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HIGH TOUGHNESS AND HIGH TENSILE STRENGTH THICK STEEL 

PLATE AND PRODUCTION METHOD THEREFOR 

TECHNICAL FIELD 

[0001] The disclosure relates to a thick steel plate having excellent strength, 5 

toughness, and weldability and used in steel structures such as buildings, 

bridges, ships, offshore structures, construction machinery, tanks, and 

penstocks, and a production method therefor.  The disclosure particularly 

provides a high toughness and high tensile strength thick steel plate  whose 

plate thickness is 100 mm or more and reduction of area in a center of the 10 

plate thickness by tension in the plate thickness direction is 40 or more, and 

a production method therefor. 

BACKGROUND 

[0002] In the case of using a steel material in the fields such as buildings, 15 

bridges, ships, offshore structures, construction machinery, tanks, and 

penstocks, the steel material is made into a desired shape by welding 

according to the shape of the steel structure.   Steel structures are becoming 

increasingly larger in size in recent years, and the use of stronger and thicker 

steel materials is growing markedly.   20 

[0003] A thick steel plate having a plate thickness of 100 mm or more is 

typically produced by blooming a large steel ingot produced by ingot casting 

and then hot rolling the obtained slab.  In this ingot casting and blooming 

process, however, a concentrated segregation area of a hot top portion or a 

negative segregation area of a steel ingot bottom portion needs to be discarded. 25 

This hinders yield improvement, and causes higher manufacturing cost and 

longer construction time. 

[0004] On the other hand, in the case of producing a thick steel plate having a 

plate thickness of 100 mm or more by a process that uses a continuously-cast 

slab as a raw material, the aforementioned concern does not exist, but the 30 

working reduction to the product thickness is low because the thickness of the 

continuously-cast slab is smaller than the slab produced by ingot casting.  

Moreover, the general tendency to require stronger and thicker steel materials  

in recent years has increased the amount of alloying element added to ensure 
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necessary properties.  This causes new problems such as center porosity 

deriving from center segregation and inner quality degradation due to 

upsizing. 

[0005] To solve these problems, the following techniques have been proposed 

to, in a process of producing an ultra-thick steel plate from a 5 

continuously-cast slab, compress center porosity to improve the properties of 

the center segregation area in the steel plate. 

[0006] For example, Non Patent Literature (NPL) 1 describes the technique of 

compressing center porosity by increasing the rolling shape ratio during hot 

rolling of a continuously-cast slab.  10 

[0007] Patent Literatures (PTLs) 1 and 2 describe the techniques of 

compressing center porosity in a continuously-cast slab by, when producing 

the continuously-cast slab, working the material using rolls or flat dies in a 

continuous casting machine.   

[0008] PTL 3 describes the technique of compressing center porosity by 15 

performing forging before hot rolling when producing a thick steel plate with 

a cumulative working reduction of 70 or less from a continuously-cast slab. 

[0009] PTL 4 describes the technique of not only eliminating center porosity 

but also reducing the center segregation zone to improve the resistance to 

temper embrittlement by, when producing an ultra-thick steel plate from a 20 

continuously-cast slab through forging and thick plate rolling with a total 

working reduction of 35 to 67, holding the center of the plate thickness of 

the raw material at a temperature of 1200 C or more for 20 hours or more 

before forging and setting the working reduction of the forging to 16 or 

more. 25 

[0010] PTL 5 describes the technique of remedying center porosity and center 

segregation by cross-forging a continuously-cast slab and then hot rolling the 

slab.  

[0011] PTL 6 describes the technique relating to the method of producing a 

thick steel plate having a tensile strength of 588 MPa or more with center 30 

porosity being eliminated and the center segregation zone being reduced, by 

holding a continuously-cast slab at a temperature of 1200 C or more for 20 

hours or more, setting the working reduction of the forging to 17 or more, 

performing thick plate rolling so that the total working reduction including the 
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forging is in the range of 23 to 50, and applying quenching twice after the 

thick plate rolling.  

[0012] PTL 7 describes the technique relating to the method of p roducing a 

thick steel plate excellent in weldability and ductility in the plate thickness 

direction by reheating a continuously-cast slab having a specific composition 5 

to 1100 C to 1350 C, with a cumulative working reduction of 15 or more 

and a strain rate of 0.05/s to 3/s at 1000 C or more. 
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20 

SUMMARY 

(Technical Problem) 

[0015] However, the technique described in NPL 1 needs repeated rolling 

with a high rolling shape ratio, to obtain a steel plate having good inner 

quality.  This exceeds the upper limit of the equipment specifications of the 25 

mill, and poses a production problem.  If a typical method  is used for rolling, 

the center of the plate thickness cannot be worked sufficiently, as a result of 

which center porosity may remain and degrade inner quality.  

[0016] The techniques described in PTLs 1 and 2 need a larger continuous 

casting line to produce a thick steel plate of 100 mm or more in plate 30 

thickness.  This requires a heavy investment in equipment.  

[0017] The techniques described in PTLs 3 to 7 are effective in center 

porosity reduction and center segregation zone improvement.  However, in 

the case where the techniques are applied to  the production of a thick steel 
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plate with a large addition amount of alloy and a yield strength of 620 MPa or 

more, defect sensitivity increases due to the strengthening of the material, and 

so the elongation and toughness of the center of the plate thickness are both 

insufficient. 

[0018] It could therefore be helpful to provide a high tensile strength thick 5 

steel plate having excellent strength and toughness in a center of the plate 

thickness with no need for a larger continuous casting line or mill even in the 

case of producing a high strength thick steel plate for which the addition 

amount of alloying element needs to be increased, and a production method 

therefor.  The high tensile strength thick steel plate has a plate thickness of 10 

100 mm or more. 

(Solution to Problem) 

[0019] For thick steel plates of 100 mm or more in plate thickness in 

particular, we studied the control factors of the microstructure inside the steel 

plate with regard to the strength, toughness, and elongation of  the center of 15 

the plate thickness, and made the following discoveries.  

[0020] (A) To obtain good strength and toughness in the center of the plate 

thickness that has a significantly lower cooling rate than the steel plate 

surface, it is important to appropriately select the steel composition so that the 

microstructure is a martensite and/or bainite structure even with a lower 20 

cooling rate. 

[0021] (B) To ensure good ductility in the center of the plate thickness of the 

thick steel plate that tends to have lower ductility due to strengthening and 

have higher defect sensitivity with respect to ductility, it is important to 

manage the die shape and total working reduction in hot forging and the strain 25 

rate, per-pass working reduction, and working time in the forging to compress 

center porosity and render it harmless.   

[0022] The disclosure is based on the aforementioned discoveries and further 

studies.  We thus provide the following. 

1. A high toughness and high tensile strength thick steel plate  having a30 

plate thickness of 100 mm or more, wherein a reduction of area in a center of 

the plate thickness by tension in a plate thickness direction is 40 or more.  

[0023] 2. The high toughness and high tensile strength thick steel plate  

according to the foregoing 1, comprising (consisting of), in mass: 0.08 to 



- 5 - 

0.20 ofC; 0.40 or less of Si; 0.5 to 5.0 of Mn; 0.015 or less of P; 

0.0050 or less of S; 3.0 or less of Cr; 5.0 or less of Ni; 0.005 to 

0.020 of Ti; 0.080 or less of Al; 0.0070 or less of N; and 0.0030 or less 

of B, with a balance being Fe and incidental impurities, wherein a relationship 

in Formula (1) is satisfied: 5 

Ceq
IIW 

= C + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5  0.57 … (1),

where each element symbol in Formula (1) indicates a content in steel 

in mass, and the content of any element not contained in the steel is 0 . 

[0024] 3. The high toughness and high tensile strength thick steel plate 

according to the foregoing 2, further comprising, in mass, one or more 10 

selected from: 0.50 or less of Cu; 1.50 or less of Mo; 0.200 or less of V; 

and 0.100 or less of Nb.  

[0025] 4. The high toughness and high tensile strength thick steel plate 

according to the foregoing 2 or 3, further comprising, in mass, one or more 

selected from: 0.0005 to 0.0100 of Mg; 0.01 to 0.20 of Ta; 0.005 to 15 

0.1 of Zr; 0.001 to 0.01 of Y; 0.0005 to 0.0050 of Ca; and 0.0005 

to 0.0200 of REM.  

[0026] 5. The high toughness and high tensile strength thick steel plate  

according to any one of the foregoing 1 to 4, having a yield strength of 620 

MPa or more, and toughness (VE-40) of 70 J or more. 20 

[0027] 6. A production method for the high toughness and high tensile 

strength thick steel plate according to any one of the foregoing 1 to 5, 

comprising: heating a continuously-cast slab of steel to 1200 C to 1350 C; 

hot forging the steel at 1000 C or more with a strain rate of 3/s or less and a 

cumulative working reduction of 15 or more, using dies such that, when a 25 

length of a shorter short side of respective short sides of the dies facing each 

other is 1, a length of a short side of an other one of the dies facing the shorter 

short side is 1.1 to 3.0; hot rolling the steel; and quenching and tempering the 

steel. 

[0028] 7. A production method for the high toughness and high tensile 30 

strength thick steel plate according to any one of the foregoing 1 to 5, 

comprising: heating a continuously-cast slab of steel to 1200 C to 1350 C; 

hot forging the steel at 1000 C or more with a strain rate of 3/s or less and a 

cumulative working reduction of 15 or more, using dies such that, when a 
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length of a shorter short side of respective short sides of the dies facing each 

other is 1, a length of a short side of an other one of the dies facing the shorter 

short side is 1.1 to 3.0; allowing the steel to cool; reheating the steel to an Ac3

point to 1250 C; hot rolling the steel by performing two or more passes with 

a per-pass working reduction of 4 or more; allowing the steel to cool; 5 

reheating the steel to the Ac3 point to 1050 C; quenching the steel to an Ar3 

point to 350 C; and tempering the steel in a range of 450 C to 700 C. 

[0029] 8. The production method for the high toughness and high tensile 

strength thick steel plate according to the foregoing 6 or 7, wherein a working 

reduction ratio in the high toughness and high tensile strength thick steel plate  10 

from a raw material before working is 3 or less. 

[0030] 9. The production method for the high toughness and high tensile 

strength thick steel plate according to any one of the foregoing 6 to 8, wherein 

in the hot forging, forging with a per-pass working reduction of 5 or more is 

applied one or more times. 15 

[0031] 10. The production method for the high toughness and high tensile 

strength thick steel plate according to any one of the foregoing 6 to 8, wherein 

in the hot forging, forging with a per-pass working reduction of 7 or more is 

applied one or more times. 

[0032] 11. The production method for the high toughness and high tensile 20 

strength thick steel plate according to any one of the foregoing 6 to 10, 

wherein in the hot forging, at least one pass has a cumulative elapsed time of 3 

s or more under a load that is not less than a maximum load of the pass  0.9 

and not more than the maximum load of the pass . 

(Advantageous Effect) 25 

[0033] With the disclosed techniques, it is possible to obtain a thick steel 

plate having a plate thickness of 100 mm or more with excellent yield strength 

and toughness of a base metal.  The disclosed techniques significantly 

contribute to larger sizes of steel structures, improved safety of steel 

structures, improved yields, and shorter construction time, and so are 30 

industrially very useful.  In particular, the disclosed techniques have the 

advantageous effect of obtaining good properties without upsizing a 

continuous casting line, etc. even in the case where the working reduction 

ratio from the raw material before working is 3 or less, while sufficient 
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properties of the center of the plate thickness were conventionally hard to be 

obtained in such a case.  

BRIEF DESCRIPTION OF THE DRAWINGS 

[0034] In the accompanying drawings:  5 

FIG. 1 is a diagram illustrating the short sides of dies facing each 

other; and  

FIG. 2 is a diagram illustrating the result of calculating equivalent 

plastic strain in a raw material (steel plate).  

10 

DETAILED DESCRIPTION 

[0035] Detailed description is given below. 

The disclosure provides a forged material whose plate thickness is 100 

mm or more and reduction of area in a center of the plate thickness by tension 

in the plate thickness direction is 40 or more.  With such a structure, center 15 

porosity in the steel can be compressed to a size of 100 m or less and 

rendered substantially harmless.  

The high tensile strength thick steel plate also has a yield strength of 

620 MPa or more.  This contributes to larger sizes of steel structures and 

improved safety of steel structures.  The aforementioned properties can be 20 

obtained even in the case where the working reduction ratio from the raw 

material before working is 3 or less, while conventionally these properties 

were hard to be obtained in such a case. 

[0036] The following describes the suitable ranges of the steel plate 

composition according to the disclosure.  The  representation of the 25 

content of each element in the steel plate composition is mass. 

C: 0.08to 0.20

 C is an element useful in obtaining the strength required of structural 

steel at low cost.  To achieve the effect, the C content is preferably 0.08 or 

more.  If the C content exceeds 0.20, the toughness of the base metal and 30 

heat-affected zone degrades significantly.  The upper limit is therefore 

preferably 0.20.  The C content is more preferably 0.08to 0.14. 

[0037] Si: 0.40 or less 

Si is added for deoxidation.  If the Si content exceeds 0.40, the 
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toughness of the base metal and heat-affected zone degrades significantly.  

The Si content is therefore preferably 0.40 or less.  The Si content is more 

preferably in the range of 0.05to 0.30, and further preferably in the range 

of 0.1to 0.30.

[0038] Mn: 0.5to 5.05 

 Mn is added to ensure the strength of the base metal.  If the Mn 

content is less than 0.5, the effect is not sufficient.  If the Mn content 

exceeds 5.0, not only the toughness of the base metal degrades but also 

center segregation is facilitated to cause larger porosity of the slab .  The 

upper limit is therefore preferably 5.0.  The Mn content is more preferably 10 

in the range of 0.6to 2.0, and further preferably in the range of 0.6to 

1.6.

[0039] P: 0.015 or less 

If the P content exceeds 0.015, the toughness of the base metal and 

heat-affected zone degrades significantly.  The P content is therefore 15 

preferably 0.015 or less.  The lower limit is not particularly limited, and 

may be 0. 

[0040] S: 0.0050 or less 

If the S content exceeds 0.0050, the toughness of the base metal and 

heat-affected zone degrades significantly.  The S content is therefore 20 

preferably 0.0050 or less.  The lower limit is not particularly limited,  and 

may be 0. 

[0041] Cr: 3.0 or less 

Cr is an element effective in strengthening the base metal.  However, 

if the Cr content is high, weldability decreases.  The Cr content is therefore 25 

preferably 3.0 or less.  The Cr content is more preferably 0.1to 2.0in 

terms of production cost.  

[0042] Ni: 5.0 or less 

Ni is an element effective in improving the strength of steel and the 

toughness of the heat-affected zone.  However, if the Ni content exceeds 30 

5.0, economic efficiency drops significantly.  The Ni content is therefore 

preferably 5.0 or less.  The Ni content is more preferably 0.5to 4.0.

[0043] Ti: 0.005to 0.020

 Ti generates TiN when heated, thus effectively suppressing coarsening 
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of austenite grains and improving the toughness of the base metal and 

heat-affected zone.  However, if the Ti content exceeds 0.020, Ti nitride 

coarsens and degrades the toughness of the base metal.  Hence, in the case of 

adding Ti, the Ti content is preferably in the range of  0.005to 0.020.  

The Ti content is more preferably in the range of 0.008to 0.0155 

[0044] Al: 0.080 or less 

Al is added to sufficiently deoxidize molten steel.  However, if the Al 

content exceeds 0.080, the amount of Al dissolving in the base metal 

increases, which degrades the toughness of the base metal.  The Al content is 

therefore preferably 0.080 or less.  The Al content is more preferably in the 10 

range of 0.020to 0.080, and further preferably in the range of 0.020to 

0.060. 

[0045] N: 0.0070 or less 

N has the effect of, by forming a nitride with Ti or the like, refining 

the microstructure and improving the toughness of the base metal and 15 

heat-affected zone.  However, if the N content exceeds 0.0070, the amount 

of N dissolving in the base metal increases, which significantly degrades the 

toughness of the base metal.  Moreover, a coarse carbonitride is formed in 

the heat-affected zone, and degrades the toughness.  The N content is 

therefore preferably 0.0070 or less.  The N content is more preferably 20 

0.0050 or less, and further preferably 0.0040 or less. 

[0046] B: 0.0030 or less 

B has the effect of, by being segregated in an austenite grain boundary, 

suppressing ferrite transformation from the grain boundary and enhancing 

quench hardenability.  However, if the B content exceeds 0.0030, B 25 

precipitates as a carbonitride and decreases quench hardenability, which 

causes lower toughness.  The B content is therefore preferably 0.0030 or 

less.  In the case of adding B, the B content is more preferably in the range of 

0.0003to 0.0030, and further preferably in the range of 0.0005to 

0.0020. 30 

[0047] In addition to the aforementioned elements, the high tensile strength 

steel according to the disclosure may further contain one or more selected 

from Cu, Mo, V, and Nb to enhance strength and toughness. 

Cu: 0.50 or less 
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Cu can improve the strength of steel without degrading the toughness. 

However, if the Cu content exceeds 0.50, the steel plate surface cracks 

during hot working.  The Cu content is therefore 0.50 or less. 

[0048] Mo: 1.50 or less 

Mo is an element effective in strengthening the base metal.  However, 5 

if the Mo content exceeds 1.50, the precipitation of a hard alloy carbide 

causes an increase in strength and degrades toughness.  The upper limit is 

therefore preferably 1.50.  The Mo content is more preferably in the range 

of 0.02to 0.80. 

[0049] V: 0.200 or less 10 

V has the effect of improving the strength and toughness of the base 

metal, and also is effective in reducing solute N by precipitating as VN.  

However, if the V content exceeds 0.200, the precipitation of hard VC 

degrades the toughness of steel.  Hence, in the case of adding V, the V 

content is preferably 0.200 or less.  The V content is more preferably in the 15 

range of 0.010to 0.100. 

[0050] Nb: 0.100 or less 

Nb is useful as it has the effect of improving the strength of the base 

metal.  However, if the Nb content exceeds 0.100, the toughness of the 

base metal degrades significantly.  The upper limit is therefore 0.100.  20 

The Nb content is preferably 0.025 or less. 

[0051] In addition to the aforementioned components, the high tensile 

strength steel according to the disclosure may further contain one or more 

selected from Mg, Ta, Zr, Y, Ca, and REM to further improve the material 

quality. 25 

[0052] Mg: 0.0005to 0.0100

 Mg is an element that forms a stable oxide at high temperature, and 

effectively suppresses coarsening of austenite grains in the heat-affected zone 

and improves the toughness of the weld.  To achieve the effect, a Mg content 

of 0.0005or more is effective.  If the Mg content exceeds 0.0100, the 30 

amount of inclusion increases and the toughness decreases.  Hence, in the 

case of adding Mg, the Mg content is preferably 0.0100 or less.  The Mg 

content is more preferably in the range of 0.0005to 0.0050. 

[0053] Ta: 0.01to 0.20  
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Ta is effective in improving strength, when added in an appropriate 

amount.  If the Ta content is less than 0.01, the effect is not obvious.  If 

the Ta content exceeds 0.20, a precipitate is generated and causes lower 

toughness.  The Ta content is therefore preferably 0.01to 0.20. 

[0054] Zr: 0.005to 0.1 5 

Zr is an element effective in improving strength.  If the Zr content is 

less than 0.005, the effect is not obvious.  If the Zr content exceeds  0.1, a 

coarse precipitate is generated and causes lower toughness of steel.  The Zr 

content is therefore 0.005to 0.1. 

[0055] Y: 0.001to 0.01 10 

Y is an element that forms a stable oxide at high temperature, and 

effectively suppresses coarsening of austenite grains in the heat-affected zone 

and improves the toughness of the weld.  If the Y content is less than 0.001, 

the effect cannot be achieved.  If the Y content exceeds 0.01, the amount of 

inclusion increases and the toughness decreases.  The Y content is therefore 15 

0.001to 0.01. 

[0056] Ca: 0.0005to 0.0050 

Ca is an element useful in morphological control of sulfide inclusion. 

To achieve the effect, the Ca content needs to be 0.0005 or more.  If the Ca 

content exceeds 0.0050, cleanliness decreases and toughness degrades.  20 

Hence, in the case of adding Ca, the Ca content is preferably 0.0050 or less. 

The Ca content is more preferably in the range of 0.0005to 0.0025. 

[0057] REM: 0.0005to 0.0200 

REM has the effect of forming an oxide and a sulfide in steel and 

improving the material quality, as with Ca.  To achieve the effect, the REM 25 

content needs to be 0.0005 or more.  If the REM content exceeds 0.0200, 

the effect saturates.  Hence, in the case of adding REM, the REM content is 

preferably 0.0200 or less.  The REM content is more preferably in the 

range of 0.0005to 0.0100. 

[0058] Ceq
IIW

 ()  0.5730 

In the disclosure, appropriate components need to be added to ensure 

high strength and good toughness in the center of the plate thickness.  It is 

important to add components so that Ceq
IIW

 () defined in the following

Formula (1) satisfies the relationship Ceq
IIW

  0.57:
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Ceq
IIW 

= C + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5  0.57 … (1).

Each element symbol in the formula indicates the content of the 

corresponding element (mass). 

[0059] The following describes the production conditions according to the 

disclosure. 5 

In the following description, the temperature “C” indicates the 

temperature in the center of the plate thickness.  In particular, the disclosed 

method of producing a thick steel plate requires hot forging a steel raw 

material under the following conditions, in order to render casting defects 

such as center porosity in the steel raw material harmless.   10 

[0060] Hot working conditions for steel raw material  

Heating temperature: 1200 C to 1350 C 

A steel raw material for a continuous-cast steel or slab having the 

aforementioned composition is subject to steelmaking and continuous casting 

by a typically known method such as a converter, an electric heating furnace, 15 

or a vacuum melting furnace, and then reheated to 1200 C to 1350 C.  If 

the reheating temperature is less than 1200 C, a predetermined cumulative 

working reduction and temperature lower limit of hot working cannot be 

ensured, and also the deformation resistance during hot forging is high and a 

sufficient per-pass working reduction cannot be ensured.  As a result, a 20 

larger number of passes are needed, which not only decreases production 

efficiency but also makes it impossible to compress casting defects such as 

center porosity in the steel raw material to render them harmless.  The 

reheating temperature is therefore 1200 C or more.  If the reheating 

temperature exceeds 1350 C, an excessive amount of energy is consumed and 25 

surface defects tend to occur due to scale during heating, leading to an 

increased mending load after hot forging.  The upper limit is therefore 1350 

C. 

[0061] Forging temperature of hot forging: 1000 C or more 

If the forging temperature of hot forging is less than 1000 C, the 30 

deformation resistance during hot forging increases and the load on the 

forging machine increases, making it impossible to reliably render center 

porosity harmless.  The forging temperature is therefore 1000 C or more. 

The upper limit of the forging temperature is not particularly limited, but is 



- 13 - 

preferably about 1350 C in terms of production cost.  

[0062] Asymmetric shapes of facing dies 

Hot forging according to the disclosure is performed using a pair of 

facing dies whose long sides lie in the width direction of the continuously-cast 

slab and whose short sides lie in the traveling direction of the 5 

continuously-cast slab.  Hot forging according to the disclosure has a feature 

that the respective short sides of the facing dies have different lengths, as 

illustrated in FIG. 1.   

When the length of the shorter one (the short side of the upper die in 

FIG. 1) of the respective short sides of the facing dies is 1, the length of the 10 

short side (the short side of the lower die in FIG. 1) of the opposite die is 1.1 

to 3.0 with respect to the shorter short side.  In this way, the strain 

distribution can be made asymmetrical, and also the position of the minimum 

strain imparted during forging and the position of occurrence of center 

porosity in the continuously-cast slab can be kept from coinciding with each 15 

other.  As a result, center porosity is rendered harmless more reliably.  

If the ratio of the longer short side to the shorter short side is less than 

1.1, the effect of rendering center porosity harmless is not sufficient.  If the 

ratio of the longer short side to the shorter short side  exceeds 3.0, the 

efficiency of hot forging drops significantly.  It is therefore important to use, 20 

in hot forging according to the disclosure, such dies that, when the length of 

the shorter one of the respective short sides of the pair of dies facing each 

other is 1, the length of the short side facing the shorter short side is 1.1 to 3.0. 

Here, the die having the shorter short side may be above or below the 

continuously-cast slab, as long as the short side of the opposite die satisfies 25 

the aforementioned ratio.  In other words, the short side of the lower die may 

be shorter in FIG. 1. 

[0063] FIG. 2 illustrates the result of calculating equivalent plastic strain in 

the raw material (steel plate) in the plate thickness direction of the raw 

material, in the case where the short sides of the upper and lower dies have the 30 

same length (the conventional dies indicated by the white circles in the 

drawing) and in the case where the ratio of the longer short side to the shorter 

short side is 2.5 (the dies according to the disclosure indicated by the black 

circles in the drawing).  The conditions of hot forging using the dies are the 
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same except the shape of the dies, where the heating temperature is 1250 C, 

the working start temperature is 1215 C, the working end temperature is 1050 

C, the cumulative working reduction is 16, the strain rate is 0.1/s, the

5 

10 

15 

20 

25 

30 

maximum per-pass working reduction is 8, and the raw material is not worked 

in the width direction. 

As can be seen from FIG. 2, the hot forging using the dies according to 

the disclosure is more successful in imparting sufficient strain even to the raw 

material center. 

[0064] Cumulative working reduction of hot forging: 15 or more 

If the cumulative working reduction of hot forging is less than 15

, casting defects such as center porosity in the steel raw material cannot be

compressed and rendered harmless.  The cumulative rolling reduction of hot 

forging is therefore 15 or more.  In the case where the thickness increases as a 

result of hot forging the continuously-cast slab in the width direction, the 

cumulative working reduction is measured from the increased thickness. 

[0065] Strain rate of hot forging: 3/s or less 

If the strain rate of hot forging exceeds 3/s, the deformation resistance 

during hot forging increases and the load on the forging machine increases, 

making it impossible to render center porosity harmless.  The strain rate of hot 

forging is therefore 3/s or less. 

If the strain rate is less than 0.01/s, hot forging takes a longer time, 

leading to lower productivity.  The strain rate is therefore preferably 0.01/s or 

more.  The strain rate is more preferably in the range of 0.05/s to 1/s. 

[0066] Application of forging one or more times with per-pass working reduction 

in hot forging of 5 or more or 7 or more 

By increasing the working reduction in hot forging, the remaining amount 

of fine center porosity after forging is reduced.  When forging with a per-pass 

rolling reduction of 5 or more is applied one or more times during hot forging, 

the reduction of area in the plate thickness direction tensile test is 40 or more, as 

center porosity in the steel is compressed to 100 m or less in size and rendered 

substantially harmless.  When forging with a per-pass working reduction of 7

or more is applied one or more times during hot forging, a product whose 

reduction of area in the plate thickness direction tensile test is 45

 or more can be produced as the size of center porosity in
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the steel can be made smaller.  

[0067] At least one pass in hot forging having a cumulative elapsed time of 3 

s or more under a load that is not less than (the maximum load of the pass)  

0.9 and not more than the maximum load of the pass  

In hot forging, at least one pass has a cumulative elapsed time of 3 s or 5 

more under a load that is not less than (the maximum load of the pass)  0.9 

and not more than the maximum load of the pass.  Thus, center porosity 

diffusively bonds together and disappears, so that the reduction of area in the 

plate thickness direction tensile test  can be improved. 

[0068] In the disclosure, hot forging is followed by hot rolling to obtain a 10 

steel plate of a desired plate thickness, which may be subject to 

quenching-tempering processes to ensure a yield strength of 620 MPa or more 

and favorable toughness even in the center of the plate thickness. 

[0069] Reheating temperature of steel raw material after hot forging: Ac3 

point to 1250 C 15 

The steel raw material is heated to an Ac3 transformation point or more, 

to uniformize the steel to the austenite single phase structure.  The heating 

temperature is preferably the Ac3 point or more and 1250 C or less. 

In the disclosure, the Ac3 transformation point is calculated by the 

following Formula (2):  20 

Ac3 (C) = 937.2 – 476.5C + 56Si – 19.7Mn – 16.3Cu – 26.6Ni – 4.9Cr 

+ 38.1Mo + 124.8V + 136.3Ti + 198.4Al + 3315B … (2).

Each element symbol in Formula (2) indicates the content of the 

corresponding alloying element in the steel (mass). 

[0070] Hot rolling involving two or more passes with per-pass working 25 

reduction of 4 or more 

In the disclosure, after reheating to the Ac3 point or more and 1250 C 

or less, hot rolling involving two or more passes with a per-pass working 

reduction of 4 or more is preferably performed.  Such rolling allows the 

center of the plate thickness to be worked sufficiently.  This facilitates 30 

recrystallization and refines the microstructure, contributing to improved 

mechanical properties. 

[0071] Heat treatment conditions after hot rolling 

In the disclosure, the hot rolled steel raw material is then allowed to 
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cool, reheated to the Ac3 point to 1050 C, and quenched at least to an Ar3 

point or more and 350 C or less, to obtain strength and toughness in the 

center of the plate thickness.  Here, the reheating temperature is limited to 

1050 C or less, because a high reheating temperature exceeding 1050 C 

causes coarsening of austenite grains and significantly degrades the toughness 5 

of the base metal. 

In the disclosure, the Ar3 transformation point is calculated by the 

following Formula (3): 

Ar3 (C) = 910 – 310C – 80Mn – 20Cu – 15Cr – 55Ni – 80Mo  … (3). 

Each element symbol in Formula (3) indicates the content of the 10 

corresponding element in the steel (mass). 

[0072] The temperature of the center of the plate thickness is determined by 

simulation calculation or the like, based on the plate thickness , the surface 

temperature, the cooling condition, etc.  For example, the plate thickness 

center temperature is determined by calculating the temperature distribution 15 

in the plate thickness direction using a finite difference method. 

An industrially typical method of quenching is water cooling.  Since 

the cooling rate is desirably as high as possible, however, the cooling method 

may be other than water cooling.  For example, gas cooling may be used.  

[0073] Tempering temperature: 450 C to 700 C 20 

The quenched steel raw material is then tempered with a temperature 

of 450 C to 700 C.  If the tempering temperature is less than 450 C, the 

effect of removing residual stress is not sufficient.  If the tempering 

temperature exceeds 700 C, various carbides precipitate and the 

microstructure of the base metal coarsens, resulting in significantly lower 25 

strength and toughness. 

Industrially, there are instances of repeatedly quenching steel in order 

to make the steel tougher.  While quenching may be repeatedly perfo rmed in 

the disclosure, at the last quenching, the steel raw material is preferably 

heated to the Ac3 point to 1050 C, quenched to 350 C or less, and then 30 

tempered to 450 C to 700 C. 

[0074] As described above, in the steel plate manufacture according t o the 

disclosure, a steel plate with excellent strength and toughness can be produced 

by quenching and tempering. 
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EXAMPLES 

[0075] Examples according to the disclosure are described below.  

Steel of each of Nos. 1 to 35 shown in Table 1 was obtained by 

steelmaking and made into a continuously-cast slab, and then hot worked and 5 

hot rolled to a steel plate with a plate thickness in the range of 100 mm to 240 

mm under the conditions shown in Table 2.  After this, the 

quenching-tempering processes were performed to produce the products of 

sample Nos. 1 to 49 shown in Table 2, which were submitted to the following 

tests. 10 

I. Tensile test 

Round bar tensile test pieces (: 12.5 mm, GL: 50 mm) were collected 

from the center of the plate thickness of each steel plate in the rolling 

direction and the direction orthogonal to the rolling direction, and the yield 

strength (YS) and the tensile strength (TS) were measured. 15 

II. Plate thickness direction tensile test

Three round bar tensile test pieces (: 10 mm) were collected from 

each steel plate in the plate thickness direction, the reduction of area after 

fracture was measured, and evaluation was conducted with the minimum 

value. 20 

III. Charpy impact test

Three 2mmV notch Charpy test pieces whose longitudinal direction is  

the rolling direction were collected from the center of the plate thickness of 

each steel plate, absorbed energy (VE-40) was measured for each test piece by a 

Charpy impact test at –40 C, and the average of the three test pieces was 25 

calculated. 

Table 2 shows the test results.
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[0078] As can be seen from the results shown in Table 2, the steel plates 

(sample Nos. 1 to 35, 40 to 44, 46, 48, and 49) whose steel forging conditions 

conform to the ranges according to the disclosure each have excellent plate 

thickness direction tensile properties, with the reduction of area in the plate 

thickness direction tensile test being 40 or more.  Moreover, the steel 5 

plates (sample Nos. 1 to 24) whose steel production conditions and chemical 

compositions both conform to the suitable ranges according to the disclosure 

each have excellent base metal strength and toughness and excellent plate 

thickness direction tensile properties, with the YS being 620 MPa or more, the 

TS being 720 MPa or more, the base metal toughness (VE-40) being 70 J or 10 

more, and the reduction of area in the plate thickness direction tensile test 

being 40 or more. 

[0079] In the case where the steel production conditions do not conform to 

the disclosed ranges as in sample Nos. 36 to 49, the properties of YS, TS, 

toughness (VE-40), and reduction of area in the plate thickness direction tensile 15 

test do not conform to the desired properties and are lower than the properties 

of the samples according to the disclosure. 



CLAIMS 

1. A thick steel plate having a plate thickness of 100 mm or more,

comprising, in mass:

0.08% to 0.20% of C; 

0.05% to 0.40% of Si; 

0.5% to 5.0% of Mn; 

0.015% or less of P; 

0.0050% or less of S; 

3.0% or less of Cr; 

5.0% or less of Ni; 

0.005% to 0.020% of Ti; 

0.020% to 0.080% of Al; 

0.0020% to 0.0070% of N; and 

0.0003% to 0.0030% of B, 

with a balance being Fe and incidental impurities, 

wherein a relationship in Formula (1) is satisfied: 

 CeqIIW = C + Mn/6 + (Cu + Ni)/15 + (Cr + Mo + V)/5 ≥ 0.57 … (1), 

where each element symbol in Formula (1) indicates a content in steel in 

mass%, and the content of any element not contained in the steel is 0, and 

wherein a reduction of area in a center of the plate thickness by tension in 

a plate thickness direction is 40% or more. 

2. The thick steel plate according to claim 1, further comprising, in mass%,

one or more selected from:

0.50% or less of Cu; 

1.50% or less of Mo; 

0.200% or less of V; and 

0.100% or less of Nb. 

3. The thick steel plate according to claim 1 or 2, further comprising, in

mass%, one or more selected from:

0.0005% to 0.0100% of Mg; 

0.01% to 0.20% of Ta; 
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0.005% to 0.1% of Zr; 

0.001% to 0.01% of Y; 

0.0005% to 0.0050% of Ca; and 

0.0005% to 0.0200% of REM. 

4. The thick steel plate according to any one of claims 1 to 3, having a yield

strength of 620 MPa or more, and toughness (VE-40) of 70 J or more.

5. A production method for the thick steel plate according to any one of

claims 1 to 4, comprising:

heating a continuously-cast slab of steel in a range of 1200 °C to 1350 °C; 

hot forging the steel at 1000 °C or more with a strain rate of 3/s or less  

and a cumulative working reduction of 15% or more, using dies such that,  

when a length of a shorter short side of respective short sides of the dies  

facing each other is 1, a length of a short side of an other one of the dies  

facing the shorter short side is 1.1 to 3.0; 

hot rolling the steel; and 

quenching and tempering the steel. 

6. A production method for the thick steel plate according to any one of

claims 1 to 4, comprising:

heating a continuously-cast slab of steel in a range of 1200 °C to 1350 °C; 

hot forging the steel at 1000 °C or more with a strain rate of 3/s or less and 

a cumulative working reduction of 15% or more, using dies such that, when a 

length of a shorter short side of respective short sides of the dies facing each other 

is 1, a length of a short side of an other one of the dies facing the shorter short side 

is 1.1 to 3.0; 

allowing the steel to cool; 

reheating the steel to an Ac3 point to 1250 °C; 

hot rolling the steel by performing two or more passes with a per-pass 

working reduction of 4% or more; 

allowing the steel to cool; 

reheating the steel to the Ac3 point to 1050 °C; 
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quenching the steel to an Ar3 point to 350 °C; and   

tempering the steel in a range of 450 °C to 700 °C. 

7. The production method for the thick steel plate according to claim 5 or 6,

wherein a working reduction ratio in the high toughness and high tensile

strength thick steel plate from a raw material before working is 3 or less. 

8. The production method for the high toughness and high tensile strength

thick steel plate according to any one of claims 5 to 7,

wherein in the hot forging, forging with a per-pass working reduction  

of 5% or more is applied one or more times. 

9. The production method for the thick steel plate according to any one of

claims 5 to 7,

wherein in the hot forging, forging with a per-pass working reduction of 

7% or more is applied one or more times. 

10. The production method for the thick steel plate according to any one of

claims 5 to 7,

wherein in the hot forging, at least one pass has a cumulative elapsed time 

of 3 s or more under a load that is not less than a maximum load of the pass × 0.9 

and not more than the maximum load of the pass. 
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