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(57) ABSTRACT 

A steel slab having a composition containing C: more than 
0.07% and 0.2% or less, Si: 2.0% or less, Mn: 1.0% to 3.0%, 
Al: 0.1% or less, Ti: 0.05% to 0.3%, and V: 0.05% to 0.3% on 
a mass percent basis is heated to 1100° C. or more and is 
Subjected to rough rolling and finish rolling. In the finish 
rolling, the total rolling reduction of two final passes is 30% 
or more, and the finish rolling temperature ranges from (A, 
transformation temperature) to (A transformation tempera 
ture--120° C.). Cooling is started within 2 seconds after the 
finish rolling. Coiling is performed at an average cooling rate 
of 40°C./s or more at a coiling temperature in the range of 
300° C. to 500°C. The resulting high-strength hot-rolled steel 
sheet has a microstructure in which a bainite phase constitutes 
more than 90% by volume, the average lath interval of bainite 
is 0.45um or less, and the ratio of Fe-based carbide precipi 
tated in bainite lath to all Fe-based carbide is 10% or more, 
has a high tensile strength of 900 MPa or more, and has 
significantly improved punchability in mass production. 
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HIGH-STRENGTH HOT-ROLLED STEEL 
SHEET AND METHOD FOR PRODUCING 

THE SAME (ASAMENDED) 

TECHNICAL FIELD 

0001. The present invention relates to a high-strength hot 
rolled steel sheet suitable for, for example, structural parts, 
Such as members and frames, and underbody parts, such as 
Suspensions, of automobile bodies, as well as automotive 
body components, such as truck frame parts. In particular, the 
present invention relates to improvement of punchability dur 
ing mass production (hereinafter also referred to as punch 
ability in mass production). 

BACKGROUND ART 

0002. In recent years, from a global environmental con 
servation standpoint, there has been a strong demand for 
improved vehicle fuel efficiency. Thus, high-strength steel 
sheets are actively utilized as automotive body components in 
order to reduce the weight of automobile bodies. High 
strength steel sheets are utilized not only in automobile struc 
tural parts but also in underbody parts and truck frame parts. 
In general, higher-strength steel sheets have lower workabil 
ity. In particular, because automotive parts are formed by 
intense processing, steel sheets used as automotive body 
component materials are strongly required to have high 
strength and good workability. 
0003) To address such demands, for example, Patent Lit 
erature 1 describes a high-strength hot-rolled steel sheet hav 
ing a composition containing, on amass percent basis, C: 
0.05% to 0.15%, Si: 1.50% or less, Mn: 0.5% to 2.5%, P: 
0.035% or less, S: 0.01% or less, Al: 0.020% to 0.15%, and Ti: 
0.05% to 0.2%, wherein the high-strength hot-rolled steel 
sheet has a microstructure containing 60% to 95% by volume 
bainite and Solute-strengthened or precipitation-strengthened 
ferrite or ferrite and martensite and has good hole expansion 
formability, which is shown by a fracture transition tempera 
ture of 0° C. or less in a Charpy impact test. In a technique 
described in Patent Literature 1, after hot rolling, a steel sheet 
is cooled to a temperature in the range of 400° C. to 550° C. 
at an average cooling rate of 30°C./s or more, is coiled, and is 
cooled to a temperature of 300°C. or less at a cooling rate in 
the range of 50° C./h to 400° C./h. Patent Literature 1 states 
that Such a process can prevent diffusion of Pingrain bound 
aries, decrease the fracture transition temperature to 0°C. or 
less, improve toughness, and improve hole expansion form 
ability. 
0004 Among automotive body components, truck frame 
parts and underbody parts are particularly frequently bored in 
order to join parts or reduce their weight or in order for a 
Subsequent burring process or bore expanding process. In 
general. Such boring is performed by punching from the per 
spective of productivity. Thus, improved punchability is often 
strongly required. 
0005. However, the technique described in Patent Litera 
ture 1 only prevents the intergranular segregation of P and 
improves hole expansion formability. Patent Literature 1 does 
not describe stamping workability. It is difficult to believe that 
the prevention of segregation of P in grain boundaries can 
directly improve punched Surface properties and contribute to 
improved stamping workability. 
0006 With respect to improvement of stamping workabil 

ity, for example, Patent Literature 2 proposes a high-strength 
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hot-rolled Steel sheet having a composition containing, on a 
mass percent basis, C: 0.01% to 0.07%, N: 0.005% or less, S: 
0.005% or less, Ti: 0.03% to 0.2%, and B: 0.0002% to 
0.002%, having a microstructure containing ferrite or bainitic 
ferrite as a main phase and a hard second phase and cementite, 
the hard second phase and cementite having an area fraction 
of 3% or less, and having good stamping workability. It is 
stated that a technique described in Patent Literature 2 can 
retain B in a solid solution state and thereby prevent defects in 
punched surfaces. In the technologies described in Patent 
Literature 2, ferrite or bainitic ferrite is the largest area phase, 
and the hard second phase, which adversely affects hole 
expandability, is limited to 3% or less. 
0007 Patent Literature 3 proposes a high-strength hot 
rolled steel sheet having a tensile strength of 780 MPa or more 
and good punchability. The high-strength hot-rolled Steel 
sheet has a composition containing, on amass percent basis, 
C: 0.05% to 0.15%, Si: 0.1% to 1.5%, Mn: 1% to 2%, P: 
0.03% or less, S: 0.003% or less, Al: 0.01% to 0.08%, Ti: 
0.05% to 0.15%, and N: 0.005% or less and has a bainite 
phase having an area fraction of more than 95%. The average 
particle size of the bainite microstructure at a quarter thick 
ness in the depth direction is 5um or less in a vertical cross 
section parallel to the rolling direction and 4 um or less in a 
Vertical cross section perpendicular to the rolling direction. A 
region having a thickness of /10 of the sheet thickness at a 
central position in the thickness direction contains 7 or less 
crystal grains having an aspect ratio of 5 or more each spread 
ing in the rolling direction. The technologies described in 
Patent Literature 3 is intended to improve punchability by 
decreasing the average particle size ofbainite and by decreas 
ing the number of spreading grains in a central region in the 
thickness direction. 

CITATION LIST 

Patent Literature 

0008 PTL 1: Japanese Patent No. 388.9766 (Japanese 
Unexamined Patent Application Publication No. 2006 
274318) 
0009 PTL 2: Japanese Unexamined Patent Application 
Publication No. 2004-315857 
0010 PTL 3: Japanese Unexamined Patent Application 
Publication No. 2012-62562 

SUMMARY OF INVENTION 

Technical Problem 

0011. There are no particular specifications for evaluating 
the punchability of steel sheets. The punchability of steel 
sheets has been evaluated by using a method and conditions 
similar to those for boring before a hole-enlarging test accord 
ing to a hole-enlarging test method specified in the Japan Iron 
and Steel Federation standard (JFS T1001). More specifi 
cally, in many cases, an approximately 100 mmx100 mm 
blank sheet is taken from a steel sheet in a laboratory. Then a 
10-mmophole is punched in the blank sheet with a cylindrical 
punch (10 mmcp) having no wear damage while the clearance 
condition of 12%-1% of the thickness (thickness: 2 mm or 
more) is strictly satisfied and while the blank sheet is uni 
formly and firmly held. And then, the punchability of the steel 
sheet is evaluated by observing the fracture surface at an end 
face of the punched hole. 
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0012 However, even steel sheets, particularly high 
strength steel sheets, having good punchability as evaluated 
by Such a method often have poor boring during stamping in 
mass production of parts. 
0013. In the technologies described in Patent Literature 2 
and Patent Literature 3, the punchability of steel sheets is 
evaluated by punching a 10 mmcp hole at a clearance corre 
sponding to 17% to 23% of the thickness or 10% to 20% of the 
thickness, which is different from the punching clearance 
specified in JFS T1001. However, even high-strength steel 
sheets produced as steel sheets having good punchability by 
the technologies described in Patent Literature 2 and Patent 
Literature 3 often have poor boring during stamping in mass 
production and do not necessarily have good punchability in 
mass production. Thus, the quality of steel sheets must be 
further improved. 
0014. The present invention aims to solve such problems 
of the related art and to provide a high-strength hot-rolled 
steel sheet having high strength and excellent punchability in 
mass production of parts and a method for producing the 
high-strength hot-rolled steel sheet. 

Solution to Problem 

0015. In order to achieve the objects, the present inventors 
studied various factors that can affect punchability in mass 
production of high-strength hot-rolled steel sheets. 
0016. As a result, the present inventors first found a large 
difference between punchability evaluated by a method con 
forming to a known standard and punchability in mass pro 
duction of actual parts. Also in actual mass production of 
parts, the punching clearance is adjusted at a timing of a die 
change. However, it is very difficult to completely adjust and 
manage the punching clearance within proper condition 
ranges, and therefore the clearance change generally happen 
caused by the circumferential position on a punched hole. 
Furthermore, punches have chipping and wear during mass 
production, and it is almost impossible to completely main 
tain and manage punches. This results in varying punching 
conditions. Furthermore, in mass production of actual parts, 
in addition to variations in punching clearance described 
above, depending on the part shape and the manufacturing 
process, boring by stamping is sometimes required in the 
middle of amass production process. The present inventors 
have come to realize that in Such a case, the punching direc 
tion may become oblique rather than vertical, or it is difficult 
to center a hole, and the sheet clamping conditions may 
deteriorate. Unlike stamping in laboratories, stamping in 
mass production is punching under very severe conditions 
and is Subjected to various process variations as described 
above. The present inventors found that even steel sheets 
having good punchability as determined by punchability 
evaluation in laboratories in conformity with Such a standard 
therefore often have poor boring during stamping in mass 
production of parts. 
0017 Considering Such stamping conditions in mass pro 
duction, the present inventors further studied a method for 
evaluating punchability in mass production. As a result, the 
present inventors first found that the punched hole diameter 
and the sheet clamping conditions as well as variations in 
punching clearance greatly influence the appearances of 
punched surfaces in stamping in mass production. As a result 
of further studies, the present inventors found that the best 
method for evaluating punchability in mass production 
includes using a 50-mmop punching punch of a flat-bottomed 
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type, determining the hole diameter of a die such that the 
punching clearance is 30%, placing a spacer on the punching 
die, placing a blank sheet on the spacer, holding the blank 
sheet with a blank holder, and punching the blank sheet. 
0018. The present inventors intensively studied the effects 
of the Steel sheet structure on punchability in mass production 
by this evaluation method. As a result, the present inventors 
found that size-controlling of a bainite phase for decreasing 
the size of the bainite phase alone is not enough to achieve the 
desired punchability in mass production, and additional 
microstructure controlling (elaboration or evolution of 
microstructure controlling) is required. As a result of further 
studies, the present inventors found that the microstructure 
unit that controls punchability in mass production is not only 
a macroscopic bainite microstructure but also the intervals of 
its lower microstructure, that is, bainite lath and carbide pre 
cipitation behavior. 
0019. The present inventors further studied and found that 
the punchability in mass production of a high-strength hot 
rolled steel sheet is effectively and significantly improved by 
adjusting the rolling reduction and finishing temperature of 
finish rolling as well as the cooling timing and cooling rate 
control after the finish rolling within appropriate ranges, by 
forming a steel sheet microstructure composed mainly of a 
bainite phase, by decreasing the intervals of the lower micro 
structure bainite lath, and by causing iron based carbide to be 
precipitated in bainite lath grains, in addition to adjustment of 
the slab heating temperature. 
0020. The present invention has been accomplished on the 
basis of these findings after further consideration. The fol 
lowing is the gist of the present invention. 
0021 (1) A high-strength hot-rolled steel sheet having 
good punchability in mass production, the high-strength hot 
rolled Steel sheet having a composition and a microstructure, 
0022 the composition containing, on amass percent basis, 
C: more than 0.07% and 0.2% or less, Si: 2.0% or less, Mn: 
1.0% to 3.0%, P: 0.05% or less, S: 0.005% or less, Al: 0.1% or 
less, N: 0.01% or less, Ti: 0.05% to 0.3%, V: 0.05% to 0.3%, 
and the balance being Fe and incidental impurities, wherein 
0023 the microstructure comprising a bainite of more 
than 90% by volume, the bainitehaving an average lath inter 
val of 0.45 or less, and Fe-based carbide precipitated in bain 
ite lath grains having a ratio of 10% or more by number to all 
Fe-based carbide. 
0024 (2) The high-strength hot-rolled steel sheet accord 
ing to (1), wherein the composition further contains at least 
one selected from Nb: 0.005% to 0.2% and B: 0.0002% to 
0.0030% on a mass percent basis. 
0025 (3) The high-strength hot-rolled steel sheet accord 
ing to (1) or (2), wherein the composition further contains at 
least one selected from Cu: 0.005% to 0.3%, Ni: 0.005% to 
0.3%, and Sn: 0.005% to 0.3% on a mass percent basis. 
0026 (4) The high-strength hot-rolled steel sheet accord 
ing to any one of (1) to (3), wherein the composition further 
contains at least one selected from Mo: 0.002% to 0.3% and 
Cr: 0.002% to 0.3% on a mass percent basis. 
0027 (5) The high-strength hot-rolled steel sheet accord 
ing to any one of (1) to (4), wherein the composition further 
contains at least one selected from Ca: 0.0002% to 0.004% 
and REM: 0.0002% to 0.004% on a mass percent basis. 
0028 (6) A hot-dip galvanized steel sheet having a hot-dip 
galvanizing layer or alloyed hot-dip galvanizing layer on a 
Surface of the high-strength hot-rolled Steel sheet according 
to any one of (1) to (5). 
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0029 (7) A method for producing a high-strength hot 
rolled steel sheet having good punchability in mass produc 
tion, including: heating a steel slab and Subjecting the Steel 
slab to hot rolling having rough rolling and finish rolling to 
forma hot-rolled steel sheet, wherein the steel slab contains, 
on a mass percent basis, C: more than 0.07% and 0.2% or less, 
Si: 2.0% or less, Mn: 1.0% to 3.0%, P: 0.05% or less, S: 
0.005% or less, Al: 0.1% or less, N: 0.01% or less, Ti: 0.05% 
to 0.3%, V: 0.05% to 0.3%, and the balance being Fe and 
incidental impurities, wherein the hotrolling includes heating 
the steel slab to 1100° C. or more, a total rolling reduction of 
two final passes in the finish rolling being 30% or more, a 
finish-rolling finishing temperature being in a range of (A 
transformation temperature) to (A transformation tempera 
ture--120° C.), starting cooling within 2 seconds after the 
finish rolling, cooling the hot-rolled Steel sheet to a coiling 
temperature at an average cooling rate of 40° C./S or more, 
and coiling the hot-rolled Steel sheetata coiling temperature: 
3OO C. to SOO C. 

0030 (8) The method for producing a high-strength hot 
rolled steel sheet according to (7), wherein the composition 
further contains at least one selected from Nb: 0.005% to 
0.2% and B: 0.0002% to 0.0030% on a mass percent basis. 
0031 (9) The method for producing a high-strength hot 
rolled steel sheet according to (7) or (8), wherein the compo 
sition further contains at least one selected from Cu: 0.005% 
to 0.3%, Ni: 0.005% to 0.3%, and Sn: 0.005% to 0.3% on a 
mass percent basis. 
0032 (10) The method for producing a high-strength hot 
rolled steel sheet according to any one of (7) to (9), wherein 
the composition further contains at least one selected from 
Mo: 0.002% to 0.3% and Cr: 0.002% to 0.3% on a mass 
percent basis. 
0033 (11) The method for producing a high-strength hot 
rolled steel sheet according to any one of (8) to (10), wherein 
the composition further contains at least one selected from 
Ca: 0.0002% to 0.004% and REM: 0.0002% to 0.004% on a 
mass percent basis. 
0034 (12) A method for producing a hot-dip galvanized 
steel sheet, including: pickling a high-strength hot-rolled 
steel sheet produced by the method for producing a high 
strength hot-rolled steel sheet according to any one of (7) and 
(11), and Subjecting the high-strength hot-rolled Steel sheet to 
annealing and plating treatment to form a coated Steel sheet, 
wherein the annealing is performed at a soaking temperature 
of 730°C. or less, and the plating treatment after the anneal 
ing includes passing the high-strength hot-rolled steel sheet 
through a hot-dip galvanizing bath to forma hot-dip galvaniz 
ing layer on a Surface of the high-strength hot-rolled Steel 
sheet and optionally subjecting the high-strength hot-rolled 
steel sheet to alloying treatment for alloying the hot-dip gal 
Vanizing layer. 
0035 (13) A high-strength hot-rolled steel sheet having 
good punchability in mass production and having a compo 
sition containing, on a mass percent basis, C: 0.05% to 0.15%, 
Si: 1.5% or less, Mn: 1.0% to 2.0%, P: 0.05% or less, S: 
0.005% or less, Al: 0.1% or less, N: 0.01% or less, Ti: 0.05% 
to 0.2%, and the balance being Fe and incidental impurities, 
wherein the high-strength hot-rolled steel sheet has a micro 
structure comprising a bainite of more than 92% by volume, 
the bainite having an average lath interval of 0.6 um or less, 
and Fe-based carbide precipitated in bainite lath grains hav 
ing a ratio of 10% or more by number to all Fe-based carbide. 
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0036 (14) The high-strength hot-rolled steel sheet accord 
ing to (13), wherein the composition further contains at least 
one selected from Nb: 0.005% to 0.2% and B: 0.0002% to 
0.0030% on a mass percent basis. 
0037 (15) The high-strength hot-rolled steel sheet accord 
ing to (13) or (14), wherein the composition further contains 
at least one selected from Cu: 0.005% to 0.3%, Ni: 0.005% to 
0.3%, and Sn: 0.005% to 0.3% on a mass percent basis. 
0038 (16) The high-strength hot-rolled steel sheet accord 
ing to any one of (13) to (15), wherein the composition further 
contains at least one selected from Mo: 0.002% to 0.3% and 
Cr: 0.002% to 0.3% on a mass percent basis. 
0039 (17) The high-strength hot-rolled steel sheet accord 
ing to any one of (13) to (16), wherein the composition further 
contains at least one selected from Ca: 0.0002% to 0.004% 
and REM: 0.0002% to 0.004% on a mass percent basis. 
0040 (18) A hot-dip galvanized steel sheet having a hot 
dip galvanizing layer or alloyed hot-dip galvanizing layer on 
a Surface of the high-strength hot-rolled steel sheet according 
to any one of (13) to (17). 
0041 (19) A method for producing a high-strength hot 
rolled steel sheet having good punchability in mass produc 
tion, the method including: heating a steel slab and Subjecting 
the steel slab to hot rolling having rough rolling and finish 
rolling to form a hot-rolled steel sheet, wherein the steel slab 
contains, on a mass percent basis, C: 0.05% to 0.15%, Si: 
1.5% or less, Mn: 1.0% to 2.0%, P: 0.05% or less, S: 0.005% 
or less, Al: 0.1% or less, N: 0.01% or less, Ti: 0.05% to 0.2%, 
and the balance being Fe and incidental impurities, wherein 
the hot rolling includes heating the steel slab to 1100° C. or 
more, a total rolling reduction of two final passes in the finish 
rolling being 30% or more, a finish-rolling finishing tempera 
ture being in a range of (A transformation temperature) to 
(A transformation temperature--120° C.), starting cooling 
within2 seconds after the finish rolling, cooling the hot-rolled 
steel sheet to a coiling temperature at an average cooling rate 
of 50° C./s or more, and coiling the hot-rolled steel sheet at a 
coiling temperature: 300° C. to 500° C. 
0042 (20) The method for producing a high-strength hot 
rolled steel sheet according to (19), wherein the composition 
further contains at least one selected from Nb: 0.005% to 
0.2% and B: 0.0002% to 0.0030% on a mass percent basis. 
0043 (21) The method for producing a high-strength hot 
rolled steel sheet according to (19) or (20), wherein the com 
position further contains at least one selected from Cu: 
0.005% to 0.3%, Ni: 0.005% to 0.3%, and Sn: 0.005% to 
0.3% on a mass percent basis. 
0044 (22) The method for producing a high-strength hot 
rolled steel sheet according to any one of (19) to (21), wherein 
the composition further contains at least one selected from 
Mo: 0.002% to 0.3% and Cr: 0.002% to 0.3% on a mass 
percent basis. 
0045 (23) The method for producing a high-strength hot 
rolled steel sheet according to any one of (19) to (22), wherein 
the composition further contains at least selected from Ca: 
0.0002% to 0.004% and REM: 0.0002% to 0.004% on a mass 
percent basis. 
0046 (24) A method for producing a hot-dip galvanized 
steel sheet, including: pickling a high-strength hot-rolled 
steel sheet produced by the method for producing a high 
strength hot-rolled steel sheet according to any one of (19) 
and (23), and Subjecting the high-strength hot-rolled Steel 
sheet to annealing and plating treatment to form a coated Steel 
sheet having a coated layer on a Surface thereof, wherein the 
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annealing is performed at a soaking temperature of 730°C. or 
less, and the plating treatment after the annealing includes 
passing the high-strength hot-rolled steel sheet through a 
hot-dip galvanizing bath to form a hot-dip galvanizing layer 
on a surface of the hot-rolled steel sheet and optionally sub 
jecting the high-strength hot-rolled Steel sheet to alloying 
treatment for alloying the hot-dip galvanizing layer. 
0047 (1) to (12) correspond to a first embodiment 
described below, and (13) to (24) correspond to a second 
embodiment described below. 

Advantageous Effects of Invention 

0048. In accordance with the present invention, a high 
strength hot-rolled, steel sheet that withstands severe stamp 
ing in mass production of parts and has good punchability in 
mass production can be easily produced as materials for auto 
motive parts and the like. Thus, the present invention has 
industrially significant advantages. A high-strength hot 
rolled steel sheet according to the present invention is suitable 
for truck frame parts and structural parts, such as members 
and frames, and underbody parts, such as Suspensions, of 
automobile bodies in automobiles. The present invention 
effectively contributes to weight reduction of parts. 

DESCRIPTION OF EMBODIMENTS 

First Embodiment 

0049. The reason for limiting the compositions of a high 
strength hot-rolled Steel sheet according to a first embodiment 
will be described below. Unless otherwise specified, "'6' 
refers to “6 by mass'. The term “high-strength” in the 
embodiment refers to a tensile strength TS of 900 MPa or 
O. 

C: More than 0.07% and 0.2% or Less 

0050 C is an element that effectively contributes to 
increase the strength of steel sheets and is a useful element 
that promotes bainite transformation and contributes to the 
formation of a bainite phase. An adequate C content results in 
increased carbide in bainite lath grains and improved punch 
ability in mass production. These effects require a C content 
of more than 0.07%. An excessive C content of more than 
0.2% results in poor workability and weldability. Thus, the C 
content is limited to more than 0.07% and 0.2% or less, 
preferably 0.079% or more, more preferably 0.10% or more, 
and preferably 0.19% or less. 

Si: 2.0% or Less 

0051 Si is an element that increases the strength of steel 
sheets by solute strengthening and contributes to improved 
ductility of steel sheets. It is desirable that the Si content be 
0.05% or more to produce these effects. However, an exces 
sive Si content results in an increased transformation tem 
perature and decreased formation of a bainite phase. A Si 
content of more than 2.0% results in marked Si type complex 
oxide invasion of crystal grain boundaries of a surface layer 
while a steel slab is heated, and the Si type complex oxide is 
difficult to remove by frequent descaling during hot rolling, 
thus resulting in poor appearances of punched Surfaces during 
stamping in mass production of steel sheets and poor punch 
ability in mass production. Thus, the Si content is limited to 
2.0% or more, preferably 1.5% or less, more preferably 1.0% 
or less. 
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Mn: 1.0% to 3.0% 

0.052 Mn is an effective element that contributes to 
increase the strength of steel sheets by solute strengthening 
and transformation strengthening. Furthermore, Min func 
tions to decrease the transformation temperature and decrease 
the size of bainite lath. These effects require a Mn content of 
1.0% or more. However, an excessive Mn content of more 
than 3.0% results in significant center segregation and very 
poor workability. Thus, Mn is limited to the range of 1.0% to 
3.0%, preferably 1.4% to 2.6%. 

P: 0.05% or LeSS 

0053 P is an element that functions to increase the 
strength of steel sheets by solid solution. A high P content 
tends to result in segregation in grain boundaries and may 
adversely affect workability. Thus, it is desirable to minimize 
the P content. A P content up to 0.05% is allowable. Prefer 
ably, the P content is 0.03% or less. 

S: O.005% or LeSS 

0054) S forms sulfides. In particular, coarse sulfides 
reduce the ductility and workability of steel sheets. Thus, it is 
desirable to minimize the S content. AS content up to 0.005% 
is allowable. Thus, the S content is limited to 0.005% or less, 
preferably 0.003% or less, more preferably 0.0015% or less. 

Al: 0.1% or Less 

0055 Al is an important element that functions as a deoxi 
dizing agent for steel. It is desirable that the Al content be 
0.01% or more to produce this effect. However, an Al content 
of more than 0.1% results in low castability and results in low 
Surface quality and workability due to a large amount of 
residual inclusions (oxide) in steel. Thus, the Al content is 
limited to 0.1% or less, preferably 0.06% or less. 

N: 0.01% or Less 

0056 N binds to a nitride-forming element and precipi 
tates as a nitride, thereby contributing to a decreased size of 
crystal grains. However, a N content of more than 0.01% is 
responsible for low hot ductility and very poor burring form 
ability due to the formation of a large amount of nitride. Thus, 
it is desirable to minimize the N content. A N content up to 
0.01% is allowable. Thus, the N content is limited to 0.01% or 
less, preferably 0.006% or less, more preferably 0.004% or 
less. 

T: 0.05% to O.3% 

0057 Ti is one of the most important elements in the 
present invention. Ti tends to form a carbonitride and 
decreases the size of austenite (Y) grains before transforma 
tion, thereby contributing to decreased lath intervals of bain 
ite after transformation. Furthermore, Ti increases carbide 
(carbonitride) in fine bainite lath grains, contributes to 
increased strength by precipitation strengthening, increases 
Void forming sites in stamping, and contributes to improved 
punchability in mass production. These effects require a Ti 
content of 0.05% or more. However, an excessive Ti content 
of more than 0.3% results in very large rolling force, thereby 
making rolling operation difficult, or results in excessively 
coarse precipitates, thereby reducing workability. Thus, the 
Ticontent is limited to the range of 0.05% to 0.3%, preferably 
0.07% to 0.25%, more preferably 0.07% to 0.23%. 
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V. O.05% to O.3% 

0058 V functions to improve a strength-elongation bal 
ance and a strength-hole expandability balance and is one of 
the most important elements in the present invention. V also 
functions to decrease the lath intervals of bainite, thereby 
decreasing the occurrence intervals of micro Voids in punch 
ing, facilitating linking between Voids, and improving punch 
ability in mass production. V also functions to decrease pre 
cipitation of coarse Fe-based carbide, thereby improving 
edge face properties in punching. These effects require a V 
content of 0.05% or more. An excessive V content of more 
than 0.3% cannot lead to further improvements of these 
effects, thus increasing production costs and resulting in eco 
nomic disadvantages. Thus, the V content is limited to the 
range of 0.05% to 0.3%, preferably 0.07% or more, more 
preferably 0.22% or more, and preferably 0.28% or less, more 
preferably 0.26% or less. 
0059. These components are basic components. In the 
present invention, in addition to this basic composition, the 
following optional elements may be contained, if necessary: 
one or two selected from Nb: 0.005% to 0.2% and B: 0.0002% 
to 0.0030%, and/or one or two or more selected from Cu: 
0.005% to 0.3%, Ni: 0.005% to 0.3%, and Sn: 0.005% to 
0.3%, and/or one or two selected from Mo: 0.002% to 0.3% 
and Cr: 0.002% to 0.3%, and/or one or two selected from Ca: 
0.0002% to 0.004% and REM: 0.0002% to 0.004%. 
0060. At least one selected from Nb: 0.005% to 0.2% and 
B: O.OOO2% to O.OO30% 
0061 Nb and B are elements that contribute to improved 
punchability in mass production. If necessary, one or both of 
Nb and B may be contained. 
0062 Nb contributes to a finer microstructure and finely 
dispersed carbide by the formation of precipitates (carboni 
tride), thereby decreasing the occurrence intervals of micro 
Voids in punching and improving punchability in mass pro 
duction. These effects preferably require a Nb content of 
0.005% or more. However, an excessive Nb content of more 
than 0.2% results in coarse precipitates, poor workability, and 
increased production costs. Thus, if Nb is contained, the Nb 
content is preferably limited to the range of 0.005% to 0.2%, 
more preferably 0.005% to 0.15%. 
0063) B decreases the lath intervals of bainite and thereby 
contributes to improved punchability in mass production. 
These effects preferably require a B content of 0.0002% or 
more. However, an excessive B content of more than 0.0030% 
results in poor workability. Thus, if B is contained, the B 
content is preferably limited to the range of 0.0002% to 
0.0030%, more preferably 0.0003% to 0.0020%. 
At Least One Selected from Cu: 0.005% to 0.3%, Ni: 0.005% 
to 0.3%, and Sn: 0.005% to 0.3% 
0.064 Cu, Ni, and Sn are elements that contribute to 
increased strength by solute strengthening. If necessary, one 
or two or more of Cu, Ni, and Sn may be contained. It is 
desirable to contain Cu: 0.005% or more, Ni: 0.005% or more, 
and/or Sn: 0.005% or more to produce the effect. However, a 
Cu content of more than 0.3%, a Ni content of more than 
0.3%, and/or a Sn content of more than 0.3% results in poor 
hot workability and may result in Surface layer cracking dur 
ing hot rolling. Thus, if Cu, Ni, and/or Snare contained, each 
of the Cu content, the Ni content, and the Sn content is 
preferably limited to the range of 0.005% to 0.3%, more 
preferably 0.005% to 0.2%. 
At Least One Selected from Mo: 0.002% to 0.3% and Cr: 
O.OO2% to O.3% 
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0065. Mo and Cr are elements that tend to form carbide 
(precipitates) and contribute to improved punchability in 
mass production by the formation of the precipitates. Mo and 
Crare also elements that contribute to improved hardenabil 
ity. Mo and Crare also elements that contribute to finerbainite 
lath by decreasing the bainite transformation temperature. 
One or both of Mo and Cr may be contained, if necessary. It 
is desirable to contain Mo: 0.002% or more and/or Cr: 
0.002% or more to produce these effects. However, an exces 
sive Mo content of more than 0.3% and/or an excessive Cr 
content of more than 0.3% results in increased production 
costs and economic disadvantages. Thus, if Mo and/or Cr is 
contained, each of the Mo content and the Cr content is 
preferably limited to the range of 0.002% to 0.3%, more 
preferably 0.002% to 0.2%. 
At Least One Selected from Ca: 0.0002% to 0.004% and 
REM. O.OOO2% to O.O.04% 

0066 Ca and REM are elements that effectively contribute 
to improved workability by morphology control of inclu 
sions. If necessary, one or both of Ca and REM may be 
contained. It is desirable to contain Ca: 0.0002% or more 
and/or REM: 0.0002% or more to produce the effect. How 
ever, a Cacontent of more than 0.004% and/or a REM content 
of more than 0.004% results in an increased amount of inclu 
sions in steel and poor workability. Thus, if Ca and/or REM is 
contained, each of the Ca content and the REM content is 
preferably limited to the range of 0.0002% to 0.004%, more 
preferably 0.0002% to 0.003%. 
0067. The balance other than the components described 
above includes Fe and incidental impurities. 
0068. The reason for limiting the microstructure of a high 
strength hot-rolled steel sheet according to the present inven 
tion will be described below. 

0069. A high-strength hot-rolled steel sheet according to 
the present invention has a microstructure in which a bainite 
phase constitutes more than 90% by volume, the average lath 
interval of bainite is 0.45um or less, and the ratio of Fe-based 
carbide precipitated in bainite lath grains to all Fe-based 
carbide is 10% or more. 

0070. In order to achieve the desired punchability in mass 
production, it is important that a bainite phase should consti 
tute more than 90%, preferably more than 92%, more prefer 
ably more than 94%, by volume of the steel sheet structure, as 
described above. 

0071. The bainite phase is a mixed microstructure offer 
rite and Fe-based carbide. In Such a microstructure composed 
mainly of the bainite phase alone, an interface between ferrite 
and Fe-based carbide acts as a starting point for the formation 
of micro Voids during punching. Thus, such a microstructure 
is advantageous to both appropriate formation of micro Voids 
and Subsequent Void linking. 
0072. In the present invention, the intervals of bainite lath, 
which is the lower microstructure of the bainite phase, are 
0.45 um or less. This is based on the finding that a smaller 
bainite phase and a finer lower microstructure (decreased lath 
intervals of bainite) are important in achieving the desired 
punchability in mass production. When the lath intervals of 
bainite are more than 0.45 um, the desired punchability in 
mass production cannot be achieved. Thus, the lath intervals 
ofbainite are limited to 0.45um or less, preferably 0.40 um or 
less, more preferably 0.35 um or less. A second phase other 
than the bainite phase (the remainder) includes one or more of 
martensite, retained austenite, ferrite, and pearlite. 



US 2016/0068937 A1 

0073. In the present invention, in order to achieve the 
desired punchability in mass production, the bainite phase in 
the microstructure contains carbide formed therein, and the 
ratio of Fe-based carbide precipitated in ferrite grains to all 
precipitated Fe-based carbide in the microstructure is 10% or 
more by number. When the ratio of Fe-based carbide precipi 
tated in ferrite grains to all precipitated Fe-based carbide is 
less than 10% by number, the desired punchability in mass 
production cannot be achieve. Thus, the ratio of Fe-based 
carbide precipitated in grains to all Fe-based carbide is lim 
ited to 10% or more, preferably 15% or more, more preferably 
20% or more, by number. 
0074. A preferred method for producing a high-strength 
hot-rolled steel sheet according to the present invention will 
be described below. 
0075. In the present invention, a steel slab having the com 
position described above is heated and is subjected to hot 
rolling composed of rough rolling and finish rolling to form a 
hot-rolled steel sheet. 
0076. A method for producing a steel slab is not particu 
larly limited. Molten steel having the composition described 
above is formed by a common melting method, for example, 
in a converter, an electric furnace, or an induction furnace, 
and, if necessary, is subjected to secondary refining in 
vacuum degassing equipment, and is formed into a steel slab 
having predetermined dimensions by a common casting 
method, Such as by continuous casting. An ingot making and 
blooming method may also be used without problems. The 
steel slab may be a thin slab having a thickness of approxi 
mately 30 mm. In the case of a thin slab, rough rolling may be 
omitted. 
0077. In the present invention, an electro-magnetic stirrer 
(EMS) or intentional bulging soft reduction casting (IBSR) 
may be used to reduce segregation of steel components during 
continuous casting. Electro-magnetic stirrer treatment can 
form equiaxed crystals at half the thickness of a sheet and 
reduce segregation. Intentional bulging soft reduction casting 
can prevent the flow of molten steel in an unsolidified portion 
of a continuous cast slab and reduce segregation at half the 
thickness of a sheet. At least one of these segregation reduc 
tion treatments can be used to improve good punchability 
characteristic of the present invention and improve elonga 
tion among the tensile properties described below. 
0078. A steel slab is heated to a heating temperature of 
1100° C. or more and is subjected to hot rolling. 

Steel Slab Heating Temperature: 1100° C. or More 
0079. In the present invention, precipitates in a slab must 
be redissolved. Thus, a steel slab is heated to a heating tem 
perature of 1100° C. or more. A heating temperature of less 
than 1100° C. results in insufficient redissolution of precipi 
tates, and a desired precipitate distribution cannot beachieved 
in a Subsequent process. The heating temperature is prefer 
ably 1150° C. or more. An excessively high heating tempera 
ture results in coarse crystal grains and consequently coarse 
bainite lath. Thus, it is desirable that the heating temperature 
of a steel slab be limited to 1300° C. or less. 
0080 A heated steel slab is subjected to hot rolling com 
posed of rough rolling and finish rolling to form a hot-rolled 
steel sheet. The rough rolling may be performed under any 
conditions where a desired sheet bar size can be achieved. 
0081. The rough rolling is followed by finish rolling. The 
conditions for the finish rolling are very important for the 
formation of a desired bainite lath microstructure. 
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Total Rolling Reduction of Two Final Passes in Finish 
Rolling: 30% or More 
0082 Formation of a desired bainite lath microstructure 
requires bainite transformation of austenite (Y) having Suffi 
ciently accumulated Strain. Thus, in the present invention, the 
total rolling reduction of two final passes in finish rolling is 
limited. When the total rolling reduction of two final passes in 
finish rolling is less than 30%, strain is insufficiently accu 
mulated in Y, and a desired bainite lath microstructure cannot 
beformed after transformation. Thus, the total rolling reduc 
tion of two final passes in finish rolling is limited to 30% or 
more, preferably 40% or more, more preferably 50% or more. 

Finish-Rolling Finishing Temperature: (As Transformation 
Temperature) to (A Transformation Temperature+120° C.) 
I0083 Finish-rolling finishing temperature control is also 
important for bainite transformation of austenite (Y) having 
sufficiently accumulated strain. When the finish-rolling fin 
ishing temperature is less than the A transformation tem 
perature, it is difficult to form the desired microstructure, that 
is, the microstructure composed mainly of a bainite phase 
alone. When the finish-rolling finishing temperature is higher 
than (A transformation temperature--120° C.), it is difficult 
to form a fine bainite phase. Thus, the finish-rolling finishing 
temperature is limited to (A transformation temperature) to 
(A transformation temperature--120° C.), preferably (A 
transformation temperature) to (A transformation tempera 
ture--80° C.). The finish-rolling finishing temperature herein 
refers to a Surface temperature. The term "A transformation 
temperature', as used herein, refers to a transformation tem 
perature determined from a changing point in a thermal 
expansion curve obtained by cooling at a cooling rate of 1° 
C./s after processing with a Formastortesting machine (Ther 
mecmastor-Z). 
I0084. After the finish rolling, cooling is performed. The 
cooling conditions are also very important for the formation 
of a desired microstructure. 
Cooling Start: Within 2 Seconds after Finish Rolling 
0085. In order to form a desired bainite lathmicrostructure 
by bainite transformation of Y (austenite) having sufficiently 
accumulated Strain, cooling must be started within 2 seconds 
after finish rolling. When cooling is started more than 2 sec 
onds after finish rolling, recovery of Y and recrystallization 
occur, and the number of nuclei for bainite transformation 
decreases. Thus, the desired bainite lath microstructure can 
not be formed. Thus, cooling is started within 2 seconds, 
preferably 1.5 seconds, more preferably 1 second, after finish 
rolling. 

Average Cooling Rate: 40°C./s or More 
I0086. When the average cooling rate from the finish-roll 
ing finishing temperature to the cooling stop temperature is 
less than 40°C./s, pro-eutectoid ferrite is precipitated, mak 
ing it difficult to form the microstructure in which a bainite 
phase constitutes more than 90% by volume and that has the 
desired lath intervals ofbainite. Thus, the average cooling rate 
of cooling after finish rolling is limited to 40° C./s or more, 
preferably 50° C./s or more, more preferably 60° C./s or 
more. The upper limit of the cooling rate depends on the 
capacity of cooling facilities and is preferably approximately 
150° C./s or less in terms of the shape of steel sheets. In the 
present invention, control of the cooling rate after finish roll 
ing as described above and single-stage cooling to the cooling 
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stop temperature as described below are among the require 
ments for the formation of the microstructure characteristic of 
the present invention. 

Cooling Stop Temperature: 300° C. To 500° C. 
0087. In the present invention, coiling is performed imme 
diately after cooling stop. Thus, the coiling temperature is the 
same as the cooling stop temperature. When the cooling stop 
temperature (coiling temperature) is less than 300° C. or more 
than 500° C., the lath intervals of bainite and the Fe-based 
carbide distribution cannot be controlled within desired opti 
mum ranges. Thus, the cooling stop temperature (coiling 
temperature) is limited to the range of 300° C. to 500° C., 
preferably 350° C. to 500° C. 
0088. After coiling, scales on the surface may be removed 
by pickling according to routine procedures. After pickling 
treatment, a hot-rolled steel sheet may be subjected to temper 
rolling. After pickling treatment or temper rolling, a hot 
rolled steel sheet may be annealed at a soaking temperature of 
730° C. or less and may be passed through a hot-dip galva 
nizing bath to form a galvanized layer on the Surface thereof, 
thereby producing a hot-dip galvanized steel sheet. When the 
soaking temperature for annealing treatment is more than 
730° C., bainite is tempered, making it difficult to form the 
microstructure in which a bainite phase constitutes more than 
90% by volume and that has the desired lath intervals of 
bainite. Thus, the soaking temperature for annealing treat 
ment is 730° C. or less. Although the lower limit of the 
annealing temperature is not particularly limited, the soaking 
temperature for annealing treatment is preferably 600° C. or 
more in terms of adhesion between a hot-dip galvanizing 
layer and a base steel sheet. After immersed in the hot-dip 
galvanizing bath, the galvanized layer may be subjected to 
alloying treatment to produce a galvannealed Steel sheet. 
0089. The resulting hot-rolled steel sheet may be used to 
produce a coated Steel sheet, Such as an electrogalvanized 
steel sheet, as well as a hot-dip galvanized Steel sheet. 
0090. A high-strength hot-rolled steel sheet according to 
the present invention will be described below with examples. 

Example 1 

0091. A steel slab having a composition listed in Table 1 
was subjected to heating, finish rolling, and cooling after 
rolling listed in Table 2 to produce a hot-rolled steel sheet. In 
continuous casting, hot-rolled Steel sheets other than a hot 
rolled Steel sheet No. 1" of Steel Al in Tables 1 to 3 described 
below were subjected to an electro-magnetic stirrer (EMS) to 
reduce segregation of components of the Steel. Table 1 also 
lists the A transformation temperature of each steel slab 
determined from a thermal expansion curve. After pickling, 
some of the hot-rolled steel sheets were passed through a 
continuous hot-dip galvanizing line and were subjected to 
annealing treatment under the conditions listed in Table 2 and 
hot-dip galvanizing treatment to produce hot-dip galvanized 
steel sheets (GI). In the hot-dip galvanizing treatment, each of 
the hot-rolled steel sheets subjected to the annealing treat 
ment was immersed in a galvanizing bath (0.1% by mass 
Al-Zn) at 480°C., and 45 g/m of a hot-dip galvanized layer 
was formed on each side of the steel sheet. After the hot-dip 
galvanizing treatment, Some of the hot-rolled Steel sheets 
were subjected to alloying treatment to produce galvannealed 
steel sheets (GA). The alloying treatment temperature was 
52OO C. 
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0092 Test specimens were taken from the hot-rolled steel 
sheets (including coated Steel sheets) and were subjected to 
microstructure observation, a tensile test, and a punchability 
in-mass-production test. The test methods were as follows: 

(1) Microstructure Observation 
0093 Test specimens for microstructure observation were 
taken from the hot-rolled steel sheets (coated steel sheets). A 
Vertical cross section (L cross section) of each test specimen 
parallel to the rolling direction was polished and was etched 
with a 3% nital solution to expose a microstructure. The 
microstructure in the L cross section at a quarter thickness in 
the depth direction was observed with a scanning electron 
microscope (magnification: 3000 times). Ten visual fields of 
the microstructure were photographed. Phases other than a 
bainite phase were separated by image analysis to determine 
the percentage of the phases other than bainite and calculate 
the area percentage of the bainite phase. The area percentage 
calculated in this manner was considered to be the volume 
percentage of the bainite phase. 
0094 Samples for a thin film were taken from the hot 
rolled Steel sheets (coated Steel sheets) at a quarter thickness 
in the depth direction and were subjected to mechanical pol 
ishing and electropolishing to prepare thin film specimens. 
The microstructure of each thin film specimen was observed 
with a transmission electron microscope (magnification: 
approximately 30000). Ten visual fields of the microstructure 
were photographed. The lath intervals of bainite were mea 
sured and were averaged to determine the lath intervals of 
bainite of each hot-rolled steel sheet. 
0.095 Test specimens for microstructure observation were 
taken from the hot-rolled steel sheets (coated steel sheets). A 
Vertical cross section (L cross section) of each test specimen 
parallel to the rolling direction was polished and was etched 
with a 3% nital solution to expose a microstructure. A replica 
sample at a quarter thickness in the depth direction was pre 
pared. The microstructure of the replica sample was observed 
a transmission electron microscope (magnification: approxi 
mately 30000 times). Ten visual fields of the microstructure 
were photographed. The number of Fe precipitates was mea 
Sured in each precipitation site (at a grain boundary and 
within a grain) in the microstructure photographs, thereby 
calculating the ratio of the number of Fe precipitates in bainite 
lath grains to the number of all Fe precipitates. Fe precipitates 
were identified by the shape of the precipitates and by energy 
dispersive X-ray (EDX) analysis. 
0096. It was confirmed that substantially the same micro 
structure was also observed in a central portion in the thick 
ness direction. 

(2) Tensile Test 
(0097. Three JIS No. 5 tensile test pieces were taken from 
each of the hot-rolled steel sheets (coated steel sheets) such 
that the tensile direction was perpendicular to the rolling 
direction. The test pieces were subjected to a tensile test 
according to JIS Z 2241. The cross head speed was 10 
mm/min. The averages of tensile properties (tensile strength 
TS and elongation El) were considered to be the tensile prop 
erties of the steel sheets. 

(3) Punchability-in-Mass-Production Test 

(0098. A blank sheet (size: 150x150 mm) was taken from 
each of the hot-rolled steel sheets (coated steel sheets). A 
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50-mmcp punching punch of a flat-bottomed type was used. 
The hole diameter of a die was determined such that the 
punching clearance was 30%. A spacer was placed on the 
punching die. Ablank sheet was placed on the spacer and was 
held with a blank holder. A hole was then punched in the blank 
sheet. After punching, the fracture Surface condition of the 
punched surface was observed around the entire perimeter of 
the punched hole with a scanning electron microscope (mag 
nification: 100 times) and was checked for cracking, chip 
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ping, a brittlefracture Surface, a secondary shear Surface, and 
cross section roughness. Punchability in mass production was 
rated as follows: fracture surfaces free of cracking, chipping, 
a brittle fracture Surface, a secondary shear Surface, and cross 
section roughness were rated as good (circle); fracture Sur 
faces having cross section roughness were rated as fair (tri 
angle); and the other fracture Surfaces were rated as poor (X). 
0099 Table 3 shows the results. 

TABLE 1 

Chemical composition (mass % Transformation 

Steel Nb, Cu, Mo, Ca, temperature 
No. C Si Mn P S Al N T V B Ni, Sn Cr REM A. (C.) Remarks 

A1 O.O79 0.17 1.66 0.047 O.OO29 O.044 O.OO34 0.078 O.259 Nb: Ca: 894 Suitable 
O.OO8 O.OO13 (X8. It 

B1 O. 102 O.75 1.11 O.O23 O.OOO4 O.O19 O.OO42 (0.159 0.097 B: 911 Suitable 
O.OO11 (X8. It 

C1 O.123 1.42 2.38 O.OO7 O.OO19 O.O38 O.OO21 O.109 0.179 Nb: Sn: 886 Suitable 
O.004 O.04 (X8. It 

D1 O.141 O.69 1.99 O.O11 O.OOOS O.O33 O.OO33 0.118. O.198 863 Suitable 
(X8. It 

E1 O.159 O.41 1.59 O.O13 O.OOO9 O.044 O.OO27 O.133 0.223 859 Suitable 
(X8. It 

F1 O.108 O.08 1.72 O.O27 O.OO14 O.O24 OOO62 O.124 O.147 - N: Cr: REM: 864 Suitable 
O.22 0.09, 0.0025 (X8. It 

Mo: 
O.O3 

G1 O. 116 0.75 1.89 O.OOS O.OOO4 OO66 OOO11 OO69 O.288 - B: Cr: — 871 Suitable 
O.OOO4 O.O3 (X8. It 

H1 O.137 O.27 2.47 O.O11 O.OOO9 O.042 O.OO48 0.168 0.129 - Mo: — 831 Suitable 
O.09 (X8. It 

I1 O.185 O.O1 2.57 0.017 O.OO1 1 0.046 O.OO37 0.138 0.226 Nb: 808 Suitable 
O.O14 (X8. It 

J1 O.O88 O.04 2.83 O.OO9 O.OO38 0.039 O.OO24 O2S2 0.059 Cu: 823 Suitable 
0.04. (X8. It 
N: 
O.O8 

Kl 0.068 0.08 0.94 0.013 0.001 1 0.049 0.0048 0.143 0.213 — 891 Comparative 
(X8. It 

Ll O. 104 O.O3 1.84 0.011 0.0028 0.058 0.0053 0.044 0.258 - 848 Comparative 
(X8. It 

M1 O.09S 1.39 1.13 O.O23 O.OO2S O.O33 O.OO28 O.128 O.OSO Ca: 942 Suitable 
O.OO2S (X8. It 

N1 O. 114 O.76 1.26 0.019 0.0009 0.055 0.0039 0.068 0.009 Nb: 901 Comparative 
O.O09 (X8. It 

TABLE 2 

Hot-rolling conditions Cooling conditions Coiling Hot-dip galvanizing 

Sheet Finish-rolling Total rolling Cooling Average conditions treatinent 

Hot-rolled thick- Heating finishing reduction of Start cooling Coiling Annealing 
steel Steel ness temperature temperature two final time rate temperature temperature Alloying 

sheet No. No. ill (° C.) (° C.) passes (%) (s) (° C./s) (° C.) (° C.) treatment Remarks 

1 A1 2.9 18O 905 35 3 65 425 Example 
1. A1 2.9 18O 900 35 .4 60 425 Example 
2 B1 2.6 290 950 40 O.9 8O 450 Example 
3 B1 2.0 290 915 45 O.8 90 440 60S Example 
4. B1 2.6 290 920 45 3 8O 480 785 Comparative 

example 
5 B1 2.6 290 915 50 2.5 55 385 Comparative 

example 
6 C1 4.0 220 890 35 .4 60 430 Example 
7 D1 2.6 250 920 60 O.8 100 400 Example 
8 D1 2.0 250 840 45 4 125 420 Comparative 

example 
9 D1 2.6 250 880 20 7 95 495 Comparative 

example 
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TABLE 2-continued 

Hot-rolling conditions Cooling conditions Coiling Hot-dip galvanizing 

Sheet Finish-rolling Total rolling Cooling Average conditions treatinent 

Hot-rolled thick- Heating finishing reduction of Start cooling Coiling Annealing 
steel Steel ness temperature temperature two final time rate temperature temperature Alloying 

sheet No. No. ill (° C.) (° C.) passes (%) (s) (° C./s) (° C.) (° C.) treatment Remarks 

10 E1 3.6 260 900 55 O.6 90 415 68O Yes Example 
ll E1 3.6 260 910 50 .4 25 440 645 Comparative 

example 
12 E1 2.6 260 930 50 8 8O 275 Comparative 

example 
13 F1 3.6 260 870 30 .9 40 495 Example 
14 G1 2.0 200 940 40 .2 145 400 Example 
15 H1 4.0 290 850 40 0.7 50 355 Example 
16 I1 2.6 28O 920 35 .6 125 325 Example 
17 J1 2.0 290 900 50 .1 75 40S 725 Example 
18 Kl 3.6 290 895 55 .9 60 490 Comparative 

example 
19 Ll 3.6 250 900 40 .4 90 480 705 Comparative 

example 
20 M1 3.6 250 945 45 .1 45 530 Comparative 

example 
21 N1 3.6 28O 905 50 7 55 410 Comparative 

example 

Average cooling rate from finish-rolling finishing temperature to coiling temperature 

TABLE 3 

Structure * Tensile properties Punchability in 

Hot-rolled Bainite Lath interval Ratio of Fe- Tensile Elongation mass production 
steel sheet Steel fraction of bainite based carbide strength TS El Evaluation of 

No. No. (vol%) (Lm) in grains* (%) (MPa) (%) punched surface Remarks 

1 A1 91 0.37 11.6 903 2O C3 Example 
1 A1 92 O.36 11.5 905 8 A Example 
2 B1 94 O.28 15.9 985 7 C3 Example 
3 B1 93 O.25 13.3 982 6 C3 Example 
4. B1 72 1.25 12.4 954 8 X Comparative 

example 
5. B1 94 0.88 1O.O 985 3 X Comparative 

example 
6 C1 95 O.33 15.2 991 7 C3 Example 
7 D1 98 O.26 2O2 996 9 C3 Example 
8 D1 63 0.65 6.3 986 1 X Comparative 

example 
9 D1 82 0.93 5.1 971 2 X Comparative 

example 
10 E1 97 O.23 23.1 1008 9 C3 Example 
ll E1 68 0.55 12.8 997 O X Comparative 

example 
12 E1 81 O.21 2.1 1010 1 X Comparative 

example 
13 F1 9 O.S 0.44 28.5 956 6 C3 Example 
14 G1 93 O.19 18.8 1OOS 5 C3 Example 
15 H1 95 O.15 13.4 1106 4 C3 Example 
16 1 96 O.11 10.3 11.83 3 C3 Example 
17 1 94 O.39 15.8 922 9 C3 Example 
18 Kl 83 O.94 16.5 934 1 X Comparative 

example 
19 Ll 98 0.56 5.4 886 2 X Comparative 

example 
20 M1 93 O.78 8.8 981 3 X Comparative 

example 
21 N1 97 O.47 6.7 984 4 X Comparative 

example 

*Number ratio of Fe-based carbide in grains to all Fe-based carbide 
**Measurement at quarter thickness 
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0100. The hot-rolled steel sheets (coated steel sheets) 
according to the examples had a high tensile strength TS of 
900 MPa or more and good punchability in mass production. 
In contrast, the comparative examples outside the scope of the 
present invention had poor punchability in mass production. 

Second Embodiment 

0101 The reason for limiting the compositions of a high 
strength hot-rolled steel sheet according to a second embodi 
ment will be described below. Unless otherwise specified, 
“%” refers to “% by mass”. The term “high-strength” in the 
second embodiment refers to a tensile strength TS in the range 
of 700 to 900 MPa. 

C: 0.05% to O.15% 

0102 C is an element that effectively contributes to 
increase the strength of steel sheets and is a useful element 
that promotes bainite transformation and contributes to the 
formation of a bainite phase. An adequate C content results in 
increased carbide in bainite lath grains and improved punch 
ability in mass production. These effects require a C content 
of 0.05% or more. An excessive C content of more than 0.15% 
results in poor workability and weldability. Thus, the C con 
tent is limited to the range of 0.05% to 0.15%, preferably 
0.071% or more, more preferably 0.080% or more, and 0.14% 
or less. 

Si: 1.5% or Less 

0103) Si is an element that increases the strength of steel 
sheets by solute strengthening and contributes to improved 
ductility of steel sheets. It is desirable that the Si content be 
0.05% or more to produce these effects. However, an exces 
sive Si content of more than 1.5% results in an increased 
transformation temperature and decreased formation of a 
bainite phase. Thus, the Si content is limited to 1.5% or less, 
preferably 1.0% or less. 

Mn: 1.0% to 2.0% 

0104 Mn is an effective element that contributes to 
increase the strength of steel sheets by solute strengthening 
and transformation strengthening. Furthermore, Min func 
tions to decrease the transformation temperature and decrease 
the size of bainite lath. These effects require a Mn content of 
1.0% or more. However, a Mn content of more than 2.0% 
results in significant center segregation and very poor work 
ability. Thus, the Mn content is limited to the range of 1.0% to 
2.0%, preferably 1.2% to 1.9%. 

P: 0.05% or LeSS 

0105 P is an element that functions to increase the 
strength of steel sheets by solid solution. A high P content 
tends to result in segregation in grain boundaries and may 
adversely affect workability. Thus, it is desirable to minimize 
the P content. A P content up to 0.05% is allowable. Prefer 
ably, the P content is 0.03% or less. 

S: O.005% or LeSS 

0106 S forms sulfides. In particular, coarse sulfides 
reduce the ductility and workability of steel sheets. Thus, it is 
desirable to minimize the S content. AS content up to 0.005% 
is allowable. Thus, the S content is limited to 0.005% or less, 
preferably 0.003% or less, more preferably 0.0015% or less. 
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Al: 0.1% or Less 

0107 Al is an important element that functions as a deoxi 
dizing agent for steel. It is desirable that the Al content be 
0.01% or more to produce this effect. However, an Al content 
of more than 0.1% results in low castability and results in low 
Surface quality and workability due to a large amount of 
residual inclusions (oxide) in steel. Thus, the Al content is 
limited to 0.1% or less, preferably 0.06% or less. 

N: 0.01% or Less 

0.108 N binds to a nitride-forming element and precipi 
tates as a nitride, thereby contributing to a decreased size of 
crystal grains. However, a N content of more than 0.01% is 
responsible for low hot ductility and very poor burring form 
ability due to the formation of a large amount of nitride. Thus, 
it is desirable to minimize the N content. AN content up to 
0.01% is allowable. Thus, the N content is limited to 0.01% or 
less, preferably 0.006% or less, more preferably 0.004% or 
less. 

T: 0.05% to O.2% 

0109 Ti is one of the most important elements in the 
present invention. Ti tends to form a carbonitride and 
decreases the size of austenite (Y) grains before transforma 
tion, thereby contributing to decreased lath intervals of bain 
ite after transformation. Furthermore, Ti increases carbide 
(carbonitride) in fine bainite lath grains, contributes to 
increased strength by precipitation strengthening, acts as a 
Void forming site and increases Voids in stamping, and con 
tributes to improved punchability in mass production. These 
effects require a Ti content of 0.05% or more. However, an 
excessive Ti content of more than 0.2% results in very large 
rolling force, thereby making rolling operation difficult, or 
results in excessively coarse precipitates, thereby reducing 
workability. Thus, the Ti content is limited to the range of 
0.05% to 0.2%, preferably 0.065% to 0.125%, more prefer 
ably 0.065% to 0.10%. 
0110. These components are basic components. In the 
present invention, in addition to this basic composition, the 
following optional elements may be contained, if necessary: 
one or two selected from Nb: 0.005% to 0.2% and B: 0.0002% 
to 0.0030%, and/or one or two or more selected from Cu: 
0.005% to 0.3%, Ni: 0.005% to 0.3%, and Sn: 0.005% to 
0.3%, and/or one or two selected from Mo: 0.002% to 0.3% 
and Cr: 0.002% to 0.3%, and/or one or two selected from Ca: 
0.0002% to 0.004% and REM: 0.0002% to 0.004%. 
One or Two Selected from Nb: 0.005% to 0.2% and B: 
OOOO2% to O.OO30% 
0111 Nb and B are elements that contribute to improved 
punchability in mass production. If necessary, one or both of 
Nb and B may be contained. 
0112 Nb contributes to a finer microstructure and finely 
dispersed carbide by the formation of precipitates (carboni 
tride), thereby decreasing the occurrence intervals of micro 
Voids in stamping and improving punchability in mass pro 
duction. These effects preferably require a Nb content of 
0.005% or more. However, an excessive Nb content of more 
than 0.2% results in coarse precipitates, poor workability, and 
increased production costs. Thus, if Nb is contained, the Nb 
content is preferably limited to the range of 0.005% to 0.2%, 
more preferably 0.005% to 0.15%. 
0113 B decreases the lath intervals of bainite and thereby 
contributes to improved punchability in mass production. 
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These effects preferably require a B content of 0.0002% or 
more. However, an excessive B content of more than 0.0030% 
results in poor workability. Thus, if B is contained, the B 
content is preferably limited to the range of 0.0002% to 
0.0030%, more preferably 0.0003% to 0.0020%. 
At Least One Selected from Cu: 0.005% to 0.3%, Ni: 0.005% 
to 0.3%, and Sn: 0.005% to 0.3% 
0114 Cu, Ni, and Sn are elements that contribute to 
increased strength by solute strengthening. If necessary, one 
or two or more of Cu, Ni, and Sn may be contained. It is 
desirable to contain Cu: 0.005% or more, Ni: 0.005% or more, 
and/or Sn: 0.005% or more to produce the effect. However, a 
Cu content of more than 0.3%, a Ni content of more than 
0.3%, and/or a Sn content of more than 0.3% results in poor 
hot workability and may result in Surface layer cracking dur 
ing hot rolling. Thus, if Cu, Ni, and/or Snare contained, each 
of the Cu content, the Ni content, and the Sn content is 
preferably limited to the range of 0.005% to 0.3%, more 
preferably 0.005% to 0.2%. 
At Least One Selected from Mo: 0.002% to 0.3% and Cr: 
O.OO2% to O.3% 

0115 Mo and Cr are elements that tend to form carbide 
(precipitates) and contribute to improved punchability in 
mass production by the formation of the precipitates. Mo and 
Crare also elements that contribute to improved hardenabil 
ity. Mo and Crare also elements that contribute to finerbainite 
lath by decreasing the bainite transformation temperature. 
One or both of Mo and Cr may be contained, if necessary. It 
is desirable to contain Mo: 0.002% or more and/or Cr: 
0.002% or more to produce these effects. However, an exces 
sive Mo content of more than 0.3% and/or an excessive Cr 
content of more than 0.3% results in increased production 
costs and economic disadvantages. Thus, if Mo and/or Cr is 
contained, each of the Mo content and the Cr content is 
preferably limited to the range of 0.002% to 0.3%, more 
preferably 0.002% to 0.2%. 
At Least One Selected from Ca: 0.0002% to 0.004% and 
REM. O.OOO2% to O.OO4% 
0116 Ca and REM are elements that effectively contribute 

to improved workability by morphology control of inclu 
sions. If necessary, one or both of Ca and REM may be 
contained. It is desirable to contain Ca: 0.0002% or more 
and/or REM: 0.0002% or more to produce the effect. How 
ever, a Ca content of more than 0.004% and/or a REM content 
of more than 0.004% results in an increased amount of inclu 
sions in steel and poor workability. Thus, if Ca and/or REM is 
contained, each of the Ca content and the REM content is 
preferably limited to the range of 0.0002% to 0.004%, more 
preferably 0.0002% to 0.003%. 
0117 The balance other than the components described 
above includes Fe and incidental impurities. 
0118. The reason for limiting the microstructure of a high 
strength hot-rolled steel sheet according to the present inven 
tion will be described below. 
0119) A high-strength hot-rolled steel sheet according to 
the second embodiment has a microstructure in which a bain 
ite phase constitutes more than 92% by volume, the average 
lath interval of bainite is 0.60 um or less, and the ratio of 
Fe-based carbide precipitated in bainite lath grains to all 
Fe-based carbide is 10% or more by number. 
0120 In order to achieve the desired punchability in mass 
production, it is important that a bainite phase should consti 
tute more than 92%, preferably more than 94%, by volume of 
the steel sheet structure, as described above. The remainder 
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other than the bainite phase includes one or more of a ferrite 
phase, a martensite phase, a retained austenite phase, and 
pearlite. The martensite phase and the retained austenite 
phase are harder and more brittle than the main phase bainite 
and impair punchability in mass production. Thus, the mar 
tensite phase and the retained austenite phase preferably con 
stitute less than 1% by volume in total. Although retained 
austenite is not hard, retained austenite becomes martensite 
by Strain-induced transformation during punching. Thus, like 
martensite, retained austenite adversely affects punchability. 
The bainite phase is a mixed microstructure of ferrite and 
Fe-based carbide. In Such a microstructure composed mainly 
of the bainite phase alone, an interface between ferrite and 
Fe-based carbide acts as a starting point for the formation of 
micro Voids during stamping. Thus, Such a microstructure is 
advantageous to both appropriate formation of micro Voids 
and Subsequent Void linking. 
I0121. In the present invention, the intervals of bainite lath, 
which is the lower microstructure of the bainite phase, are 
0.60 um or less. This is based on the findings that the micro 
structure factor that controls punchability in mass production 
is not the size of the bainite phase but the lower microstructure 
bainite lath and that a decrease in lath intervals of bainite is 
important in improving punchability in mass production. 
When the lath intervals of bainite are more than 0.60 um, the 
desired punchability in mass production cannot be achieved. 
Thus, the lath intervals of bainite are limited to 0.60 um or 
less, preferably 0.50 um or less, more preferably 0.45um or 
less. 

I0122) A hot-rolled steel sheet according to the present 
invention has a microstructure that is composed mainly of the 
bainite phase alone. The bainite phase contains precipitated 
carbide (Fe-based carbide). The ratio of Fe-based carbide 
precipitated in bainite lath grains to all precipitated Fe-based 
carbide is 10% or more by number. Control of carbide (Fe 
based carbide) precipitation sites is important in improving 
punchability in mass production. When the ratio of Fe-based 
carbide precipitated in bainite lath grains to all precipitated 
Fe-based carbide is less than 10% by number, the desired 
good punchability in mass production cannot be achieve. 
Thus, the ratio of Fe-based carbide precipitated in bainite lath 
grains to all precipitated Fe-based carbide is limited to 10% or 
more, preferably 15% or more, more preferably 20% or more, 
by number. 
I0123. A preferred method for producing a high-strength 
hot-rolled steel sheet according to the present invention will 
be described below. 

0.124. In the present invention, a steel slab having the com 
position described above is heated and is subjected to hot 
rolling composed of rough rolling and finish rolling to form a 
hot-rolled steel sheet. 

0.125. A method for producing a steel slab is not particu 
larly limited. Molten steel having the composition described 
above is formed by a common melting method, for example, 
in a converter, an electric furnace, or an induction furnace, 
and, if necessary, is subjected to secondary refining in 
vacuum degassing equipment, and is formed into a steel slab 
having predetermined dimensions by a common casting 
method. Such as by continuous casting. An ingot making and 
blooming method may also be used without problems. The 
steel slab may be a thin slab having a thickness of approxi 
mately 30 mm. In the case of a thin slab, rough rolling may be 
omitted. 
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0126. In the present invention, an electro-magnetic stirrer 
(EMS) or intentional bulging soft reduction casting (IBSR) 
may be used to reduce segregation of steel components during 
continuous casting. Electro-magnetic stirrer treatment can 
form equiaxed crystals at half the thickness of a sheet and 
reduce segregation. Intentional bulging soft reduction casting 
can prevent the flow of molten steel in an unsolidified portion 
of a continuous cast slab and reduce segregation at half the 
thickness of a sheet. At least one of these segregation reduc 
tion treatments can be used to achieve good punchability 
characteristic of the present invention and improve elonga 
tion among the tensile properties described below. 
0127. A steel slab having the composition described above 

is heated to a heating temperature of 1100° C. or more and is 
Subjected to hot rolling. 

Steel Slab Heating Temperature: 1100° C. or More 
0128. In the present invention, precipitates in a slab must 
be redissolved. Thus, a steel slab is heated to a heating tem 
perature of 1100° C. or more. A heating temperature of less 
than 1100° C. results in insufficient redissolution of precipi 
tates, and a desired precipitate distribution cannot beachieved 
in a Subsequent process. The heating temperature is prefer 
ably 1150° C. or more. An excessively high heating tempera 
ture of more than 1300° C. results in coarse crystal grains and 
consequently coarse bainite lath. Thus, it is desirable that the 
heating temperature of a steel slab be limited to 1300° C. or 
less. 
0129. A heated steel slab is subjected to hot rolling having 
rough rolling and finish rolling to form a hot-rolled Steel 
sheet. The rough rolling may be performed under any condi 
tions where a desired sheet bar size can be achieved. 
0130. The rough rolling is followed by finish rolling. The 
conditions for the finish rolling are very important for the 
formation of a desired bainite lath microstructure. 

Total Rolling Reduction of Two Final Passes in Finish 
Rolling: 30% or More 
0131 Formation of a desired bainite lath microstructure 
requires bainite transformation of austenite (Y) having Suffi 
ciently accumulated Strain. Thus, in the present invention, the 
total rolling reduction of two final passes in finish rolling is 
limited to 30% or more. When the total rolling reduction of 
two final passes in finish rolling is less than 30%, strain is 
insufficiently accumulated in Y, and a desired bainite lath 
microstructure cannot be formed after transformation. Thus, 
the total rolling reduction of two final passes in finish rolling 
is limited to 30% or more, preferably 40% or more, more 
preferably 50% or more. 

Finish-Rolling Finishing Temperature: (As Transformation 
Temperature) to (A Transformation Temperature--120° C.) 
0132) Finish-rolling finishing temperature control is also 
important for bainite transformation of austenite (Y) having 
sufficiently accumulated strain. When the finish-rolling fin 
ishing temperature is less than the A transformation tem 
perature, it is difficult to form the desired microstructure, that 
is, the microstructure composed mainly of a bainite phase 
alone. When the finish-rolling finishing temperature is higher 
than (A transformation temperature--120° C.), it is difficult 
to form a fine bainite phase. Thus, the finish-rolling finishing 
temperature is limited to (A transformation temperature) to 
(A transformation temperature--120° C.), preferably (A 
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transformation temperature) to (A transformation tempera 
ture--80° C.). The finish-rolling finishing temperature herein 
refers to a Surface temperature. The term "A transformation 
temperature', as used herein, refers to a transformation tem 
perature determined from a changing point in a thermal 
expansion curve obtained by cooling at a cooling rate of 1° 
C./s after processing with a Formastor testing machine. 
I0133. After the finish rolling, cooling is performed. The 
cooling conditions are also very important for the formation 
of a desired microstructure. 

Cooling Start: Within 2 Seconds after Finish Rolling 
0.134. In order to form a desired bainite lathmicrostructure 
by bainite transformation of Y having Sufficiently accumu 
lated Strain, cooling must be started within 2 seconds after 
finish rolling. When cooling is started more than 2 seconds 
after finish rolling, recovery of Y and recrystallization occur, 
and the number of nuclei for bainite transformation 
decreases. Thus, desired lath intervals of bainite cannot be 
formed. Thus, cooling is started within 2 seconds, preferably 
1.5 seconds, more preferably 1 second, after finish rolling. 

Average Cooling Rate: 50° C./s or More 

0.135 When the average cooling rate from the finish-roll 
ing finishing temperature to the cooling stop temperature is 
less than 50° C./s, pro-eutectoid ferrite is precipitated, and it 
is difficult to form the microstructure in which a bainite phase 
constitutes more than 92% by volume and that has the desired 
lath intervals of bainite. Thus, the average cooling rate of 
cooling after finish rolling is limited to 50° C./s or more, 
preferably 60° C./s or more, more preferably 70° C./s or 
more. The upper limit of the cooling rate depends on the 
capacity of cooling facilities and is preferably limited to 
approximately 150° C.7s in terms of the shape of steel sheets. 
In the present invention, control of the cooling rate after finish 
rolling as described above and single-stage cooling to the 
cooling stop temperature as described below are among the 
requirements for the formation of the microstructure charac 
teristic of the present invention. 

Cooling Stop Temperature: 300° C. To 500° C. 

0.136. In the present invention, coiling is performed imme 
diately after cooling stop. Thus, the coiling temperature is the 
same as the cooling stop temperature. When the cooling stop 
temperature (coiling temperature) is less than 300° C. or more 
than 500° C., the lath intervals of bainite and the Fe-based 
carbide distribution cannot be controlled within desired opti 
mum ranges. Thus, the cooling stop temperature (coiling 
temperature) is limited to the range of 300° C. to 500° C., 
preferably 350° C. to 500° C., more preferably 400° C. to 
5000 C. 

0.137 In the present invention, an electro-magnetic stirrer 
(EMS) or intentional bulging soft reduction casting (IBSR) 
may be used to reduce segregation of steel components during 
continuous casting. Electro-magnetic stirrer treatment can 
form equiaxed crystals at half the thickness of a sheet and 
reduce segregation. Intentional bulging soft reduction casting 
can prevent the flow of molten steel in an unsolidified portion 
of a continuous cast slab and reduce segregation at half the 
thickness of a sheet. At least one of these segregation reduc 
tion treatments can be used to achieve good punchability 
characteristic of the present invention and improve elonga 
tion among the tensile properties described below. 
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0138 After coiling, scales on the surface may be removed 
by pickling according to routine procedures. After pickling 
treatment, a hot-rolled steel sheet may be subjected to temper 
rolling. After pickling treatment or temper rolling, a hot 
rolled Steel sheet may be subjected to annealing at a soaking 
temperature of 730° C. or less and plating treatment in a 
common hot-dip galvanizing line. The plating treatment may 
be a treatment for forming a galvanized layer on a Surface in 
a hot-dip galvanizing bath. The galvanized layer may be 
Subjected to alloying treatment to produce a galvannealed 
steel sheet. When the soaking temperature for annealing treat 
ment is more than 730° C., bainite is tempered, making it 
difficult to form the microstructure in which a bainite phase 
constitutes more than 92% by volume and that has the desired 
lath intervals of bainite. Thus, the soaking temperature for 
annealing treatment is 730° C. or less. Although the lower 
limit of the soaking temperature for annealing treatment is not 
particularly limited, the soaking temperature for annealing 
treatment is preferably 590° C. or more in terms of adhesion 
between a hot-dip galvanizing layer and a base steel sheet. 
After immersed in the hot-dip galvanizing bath, the galva 
nized layer may be subjected to alloying treatment to produce 
a galvannealed steel sheet. 
0.139. The resulting hot-rolled steel sheet may be used to 
produce a coated Steel sheet, Such as an electrogalvanized 
steel sheet, as well as a hot-dip galvanized Steel sheet. 
0140. A high-strength hot-rolled steel sheet according to 
the present invention will be described below with examples. 

Example 2 

0141. A steel slab having a composition listed in Table 4 
was subjected to heating, finish rolling, and cooling after 
rolling listed in Table 5 to produce a hot-rolled steel sheet. 
Table 4 also lists the A transformation temperature of each 
steel slab determined from a thermal expansion curve. In 
continuous casting, hot-rolled Steel sheets other than a hot 
rolled steel sheet No. 1" of steel A2 in Tables 4 to 6 described 
below were subjected to an electro-magnetic stirrer (EMS) to 
reduce segregation of components of the steel. After pickling, 
some of the hot-rolled steel sheets were passed through a 
continuous hot-dip galvanizing line and were subjected to 
annealing treatment under the conditions listed in Table 5 and 
hot-dip galvanizing treatment to produce hot-dip galvanized 
steel sheets (GI). In the hot-dip galvanizing treatment, each of 
the hot-rolled steel sheets subjected to the annealing treat 
ment was immersed in a galvanizing bath (0.1% Al-Zn) at 
480°C., and 45 g/mofahot-dip galvanized layer was formed 
on each side of the Steel sheet. After the hot-dip galvanizing 
treatment, some of the hot-rolled steel sheets were subjected 
to alloying treatment to produce galvannealed Steel sheets 
(GA). The alloying treatment temperature was 520° C. 
0142 Test specimens were taken from the hot-rolled steel 
sheets (including coated Steel sheets) and were subjected to 
microstructure observation, a tensile test, and a punchability 
in-mass-production test. The test methods were as follows: 

(1) Microstructure Observation 
0143 Test specimens for microstructure observation were 
taken from the hot-rolled steel sheets (coated steel sheets). A 
Vertical cross section (L cross section) of each test specimen 
parallel to the rolling direction was polished and was etched 
with a 3% nital solution to expose a microstructure. The 
microstructure in the L cross section at a quarter thickness in 
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the depth direction was observed with a scanning electron 
microscope (magnification: 3000 times). Ten visual fields of 
the microstructure were photographed. Phases other than a 
bainite phase were separated by image analysis to determine 
the percentage of the phases other than bainite and calculate 
the area percentage of the bainite phase. The area percentage 
calculated in this manner was considered to be the volume 
percentage of the bainite phase. 
0144 Samples for a thin film were taken from the hot 
rolled Steel sheets (coated Steel sheets) at a quarter thickness 
in the depth direction and were subjected to mechanical pol 
ishing and electropolishing to prepare thin film specimens. 
The microstructure of each thin film specimen was observed 
with a transmission electron microscope (magnification: 
approximately 30000). Ten visual fields of the microstructure 
were photographed. The lath intervals of bainite were mea 
Sured in the microstructure photographs and were averaged to 
determine the lath intervals of bainite of each hot-rolled steel 
sheet. 
0145 Test specimens for microstructure observation were 
taken from the hot-rolled steel sheets (coated steel sheets). A 
Vertical cross section (L cross section) of each test specimen 
parallel to the rolling direction was polished and was etched 
with a 3% nital solution to expose a microstructure. A replica 
sample at a quarter thickness in the depth direction was pre 
pared. The microstructure of the replica sample was observed 
a transmission electron microscope (magnification: approxi 
mately 30000 times). Ten visual fields of the microstructure 
were photographed. Fe-based carbide was counted in each 
precipitation site (at a grain boundary and within a grain) in 
the microstructure photographs, thereby calculating the ratio 
of the number of Fe precipitates in bainite lath to the number 
of all Fe precipitates. Fe-based carbide (precipitates) was 
identified by the shape of the precipitates and by EDX analy 
S1S 

0146 It was confirmed that substantially the same micro 
structure was also observed in a central portion in the thick 
ness direction. 

(2) Tensile Test 
0147 Three JIS No. 5 tensile test pieces were taken from 
each of the hot-rolled steel sheets (coated steel sheets) such 
that the tensile direction was perpendicular to the rolling 
direction. The test pieces were subjected to a tensile test 
according to JIS Z 2241. The cross head speed was 10 ram/ 
min. The averages of tensile properties (tensile strength TS 
and elongation El) were considered to be the tensile proper 
ties of the steel sheets. 

(3) Punchability-in-Mass-Production Test 

0.148. A blank sheet (size: 150x150 mm) was taken from 
each of the hot-rolled steel sheets (coated steel sheets). A 
50-mmcp punching punch of a flat-bottomed type was used. 
The hole diameter of a die was determined such that the 
punching clearance was 30%. A spacer was placed on the 
punching die. A blank sheet was placed on the spacer and was 
held with a blank holder. A hole was then punched in the blank 
sheet. After punching, the fracture Surface condition of the 
punched surface was observed around the entire perimeter of 
the punched hole with a scanning electron microscope (mag 
nification: 100 times) and was checked for cracking, chip 
ping, a brittlefracture Surface, a secondary shear Surface, and 
cross section roughness. Punchability in mass production was 
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rated as follows: fracture surfaces free of cracking, chipping, 
a brittlefracture Surface, a secondary shear Surface, and cross 

faces having cross section roughness were rated as fair (tri 
angle); and the other fracture Surfaces were rated as poor (X). 

section roughness were rated as good (circle); fracture Sur- 0149 Table 6 shows the results. 
TABLE 4 

Chemical composition (mass % Transformation 

Steel Nb, Cu, Mo, Ca, temperature 
No. C Si Mn P S Al N Ti B Ni, Sn Cr REM A. (C.) Remarks 

A2 O.OS9 O.15 .71 O.047 O.OO34 0.044 O.OO34 0.095 Nb: Ca: 879 Suitable 
O.O1 O.OO11 (X8. It 

B2 O.O71 0.76 .93 O.O23 O.OOO4 OO15 O.OO42 (0.088 B: REM: 878 Suitable 
O.OO12 O.OOOS (X8. It 

C2 O.O76 1.39 .95 O.OO7 O.OO14 O.O38 O.OO21 O.OS9 Nb: Sn: 893 Suitable 
O.OO6 O.OS (X8. It 

D2 O.O81 0.73 34 0.011 O.OOOS O.O33 O.OO33 0.099 882 Suitable 
(X8. It 

E2 O.O92 O.61 48 0.013 O.OOO9 O.O39 O.OO27 O. 104 - 870 Suitable 
(X8. It 

F2 O.097 0.09 27 O.O29 O.OO27 O.O24 O.OO62 O.O64 - N: Cr: — 863 Suitable 
O.18 0.08, (X8. It 

Mo: 
O.04 

G2 O.104 O.92 11 O.OOS O.OOO4 OO66 O.OO11 O.124 B: Cr: — 886 Suitable 
OOOO4 O.O3 (X8. It 

H2 O.113 O.27 67 O.O11 O.OOO9 O.042 O.OO48 0.097 - Mo: — 841 Suitable 
O.08 (X8. It 

I2 O.124 O.19 83 0.019 O.OO11 O.O33 O.OO37 0.15S Nb: 835 Suitable 
O.O13 (X8. It 

J2 O.141 0.04 1.89 OOO9 O.OO38 O.041. O.OO24 O.191 Cu: 815 Suitable 
0.03, (X8. It 
N: 
O.09 

K2 O.061 115 99 O.O12 O.OO27 O.OSS O.OO39 O.081 - Cu: 890 Suitable 
0.008, (X8. It 
N: 
O.O15 

L2 O.O71 0.64 1.39 O.OO9 O.OOOS O.O29 O.OO32 0.109 879 Suitable 
(X8. It 

M2 0.073 0.08 0.94 0.013 0.0011 0.049 00048 0.077 – 869 Comparative 
(X8. It 

N2 O.104 O.O3 91 0.011 0.0028 0.058 0.0053 0.044 826 Comparative 
(X8. It 

O2 O.044 0.56 26 O.O22 O.OO17 O.047 O.OO46 0.058 V: 898 Comparative 
0.007, (X8. It 
Nb: 
O.O09 

TABLE 5 

Hot-rolling conditions Cooling conditions Coiling Hot-dip galvanizing 

Sheet Finish-rolling Total rolling Cooling Average conditions treatinent 

Hot-rolled thick- Heating finishing reduction of Start cooling Coiling Annealing 
steel Steel ness temperature temperature two final time rate temperature temperature Alloying 

sheet No. No. ill (° C.) (° C.) passes (%) (s) (° C./s) (° C.) (° C.) treatment Remarks 

1 A2 2.9 18O 915 40 3 70 435 Example 
1. A2 2.9 18O 910 40 .2 70 440 Example 
2 B2 2.6 250 950 30 O.9 8O 475 Example 
3 B2 2.0 250 920 40 0.7 90 450 600 Example 
4. B2 2.6 250 920 40 .4 8O 490 775 Comparative 

example 
5 B2 2.6 250 910 45 2.7 55 395 Comparative 

example 
6 C2 4.0 2OO 900 40 .4 65 440 Example 
7 D2 2.6 240 925 55 0.7 100 410 Example 
8 D2 2.0 240 840 40 .4 125 430 Comparative 

example 
9 D2 2.6 240 880 20 7 95 495 Comparative 

example 
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TABLE 5-continued 

Hot-rolling conditions Cooling conditions Coiling Hot-dip galvanizing 

Sheet Finish-rolling Total rolling Cooling Average conditions treatinent 

Hot-rolled thick- Heating finishing reduction of Start cooling Coiling Annealing 
steel Steel ness temperature temperature two final time rate temperature temperature Alloying 

sheet No. No. ill (° C.) (° C.) passes (%) (s) (° C./s) (° C.) (° C.) treatment Remarks 

10 E2 3.6 260 905 60 O.S 95 425 690 Yes Example 
ll E2 3.6 260 910 45 3 25 450 635 Comparative 

example 
12 E2 2.6 260 930 40 .9 8O 28O Comparative 

example 
13 F2 3.6 250 875 30 9 50 495 Example 
14 G2 2.0 200 940 40 3 145 410 Example 
15 H2 4.0 260 860 35 0.7 55 365 Example 
16 I2 2.6 28O 920 35 6 125 345 Example 
17 J2 2.0 290 905 50 1 75 415 725 Example 
18 K2 3.6 260 895 25 7 85 460 Comparative 

example 
19 L2 3.6 275 900 20 2.8 105 430 Comparative 

example 
20 M2 3.6 250 900 40 5 55 495 Comparative 

example 
21 N2 3.6 28O 885 55 7 50 465 Comparative 

example 
22 O2 3.6 240 950 35 .4 60 440 720 Comparative 

example 

Average cooling rate from finish-rolling finishing temperature to coiling temperature 

TABLE 6 

Structure * Tensile properties Punchability in 

Hot-rolled Bainite Lath interval Ratio of Fe- Tensile Elongation mass production 
steel sheet Steel fraction of bainite based carbide strength TS El Evaluation of 

No. No. (vol%) (Lm) in grains* (%) (MPa) (%) punched surface Remarks 

1 A2 93 O49 11.1 710 26 C3 Example 
1 A2 91 OSO 11.4 712 24 A Example 
2 B2 93 O43 15.9 733 25 C3 Example 
3 B2 93 O4O 12.3 741 24 C3 Example 
4. B2 72 1.41 11.4 750 15 X Comparative 

example 
5 B2 93 1.03 9.0 744 14 X Comparative 

example 
6 C2 94 O45 1S.O 758 26 C3 Example 
7 D2 97 O.39 15.5 808 24 C3 Example 
8. D2 63 O.80 7.3 798 14 X Comparative 

example 
9 D2 82 1.08 6.1 795 13 X Comparative 

example 
10 E 98 O.34 15.3 813 26 C3 Example 
ll E 68 0.70 12.8 809 14 X Comparative 

example 
12 E2 81 O41 3.1 8O1 13 X Comparative 

example 
13 F2 93 O.S8 2O.S 797 21 C3 Example 
14 G2 93 O.36 16.7 826 2O C3 Example 
15 H2 96 O.33 15.2 853 2O C3 Example 
16 2 97 O.29 10.2 889 19 C3 Example 
17 2 93 0.44 15.1 894 19 C3 Example 
18 K2 82 O.78 8.5 768 15 X Comparative 

example 
19 L2 90 0.69 9.1 771 14 X Comparative 

example 
20 M2 66 0.93 4.4 678 13 X Comparative 

example 
21 N2 78 O.88 5.8 689 12 X Comparative 

example 
22 O2 63 1.27 3.9 671 11 X Comparative 

example 

*Number ratio of Fe-based carbide in grains to all Fe-based carbide 
**Measurement at quarter thickness 
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0150. The hot-rolled steel sheets (coated steel sheets) 
according to the examples had a high tensile strength TS of 
700 MPa or more and good punchability in mass production. 
In contrast, the comparative examples outside the scope of the 
present invention had poor punchability in mass production. 

1. A high-strength hot-rolled Steel sheet having a compo 
sition and a microstructure, the composition containing, on a 
mass percent basis, 

C: more than 0.07% and 0.2% or less, Si: 2.0% or less, 
Mn: 1.0% to 3.0%, P: 0.05% or less, 
S: 0.005% or less, Al: 0.1% or less, 
N: 0.01% or less, Ti: 0.05% to 0.3%, 
V: 0.05% to 0.3%, and 

the balance being Fe and incidental impurities, 
the microstructure comprising a bainite of more than 90% 
by Volume, the bainite having an average lath interval of 
0.45 um or less, and Fe-based carbide precipitated in 
bainite lath grains having a ratio of 10% or more by 
number to all Fe-based carbide. 

2. The high-strength hot-rolled Steel sheet according to 
claim 1, wherein the composition further contains at least one 
Selected from Nb: 0.005% to 0.2% and B: 0.0002% to 
0.0030% on a mass percent basis. 

3. The high-strength hot-rolled steel sheet according to 
claim 1, wherein the composition further contains at least one 
selected from Cu: 0.005% to 0.3%, Ni: 0.005% to 0.3%, and 
Sn: 0.005% to 0.3% on a mass percent basis. 

4. The high-strength hot-rolled Steel sheet according to 
claim 1, wherein the composition further contains at least one 
Selected from Mo: 0.002% to 0.3% and Cr: 0.002% to 0.3% 
on a mass percent basis. 

5. The high-strength hot-rolled steel sheet according to 
claim 1, wherein the composition further contains at least one 
Selected from Ca: 0.0002% to 0.004% and REM: 0.0002% to 
0.004% on a mass percent basis. 

6. A hot-dip galvanized steel sheet, having a hot-dip gal 
Vanizing layer or alloyed hot-dip galvanizing layer on a Sur 
face of the high-strength hot-rolled Steel sheet according to 
claim 1. 

7. A method for producing a high-strength hot-rolled steel 
sheet, comprising: 

heating a steel slab and Subjecting the steel slab to hot 
rolling having rough rolling and finish rolling to form a 
hot-rolled steel sheet, 

wherein the steel slab has a composition containing, on a 
mass percent basis, 

C: more than 0.07% and 0.2% or less, Si: 2.0% or less, 
Mn: 1.0% to 3.0%, P: 0.05% or less, 
S: 0.005% or less, Al: 0.1% or less, 
N: 0.01% or less, Ti: 0.05% to 0.3%, 
V: 0.05% to 0.3%, and 
the balance being Fe and incidental impurities, 
wherein the hot rolling includes heating the steel slab to 

1100° C. or more, a total rolling reduction of two final 
passes in the finish rolling being 30% or more, a finish 
rolling finishing temperature being in a range of (A 
transformation temperature) to (A transformation tem 
perature--120° C.), starting cooling within 2 seconds 
after the finish rolling, cooling the hot-rolled steel sheet 
to a coiling temperature at an average cooling rate of 40° 
C./s or more, and coiling the hot-rolled steel sheet at a 
coiling temperature: 300° C. to 500° C. 

8. The method for producing a high-strength hot-rolled 
steel sheet according to claim 7, wherein the composition 
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further contains at least one selected from Nb: 0.005% to 
0.2% and B: 0.0002% to 0.0030% on a mass percent basis. 

9. The method for producing a high-strength hot-rolled 
steel sheet according to claim 7, wherein the composition 
further contains at least one selected from Cu: 0.005% to 
0.3%, Ni: 0.005% to 0.3%, and Sn: 0.005% to 0.3% on a mass 
percent basis. 

10. The method for producing a high-strength hot-rolled 
steel sheet according to claim 7, wherein the composition 
further contains at least one selected from Mo: 0.002% to 
0.3% and Cr: 0.002% to 0.3% on a mass percent basis. 

11. The method for producing a high-strength hot-rolled 
steel sheet according to claim 7, wherein the composition 
further contains at least one selected from Ca: 0.0002% to 
0.004% and REM: 0.0002% to 0.004% on a mass percent 
basis. 

12. A method for producing a hot-dip galvanized steel 
sheet, comprising: 

pickling a high-strength hot-rolled steel sheet produced by 
the method for producing a high-strength hot-rolled 
steel sheet according to claim 7, and Subjecting the high 
strength hot-rolled Steel sheet to annealing and plating 
treatment to form a coated Steel sheet, 

wherein the annealing is performed at a soaking tempera 
ture of 730°C. or less, and the plating treatment after the 
annealing includes passing the high-strength hot-rolled 
steel sheet through a hot-dip galvanizing bath to form a 
hot-dip galvanizing layer on a Surface of the high 
strength hot-rolled steel sheet and optionally subjecting 
the high-strength hot-rolled steel sheet to alloying treat 
ment for alloying the hot-dip galvanizing layer. 

13. A high-strength hot-rolled Steel sheet having a compo 
sition containing, on a mass percent basis, 

C: 0.05% to 0.15%, Si: 1.5% or less, 
Mn: 1.0% to 2.0%, P: 0.05% or less, 
S: 0.005% or less, Al: 0.1% or less, 
N: 0.01% or less, Ti: 0.05% to 0.2%, and 
the balance being Fe and incidental impurities, 
wherein the high-strength hot-rolled steel sheet has a 

microstructure comprising a bainite of more than 92% 
by Volume, the bainite having an average lath interval of 
0.60 uM or less, and Fe-based carbide precipitated in 
bainite lath grains having a ratio of 10% or more by 
number to all Fe-based carbide. 

14. The high-strength hot-rolled steel sheet according to 
claim 13, wherein the composition further contains at least 
one selected from Nb: 0.005% to 0.2% and B: 0.0002% to 
0.0030% on a mass percent basis. 

15. The high-strength hot-rolled steel sheet according to 
claim 13, wherein the composition further contains at least 
one selected from Cu: 0.005% to 0.3%, Ni: 0.005% to 0.3%, 
and Sn: 0.005% to 0.3% on a mass percent basis. 

16. The high-strength hot-rolled steel sheet according to 
claim 13, wherein the composition further contains at least 
one selected from Mo: 0.002% to 0.3% and Cr: 0.002% to 
0.3% on a mass percent basis. 

17. The high-strength hot-rolled steel sheet according to 
claim 13, wherein the composition further contains at least 
one selected from Ca: 0.0002% to 0.004% and REM: 
0.0002% to 0.004% on a mass percent basis. 

18. A hot-dip galvanized steel sheet, having a hot-dip gal 
Vanizing layer or alloyed hot-dip galvanizing layer on a Sur 
face of the high-strength hot-rolled Steel sheet according to 
claim 13. 
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19. A method for producing a high-strength hot-rolled steel 
sheet, comprising: 

heating a steel slab and Subjecting the steel slab to hot 
rolling having rough rolling and finish rolling to form a 
hot-rolled steel sheet, 

wherein the steel slab contains, on a mass percent basis, 
C: 0.05% to 0.15%, Si: 1.5% or less, 
Mn: 1.0% to 2.0%, P: 0.05% or less, 
S: 0.005% or less, Al: 0.1% or less, 
N: 0.01% or less, Ti: 0.05% to 0.2%, and 
the balance being Fe and incidental impurities, 
wherein the hot rolling includes heating the steel slab to 

1100° C. or more, a total rolling reduction of two final 
passes in the finish rolling being 30% or more, a finish 
rolling finishing temperature being in a range of (Ar3 
transformation temperature) to (Ar3 transformation 
temperature--120°C.), starting cooling within2 seconds 
after the finish rolling, cooling the hot-rolled steel sheet 
to a coiling temperature at an average cooling rate of 50° 
C./s or more, and coiling the hot-rolled steel sheet at a 
coiling temperature: 300° C. to 500° C. 

20. The method for producing a high-strength hot-rolled 
steel sheet according to claim 19, wherein the composition 
further contains at least one from Nb: 0.005% to 0.2% and B: 
0.0002% to 0.0030% on a mass percent basis. 

21. The method for producing a high-strength hot-rolled 
steel sheet according to claim 19, wherein the composition 
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further contains at least one selected from Cu: 0.005% to 
0.3%, Ni: 0.005% to 0.3%, and Sn: 0.005% to 0.3% on a mass 
percent basis. 

22. The method for producing a high-strength hot-rolled 
steel sheet according to claim 19, wherein the composition 
further contains at least one selected from Mo: 0.002% to 
0.3% and Cr: 0.002% to 0.3% on a mass percent basis. 

23. The method for producing a high-strength hot-rolled 
steel sheet according to claim 19, wherein the composition 
further contains at least one selected from Ca: 0.0002% to 
0.004% and REM: 0.0002% to 0.004% on a mass percent 
basis. 

24. A method for producing a hot-dip galvanized steel 
sheet, comprising: 

pickling a high-strength hot-rolled steel sheet produced by 
the method for producing a high-strength hot-rolled 
steel sheet according to claim 19, and Subjecting the 
high-strength hot-rolled steel sheet to annealing and 
plating treatment to form a coated Steel sheet having a 
coated layer on a Surface thereof, 

wherein the annealing is performed at a soaking tempera 
ture of 730°C. or less, and the plating treatment after the 
annealing includes passing the high-strength hot-rolled 
steel sheet through a hot-dip galvanizing bath to form a 
hot-dip galvanizing layer on a Surface of the hot-rolled 
steel sheet and optionally Subjecting the high-strength 
hot-rolled Steel sheet to alloying treatment for alloying 
the hot-dip galvanizing layer. 

k k k k k 


