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(57) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening
of the heat affected zone after welding, comprising: 0.01 to 0.15 mass % of C, 0.005 to 1.0 mass % of Si, 0.1 to 2.2
mass % of Mn, 0.001 to 0.06 mass % of P, 0.001 to 0.01 mass % of S, 0.0005 to 0.01 mass % of N, 0.001 to 0.1 mass
% of Al, 0.005 to 0.05 mass % of Nb, 0.05 to 0.5 mass % of Mo, when necessary, 0.001 to 0.02 mass % of Ti, 0.2 10 2.0
mass % of Cu and 0.05 to 2.0 mass% of Ni, and the remainder of Fe, wherein the components satisfy the following
expression (A).

0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)
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Description

FIELD OF THE INVENTION

[0001] The present invention relates to a high-strength steel sheet such as a high-strength hot-rolled steel sheet, a
high-strength cold-rolled steel sheet or a high-strength surface-treated steel sheet, the formability after welding of which
is excellent and, further, the fatigue property of which is excellent and, furthermore, the resistance to softening of the
heat affected zone of which is excellent.

DESCRIPTION OF THE PRIOR ART

[0002] Conventionally, when bodies or parts for automobiles are produced, members of the automobiles are formed
by means of press forming, and the thus formed members are integrated and assembled into one unit by means of spot
welding or arc welding. Recently, in order to decrease the weight of an automobile body and enhance the yield of mate-
rial for the object of reducing the production cost, they have made examinations into a method in which steel sheets,
the mechanical strengths of which are different or the thicknesses of which are different, are integrated into one body
by means of welding and then the thus integrated body is subjected to press forming. In order to reduce the weight of
the automobile body, they have positively examined a method of applying high-strength steel sheets to the automobile
body.

[0003] However, since the steel sheet has a weld zone and a heat affected zone, the following problems may be
encountered in the process of press forming the sheet after welding. The formability of the steel sheet is deteriorated
due to the cracks created in the process of press forming, which are not realized in the conventional manufacturing
process in which welding is conducted after the process of press forming. Further, material in the heat affected zone is
softened in the process of press forming, which is not realized in the conventional manufacturing process, either.
[0004] Improvements in the mechanical strength of the weld zone itself have been proposed by JP-A-3-199343, JP-
A-5-186849 and others. However, in the techniques proposed by the above patent publications, forming is not con-
ducted after welding. Therefore, the techniques proposed by the above patent publications are different from the tech-
nique in which press forming is conducted after welding. Concerning a method of enhancing the formability of a steel
sheet after it has been welded, JP-A-7-26346 proposes such a method. According to this method, the components of
ultra-low carbon steel are optimized so as to enhance the formability of a steel sheet after it has been welded. This
method can realize excellent formability after welding compared with the formability of a conventional ultra-low carbon
steel, however, the following problems may be encountered in this method.

[0005] The method of the above proposal is related to ultra-low carbon steel, the mechanical strength of which is
relatively low. In order to further reduce the weight of an automobile body, it is necessary to apply the method to material
of high mechanical strength. However, when the above method is applied to a high-strength steel sheet, the formability
of the steel sheet after welding has not been clearly explained in a technical standpoint. Further, after the steel sheet
has been welded, the mechanical strength of the steel sheet in the heat affected zone is deteriorated, that is, the heat
affected zone is softened. For the above reasons, the reliability of the product is not high.

[0006] The parts used for an automobile are given a repeated load when the automobile is running. Therefore, it is
desirable that the fatigue properties of both the base metal and the weld zone are excellent.

[0007] Concerning the fatigue property of a high-strength steel sheet, a large number of proposals have been made
for a high-strength hot-rolled steel sheet, and a few proposals have been made for a high-strength cold-rolled steel
sheet and a high-strength surface-treated steel sheet. In the above circumstances, there is proposed a technique, in
JP-A-3-264646, in which the fatigue property can be improved when the steel structure is made to be a dual phase
structure. However, according to the above technique, the press forming property after welding has not been clearly
explained in a technical standpoint. That is, steel sheets in which the fatigue property and the press formability after
welding are compatible with each other are not provided.

SUMMARY OF THE INVENTION

[0008] An object of the present invention is to solve the above problems. That is, the present invention has been
accomplished to provide a high-strength steel sheet such as a high-strength hot-rolled steel sheet, a high-strength cold-
rolled steel sheet or a high-strength surface-treated sheet, the press formability after welding of which is excellent and
further the fatigue property of which is excellent, and furthermore the mechanical strength of the heat affected zone of
which is not deteriorated.

[0009] In summary, the present invention to solve the above problems provides high-strength steel sheets
described in the following items (1) to (8). Also, the present invention solves the above problems by providing high-
strength steel sheets described in the following items (9) to (16).
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(1) A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone
after welding, comprising the following components expressed by mass %,

C:0.01t0 0.15%

Si: 0.005 to 1.0%

Mn: 0.1 t0 2.2%

P: 0.001 to 0.06%

S: 0.001 to 0.01%

N: 0.0005 to 0.01%

Al: 0.001 to 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Fe: principal component

where the components satisfy the following expression (A).
0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

(2) A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone
after welding, comprising the following components expressed by mass %,

C:0.01t00.15%

Si: 0.005 to 1.0%

Mn: 0.1 t0 2.2%

P: 0.001 to 0.06%

S: 0.001 to 0.01%

N: 0.0005 to 0.01%

Al: 0.001 t0 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1
um2 is not less than 50 /um2 and not more than 10,000 /pmz.

0.22 > C (%) + (Sif30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

(3) A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone
after welding, comprising the following components expressed by mass %,

C: 0.01t0 0.15%
Si: 0.005 to 1.0%
Mn: 0.1 t0 2.2%

P: 0.001 to 0.06%
S:0.001 t0 0.01%
N: 0.0005 to 0.01%
Al: 0.001 to 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Ti: 0.001 to 0.02%
Fe: principal component

where the components satisfy the following expression (A).
0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

(4) A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone
after welding, comprising the following components expressed by mass %,
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C:0.01t00.15%

Si: 0.005 to 1.0%

Mn: 0.1 t0 2.2%

P: 0.001 to 0.06%
S:0.001 t0 0.01%

N: 0.0005 to 0.01%

Al: 0.001 t0 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Ti: 0.001 to 0.02%

Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1

um2 is not less than 50 /um2 and not more than 10,000 /umz.

0.22 > C (%) + (Sif30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

(5) A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone
after welding, according to items (1), (2), (3) or (4), wherein the high-strength steel sheet is a high-strength hot-
rolled steel sheet.

(6) A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone
after welding, according to items (1), (2), (3) or (4), wherein the high-strength steel sheet is a high-strength cold-
rolled steel sheet.

(7) A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone
after welding, according to items (1), (2), (3), (4), (5) or (6), wherein the high-strength steel sheet is a high-strength
surface-treated steel sheet.

(8) A high-strength surface-treated steel sheet having excellent formability and resistance to softening of the heat
affected zone after welding, according to item (7), wherein the high-strength surface-treated steel sheet is a high-
strength galvanized steel sheet.

(9) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of
the heat affected zone after welding, comprising the following components expressed by mass %,

C:0.011t00.15%
Si: 0.005 to 1.0%
Mn: 0.1 to 2.2%

P: 0.001 to 0.06%
S: 0.001 t0 0.01%
N: 0.0005 to 0.01%
Al: 0.001 t0 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Cu: 0.210 2.0%

Ni: 0.05 to 2.0%
Fe: principal component

where the components satisfy the following expression (A).
0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

(10) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening
of the heat affected zone after welding, comprising the following components expressed by mass %,

C:0.01t00.15%
Si: 0.005 to 1.0%
Mn: 0.1 to 2.2%

P: 0.001 to 0.06%
S:0.001 t0 0.01%
N: 0.0005 to 0.01%
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Al: 0.001 to 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Cu: 0.210 2.0%

Ni: 0.05 to 2.0%

Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1
um2 is not less than 50 /um2 and not more than 10,000 /umz.

0.22 > C (%) + (Sif30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

(11) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening
of the heat affected zone after welding, comprising the following components expressed by mass %,

C:0.011t00.15%
Si: 0.005 to 1.0%
Mn: 0.1 to0 2.2%

P: 0.001 to 0.06%
S: 0.001 t0 0.01%
N: 0.0005 to 0.01%
Al: 0.001 t0 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Ti: 0.001 to 0.02%
Cu: 0.2102.0%

Ni: 0.05 to 2.0%
Fe: principal component

where the components satisfy the following expression (A).
0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

(12) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening
of the heat affected zone after welding, comprising the following components expressed by mass %,

C:0.01t00.15%
Si: 0.005 to 1.0%
Mn: 0.1 t0 2.2%

P: 0.001 to 0.06%
S:0.001 to 0.01%
N: 0.0005 to 0.01%
Al: 0.001 t0 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Ti: 0.001 to 0.02%
Cu: 0.2102.0%

Ni: 0.05 to 2.0%
Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1
um2 is not less than 50 /um2 and not more than 10,000 /pmz.

0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)
(13) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening

of the heat affected zone after welding, according to items (9), (10), (11) or (12), wherein the high-strength steel
sheet is a high-strength hot-rolled steel sheet.
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(14) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening
of the heat affected zone after welding, according to items (9), (10), (11) or (12), wherein the high-strength steel
sheet is a high-strength cold-rolled steel sheet.

(15) A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening
of the heat affected zone after welding, according to items (9), (10), (11), (12), (13) or (14), wherein the high-
strength steel sheet is a high-strength surface-treated steel sheet.

(16) A high-strength surface-treated steel sheet having excellent fatigue property, excellent formability and resist-
ance to softening of the heat affected zone after welding, according to item (15), wherein the high-strength surface-
treated steel sheet is a high-strength galvanized steel sheet.

BRIEF DESCRIPTION OF THE DRAWINGS
[0010]

Fig. 1 is a view showing the influence of the right side (C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) ) of the
expression (A) on the formability index.

Fig. 2 is a view showing an outline of the measurement position and interval in the case of measuring the hardness
of a heat affected zone.

THE MOST PREFERRED EMBODIMENT

[0011] In order to discover a method of preventing a heat affected zone from softening while the press formability
of a steel sheet after welding is kept good, the present inventors made an investigation into steel sheets and welding
methods. First, the present inventors made an investigation into the formability of steel sheets after welding. As a result
of the investigation, the present inventors found the following. In the case of welding a high-strength steel sheet, the
strength of a base metal, the strength of a weld zone and the strength of a heat affected zone are changed by the heat
history. Accordingly, the press formability of the high-strength steel sheet after welding is determined as a result of the
interaction between strength-ductility of the base metal and strength-ductility of the weld zone and the heat affected
zone. Further, the present inventors found the following. In the case where the steel sheet contains C, Si, Mn, P, S, Al,
N, Mo, Nb, Ti, Cu and Ni, the formability after welding can be improved when the contents of Mo, Mn, Si and C satisfy
a predetermined relational expression.

[0012] As a result of the investigation into a method of preventing the heat affected zone from softening, the present
inventors discovered that the compound addition of Nb and Mo is effective. The reason why the compound addition of
Nb and Mo is effective is considered to be as follows. When Nb and Mo are added in a compound state, even if the tem-
perature of a steel sheet is raised by welding, the extinction of dislocations in the steel sheet is suppressed. Therefore,
the dislocations become precipitation nuclei, and (Nb, Mo)C is precipitated in a short period of time, so that the heat
affected zone can be prevented from softening. Further, the present inventors obtained the following knowledge. In
order to more clearly exhibit the effect of preventing the heat affected zone from softening, it is preferable that the dis-
location density per 1 um2 of plane visual field on the sheet is not less than 50 /umz.

[0013] The present invention will be explained in detail as follows.

[0014] First, the reason why the content of each component of steel is limited to a predetermined range is described
below.

[0015] C is an indispensable element for maintaining the mechanical strength of a base metal. In order to maintain
the mechanical strength and precipitate (Nb, Mo)C in the process of welding at the same time so as to prevent the heat
affected zone from softening, it is necessary for the base metal to contain C at not less than 0.01%. However, when the
carbon content is excessively increased, the workability of the base metal is deteriorated, and at the same time the weld
zone is remarkably hardened and the ductility is lowered. Therefore, the upper limit of the carbon content is kept at
0.15%.

[0016] Si is an auxiliary element for obtaining the mechanical strength of a base metal. In order to reduce the con-
tent of Si to be lower than 0.005%, the production cost is increased, that is, it is not economical. Therefore, the lower
limit of the content of Si is set at 0.005%. When the content of Si exceeds 1.0%, the cost of descaling is increased in
the process of hot rolling, which is not economical. Therefore, the upper limit of the content of Si is set at 1.0%.

[0017] Mn is an element for ensuring the mechanical strength of a base metal. When the content of Mn is lower
than 0.1%, the cost is increased in the process of refining, which is not economical. Therefore, the lower limit of the con-
tent of Mn is set at 0.1%. When the content of Mn exceeds 2.2%, the workability of the base metal is deteriorated and,
at the same time, the formability of the weld zone is deteriorated. Therefore, the upper limit of the content of Mn is set
at 2.2%.

[0018] In order to reduce the content of P to a value lower than 0.001%, the cost is industrially raised. Therefore,
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the lower limit of P is set at 0.001%. When the content of P exceeds 0.06%, the occurrence of coagulating segregation
becomes remarkable in the process of casting, which causes cracks inside and deteriorates the formability, and at the
same time causes embrittlement of the weld zone and deteriorates the formability of the weld zone. Therefore, the
upper limit of the content of P is set at 0.06%.

[0019] In order to reduce the content of S to a value lower than 0.001%, the production cost is raised. Therefore,
the lower limit of the content of S is set at 0.001%. When the content of S exceeds 0.01%, hot shortness is caused.
Therefore, the upper limit of the content of S is set at 0.01%.

[0020] Al is an element necessary for deoxidation. When the content of Al is lower than 0.001%, it becomes impos-
sible to conduct deoxidation sufficiently, and defects such as pin holes are caused. Therefore, the lower limit of the con-
tent of Al is set at 0.001%. When the content of Al exceeds 0.1%, the quantity of inclusions such as alumina is
increased, and the ductility of steel is impaired. Therefore, the upper limit of the content of Al is set at 0.1%.

[0021] N is related to the precipitation of (Nb, Mo)C and is contained in the precipitate in a very small quantity.
Therefore, N is contained in a value not less than 0.0005%. When the content of N exceeds 0.01%, NbN is precipitated
in the process of hot rolling, and the quantity of Nb, which is effective for preventing the heat affected zone from soften-
ing, is reduced. Therefore, the upper limit of the content of N is set at 0.01%.

[0022] Nb is effective for preventing the heat affected zone from softening together with Mo. Therefore, Nb is an
indispensable element for the present invention. When the content of Nb is lower than 0.005%, the corrosion resistance
is deteriorated and further no effect can be provided for preventing the heat affected zone from softening. Therefore, the
lower limit of the content of Nb is set at 0.005%. In order to provide a greater effect of preventing the heat affected zone
from softening, it is preferable that the content of Nb is a value not less than 0.01%. However, when the content of Nb
exceeds 0.05%, the workability of the base metal is deteriorated. Therefore, the upper limit of the content of Nb is set
at 0.05%.

[0023] Mo is an element effective for preventing the heat affected zone from softening when it is added by com-
pound addition with Nb. Therefore, Mo is an essential element for the present invention. When the content of Mo is
lower than 0.05%, no effect can be provided of preventing the heat affected zone from softening. Therefore, the lower
limit of the content of Mo is set at 0.05%. When the content of Mo exceeds 0.5%, the effect of Mo is saturated, and fur-
ther the quantity of the precipitated inclusions, which become a cause of defects, is increased. Therefore, the upper limit
of the content of Mo is set at 0.5%.

[0024] Ti is an element that enhances the formability after welding by fixing C, N and S. In order to obtain a suffi-
ciently high effect, it is necessary to add Ti, the quantity of which is not less than 0.001%. However, when an excessively
large quantity of Ti is added, a large quantity of carbonitride are precipitated, and the workability of the base metal is
deteriorated. Therefore, the upper limit of Ti is set at 0.02%.

[0025] Cu is an element effective for improving the fatigue property. When the content of Cu is lower than 0.2%, it
is impossible to provide the effect of improving the fatigue property. Therefore, the lower limit of the content of Cu is set
at 0.2%. When the content of Cu exceeds 2.0%, the effect of improving the fatigue property is saturated, and further the
production cost is raised. Therefore, the upper limit of the content of Cu is set at 2.0%.

[0026] Ni is an element for suppressing the occurrence of surface defects (Cu-scab) caused by Cu in the process
of hot rolling a steel sheet to which Cu is added, so that the surface quality of the steel sheet can be kept high and the
occurrence of hot brittleness can be prevented. Therefore, Ni is added to a quantity not less than 0.05%. In this case,
if Ni is added to a quantity exceeding 2.0%, the effect of improving the surface quality is saturated, and further the pro-
duction cost is raised. Therefore, the upper limit of the content of Ni is set at 2.0%. In this connection, the effect of add-
ing Ni is exhibited according to a quantity of added Cu. Therefore, it is preferable that Ni is added in a range of Ni/Cu:
0.25 to 0.60.

[0027] In the present invention, it is important that the quantities of C, Si, Mn and Mo to be added satisfy the follow-
ing expression (A).

0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

[0028] The present inventors made punch-stretch forming tests on high-strength steel sheets of various composi-
tions after the steel sheets which had the same components had been subjected to butt welding, and a relation between
the value of the right side of the above expression and the punch-stretch forming height was investigated. The result of
the investigation is shown in Fig. 1. The horizontal axis represents a value calculated by the right side of the expression
(A), and the vertical axis represents a value (formability index) which is obtained when the punch-stretch height of a
steel sheet after welding is divided by the punch-stretch height of the steel sheet before welding and the thus obtained
values are standardized. It can be said that the more excellent the formability index, the more excellent the formability
after welding. As can be seen in Fig. 1, when the expression (A) is satisfied, that is, when the quantities of C, Si, Mn
and Mo to be added comply with the expression (A) of the present invention, the formability index of the high-strength
steel sheet of the present is high. Therefore, the high-strength steel sheet of the present is excellent in formability.
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[0029] When too much C, Si, Mn and Mo are added so as to enhance the mechanical strength of the weld zone and
the heat affected zone, the ductility of the weld zone and the heat affected zone is deteriorated. As a result, the forma-
bility of the steel sheet after welding is deteriorated.

[0030] Data shown in Fig. 1 was obtained by various welding methods such as TIG (Tungsten Inert Gas shielded
arc) welding, plasma welding, laser welding and seam welding (mash seam welding). According to the present inven-
tion, even when the welding method is different, the formability after welding becomes substantially the same as long
as the quantities of C, Si, Mn and Mo to be added satisfy the expression (A).

[0031] Elements Cr, B, V, Ca and Mg, which are inevitably contained in steel, do not harm the characteristic of the
high-strength steel sheet of the present invention. However, when the quantities of Cr, B, V, Ca and Mg are large, the
recrystallization temperature is raised, and further the rolling property of the steel sheet is deteriorated, that is, it
becomes difficult to produce a steel sheet by rolling. Therefore, the contents of these inevitable elements are preferably
restricted in such a manner that Cr is not more than 0.1%, both Mg and Ca are not more than 0.01%, B is not more than
0.005%, and V is not more than 0.01%.

[0032] Concerning the method of producing the steel sheet of the present invention, the conditions for the method
can be appropriately selected according to the use and necessary characteristic of the steel sheet.

[0033] For example, the high-strength steel sheet of the present invention can be produced by the following
method. First of all, steel, the composition of which is adjusted to be in the range described before, is made in a con-
verter and cast to be a slab by the continuous casting method. The thus obtained slab, at a high temperature, is put into
a furnace, or alternatively the thus obtained slab, at a high temperature, is cooled to a room temperature and then put
into a furnace. In the furnace, the slab is heated to the temperature range from 1000 to 1250°C. After that, the slab is
finish-rolled in the temperature range from 800 to 950°C and coiled at a temperature not higher than 700°C. A hot-rolled
steel sheet is made in this way. Next, the hot-rolled steel sheet is pickled in an acid bath and cold-rolled by a cold-rolling
mill and annealed in an annealing furnace. A cold-rolled steel sheet is made in this way. In the case of producing a high-
strength surface-treated steel sheet, the hot-rolled steel sheet or the cold-rolled steel sheet is plated. It is preferable that
the annealing temperature is not less than 700°C and lower than 900°C. When the annealing temperature is lower than
700°C, the steel sheet is not sufficiently recrystallized, and it is difficult to provide a stable workability of the base metal.
For this reason, the lower limit of the annealing temperature is set at 700°C. When the annealing temperature exceeds
900°C, the crystal grain size of the base metal becomes too large, and the steel sheet surface becomes too rough in
the case of press forming. Therefore, the upper limit of the annealing temperature is set at 900°C.

[0034] Most high-strength surface-treated steel sheets which are used for automobiles, electric appliances and
construction materials are hot-dip galvanized steel sheets.

[0035] When a steel sheet is galvanized, hot-dip galvanization is conducted on the steel sheet simultaneously with
annealing by the same apparatus or the same line as that of annealing. A quantity of plating conducted on the steel
sheet surface is 3 mg/m2 to 800 g/mz. When the quantity of plating conducted on the steel sheet surface is smaller than
3 mg/mz, it is impossible to exhibit the effect of corrosion resistance, that is, it is impossible to accomplish the object of
plating. When the quantity of plating conducted on the steel sheet surface exceeds 800 g/m?, surface defects such as
blow holes tend to occur in the process of welding. For the above reasons, the quantity of plating is kept in the range
from 3 mg/m2 to 800 g/m2.

[0036] Even when electroplating is conducted or an organic compound coating is formed on a steel sheet surface
after the completion of annealing, the same effect as that of a case in which hot-dip galvanization is conducted simul-
taneously with annealing can be provided by the present invention.

[0037] In the case of the thus obtained high-strength hot-rolled steel sheet, high-strength cold-rolled steel sheet or
high-strength surface-treated steel sheet (for example, hot-dip galvanized steel sheet), when the dislocation density per
1 um2 of plane visual field is not less than 50 /umz, it is possible to prevent the heat affected zone from softening.
Although the dislocation density fluctuates by the location and orientation, when the number of dislocations is measured
in 10 visual fields of a transmission electron microscope and the measured value is not less than 50 /pmz, (Nb, Mo)C
created in the process of welding is precipitated in a short period of time, and softening of the heat affected zone can
be suppressed more effectively. When the dislocation density exceeds 10,000 /um2, the press formability is deterio-
rated, that is, there is a possibility that cracks are caused. Therefore, the upper limit of the dislocation density is set at
10,000 /pmz. In this connection, in the case of a usually annealed steel sheet, the dislocation density is 5 to 20 /umz.
Therefore, the above effect can be provided when the plastic strain of not less than 1.0% and lower than 10.0% as elon-
gation is given to the steel sheet. Examples of the method of giving strain are a method of skin-pass rolling and a
method of giving tensile strain after the sheet has been cut down. In this way, it is possible to provide a high-strength
steel sheet such as a high-strength hot-rolled steel sheet, a high-strength cold-rolled steel sheet or a high-strength sur-
face-treated steel sheet, the formability after welding of which is excellent and the heat affected zone of which seldom
softens.
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EXAMPLES

EXAMPLE 1 -1

[0038] Steels, the compositions of which are shown on Table 1, were made in a converter and formed into slabs by
means of continuous casting. After that, the slabs were hot-rolled into high-strength hot-rolled steel sheets, the thick-
ness of which was 2.0 mm. Further, the same slabs were hot-rolled and cold-rolled into high-strength cold-rolled steel
sheets, the thickness of which-was 1.4 mm. After that, some of the steel sheets were subjected to hot-dip galvanization
(45 g/mz), so that high-strength surface-treated steel sheets were obtained. Plastic strain was given to the steel sheets
by skin-pass rolling.

[0039] The thus produced high-strength steel sheets were subjected to tensile tests (JIS Z 2201). The dislocation
density on the steel sheets was measured. The dislocation density was measured by a transmission electron micro-
scope in such a manner that the number of dislocations per 1 umz of a plane visual field was measured with respect to
10 visual fields, and the average was determined to be the dislocation density. The result of the measurement are
shown on Tables 1 and 2.

[0040] The thus obtained high-strength steel sheets of the same steel were butt-welded, and the characteristics of
the welded portions were evaluated after welding. Welding was conducted by means of laser welding (laser power: 2
kW, welding speed: 2 m/min, shield gas: Ar (20 L/min)).

[0041] Concerning the characteristics of the welded portions after welding, the formability and the softening state
of the heat affected zone were investigated and evaluated. The formability was evaluated by the Erichsen Test (JIS Z
2247 Method B), and the formability index was obtained when the critical punch-stretch height of the weld zone was
divided by the critical punch-stretch height of the base metal. The softening state of the heat affected zone was inves-
tigated in such a manner that the hardness on a section including the weld zone was measured by the Vickers hardness
tester (load: 0.98 kN) as shown in Fig. 2. Measurement of the hardness was made as follows. Measurement was made
at positions of 1/2 of the sheet thickness, and the intervals of measurement were set at 0.3 mm. Under the above meas-
uring condition, a difference between the hardness of the base metal and that of the most softened portions was meas-
ured. The resistance to softening of the heat affected zone was evaluated by the result of the measurement. The results
are shown on Table 2.

EXAMPLE 1 -2

[0042] In this example, some of the slabs made of steel, the composition of which is shown on Table 1, were used,
and high-strength cold-rolled steel sheets and high-strength surface-treated steel sheets, the final sheet thickness of
which was different, were produced. The production process was substantially the same as that shown on Table 1. A
rolling reduction of hot-rolling was changed so as to change the sheet thickness.

[0043] These steel sheets were combined with each other, and butt welding was conducted by various welding
methods such as laser welding, mash seam welding and plasma welding, and the formability and the softening state of
the heat affected zone were investigated. Table 3 shows the combinations of steel sheets, welding methods, formability
and results of investigation of softening state of the heat affected zone. The method of investigating the formability is
the same as that shown in Example 1 - 1. The softening state of the heat affected zone was investigated by the same
method as that of Example 1 - 1 as follows. The measurement of hardness was made at positions of 1/2 of the sheet
thickness, and the interval of the measuring positions was set at 0.3 mm.

[0044] The welding conditions of each welding method is described as follows. Concerning the laser welding
method, the welding conditions are that welding speed: 2 m/min, and shield gas: Ar (20L/min). Concerning the plasma
welding method, the welding conditions are that welding speed: 0.7 m/min, and shield gas: Ar (6L/min). Concerning the
mash seam welding, the welding conditions are that welding speed: 4 m/min, force given to the weld portion: 10 kN, and
lap: 2 mm. Heat input in each welding method is determined to be the maximum heat input by which the burn-through
of the weld zone and the expulsion are not caused. In the process of welding, the heat input was appropriately changed.
[0045] As the results of the investigation are shown on Table 3, compared with the case in which the steel sheets
of relative examples are combined with each other, the case in which the steel sheets of the present invention are com-
bined with each other is superior in the formability after welding and in the resistance to softening of the heat affected
zone. The case in which the steel sheets of the present invention are combined with the steel sheets of the comparative
examples is superior to the case in which the steel sheets of the comparative examples are combined with each other
in the formability although the heat affected zone starts to soften.
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Table 2
No. [Tensile Formability Softening characteristic of
strength heat affected zone
Form- |Judgment Hardness (Hv0.1l) Judgment
ability|of form~ {Base Most Difference|of
index |[ability *l|metal{softenad softening
(N/mm?) rtion ratio *2
Steel shaat |Al 422 0.95 Q 140 140 0 O
of present |a2 471 0.92 0 150 148 2 Q
invention [a3 481 0.90 [¢) 152 150 2 [e)
A4 520 0.89 [e) 161 158 3 [e)
AS 549 0.91 0 170 170 0 o)
A6 608 0.92 0 182 181 1 0
A7 696 0.89 (o) 205 203 2 o)
A8 785 0.82 0 221 220 1 [e)
A9 598 0.88 O 196 195 1 O
Al10 500 0.86 O 161 155 9 (¢}
All 520 0.89 Q 168 167 1 Q
Al12 520 0.89 o) 168 168 0 O
Steel sheet |Bl 392 0.93 O 138 108 30 x
of B2 667 0.75 x 198 197 1 0
comparative (g3 598 0.35 x 182 180 2 0
example B4 686 0.53 x 203 199 4 6
BS 686 0.76 x 202 202 0 0
BS 422 0.92 0 141 123 18 x
B7 569 0.72 x 172 141 31 x
88 461 0.89 o) 153 123 30 x
B9 667 0.75 x 198 197 1 )
B10| 382 0.89 x 135 103 32 x
*1) Judgment of formability: A case in which formability

index > 0.8 is qualified as O (excellent).

*2)

Judgment of softening ratio: A case in which a

difference in hardness is lower than 10 is qualified as
O (excellent).

1
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*1) Formability index: Formability index is a value
obtained by following; the punch-stretch height of the
weld zone under each condition was divided by the
critical punch-stretch height of the weld zone in the
case which the steel sheets of the same type of steel and
the same thickness are butt-welded to each other.

*2) Hardness of base metal: In the case of a combination
of steel sheets of different types of steel, hardness of
a steel sheet of lower hardness was determined to be
hardness of the base metal.

*3) Judgment of softening ratio: When a difference in
hardness was smaller than 10, the softening ratio was

determined to be O (excellent).

EXAMPLE 2 - 1

[0046] Steels, the compositions of which are shown on Table 4, were made in a converter and formed into slabs by
means of continuous casting. After that, the slabs were hot-rolled into high-strength hot-rolled steel sheets and then
cold-rolled into high-strength cold-rolled steel sheets, the thickness of which was 1.4 mm. After that, some of the steel
sheets were subjected to hot-dip galvanization (45 g/mz), so that high-strength surface-treated steel sheets were
obtained. Plastic strain was given to the steel sheets by skin-pass rolling.

[0047] The dislocation density on the steel sheets was measured. The dislocation density was measured by a
transmission electron microscope in such a manner that the number of dislocations per 1 umz of a plane visual field
was measured with respect to 10 visual fields, and the average was determined to be the dislocation density. The result
of the measurement are shown on Tables 4 and 5.

[0048] Test pieces to JIS No. 5 were made of the thus produced high-strength steel sheets, and the tensile test and
the fatigue test under completely reversed plane bending were conducted in the rolling direction of the test piece. The
fatigue characteristics were evaluated as follows. Stress at 107 cycles was qualified as the fatigue strength (ow), and a
value (ow/TS) obtained when the fatigue strength (ow) was divided by tensile strength (TS), which was measured in the
tensile test, was qualified as a ratio of fatigue limit. The results are shown on Table 5.

[0049] Next, the thus obtained high-strength steel sheets of the same steel were butt-welded, and the characteris-
tics of the welded portions were evaluated after welding. Welding was conducted by means of laser welding (laser
power: 2 kW, welding speed: 2 m/min, shield gas: Ar (20 L/min)).

[0050] Concerning the characteristics of the welded portions after welding, the formability and the softening state
of the heat affected zone were investigated and evaluated. The formability was evaluated by the Erichsen Test (JIS Z
2247 Method B), and the formability index was obtained when the critical punch-stretch height of the weld zone was
divided by the critical punch-stretch height of the base metal. The softening state of the heat affected zone was inves-
tigated in such a manner that the hardness on a section including the weld zone was measured by the Vickers hardness
tester (load: 0.98 kN) at positions of 1/2 of the sheet thickness at the intervals of 0.3 mm as shown in Fig. 2. Under the
above measuring condition, a difference between the hardness of the base metal and that of the most softened portions
was measured. The resistance to softening of the heat affected zone was evaluated by the result of the measurement.
The results are shown on Table 5.

[0051] As can be seen, the steel sheets of the present invention are superior to the steel sheets of the comparative
examples in the fatigue characteristic of the base metal, formability after welding and resistance to softening of the heat
affected zone.
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EXAMPLE 2 - 2

[0052] High-strength cold-rolled steel sheets and high-strength surface-treated steel sheets of different final thick-
ness were produced from a portion of the slabs, the composition of which is shown on Table 4. The producing process
was substantially the same as that of the producing condition shown on Table 4, and the wall thickness was changed
by changing a ratio of reduction in the process of hot rolling.

[0053] These steel sheets were combined with each other, and butt welding was conducted by various welding
methods such as laser welding, mash seam welding and plasma welding, and the formability and the softening state of
the heat affected zone were investigated. Table 6 shows the combinations of steel sheets, welding methods, formability
and results of investigation of softening state of the heat affected zone. The methods of investigating the formability and
the softening state of the heat affected zone are the same as those shown in Example 2 - 1. The welding conditions of
each welding method is described as follows. Concerning the laser welding method, the welding conditions are that
welding speed: 2 m/min, and shield gas: Ar (20L/min). Concerning the plasma welding method, the welding conditions
are that welding speed: 0.7 m/min, and shield gas: Ar (6L/min). Concerning the mash seam welding, the welding con-
ditions are that welding speed: 4 m/min, force given to the weld portion: 10 kN, and lap: 2 mm. Heat input in each weld-
ing method is determined to be the maximum heat input by which the burn-through of the weld zone and the expulsion
are not caused. In the process of welding, the heat input was appropriately changed.

[0054] As the results of the investigation are shown on Table 6, compared with the case in which the steel sheets
of relative examples are combined with each other, the case in which the steel sheets of the present invention are com-
bined with each other is superior in the formability after welding and the resistance to softening of the heat affected
zone. The case in which the steel sheets of the present invention are combined with the steel sheets of the comparative
examples is superior to the case in which the steel sheets of the comparative examples are combined with each other
in the formability although the heat affected zone starts to soften.
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*1) Formability index: Formability index is a value
obtained by following; the punch-stretch height of the-
weld zone under each condition was divided by the
critical punch-stretch height of the weld zone in the
case which the steel sheets of the same type of steel and
the same thickness are butt-welded to each other.

*2) Hardness of base metal: In the case of a combination
of steel sheets of different types of steel, hardness of
a steel sheet of lower hardness was determined to be
hardness of the base metal.

*3) Judgment of softening ratio: When a difference in
hardness was smaller than 10, the softening ratio was
determined to be O (excellent).

INDUSTRIAL APPLICABILITY

[0055] According to the present invention, it is possible to provide high-strength steel sheets such as high-strength
hot-rolled steel sheets, high-strength cold-rolled steel sheets or high-strength surface-treated steel sheets, the forma-
bility after welding of which is excellent and, further, the fatigue property of which is excellent and, furthermore, the heat
affected zone of which seldom softens. Therefore, it can be expected that the present invention provides great industrial
effects.

Claims

1. A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone after
welding, comprising the following components expressed by mass %,

C:0.01t00.15%

Si: 0.005 to 1.0%

Mn: 0.1 t0 2.2%

P: 0.001 to 0.06%

S: 0.001 t0 0.01%

N: 0.0005 to 0.01%

Al: 0.001 t0 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Fe: principal component

where the components satisfy the following expression (A).
0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

2. A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone after
welding, comprising the following components expressed by mass %,

C:0.01t00.15%

Si: 0.005to 1.0%
Mn: 0.1to0 2.2%
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P: 0.001 to 0.06%

S: 0.001 to 0.01%

N: 0.0005 to 0.01%

Al: 0.001 to 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1
um2 is not less than 50 /um2 and not more than 10,000 /pmz.

0.22 > C (%) + (Sif30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone after
welding, comprising the following components expressed by mass %,

C: 0.01t0 0.15%
Si: 0.005 to 1.0%
Mn: 0.1 to0 2.2%

P: 0.001 to 0.06%
S:0.001 t0 0.01%
N: 0.0005 to 0.01%
Al: 0.001 to 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Ti: 0.001 to 0.02%
Fe: principal component

where the components satisfy the following expression (A).

0.22 > C (%) + (Si30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

4. A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone after

welding, comprising the following components expressed by mass %,

C: 0.01t00.15%

Si: 0.005 to 1.0%

Mn: 0.1 t0 2.2%

P: 0.001 to 0.06% S: 0.001 to 0.01%
N: 0.0005 to 0.01%

Al: 0.001 t0 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Ti: 0.001 to 0.02%

Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1
um? is not less than 50 /um? and not more than 10,000 /um?.

0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)
A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone after
welding, according to claim 1, 2, 3 or 4, wherein the high-strength steel sheet is a high-strength hot-rolled steel
sheet.
A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone after

welding, according to claim 1, 2, 3 or 4, wherein the high-strength steel sheet is a high-strength cold-rolled steel
sheet.
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7. A high-strength steel sheet having excellent formability and resistance to softening of the heat affected zone after
welding, according to claim 1, 2, 3, 4, 5 or 6, wherein the high-strength steel sheet is a high-strength surface-
treated steel sheet.

8. A high-strength surface-treated steel sheet having excellent formability and resistance to softening of the heat
affected zone after welding, according to claim 7, wherein the high-strength surface-treated steel sheet is a high-
strength galvanized steel sheet.

9. A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of the
heat affected zone after welding, comprising the following components expressed by mass %,

C:0.01t0 0.15%
Si: 0.005 to 1.0%
Mn: 0.1 t0 2.2%

P: 0.001 to 0.06%
S:0.001 to 0.01%
N: 0.0005 to 0.01%
Al: 0.001 t0 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Cu: 0.21t0 2.0%

Ni: 0.05 to 2.0%
Fe: principal component

where the components satisfy the following expression (A).
0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

10. A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of the
heat affected zone after welding, comprising the following components expressed by mass %,

C: 0.01t00.15%
Si: 0.005 to 1.0%
Mn: 0.1 to0 2.2%

P: 0.001 to 0.06%
S:0.001 t0 0.01%
N: 0.0005 to 0.01%
Al: 0.001 t0 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Cu: 0.2102.0%

Ni: 0.05 to 2.0%
Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1
um2 is not less than 50 /um2 and not more than 10,000 /umz.

0.22 > C (%) + (Si30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

11. A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of the
heat affected zone after welding, comprising the following components expressed by mass %,

C:0.01t00.15%
Si: 0.005 to 1.0%
Mn: 0.1 to0 2.2%

P: 0.001 to 0.06%
S:0.001t0 0.01%
N: 0.0005 to 0.01%
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Al: 0.001 to 0.1%

Nb: 0.005 to 0.05%

Mo: 0.05 to 0.5%

Ti: 0.001 to 0.02%

Cu: 0.2102.0%

Ni: 0.05 to 2.0%

Fe: principal component

where the components satisfy the following expression (A).
0.22 > C (%) + (Si/30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of the
heat affected zone after welding, comprising the following components expressed by mass %,

C:0.01t00.15%
Si: 0.005 to 1.0%
Mn: 0.1 to 2.2%

P: 0.001 to 0.06%
S:0.001 t0 0.01%
N: 0.0005 to 0.01%
Al: 0.001 t0 0.1%
Nb: 0.005 to 0.05%
Mo: 0.05 to 0.5%
Ti: 0.001 to0 0.02%
Cu: 0.2102.0%

Ni: 0.05 to 2.0%
Fe: principal component

where the components satisfy the following expression (A), and the dislocation density per plane visual field of 1
um? is not less than 50 /um? and not more than 10,000 /um?.

0.22 > C (%) + (Sif30)(%) + (Mn/20)(%) + (Mo/15)(%) (A)

A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of the
heat affected zone after welding, according to claim 9, 10, 11 or 12, wherein the high-strength steel sheet is a high-
strength hot-rolled steel sheet.

A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of the
heat affected zone after welding, according to claim 9, 10, 11 or 12, wherein the high-strength steel sheet is a high-
strength cold-rolled steel sheet.

A high-strength steel sheet having excellent fatigue property, excellent formability and resistance to softening of the
heat affected zone after welding, according to claim 9, 10, 11, 12, 13 or 14, wherein the high-strength steel sheet
is a high-strength surface-treated steel sheet.

A high-strength surface-treated steel sheet having excellent fatigue property, excellent formability and resistance to

softening of the heat affected zone after welding, according to claim 15, wherein the high-strength surface-treated
steel sheet is a high-strength galvanized steel sheet.
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