than 30%, abnormally coarsened grains generated during
heating remain and adversely affect the base metal toughness.

Cumulative rolling reduction in the temperature range
of lower than 950°C: 30% to 70%

Since the austenite grains rolled in this temperature
range are not sufficiently recrystallized, rolled austenite
grains remain in an elongated deformed shape and include a
large amount of defects, such as deformation bands, in which
internal strain is high. They serve as a drive force for

ferrite transformation to promote ferrite transformation.
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However, when the cumulative rolling reduction is less
than 30%, accumulation of internal energy due to internal
strain is not sufficient. Therefore, ferrite transformation
is not likely to occur, resulting in a decrease in the base
metal toughness. On the other hand, when the cumulative
rolling reduction exceeds 70%, formation of polygonal
ferrite is promoted, and high strength and high toughness
cannot be simultaneously achieved.

Cooling rate to 600°C or lower: 1.0°C/s or more

After the hot rolling, accelerated cooling is performed
to 600°C or lower at a cooling rate of 1.0°C/s or more.

When the cooling rate is less than 1°C/s, it is not possible
to obtain sufficient strength of the base metal.
Furthermore, when cooling is stopped at a temperature higher
than 600°C, the structural fractions of ferrite + pearlite,
upper bainite, and the like increase, and high strength and
high toughness cannot be simultaneously achieved.
Furthermore, in the case where tempering is performed after
the accelerated cooling, the lower limit of the accelerated
cooling stop temperature is not particularly limited. On
the other hand, in the case where tempering is not performed
in the subsequent step, the accelerated cooling stop
temperature is preferably set at 350°C or higher.

Tempering temperature: 450°C to 650°C

When the tempering temperature is lower than 450°C, it
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is not possible to obtain a sufficient effect of tempering.
On the other hand, when tempering is performed at a
temperature higher than 650°C, carbonitrides are coarsely
precipitated, toughness is degraded, and strength may also
be decreased, which is undesirable. Furthermore, by
performing tempering by induction heating, coarsening of
carbides during tempering can be suppressed, which is more
preferable. In such a case, the temperature at the center
of the steel plate calculated by simulation, such as the
calculus of finite differences, is set to be 450°C to 650°C.

In the steel of the present invention, coarsening of
austenite grains in the weld heat-affected zone is
suppressed, and furthermore, nuclei for the ferrite
transformation, which are not dissocolved even at high
temperatures, are finely dispersed. Thereby, the structure
of the weld heat-affected zone is refined. Thus, high
toughness can be obtained. Furthermore, in the region which
is reheated into a dual-phase region by a heat cycle during
multilayer welding, since the structure of the weld heat-
affected zone formed by the first welding is refined, the
toughness of the non-transformation area in the dual phase
re-heating region is improved, retransformed austenite
grains are also refined, and the degree of degradation of
toughness can be decreased.

[EXAMPLES]
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Continuously cast slabs of steel codes A to W having
chemical compositions shown in Table 1 were prepared, and
then hot rolling and heat treatment were performed. Thereby,
steel plates with a thickness of 50 to 100 mm were produced.
Regarding the methods for evaluating the base metal, in the
tensile test, a JIS No. 4 specimen was taken at 1/2 of the
thickness of each steel plate such that the longitudinal
direction of the specimen was perpendicular to the rolling
direction of the steel plate, and yield stress (YS) and
tensile strength (TS) were measured.

Furthermore, in the Charpy impact test, a JIS V notch
specimen was taken at 1/2 of the thickness of each steel
plate such that the longitudinal direction of the specimen
was perpendicular to the rolling direction of the steel
plate, and absorbed energy vE_jo°c at -40°C was measured.
Steel plates that satisfy all of YS > 400 MPa, TS =2 500 MPa,
and vE_z9°c 2 200 J were evaluated as having good base metal
properties.

Regarding the evaluation of the weld zone toughness,
using a double bevel groove, a multilayer welded joint was
formed by submerged arc welding at a weld heat input of 45
to 50 kJ/cm, and by setting a notch position for the Charpy
impact test on the straight side of the weld bond at 1/4 of
the thickness of the steel plate, absorbed energy VE_4°¢c at

-40°C was measured. Steel plates in which the average of
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three measurements satisfies vE_go°c =2 200 J were evaluated as
having good welded joint toughness.

Furthermore, by setting a notch position of the three-
point bending CTOD test specimen at the weld bond on the
straight side, 8.19°¢c, i.e., the CTOD value at -10°C, was
measured. Steel plates in which the minimum of the CTOD
value (d-1p°c) among three measured values was 0.35 mm or more
were evaluated as having a good CTOD property in the welded
joint.

Tables 2-1 and 2-2 show hot rolling conditions, heat
treatment conditions, base metal properties, and the results
of the Charpy impact test and the CTOD test in the weld zone.

Steels A to G are examples of the invention, and steels
H to W are comparative examples in which any one of the
chemical components is out of the range of the present
invention. In Examples 1 to 5, 8, 11 to 13, 15, and 16, Rs
< 64.3 is satisfied, and the CTOD property in the joint that
meets the target is obtained.

In Examples 6 and 7, the production conditions are out
of the ranges of the present invention, and the target base
metal toughness is not obtained. In Examples 9 and 10,
since the tempering condition is out of the range of the
present invention, strength is low, and toughness is also
low. In Example 14, since the cooling rate after the

rolling is lower than the range of the present invention,
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the strength of the base metal is low. In Examples 19, 22,
and 25, since the contents of C, Mn, and Nb, respectively,
are lower than the ranges of the present invention, the
strength of the base metal is low.

In Examples 20 and 21, since formula (2): 0 < {[Ca]-
(0.18+130x[Ca])x[0]}/1.25/[S] < 1 is not satisfied, the weld
zone toughness is low. In Example 23, since the S content
exceeds the range of the present invention, the base metal
toughness and the weld zone toughness are low. In Example
24, since the C content exceeds the range of the present
invention, the weld zone toughness is low. Examples 17, 18,
and 26 to 32 are out of the range of the chemical
composition of the present invention, and the weld zone

toughness is low.
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CLAIMS
[Claim 1]

A high tensile strength steel plate having a chemical
composition comprising, in percent by mass, 0.03% to 0.12%
of C, 0.01% to 0.30% of Si, 0.5% to 1.95% of Mn, 0.008% or
less of P, 0.005% or less of S, 0.015% to 0.06% of Al,
0.011% to 0.UB% pf Nb, 0.006% to 0.02% of Ti, O0.001% Lo
0.006% of N, 0.0005% to 0.003% of Ca, in which Ceq specified
by formula (1) below is 0.44 or less, Ti/N is 1.5 to 3.5,
and formulas (2) and (3) below are satisfied, and the
balance being Fe and incidental impurities, wherein the
hardness of a center segregation area of the steel plate
satisfies formula (4) below:

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

0 < {[Ca]-(0.184130x[Ca]l)x[0]}/1.25/[S] < 1 --- (2)
5.5[C]1*3+15[P]1+0.90 [Mn]+0.12[Ni]+7.9[Nb}*/?+0.53 [Mo] <

2 18-~~~ (3)

where [M] is the content of element M (percent by mass)
Hymawed Hyave £ 1.35+0.006/ [C]1-£/500 =-+- (4)

where Hymaxy 1S the maximum value of Vickers hardness of the
center segregation area, Hvyayve 15 the average value of
Vickers hardness of a portion of the steel plate excluding a
region extending from the front surface to 1/4 of the plate
thickness, a region extending from the back surface to 1/4

of the plate thickness, and the center segregation area, [C]
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is the C content (percent by mass), and t is the thickness
(mm) of the steel plate.
[Claim 2]

The high tensile strength steel plate, wherein the
steel composition according to Claim 1, further comprises,

in percent by mass, one or two or more selected from 0.20%

oe

to 2% of Cr, 0.1% to 0.7% of Mo, 0.005% to 0.1% of V, 0.49
or less of Cu, and 2% or less of Ni.
[Claim 3]

A method for producing a high tensile strength steel
plate comprising heating a steel having the chemical
composition according to Claim 1 or 2 to 1,050°C to 1,200°C,
then subjecting the steel to hot rolling in such a manner
that the cumulative rolling reduction in the temperature
range of 950°C or higher is 30% or more, and the cumulative
rolling reduction in the temperature range of lower than
950°C is 30% to 70%, and then performing accelerated cooling
to 600°C or lower at a cooling rate of 1.0°C/s or more.
[Claim 4]

The method for producing a high tensile strength steel
plate according to Claim 3, further comprising, after
cooling is stopped, performing temper treatment at 450°C to
650°C.

[Claim 5]

The high tensile strength steel plate according to
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Claim 1 or 2, wherein the concentrations of the individual
elements in the center segregation area satisfy formula (5)
below:

Rs = 12.5(X[Si]+X[Mn]+X[Cu]+X[Ni])+1.5X[P]+1.8X[Nb] <
4.3 --- (5)
where X[M] represents the ratio of the concentration of
element M in the center segregation area to the average
concentration of element M, i.e., (concentration of M in
center segregation area)/(average concentration of M),
obtained by EPMA line analysis.

[Claim 6]

A method for producing a high tensile strength steel
plate comprising heating a steel having the chemical
composition according to Claim 5 to 1,050°C to 1,200°C, then
subjecting the steel to hot rolling in such a manner that
the cumulative rolling reduction in the temperature range of
950°C or higher is 30% or more, and the cumulative rolling
reduction in the temperature range of lower than 950°C is
30% to 70%, and then performing accelerated cooling to 600°C
or lower at a cooling rate of 1.0°C/s or more.

[Claim 7]

The method for producing a high tensile strength steel
plate according to Claim 6, further comprising, after
cooling is stopped, performing temper treatment at 450°C to

650°C.




