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STEEL PLATE AND METHOD OF PRODUCING SAME 

TECHNICAL FIELD 

[0001] This disclosure relates to a steel plate, in particular, a steel plate 

	

5 	exhibiting excellent properties in a CTOD test in which a notch position is 

located either in CGHAZ or at a SC/ICHAZ boundary, and exhibiting 

excellent joint CTOD properties in multilayer welding, the steel plate being 

suitably used in ships, marine structures, line pipes, pressure vessels, and the 

like. Further, this disclosure relates to a method of producing the same. 
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BACKGROUND 

[0002] The Charpy test has been conventionally used to evaluate toughness of 

steel. However, in recent years, as a method of evaluating breakage 

resistance with higher accuracy, Crack Tip Opening Displacement Test 

	

15 	(hereinafter, referred to as "CTOD test") is often used for steel plates used in 

structures. 

[0003] The CTOD test evaluates the resistance to occurrence of brittle 

fracture by introducing a fatigue precrack into a test piece at the location to be 

evaluated for toughness, subjecting the test piece to a bend test at low 

	

20 	temperature, and measuring the amount of the crack opening (plastic 

deformation volume) immediately before fracture. 

[0004] In welding a steel plate to be applied to structures, multilayer welding 

is typically used. A heat-affected zone of multilayer welding (hereinafter, 

referred to as "multilayer-weld HAZ") is known to have a zone having 

	

25 	significantly low toughness (ICCGHAZ: Inter-Critically reheated Coarse 

Grain heat Affected Zone), which is generated because a zone near a weld line 

having had a coarse microstructure through a preceding welding pass 

(CGHAZ: Coarse Grain Heat Affected Zone) is reheated into a 

ferrite-austenite dual phase region by a welding pass of a next layer, 

	

30 	generating a coarse matrix in which a martensite austenite constituent (MA) 

microstructure is mixed. 

[0005] A joint CTOD test is basically performed over the entire thickness of a 

steel plate. Thus, when multilayer-weld HAZ is tested, a region to be 

evaluated into which a fatigue precrack is introduced includes an ICCGHAZ 
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microstructure. Meanwhile, joint CTOD properties obtained by a joint 

CTOD test depend on toughness of a most embrittled part of an evaluated 

region. 	Thus, joint CTOD properties of multilayer-weld HAZ reflect 

toughness not only of a CGHAZ microstructure but also of an ICCGHAZ 

5 microstructure. 	Therefore, to improve joint CTOD properties of 

multilayer-weld HAZ, toughness of an ICCGHAZ microstructure needs to be 

enhanced. 

[0006] Conventionally, to improve toughness of the heat-affected zone (HAZ), 

a technique that incorporates TiN in steel by fine particle distribution to 

10 reduce coarsening of austenite grains of CGHAZ and to create ferrite 

nucleation sites has been put into practical use. 

[0007] Further, a technique for adding REM (rare earth metal) and dispersing 

the resulting REM-based acid sulfide to prevent austenite grain growth, a 

technique for adding Ca and dispersing the resulting Ca-based acid sulfide to 

15 

	

	prevent austenite grain growth, and a technique for combining the capability 

of ferrite nucleation of BN with oxide dispersion have been also used. 

[0008] For example, JP H03-053367 B (PTL 1) and JP S60-184663 A (PTL 2) 

propose a technique for preventing coarsening of an austenite microstructure 

of HAZ by REM and TiN particles. JP 2012-184500 A (PTL 3) proposes a 

20 

	

	technique for improving toughness of HAZ by using CaS and a technique for 

improving toughness of base metal by hot rolling. 

[0009] Further, for preventing a decrease in toughness of ICCGHAZ, a 

technique for reducing contents of C and Si to thereby prevent formation of 

MA, and further adding Cu to thereby improve strength of base metal is 

25 proposed (for example, JP H05-186823 A (PTL 4)). JP S61-253344 A (PTL 

5) proposes a technique for using BN as a ferrite nucleation site in a 

heat-affected zone of large-heat input welding to refine a HAZ microstructure 

and improve toughness of HAZ. 

[0010] Joint CTOD properties at an extremely low temperature range are 

30 

	

	recently required. For example, JP 4700769 B (PTL 6) proposes a technique 

for defining a compositional range to decrease nonmetallic inclusions and to 

control hardness, ensuring joint CTOD properties at -60 °C. JP 5201301 B 

(PTL 7) proposes a technique for finely dispersing Ti oxides and using them 

as nuclei to thereby refine the microstructure of a heat-affected zone, 
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improving CTOD properties at -80 °C. 
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SUMMARY 

(Technical Problem) 

	

15 	[0012] In the standard defining joint CTOD properties (for example, API 

(American Petroleum Institute) Standard, RP (Recommended Practice)-2Z)), 

the temperature of CTOD specifications is typically -10 °C. Meanwhile, to 

respond to the growing demand for energy in recent years and ensure new 

resources, a region of constructions such as marine structures is shifted to a 

	

20 	cold area where resource development has been impossible. Therefore, 

demand for steel materials has been increased which can be used at 

temperature of CTOD specifications which is lower than the temperature of 

CTOD specifications defined by API Standard (hereinafter, also referred to as 

"special CTOD specifications at low temperature"). 

	

25 	[0013] Examination by the inventors indicates that conventional techniques 

as described in PTL 1 to PTL 6 cannot sufficiently satisfy joint CTOD 

properties which are required of multilayer weld joints for special CTOD 

specifications at low temperature which are demanded in recent years. 

[0014] For example, the technique for preventing coarsening of an austenite 

	

30 	microstructure of HAZ by REM and TiN particles as proposed in PTL 1 and 

PTL 2 is not effective sufficiently at preventing austenite grain growth 

because TiN is dissolved in bond which reaches a high temperature in 

welding. 

[0015] On the other hand, REM-based acid sulfide and Ca-based acid sulfide 
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are effective at preventing austenite grain growth. However, only the effect 

of improving toughness by preventing coarsening of austenite grains of HAZ 

cannot achieve the joint CTOD properties at temperature of low-temperature 

specifications. 

	

5 	[0016] Further, the capability of ferrite nucleation of BN is effective when a 

cooling rate of a heat-affected zone is slow in large-heat input welding and the 

HAZ microstructure is mainly composed of ferrite. However, in the case of a 

steel plate, because the amount of alloy elements contained in the base metal 

is relatively high while the heat input in multilayer welding is relatively small, 

	

10 	the HAZ microstructure is mainly composed of bainite, and the BN effect is 

not achieved. 

[0017] The technique proposed in PTL 3 can satisfy joint CTOD properties at 

temperature of normal specifications (-10 °C). However, PTL 3 does not 

examine joint CTOD properties at temperature of low-temperature 

	

15 	specifications as described above. 

[0018] Similarly, PTL 4 does not examine joint CTOD properties at 

temperature of low-temperature specifications as described above, and it is 

conceivable that only improving toughness of ICCGHAZ by decreasing the 

chemical composition of the base metal cannot fulfill specific CTOD 

	

20 	specifications at low temperature. Further, decreasing contents of alloying 

elements of the base metal to improve toughness of ICCGHAZ may 

deteriorate properties of the base metal. Thus, it is difficult to apply the 

technique of PTL 4 to steel plates used for marine structures. 

[0019] The technique proposed in PTL 5 is effective when a cooling rate of a 

	

25 	heat-affected zone is slow as in large-heat input welding and the HAZ 

microstructure is mainly composed of ferrite. However, in the case of a steel 

plate, the amount of alloy elements contained in the base metal is relatively 

high and the heat input in multilayer welding is relatively small. Therefore, 

in multilayer welding of steel plates, the HAZ microstructure is mainly 

	

30 	composed of bainite, and the aforementioned effect is not achieved. 

[0020] On the other hand, the techniques of PTL 6 and PTL 7 are proposed to 

satisfy joint CTOD properties at a low temperature range, and thus the 

techniques are considered to be effective. However, it is very difficult to 

obtain composition which satisfies a PCTOD value needed to exhibit the effect. 
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[0021] Thus, it cannot be said that a technique has been established which 

stably improves toughness of CGHAZ and ICCGHAZ in a heat-affected zone 

of multilayer welding of a steel plate, and it is difficult to improve joint 

CTOD properties when a notch position is located in a bond having CGHAZ 

	

5 	and ICCGHAZ in a mixed manner. 

[0022] It could thus be helpful to provide a steel plate exhibiting excellent 

joint CTOD properties in multilayer welding. Further, it could also be 

helpful to provide a method of producing the steel plate. 

(Solution to Problem) 

	

10 	[0023] To achieve the aforementioned object, the inventors have thought 

again a method of improving CTOD properties. 

[0024] Major methods of preventing brittle fracture include the following: 

(1) decreasing defects existing in a steel plate; 

(2) decreasing phases which have been hardened by, for example, 

	

15 	concentration of composition; 

(3) decreasing coarse inclusions; and 

(4) refining effective crystal grains. 

[0025] Findings obtained by examining the aforementioned (1) to (4) are 

explained below. 

	

20 	[0026] (1) As to defects inside of a steel plate, it is conceivable that 

porosities (pores) which have been generated in slab manufacturing processes 

remain without being perfectly compressed during rolling, which may cause 

fracture. As a result of examination, the inventors found that it is effective 

at surely decreasing porosities to perform hot rolling with an average rolling 

	

25 	reduction of 10 % or more per pass and a cumulative rolling reduction of 20 % 

or more in a high temperature range in which the temperature of a 

mid-thickness part is 1050 °C or higher. 

[0027] (2) The inventors found that to decrease hardened phases which are 

generated by concentration of composition, it is effective to strictly control 

	

30 	contents of C and P which are especially easily concentrated. Further, when 

the amount of alloying elements to be added is large, the alloying elements are 

easily concentrated. 	Thus, the inventors found that by controlling an 

equivalent carbon content Ceq and weld cracking parameter Pcm in a specific 

range, toughness of the matrix of HAZ of multilayer welding can be improved. 
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[0028] (3) Generally, in an element segregation region of a mid-thickness part 

of a slab, alloying elements are concentrated and thus coarse inclusions are 

dispersed in low density. However, the inventors found that by performing 

rolling at a cumulative rolling reduction of 30 % or more in a temperature 

	

5 	range in which the temperature of a mid-thickness part is lower than 1050 °C 

to 950 °C or higher, it is possible to increase strain introduced to the 

mid-thickness part to thereby elongate coarse inclusions and divide them, thus 

dispersing refined inclusions in high density. As the result, an effect of 

improving toughness of HAZ by inclusions can be guaranteed, and 

10 additionally, good CTOD properties which can fulfill special CTOD 

specifications can be achieved. 

[0029] (4) The inventors examined joint CTOD properties at a SC/ICHAZ 

(Sub-Critically reheated HAZ/Inter-Critically reheated HAZ) boundary which 

is a boundary of the transformed area and the non-transformed area of base 

	

15 	metal in welding, the joint CTOD properties being required in EN10225(2009) 

of British Standard and RP-2Z(2005) of API Standard. As the result, the 

inventors found that because toughness of base metal are dominant over joint 

CTOD properties of a SC/ICHAZ boundary, to satisfy joint CTOD properties 

at a test temperature of -60 °C at a SC/ICHAZ boundary, it is necessary to 

	

20 	make an effective grain size in a microstructure of base metal to be 20 pin or 

less and improve toughness of base metal by such crystal grain refinement. 

[0030] This disclosure is based on the aforementioned findings and further 

studies. We provide the following. 

[0031] 1. A steel plate comprising: 

	

25 	 a chemical composition containing (consisting of), in mass%, 

C: 0.01 % to 0.07 %, 

Si: 0.5 % or less, 

Mn: 1.0 % to 2.0 %, 

P: 0.01 % or less, 

	

30 	 S: 0.0005 % to 0.0050 %, 

Al: 0.030 % or less, 

Ni: 0.5 % to 2.0 %, 

Ti: 0.005 % to 0.030 %, 

N: 0.0015 % to 0.0065 %, 
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0: 0.0010 % to 0.0050 %, and 

Ca: 0.0005 % to 0.0060 %, 

with a balance being Fe and inevitable impurities; and 

having Ceq of 0.45 % or less, where Ceq is defined by the 

	

5 	following Formula (1): Ceq (%) = [C] + [Mn] / 6 + ([Cu] + [Ni]) / 15 + ([Cr] + 

[Mo] + [V]) / 5 	(1); and 

having Pcm of 0.22 % or less, where Pcm is defined by the 

following Formula (2): Pcm (%) = [C] + [Si] / 30 + ([Mn] + [Cu] + [Cr]) / 20 

+ [Ni] / 60 + [Mo] / 15 + [V] / 10 + 5 [B] 	(2), 

	

10 	 where the brackets in Formula (1) and Formula (2) indicate a 

content by mass% of an element enclosed in the brackets and have a value of 0 

if such an element is not contained; 

an average effective grain size of 20 tim or less at a mid-thickness part 

of the steel plate, and 

	

15 	 porosities having an equivalent circular diameter of 200 p.m or more, 

the number of the porosities per mm2  being 0.1/mm2  or less. 

[0032] 2. The steel plate according to 1., wherein the chemical composition 

further contains, in mass%, at least one element selected from the group 

	

20 	consisting of 

Cu: 0.05 % to 2.0 %, 

Cr: 0.05 % to 0.30 %, 

Mo: 0.05 % to 0.30 %, 

Nb: 0.005 % to 0.035 %, 

	

25 	V: 0.01 % to 0.10 %, 

W: 0.01 % to 0.50 %, 

B: 0.0005 % to 0.0020 %, 

REM: 0.0020 % to 0.0200 %, and 

Mg: 0.0002 % to 0.0060 %. 

	

30 	[0033] 3. A method of producing a steel plate, comprising: 

heating a slab having the chemical composition according to 1. or 2. to 

1050 °C or higher and 1200 °C or lower; 

hot rolling the heated slab to obtain a hot-rolled steel plate; 

cooling the hot-rolled steel plate to a stop cooling temperature of 600 
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°C or lower under a condition of at an average cooling rate of 3 °C/sec to 50 

°C/sec while a mid-thickness part of the hot-rolled steel plate has a 

temperature from 700 °C to 550 °C, 

wherein the hot rolling comprises: 

	

5 	(1) rolling with an average rolling reduction of 10 % or more per pass 

and a cumulative rolling reduction of 20 % or more when the temperature at a 

mid-thickness part of the heated slab is 1050 °C or higher to obtain a heated 

plate; 

(2) rolling with a cumulative rolling reduction of 30 % or more when 

	

10 	the temperature at the mid-thickness part of the heated plate is lower than 

1050 °C and 950 °C or higher; and 

(3) rolling with an average rolling reduction of 8 % or more per pass 

and a cumulative rolling reduction of 60 % or more when the temperature at 

the mid-thickness part of the heated plate is lower than 950 °C. 

	

15 	[0034] 4. The method of producing a steel plate according to 3., wherein a 

tempering treatment is performed at a temperature of 700 °C or lower after the 

cooling. 

(Advantageous Effect) 

[0035] According to this disclosure, it is possible to obtain a steel plate 

	

20 	exhibiting excellent joint CTOD properties in multilayer welding. As used 

herein, exhibiting excellent joint CTOD properties in multilayer welding 

means that the amount of crack opening displacement (6) at a test temperature 

of -60 °C is 0.30 mm or more in each of CGHAZ (bond) and SC/ICHAZ in 

which a notch position is located. 

25 

DETAILED DESCRIPTION 

[0036] The reasons for limitations placed on the features of this disclosure 

are explained. 

[0037] [Chemical composition] 

	

30 	The reasons for limiting the chemical composition of the steel plate 

and the slab to the aforementioned range in this disclosure are described first. 

In the description of the chemical composition, "%" denotes "mass%" unless 

otherwise noted. 

[0038] C: 0.01 % to 0.07 % 
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C is an element that improves strength of steel. The content of C 

needs to be 0.01 % or more. On the other hand, an excessively high C 

content increases hardness of a portion where C has been concentrated, 

deteriorating joint CTOD properties. However, the C content of 0.07 % or 

	

5 	less does not deteriorate joint CTOD properties even if C is concentrated. 

Therefore, the C content is set to 0.07 % or less, preferably 0.05 % or less, 

and more preferably 0.45 % or less. 

[0039] Si: 0.5 % or less 

Si is an element which is inevitably contained as impurities and has an 

	

10 	action of improving strength. However, an excessively high Si content 

beyond 0.5 % deteriorates joint CTOD properties. Accordingly, the Si 

content is set to 0.5 % or less, preferably 0.2 % or less, and more preferably 

less than 0.15 %. On the other hand, because the smaller the Si content is the 

better for improving joint CTOD properties, the Si content has no specific 

	

15 	lower limit and may be 0 %. However, excessively reducing the Si content 

incurs higher manufacturing costs. Thus, the Si content is preferably set to 

0.005 % or more. 

[0040] Mn: 1.0 % to 2.0 % 

Mn is an element having an effect of improving strength through 

	

20 	improvement of quench hardenability of steel. To obtain this effect, the Mn 

content is set to 1.0 % or more and preferably 1.2 % or more. On the other 

hand, an excessively high Mn content significantly deteriorates joint CTOD 

properties. Therefore, the Mn content is set to 2.0 % or less and preferably 

1.8 % or less. 

	

25 	[0041] P: 0.01 % or less 

P is an element which is inevitably contained in steel as impurities and 

deteriorates toughness of steel. Therefore, it is desirable to reduce the P 

content as much as possible. In particular, in this disclosure, the P content 

needs to be controlled more strictly than usual to ensure joint CTOD 

	

30 	properties at low temperature. Specifically, the P content is set to 0.01 % or 

less and preferably 0.008 % or less. On the other hand, the P content has no 

specific lower limit and may be 0 %. However, excessively reducing the P 

content incurs higher manufacturing costs. Therefore, the P content is 

preferably set to 0.001 % or more. 
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[0042] S: 0.0005 % to 0.0050 % 

S is an element necessary to form inclusions which improve toughness 

of multilayer-weld HAZ. Therefore, the S content is set to 0.0005 % or more. 

On the other hand, the S content beyond 0.0050 % deteriorates joint CTOD 

	

5 	properties. Thus, the S content is set to 0.0050 % or less and preferably 

0.0045 % or less. 

[0043] Al: 0.030 % or less 

An excessively high Al content deteriorates joint CTOD properties. 

In particular, the Al content beyond 0.030 % deteriorates joint CTOD 

	

10 	properties at a low temperature range. Therefore, the Al content is set to 

0.030 % or less. On the other hand, the Al content has no specific lower 

limit and may be 0%. However, excessively reducing the Al content incurs 

higher manufacturing costs. Therefore, the Al content is preferably set to 

0.001 % or more. 

	

15 	[0044] Ni: 0.5 % to 2.0 % 

Ni is an element which can increase strength of a steel plate without 

significantly deteriorating toughness of both base metal and joints. To 

obtain this effect, Ni is necessary to be added in an amount of 0.5 % or more. 

Therefore, the Ni content is set to 0.5 % or more. On the other hand, when 

	

20 	the Ni content is beyond 2.0 %, the effect of increasing strength becomes 

saturated, incuring higher costs. Therefore, the Ni content is set to 2.0 % or 

less and preferably 1.8 % or less. 

[0045] Ti: 0.005 % to 0.030 % 

Ti precipitates in steel as TiN. The precipitated TiN has an action of 

	

25 	preventing coarsening of austenite grains in HAZ, and thus, refines the HAZ 

microstructure, improving toughness. To obtain this effect, the Ti content is 

set to 0.005 % or more. On the other hand, the Ti content beyond 0.030 % 

causes precipitation of solute Ti and coarse TiC, ending up deteriorating 

toughness of a heat-affected zone. Therefore, the Ti content is set to 0.030 

	

30 	% or less and preferably 0.025 % or less. 

[0046] N: 0.0015 % to 0.0065 % 

N precipitates in steel as TiN. The precipitated TiN has an action of 

preventing coarsening of austenite grains in HAZ, and thus, refines the HAZ 

microstructure, improving toughness. To obtain this effect, the N content is 



set to 0.0015 % or more. On the other hand, the N content beyond 0.0065 % 

rather deteriorates toughness of a heat-affected zone. Therefore, the N 

content is set to 0.0065 % or less and preferably 0.0055 % or less. 

[0047] 0: 0.0010 % to 0.0050 % 

	

5 	0 is an element necessary to form inclusions which improve toughness 

of multilayer-weld HAZ. Therefore, the 0 content is set to 0.0010 % or 

more. On the other hand, the 0 content beyond 0.0050 % rather deteriorates 

joint CTOD properties. Therefore, the 0 content is set to 0.0050 % or less 

and preferably 0.0045 % or less. 

	

10 	[0048] Ca: 0.0005 % to 0.0060 % 

Ca is an element necessary to form inclusions which improve 

toughness of multilayer-weld HAZ. Therefore, the Ca content is set to 

0.0005 % or more and preferably 0.0007 % or more. On the other hand, the 

Ca content beyond 0.0060 % rather deteriorates joint CTOD properties. 

	

15 	Therefore, the Ca content is set to 0.0060 % or less and preferably 0.0050 % 

or less. 

[0049] The chemical composition of a steel plate in one embodiment may 

consist of the aforementioned elements with the balance being Fe and 

inevitable impurities. 

	

20 	[0050] Further, in other embodiments, to further improve strength, toughness 

adjustment, and joint toughness, the chemical composition can further 

optionally contain at least one selected from the group consisting of Cu, Cr, 

Mo, Nb, V, W, B, REM, and Mg with the following contents. 

[0051] Cu: 0.05 % to 2.0 % 

	

25 	 Cu is an element which can increase strength of a steel plate without 

significantly deteriorating toughness of base metal and joints. In the case of 

adding Cu, to obtain this effect, the Cu content is set to 0.05 % or more and 

preferably 0.1 % or more. On the other hand, when the Cu content is beyond 

2.0 %, steel plate cracks may be caused by a Cu-concentrated layer which 

	

30 	generates directly below scales. Therefore, in the case of adding Cu, the Cu 

content is set to 2.0 % or less and preferably 1.5 % or less. 

[0052] Cr: 0.05 % to 0.30 % 

Cr is an element having the effect of improving strength through 

improvement of quench hardenability of steel. In the case of adding Cr, to 
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obtain this effect, the Cr content is set to 0.05 % or more. On the other hand, 

an excessively high Cr content deteriorates joint CTOD properties. Thus, in 

the case of adding Cr, the Cr content is set to 0.30 % or less. 

[0053] Mo: 0.05 % to 0.30 % 

	

5 	Mo is an element having the effect of improving strength through 

improvement of quench hardenability of steel. In the case of adding Mo, to 

obtain this effect, the Mo content is set to 0.05 % or more. On the other hand, 

an excessively high Mo content deteriorates joint CTOD properties. Thus, in 

the case of adding Mo, the Mo content is set to 0.30 % or less. 

	

10 	[0054] Nb: 0.005 % to 0.035 %, 

Nb is an element which widens a non-recrystallization temperature 

range of an austenite phase. Therefore, the addition of Nb is effective at 

efficiently rolling a non-recrystallization region to obtain a fine grain 

microstructure. In the case of adding Nb, to obtain this effect, the Nb 

	

15 	content is set to 0.005 % or more. On the other hand, the Nb content beyond 

0.035 % deteriorates joint CTOD properties. Thus, in the case of adding Nb, 

the Nb content is set to 0.035 % or less. 

[0055] V: 0.01 % to 0.10 % 

V is an element of improving strength of base metal, and the addition 

	

20 	of V of 0.01 % or more achieves the effect. Therefore, in the case of adding 

V, the V content is set to 0.01 % or more and preferably 0.02 % or more. On 

the other hand, the V content beyond 0.10 % deteriorates toughness of HAZ. 

Thus, in the case of adding V, the V content is set to 0.10 % or less and 

preferably 0.05 % or less. 

	

25 	[0056] W: 0.01 % to 0.50 % 

W is an element of improving strength of base metal, and the addition 

of W of 0.01 % or more achieves the effect. Therefore, in the case of adding 

W, the W content is set to 0.01 % or more and preferably 0.05 % or more. On 

the other hand, the W content beyond 0.50 % deteriorates toughness of HAZ. 

	

30 	Thus, in the case of adding W, the W content is set to 0.50 % or less and 

preferably 0.35 % or less. 

[0057] B: 0.0005 % to 0.0020 % 

B is an element which improves quench hardenability with very small 

amount thereof, thereby increasing strength of a steel plate. In the case of 
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adding B, to obtain this effect, the B content is set to 0.0005 % or more. On 

the other hand, the B content beyond 0.0020 % deteriorates toughness of HAZ. 

Thus, in the case of adding B, the B content is set to 0.0020 % or less. 

[0058] REM: 0.0020 % to 0.0200 % 

	

5 	REM (rare-earth metal) forms acid sulfide-based inclusions to thereby 

prevent austenite grain growth of HAZ, improving toughness of HAZ. In the 

case of adding REM, to obtain this effect, the REM content is set to 0.0020 % 

or more. On the other hand, the REM content beyond 0.0200 % rather 

deteriorates toughness of base metal and HAZ. Therefore, in the case of 

	

10 	adding REM, the REM content is set to 0.0200 % or less. 

[0059] Mg: 0.0002 % to 0.0060 % 

Mg is an element which forms oxide-based inclusions to thereby 

prevent austenite grain growth in a heat-affected zone, improving toughness 

of the heat-affected zone. In the case of adding Mg, to obtain this effect, the 

15 Mg content is set to 0.0002 % or more. On the other hand, when the Mg 

content is beyond 0.0060 %, the addition effect becomes saturated, and thus 

an effect commensurate with the content is not offered, which is economically 

disadvantageous. Therefore, in the case of adding Mg, the Mg content is set 

to 0.0060 % or less. 

	

20 	[0060] The chemical composition of the steel plate and the slab needs to 

satisfy the following conditions. 

[0061] Ceq: 0.45 % or less 

When the equivalent carbon content, Ceq defined by the following 

Formula (1) is increased, a HAZ microstructure has an increased amount of 

	

25 	microstructure having poor toughness such as martensite austenite constituent 

and bainite, thus deteriorating toughness of HAZ. Ceq beyond 0.45 % 

deteriorates toughness of the matrix itself of HAZ. Thus, even with a 

technique for improving toughness of HAZ by inclusions, necessary joint 

CTOD properties cannot be satisfied. Therefore, Ceq is set to 0.45 % or less. 

	

30 	On the other hand, Ceq has no specific lower limit, but Ceq is preferably set to 

0.25 % or more and more preferably 0.30 % or more. 

Ceq (%) = [C] + [Mn] / 6 + ([Cu] + [Ni]) / 15 + ([Cr] + [Mo] + [V]) / 5 

(1) 

[0062] Pcm: 0.22 % or less 
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When the weld cracking parameter, Pcm defined by the following 

Formula (2) is increased, a HAZ microstructure has increased microstructure 

having poor toughness such as martensite austenite constituent and bainite, 

thus deteriorating toughness of HAZ. Pcm beyond 0.22 % deteriorates 

5 toughness of the matrix itself of HAZ. Thus, necessary joint CTOD 

properties cannot be achieved. Therefore, Pcm is set to 0.22 % or less. On 

the other hand, Pcm has no specific lower limit, but Pcm is preferably 0.10 % 

or more and more preferably 0.12 % or more. 

Pcm (%) = [C] + [Si] / 30 + ([Mn] + [Cu] + [Cr]) / 20 + [Ni] / 60 + [Mo] / 15 + 

10 	[V] / 10 + 5 [B] 	 (2) 

[0063] The brackets in Formula (1) and Formula (2) indicate content by 

mass% of an element enclosed in the brackets and have a value of 0 if an 

element enclosed in the brackets is not contained. 

[0064] [Average effective grain size] 

15 	Average effective grain size: 20 gm or less 

In this disclosure, an average effective grain size of a microstructure 

in a mid-thickness part of a steel plate is set to 20 gm or less. Crystal grains 

in the mid-thickness part in which segregation is easily caused are refined as 

described above to improve toughness of base metal, thereby increasing joint 

20 CTOD properties at a SC/ICHAZ boundary. On the other hand, the smaller 

the average effective grain size is the more advantageous. Thus, the average 

effective grain size has no specific lower limit, but generally, the lower limit 

is about 1 pm. As used herein, the "effective grain size" is defined as an 

equivalent circular diameter of a crystal grain surrounded with a large-angle 

25 	grain boundary having an orientation difference of 15° or more from an 

adjacent crystal grain. Further, the average effective grain size in the 

mid-thickness part can be measured by a method described in the following 

Examples. 

[0065] [Number density of porosities] 

30 	Number density of porosities: 0.1/mm2  or less 

As stated above, a porosity that remains in a steel plate becomes a 

fracture origin, thus deteriorating CTOD properties. In particular, when the 

number of porosities having an equivalent circular diameter of 200 i_tm or 

more per mm2  (hereinafter, simply referred to as "number density of 
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porosities") is more than 0.1/mm2, it is extremely highly likely that the 

amount of crack opening displacement (8) in a CTOD test becomes 

insufficient. 	It is therefore important to limit the number density of 

porosities to 0.1/mm2  or less. As used herein, the number density of 

	

5 	porosities means an average number density in full thickness x full width in a 

cross section parallel to a plate transverse direction of a steel plate (cross 

section perpendicular to the rolling direction). The number density of 

porosities can be measured by a method described in the following Examples. 

[0066] [Plate thickness] 

	

10 	As used herein, the "steel plate" means a steel plate having a thickness 

of 6 mm or more in accordance with the common definition in the technical 

field. The plate thickness of the steel plate is preferably 20 mm or more, and 

more preferably 30 mm or more. On the other hand, the plate thickness has 

no specific upper limit, but it is preferably 100 mm or less. 

	

15 	[0067] [Production method] 

The following describes a method of producing a steel plate according 

to one embodiment. Our steel plate can be produced by hot rolling a slab 

having the aforementioned chemical composition under the conditions as 

described above to obtain a hot-rolled steel plate, and then cooling the 

	

20 	hot-rolled steel plate. After the cooling, the steel plate may be arbitrarily 

subjected to tempering treatment. 

[0068] The following describes each of the steps. 	In the following 

description, "temperature" means a temperature in a mid-thickness part, 

unless otherwise noted. A temperature in a mid-thickness part can be 

	

25 	measured as in the following Examples. However, for example, on an actual 

production line, a temperature of a surface of a steel plate is measured using a 

radiation thermometer and from the temperature of a surface of a steel plate, a 

temperature in a mid-thickness part may be determined by heat transfer 

calculation. 

	

30 	[0069] [Slab] 

Any slab having the aforementioned chemical composition can be 

used. The slab can be produced by, for example, continuous casting. 

[0070] Heating temperature: 1050 °C to 1200 °C 

Before the hot rolling, the slab is heated to a heating temperature of 
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1050 °C or higher and 1200 °C or lower. When the heating temperature is 

lower than 1050 °C, the following conditions of hot rolling cannot be met, and 

a sufficient effect cannot be obtained. Thus, the heating temperature is set to 

1050 °C or higher and preferably 1070 °C or higher. On the other hand, 

	

5 	when the heating temperature is higher than 1200 °C, austenite grains become 

coarse, and thus a desired fine grain microstructure cannot be obtained after 

the hot rolling. Thus, the heating temperature is set to 1200 °C or lower and 

preferably 1170 °C or lower. 

[0071] [Hot rolling] 

	

10 	Then, the heated slab is hot rolled to obtain a hot-rolled steel plate. 

During the hot rolling, it is important to control hot-rolling conditions in both 

a recrystallization temperature range and a non-recrystallization temperature 

range. Specifically, the hot rolling consists of the following three stages: 

(1) rolling with an average rolling reduction of 10 % or more per pass 

	

15 	and a cumulative rolling reduction of 20 % or more when the temperature at a 

mid-thickness part of the heated slab is 1050 °C or higher to obtain a heated 

plate; 

(2) rolling with a cumulative rolling reduction of 30 % or more when 

the temperature at the mid-thickness part of the heated plate is lower than 

	

20 	1050 °C to 950 °C or higher; and 

(3) rolling with an average rolling reduction of 8 % or more per pass 

and a cumulative rolling reduction of 60 % or more when the temperature at 

the mid-thickness part of the heated plate is lower than 950 °C. 

[0072] In the hot rolling, the hot rolling of (1) to (3) may be performed 

	

25 	sequentially. The reasons for limiting hot-rolling conditions in each stage 

are described below. The cumulative rolling reduction in each temperature 

range refers to a cumulative value of rolling reduction in the corresponding 

temperature range. 

[0073] (1) Temperature of a mid-thickness part: 1050 °C or higher 

	

30 	First, the slab is hot rolled in a temperature range of 1050 °C or higher 

which is a high temperature part of a recrystallization temperature range. 

The heating temperature of the slab is 1200 °C or lower, and thus, the 

temperature of a mid-thickness part of the slab is also 1200 ° C or lower 

during the hot rolling. The hot-rolling conditions in the temperature range 
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are an average rolling reduction per pass of 10 % or more and a cumulative 

rolling reduction of 20 % or more. It is thus possible to significantly 

decrease porosities which, if any, can become an origin of fracture. The 

average rolling reduction per pass in this temperature range has no specific 

	

5 	upper limit, but is preferably 30 % or less, and more preferably 25 % or less. 

Further, the cumulative rolling reduction in this temperature range has no 

specific upper limit, but is preferably 80 % or less, and more preferably 70 % 

or less. 

[0074] (2) Temperature of the mid-thickness part: lower than 1050 °C to 950 

	

10 	°C or higher 

Next, hot rolling is performed in a temperature range of lower than 

1050 °C to 950 °C or higher. The hot-rolling conditions in the temperature 

range are a cumulative rolling reduction of 30 % or more. The hot rolling is 

performed in the temperature range to produce recrystallization, thereby 

	

15 	fining the microstructure after the recrystallization, and to refine and disperse 

coarse inclusions. 	Hot rolling at lower than 950 °C hardly produces 

recrystallization and causes insufficient refinement of austenite grains. Thus, 

hot rolling at 950 °C or higher is necessary. 	The cumulative rolling 

reduction in the temperature range has no specific upper limit, but is 

	

20 	preferably 70 % or less, and more preferably 60 % or less. 

[0075] (3) Temperature of the mid-thickness part: lower than 950 °C 

Next, hot rolling is performed in a temperature range of lower than 

950 °C which is a non-recrystallization temperature range. The hot-rolling 

conditions in the temperature range are an average rolling reduction per pass 

	

25 	of 8 % or more and a cumulative rolling reduction of 60 % or more. As used 

herein, steel is hardly recrystallized by hot rolling at lower than 950 °C. 

Therefore, strain introduced by hot rolling is not consumed in 

recrystallization but accumulated, serving as nucleation sites in the 

subsequent cooling step. As the result, the finally obtained steel plate can 

	

30 	have a refined microstructure. When the cumulative rolling reduction in the 

temperature range is less than 60 %, the effect of refining crystal grains in the 

whole steel plate becomes insufficient. Further, when the average rolling 

reduction per pass in the temperature range is less than 8 %, sufficient rolling 

reduction cannot be achieved in the mid-thickness part, and a sufficient effect 



- 18 - 

of refining crystal grains cannot be obtained especially in the mid-thickness 

part. Therefore, when the aforementioned conditions are not met, variations 

of properties depending on a position in a plate thickness direction are more 

increased. The average rolling reduction per pass in the temperature range 

	

5 	has no specific upper limit, but is preferably 25 % or less and more preferably 

20 % or less. Further, the cumulative rolling reduction in the temperature 

range has no specific upper limit, but is preferably 90 % or less and more 

preferably 80 % or less. 

[0076] [Cooling] 

	

10 	 After completion of the hot rolling, the obtained hot-rolled steel plate 

is cooled. The cooling can be performed by any method if the following 

conditions are met. For example, the cooling can be performed by water 

cooling. 

[0077] Average cooling rate: 3 °C/sec to 50 °C/sec 

	

15 	 In the cooling, an average cooling rate when the temperature of a 

mid-thickness part of the hot-rolled steel plate is 700 °C to 550 °C 

(hereinafter, simply referred to as "average cooling rate") is 3 °C/sec to 50 

°C/sec. The average cooling rate less than 3 °C/sec generates a coarse ferrite 

phase in the microstructure of base metal, thus deteriorating CTOD properties 

20 of SC/ICHAZ. On the other hand, the average cooling rate more than 50 

°C/sec increases strength of base metal, thus deteriorating CTOD properties of 

SC/ICHAZ. 

[0078] Stop cooling temperature: 600 °C or lower 

In the cooling, the hot-rolled steel plate is cooled to a stop cooling 

25 temperature which is 600 °C or lower in terms of temperature of the 

mid-thickness part of the hot-rolled steel plate. A stop cooling temperature 

higher than 600 °C causes insufficient transformation strengthening by 

cooling, leading to inadequate strength of base metal. On the other hand, the 

stop cooling temperature has no specific lower limit, and the steel plate can be 

	

30 	cooled to any temperature. However, typically, the lower limit of the stop 

cooling temperature is room temperature or temperature of water which is 

used for cooling. 

[0079] [Tempering treatment] 

After the cooling, the steel plate may be arbitrarily subjected to 
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tempering treatment. The tempering treatment can lower strength of base 

metal and further improve toughness. At that time, a tempering temperature 

higher than 700 °C generates a coarse ferrite phase, thus deteriorating 

toughness of SCHAZ. Therefore, the tempering temperature is set to 700 °C 

	

5 	or lower. The tempering temperature is preferably set to 650 °C or lower. 

On the other hand, the tempering temperature has no specific lower limit, but 

is preferably set to 300 °C or higher. 

EXAMPLES 

	

10 	[0080] Next, a more detailed description is given below based on Examples. 

The following Examples merely represent preferred examples, and the 

disclosure is not limited to these examples. 

[0081] Slabs having a chemical composition listed in Table 1 were used to 

produce steel plates under producing conditions listed in Table 2. During hot 

	

15 	rolling, a thermocouple was attached in a center position in the longitudinal 

direction, the width direction and the plate thickness direction of each steel 

material to be hot rolled to measure the temperature of a mid-thickness part. 

[0082] The average effective grain size, the number density of porosities, and 

the yield stress of each obtained steel plate were measured by the following 

20 method. 

[0083] [Average effective grain size] 

A sample was collected from each obtained steel plate so that a 

measurement position was located at a center position in the longitudinal 

direction, the width direction, and the plate thickness direction of the steel 

	

25 	plate. Next, a surface of the sample was mirror polished, and then the 

sample was subjected to EBSP analysis under the following conditions. 

From an obtained crystal orientation map, an equivalent circular diameter of a 

microstructure surrounded by a large-angle grain boundary having an 

orientation difference of 15° or more from an adjacent crystal grain was 

	

30 	determined, and an average of equivalent circular diameters in the following 

analysis region was defined as an average effective grain size. 

[0084] (EBSP conditions) 

- analysis region: a region of 1 mm x 1 mm in a mid-thickness part 

- step size: 0.4 pim 
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[0085] [Number density of porosities] 

For detection of defects inside of a steel plate, ultrasonic testing is 

often used because ultrasonic testing can perform nondestructive inspection. 

However, to precisely check the state of defect parts, the inside of the steel 

	

5 	plates were directly observed to measure the number density of porosities. 

First, as samples for observation, one or two cross sections were collected 

parallel to the plate transverse direction of each rolled material and then were 

mirror polished. Next, the obtained sample was observed using an optical 

microscope and photographed. The obtained photographs were subjected to 

	

10 	image analysis to determine an equivalent circular diameter of each porosity 

which was found in the photographs. The number of porosities having a 

grain size of 200 1..tm or more was divided by a measured area (plate thickness 

x plate width) to thereby determine the number of porosities having an 

equivalent circular diameter of 200 1.im or more per mm2. 

	

15 	[0086] [Yield stress] 

A tensile test was performed in accordance with EN10002-1 to 

determine yield stress (YS) at a position of one quarter in height of the plate 

thickness (t) in each steel plate. For the tensile test, a round bar tensile test 

piece having a parallel portion diameter of 14 mm and a parallel portion 

	

20 	length of 70 mm was use, the test pieces being collected parallel to the plate 

transverse direction from a position of one quarter in height of the plate 

thickness. In the tensile test, when an upper yield point appeared, the upper 

yield point was determined to be yield stress. Further, when an upper yield 

point did not appear, a 0.2 % proof stress was determined to be yield stress. 

	

25 	[0087] Next, each steel plate was used to make a multilayer fill weld joint. 

Each obtained multilayer fill weld joint was subjected to a joint CTOD test to 

measure the amount of crack opening displacement in CGHAZ and the amount 

of crack opening displacement in SC/ICHAZ. Conditions of making a 

multilayer fill weld joint and conditions of a joint CTOD test are explained 

	

30 	below. 

[0088] [Multilayer fill weld joint] 

The multilayer fill weld joint of the steel plate was formed by 

submerged arc welding (multilayer welding) with heat input of 5.0 kJ/mm and 

with a K groove (in which one end was in a straight shape and the other end 
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was in a v-bended shape). 

[0089] [Joint CTOD test] 

The joint CTOD test was performed according to BS Standard 

EN10225 (2009) to evaluate the amount of crack opening displacement 

	

5 	[CTOD value (5)] at test temperature of -60 °C. For the joint CTOD test, a 

test piece with a square cross section having a size of t x t (t was a plate 

thickness) was used. 

[0090] In the joint CTOD test, a test in which a notch position was located in 

CGHAZ on the straight-form side of the K groove was performed to measure 6 

	

10 	of CGHAZ, and a test in which a notch position was located at a SC/ICHAZ 

boundary was performed to measure 6 of the SC/ICHAZ boundary. For each 

steel plate, the test was performed for three test pieces per notch position and 

an average of measurement values was 6. 

[0091] After the test, on a fracture surface of the test piece, the end of a 

	

15 	fatigue precrack was confirmed to be located both in CGHAZ and at a 

SC/ICHAZ boundary specified by EN10225 (2009). In the case of joint 

CTOD test of multilayer welding, even when a notch position is located in 

CGHAZ, a certain amount of ICCGHAZ is also involved. Thus, the test 

result reflects toughness of both CGHAZ and ICCGHAZ. 

	

20 	[0092] The measurement results were listed in Table 2. The steel plates 

satisfying the conditions of this disclosure (Examples) had a CTOD value of 

0.30 mm or more both in the CGHAZ and at a SC/ICHAZ boundary, exhibiting 

excellent joint CTOD properties. On the other hand, the steel plates not 

satisfying the conditions of this disclosure (Comparative Examples) had a 

25 CTOD value of less than 0.30 mm in at least one of the CGHAZ and a 

SC/ICHAZ boundary, exhibiting lower joint CTOD properties than Examples. 

[0093] 
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