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METHOD FOR HEATING STEEL PLATE, METHOD FOR PRODUCING PLATED STEEL PLATE,
DIRECT-FIRED HEATING FURNACE, AND CONTINUOUS HOT-DIP GALVANIZING

EQUIPMENT

An object is to produce a galvanized steel sheet

with stable quality free of bare spot.

A method for heating a steel sheetincludes heating a
front surface side and a rear surface side of a steel sheet
that is passing through a direct fired furnace that has an
oxidation zone where operation is conducted at an air
ratio of 1 or more and a reduction zone where operationis
conducted at an air ratio of less than 1, in which the
heating is carried out with flames injected from at least
one slit burner while the steel sheet passes through at
least the oxidation zone.
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Description
Technical Field

[0001] The presentinvention relates to a method for heating a steel sheet, a method for producing a coated steel sheet, a
direct fired furnace, and a continuous hot-dip galvanizing facility using a direct fired furnace.

Background Art

[0002] Solid-solution strengthening elements such as Si, Mn, P, and Al are often added to increase the tensile strength of
steel sheets. In particular, Si offers advantages in that the cost for addition is low compared to other elements and that the
strength can be increased without degrading the ductility of the steel. Thus, Si-containing steel is considered promising as
high tensile strength steel sheets. However, the following problems arise when a large amount of Si is contained in the
steel.

[0003] A hightensile strength steel sheetis annealed in a 600°C to 900°C temperature range in a reducing atmosphere
in a step immediately preceding a coating step such as a hot-dip galvanizing step. Since Si is more easily oxidizable than
Fe, Siconcentrates in the steel sheet surface during this process. As a result, Si oxides form in the steel sheet surface and
extensively degrade wettability with zinc, thereby causing bare spot. Furthermore, the concentration of Si in the surface
extensively delays alloying in the alloying process following the hot-dip galvanization even if a galvanized coating has
adhered, resulting in degraded productivity.

[0004] In the past, to address these problems, Patent Literature 1 has proposed a precoating method that involves
performing, in advance, an electroplating process on a steel sheet (raw material sheet) to be coated so as to form an Fe
coating. Alternatively, Patent Literatures 2 and 3 have proposed an oxidation-reduction method that involves heating, in
advance, a steel sheet in an oxidizing atmosphere to form an Fe oxide film on the surface thereof and then performing
annealing and coating in a reducing furnace.

[0005] However, in order to adopt the former precoating method, an electroplating facility needs to be installed on the
entry side with respect to the annealing furnace in a continuous hot-dip galvanizing facility, and this implementation is
difficult in view of the space and the facility investment cost.

[0006] Inaddition, the latter oxidation-reduction method is applicable to a conventional non-oxidizing furnace (NOF)- or
direct fired furnace (DFF)-system galvanizing line by adjusting the combustion atmosphere.

[0007] However, for example, in the case of conventional burners that have circular burner nozzle exits disclosed in
Patent Literatures 4 and 5, the thickness of the Fe oxide film cannot be uniformly controlled during oxidation performed to
ensure good coatability even when these burners are dispersedly distributed such as in a staggered pattern, resulting in
bare spot defects.

[0008] Meanwhile, Patent Literature 6 has proposed a method of using slit burners in a horizontal furnace to achieve
uniformity in the sheet width direction, in which these slit burners have a burner nozzle exit shape parallel to the steel sheet
width direction. However, when slit burners are installed in an oxidizing furnace placed after a non-oxidizing furnace, the
oxidizing furnace atmosphere flows into the non-oxidizing furnace since the furnace is of a horizontal type, thereby creating
sheettemperature variation and nonuniformity in the Fe oxide film, and thus the effect of making flames uniform in the width
direction by using slit burners is not obtained.

Citation List
Patent Literature
[0009]

Patent Literature 1: Japanese Unexamined Patent Application Publication No. 2008-144264
Patent Literature 2: Japanese Unexamined Patent Application Publication No. 4-202630
Patent Literature 3: Japanese Unexamined Patent Application Publication No. 7-34210
Patent Literature 4: Japanese Unexamined Patent Application Publication No. 62-29820
Patent Literature 5: Japanese Unexamined Patent Application Publication No. 9-59753
Patent Literature 6: Japanese Patent No. 3889019
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Summary of Invention
Technical Problem

[0010] However, according to the conventional precoating method, the thickness of the oxide film is still nonuniform due
to the conventional burner nozzle shape and arrangement even when the atmosphere in the furnace during combustion is
adjusted. Furthermore, even with slit burners, an Fe oxide film is nonuniformly formed when a horizontal furnace that
sequentially includes a non-oxidizing furnace, an oxidizing furnace, and a reducing furnace is used in combination. Thus,
the use of slit burners in the oxidizing furnace does not eliminate the nonuniformity.

[0011] The presentinvention has been made in view of the aforementioned problems and an object thereof is to produce
a galvanized steel sheet with stable quality free of bare spot by a relatively simple method suitable for practical
applications.

Solution to Problem
[0012] The gist of the present invention made to solve the aforementioned problems includes the following features.

[1] A method for heating a steel sheet, the method including heating a front surface side and a rear surface side of a
steel sheet thatis passing through a direct fired furnace that has an oxidation zone where operation is conducted atan
air ratio of 1 or more and a reduction zone where operation is conducted at an air ratio of less than 1, in which the
heating is carried out with flames injected from at least one slit burner while the steel sheet passes through atleast the
oxidation zone.

[2] The method for heating a steel sheet described in [1], in which the direct fired furnace conveys the steel sheetin a
vertical direction and suctions combustion exhaust gas from an exhaust port installed under the slit burner.

[3] The method for heating a steel sheet described in [1] or [2], in which the air ratio in the oxidation zone is controlled to
1.00 or more and less than 1.50, and the air ratio in the reduction zone is controlled to 0.70 or more and less than 1.00.
[4] The method for heating a steel sheet described in any one of [1] to [3], in which the steel sheet is heated with the at
leastone slitburnerin such arange that a temperature of the steel sheet passing the oxidation zone is 400°C or higher.
[5] A method for producing a coated steel sheet, the method including heat-treating a cold rolled steel sheet by the
heating method described in any one of [1] to [3], and subjecting the cold rolled steel sheet to a coating treatment.
[6] The method for producing a coated steel sheet described in [5], in which the coating treatment uses one of an
electrogalvanizing treatment, a hot-dip galvanizing treatment, and a galvannealing treatment.

[7] A direct fired furnace including an oxidation zone where operation is conducted at an air ratio of 1 or more, a
reduction zone where operation is conducted at an air ratio of less than 1, and a control device capable of controlling
the air ratios in the oxidation zone and the reduction zone, in which at least one portion of the oxidation zone is
equipped with at least one slit burner disposed on a front surface side of the steel sheet and at least one slit burner
disposed on a rear surface side of the steel sheet, each of the slit burners extending in a width direction of the steel
sheet and injecting flames toward the steel sheet passing through the oxidation zone and the reduction zone.

[8] The direct fired furnace described in [7], in which the steel sheetis conveyed in a vertical direction, and combustion
exhaust gas is suctioned from exhaust ports installed under the slit burners.

[9] The directfired furnace described in [7] or [8], in which the air ratio in the oxidation zone is controlled to 1.00 or more
and less than 1.50, and the air ratio in the reduction zone is controlled to 0.70 or more and less than 1.00.

[10] The direct fired furnace described in any one of [7] to [9], in which at least one of the slit burners is installed in a
range where a temperature of the steel sheet passing through the oxidation zone is 400°C or higher.

[11] The direct fired furnace described in any one of [7] to [9], in which the oxidation zone includes a burner group
having two or more slit burners for which the air ratio and a combustion rate are independently controllable.

[12] A continuous hot-dip galvanizing facility including the direct fired furnace described in any one of [7] to [9].
[13] The continuous hot-dip galvanizing facility described in [12], further including an alloying facility that alloys hot-dip
galvanized coatings.

Advantageous Effects of Invention

[0013] Accordingtothe presentinvention, an excellent galvanized steel sheet having beautiful surface appearance free
of bare spot is obtained. The present invention is particularly effective when a high-Si-content steel sheet, which is
particularly difficult to galvanize, is used as the base material, and is useful as a method for improving the coating quality in
the production of high-Si-content galvanized steel sheets.
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Brief Description of Drawings
[0014]

[Fig. 1] Fig. 1 illustrates one embodiment of a direct fired furnace installed in a continuous hot-dip galvanizing
apparatus of the present invention, in which (a) is a vertical sectional view of the direct fired furnace and (b) is a front
view of an arrangement example of direct firing burners installed in walls of the direct fired furnace.

[Fig. 2] Fig. 2 is a schematic diagram illustrating a continuous hot-dip galvanizing facility according to an embodiment
of the present invention.

[Fig. 3] Fig. 3 is a diagram conceptually illustrating the state of an actual steel sheet being combustion-heated with slit
burners of the present invention.

[Fig. 4] Fig. 4 is a diagram illustrating one example of the structure of the direct fired furnace according to the present
invention.

Description of Embodiments

[0015] A direct fired furnace that heats a steel sheet by using direct firing burners has high heat efficiency and is thus
characterized by its ability to heat steel sheets to a particular temperature at a low cost. With a direct fired furnace, it is
necessary to control the temperature of the steel sheet and, when high tensile strength steel such as high-Si steel is to be
hot-dip galvanized, to control the atmosphere of the direct firing burners to an oxidizing atmosphere so as to ensure
formation of an appropriate oxide film (Fe oxides) on the steel sheet surface. The coatability of high-Si steel can be
improved by obtaining an appropriate amount of Fe oxides and then performing reduction annealing to internally oxidize Si.
[0016] However, when conventional burners having circular burner nozzle exits are used, the thickness of the Fe oxide
film, which is needed to ensure satisfactory coatability, cannot be uniformly controlled in the steel sheet travelling direction
and width direction despite the dispersed distribution of the burners such as in a staggered pattern, and bare spot defects
occur.

[0017] The presentinvention has conceived of a method of controlling the thickness of the Fe oxide film uniformly in the
travelling direction and width direction by using slit burners instead of circular burners.

[0018] Inthe description below, a direct fired furnace installed in a continuous hot-dip galvanizing facility and a method
for heating a steel sheet according to embodiments of the present invention are described with reference to the drawings.
[0019] Fig. 1illustrates one embodiment of a direct fired furnace (DFF) installed in an annealing facility of a continuous
hot-dip galvanizing facility according to an embodiment of the present invention. Here, the type of the annealing facility is
preferably a vertical furnace. In other words, it becomes possible to pass a steel sheet at a high speed by conveying the
steel sheet in a vertical direction (including conveying the steel sheet while turning the steel sheet back and forth in the
vertical direction) without expanding the scale of the facility in the horizontal direction. In addition, this also provides an
advantage in that the atmosphere in the heating zone and the atmosphere in the soaking zone can be easily separated.
Conveying in a vertical direction means that the sheet is conveyed in a perpendicular direction.

[0020] InFig. 1, (a)isa vertical sectional view of a direct fired furnace, and (b) is a front view of an arrangement example
of direct firing burners installed in walls of the direct fired furnace. In Fig. 1, 1 denotes a direct fired furnace (DFF), 1-1
denotes an oxidation zone of the DFF, 1-2 denotes a reduction zone of the DFF, 2 denotes a flame injection port associated
with a slit burner, 3 denotes a flame injection port associated with a circular burner, S denotes a steel sheet (including a
steel strip), 4 denotes aradiation thermometer, 5 denotes a flame, 6 denotes an exhaust port, L denotes the length of a steel
sheet S heated region heated by a burner group 14 in the reduction zone from the burner most upstream to the burner most
downstream in the steel strip S travelling direction, 11 denotes a burner group in the oxidation zone, 12 denotes a burner
group in the oxidation zone, 13 denotes a burner group in the oxidation zone, and 14 denotes a burner group in the
reduction zone. Although notillustrated in the drawings, there is also provided a control device that controls the air ratios in
the oxidation zone and the reduction zone.

<Direct fired furnace installed in continuous hot-dip galvanizing facility>

[0021] Fig. 2illustrates one example of a continuous hot-dip galvanizing facility. From the entry side of the facility, there
are provided a preheating zone 20, a heating zone 21, a soaking zone 22, cooling zones 23 and 24, a coating bath (zinc pot)
25, and, if necessary, an alloying zone 26. A cooling zone 27 may be provided after the alloying zone 26. As such, when the
heating furnace of the present application is applied to a part of the continuous hot-dip galvanizing facility, the steel sheet to
be heated does not have to be a cut sheet and may have a steel strip (coil) shape. Although the steel sheet s not particularly
limited, a cold rolled steel sheet is often used.

[0022] The directfired furnace 1 ofthe presentinvention is assumed as a heating furnace to be introduced in the heating
zone 21 in the continuous hot-dip galvanizing facility.
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[0023] In this embodiment, multiple slit burners can also be independently controlled. The direct fired furnace 1 is
constituted by the oxidation zone 1-1 and the reduction zone 1-2, and the oxidation zone 1-1 is constituted by three burner
groups (zones) 11 to 13 in the steel sheet travelling direction. In this example, circular burners are installed in the burner
group 11 in the oxidation zone, and the flame injection ports thereof are denoted by 3 in the drawings whereas slit burners
are installed in the (oxidation zone) burner groups 12 and 13, and the flame injection ports thereof are denoted by 2 in the
drawings. The reduction zone has only one burner group (reduction zone burner group) 14, and circular burners are
installed therein. The flame injection ports of the circular burners are denoted by reference sign 3 in the drawings. For the
burner groups 11, 12, and 13 in the oxidation zone 1-1, the combustion rate and the air ratio of the burners can be
independently controlled for each burner group. The burner groups 11 to 13 in the oxidation zone are combusted under the
conditions that give a combustion rate equal to or higher than a predetermined threshold.

[0024] The number of burners contained in each burner group is not limited. It is practical to divide the entire direct fired
furnace into two to five groups and to control each as a group.

[0025] Furthermore, for example, as illustrated by the facility in Fig. 4, the slit burners may be provided not only in the
oxidation zone but also in both the oxidation zone 1-1 and the reduction zone 1-2.

[0026] Here, the slit burners are arranged to face the steel sheet surfaces in the width direction of the steel sheet S
passing through the oxidation zone 1-1. Moreover, in order to uniformly heat the steel sheet S without variation in the width
direction, the slit burners are arranged to extend in the width direction of the steel sheet so that the flames 5 are injected
toward the entire width of the steel sheet S. Furthermore, in order to comply with production of steel sheets S with various
widths, the flame injection amount can be controlled for each of four regions divided in the width direction. Although the
number of divided regions here is 4, the number is notlimited to 4, and there may be cases in which no division is necessary
depending on the width of the steel sheet and the flame injection structures of the slit burners. Meanwhile, the circular
burners are dispersedly arranged to face the steel sheet surfaces.

<Slit burners>

[0027] Fig.3isadiagram conceptually illustrating the state of an actual steel sheet being combusted and heated with slit
burners of the present invention, and in the description below, the slit burners are described by referring to what is
illustrated in the drawing.

[0028] Aslitburnerreferstoaburnerhavingaburnerflame injection port having an elongated rectangular shape thathas
along opening portion in the width direction of the steel sheet S with respect to the length (also referred to as a slit gap B) of
the opening in the steel sheet S travelling direction, and the specific dimensions thereof are not particularly limited. For
example, when the length of the opening portion in the steel sheet S travelling direction, that is, the short side, is
represented by B, the length of the opening portion in the width direction, that is, the long side, is about 2B to 200B. In the
present invention, a burner that injects a slit-shaped flame, such as a burner having such a thin elongated rectangular
flame injection port, is generally referred to as a "slit burner". Thus, no limitations are particularly imposed as to the inner
structure and the injection port. Furthermore, with this flame injection port, the injection width of the flame 5 can be
controlled by dividing the injection port in the width direction, and this can be used to adjust the injection width of the flame 5
according to the width of the subject steel sheet.

[0029] Itis effective to provide one slit burner in the steel sheet travelling direction; however, oxidization can be more
efficiently carried out by arranging several slit burners in a tandem pattern. The arrangement intervals of the tandem
pattern are not particularly limited; however, creating intervals of about 3B to 10B reduces interference of the flames 5 and
the temperature variation.

[0030] Furthermore, since most of the Fe oxide film is generated in the range where the sheet temperature reaches
400°C or higher, it is preferable to use at least one slit burner in this range of the oxidation zone 1-1 where the sheet
temperature reaches this range. It is yet more preferable to use slit burners in the range of 450°C or higher. Meanwhile,
since the oxidation amount rapidly increases at high temperatures such as a temperature higher than 650°C, slit burners
are preferably used in places where the sheettemperature is 650°C or lower. The temperature is preferably 600°C or lower
and more preferably 550°C or lower. In order to heat the steel sheet S with slit burners upon reaching a preferable
temperature range, the sheet temperature of the steel sheet S passing through the DFF 1 can be predicted and monitored
by performing calculation in advance from the steel type, the sheet thickness, the sheet width, the line speed, the air ratio,
the combustion rate, etc. In addition, it is also possible to install radiation thermometers in several places in the sheet
passing direction of the oxidation zone 1-1 to actually measure the sheet temperature.

[0031] Due to the reasons described above, the slit burners are preferably used on the downstream side in the sheet
passing direction in the oxidation zone 1-1 where the sheet temperature is high. Slit burners may be applied to all of the
burners in the oxidation zone 1-1; however, the slit gap B of the slit burner exit is narrower than that of circular burners, and
regular maintenance is necessary due to clogging of foreign matter such as fragments of burner tiles and deformation of
the slit caused by the high temperature of the flame 5. Thus, conventional circular burners may be disposed on the
upstream side in the oxidation zone 1-1 where the sheet temperature is low and slit burners may be disposed on the
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downstream side. When circular burners are used on the upstream side, a direct firing heating system in which flames
perpendicularly collide with the steel sheet is preferable from the viewpoint of the heating efficiency.

[0032] Furthermore, the arrangement of the flame injection ports 2 associated with the slit burners may be shifted, in
other words, may be offset, in the steel sheet S travelling direction between the front and rear surfaces of the steel sheet S.
Offset prevents the flames 5 extending beyond the steel sheet S edges from interfering with one another. Thus, it is
possible to more uniformly heat the steel sheet S than when offsetis not made. The offsetamountis in the range of about B
to 3B. At an excessively large offset amount, the heating temperature may differ between the front surface and the rear
surface. In a vertical furnace, burners are arranged in the vertical direction, and flames become unstable due to
interference of the flames injected from the burners on the downstream side (the furnace lower side) and the combustion
gas, thereby degrading the stability and the temperature uniformity in the width and longitudinal directions of the steel
sheet. Inthe case of circular burners, the interference of the flames and the combustion gas can be moderated by forming a
staggered pattern; however, in the case of slitburners, interference from the downstream side is inevitable since there is no
break in the flame in the width direction. To address this, in the present invention, slit-shaped exhaust ports are preferably
provided in the section where the slit burners are installed, and interference of the flames and the combustion gas tends to
be mitigated by providing slit-shaped exhaust ports. One set of rear and front exhaust ports is preferably installed at leastin
each connecting portion between the zones. The exhaust port is preferably installed under the slit burner, and the
combustion exhaust gas is suctioned from the exhaust port. Specifically, combustion exhaust gas refers to high-
temperature gas that is generated as a result of the reaction between the fuel and air and that contains, as main
components, carbon dioxide, which is a reaction product, and nitrogen contained in water vapor and air as well as trace
components such as unreacted excess fuel components, oxygen, and reaction intermediates. As long as the line length
and the heating capacity satisfy the required performance, an exhaust port may be installed between individual slit burners
constituting each zone.

[0033] Irrespective of the oxidation zone 1-1 or the reduction zone 1-2, the burner combustion rate is a value obtained by
dividing the amount of the fuel gas actually introduced into the burner by the amount of the burner fuel gas at the maximum
combustion load, and when the burner is combusted at the maximum combustion load, the combustion rate is 100%. In the
present invention, the combustion rate of the burner is not particularly limited; however, when the combustion load of the
burner is low, a stable combustion state is no longer obtained and thus the combustion rate is preferably equal to or higher
than the threshold described below. The predetermined threshold of the combustion rate is the ratio of the amount of the
fuel gas at the lower limit of the combustion load at which the stable combustion state can be maintained relative to the
amount of the fuel gas at the maximum combustion load. The threshold of the combustion rate differs depending on the
burner structure, etc., and can be easily determined by performing a combustion test, for example. Normally, the threshold
is about 30%.

<Air ratios in oxidation zone and reduction zone>

[0034] Whether to perform or halt combustion can be freely selected for each of the burner groups 11 to 13 in the
oxidation zone 1-1. For combustion, the combustion rate is preferably equal to or larger than the predetermined set value,
and, in order to stably oxidize the steel sheet surface, the operation must be carried out in the oxidation zone 1-1 at an air
ratio of 1 or more. Operation is preferably carried out at an air ratio of 1.00 or more in the oxidation zone 1-1. Operation is
more preferably carried out at an air ratio of 1.05 or more and most preferably 1.10 or more in the oxidation zone 1-1. In
order to prevent formation of excessive oxide films, generation of nitrogen oxides, and blowing out of the flames, operation
is preferably carried out at an air ratio of less than 1.50 in the oxidation zone 1-1. Operation is more preferably carried out at
an air ratio of 1.40 or less and most preferably 1.30 or less in the oxidation zone 1-1. The air ratio is the value obtained by
dividing the amount of air actually introduced into the burner by the amount of air necessary to completely combust the fuel
gas.

[0035] Furthermore, the air ratio of the circular burners of the burner group 14 in the reduction zone 1-2 needs to be less
than 1; furthermore, operation is preferably carried out at an air ratio of 0.70 or more and less than 1.00 with which it is
possible to also control the combustion rate. When the burner group 14 in the reduction zone 1-2 is combusted at an air
ratio of 0.70 or more and less than 1.00, the Fe oxides generated in the steel sheet surface are reduced and reduced Fe can
be generated in the surface layer. Specifically, at an air ratio of less than 0.70, degradation of the fuel consumption rate and
steel sheet contamination due to soot occur; thus, the air ratio is preferably 0.70 or more. More preferably, the air ratio is
0.75 or more and most preferably 0.80 or more. Meanwhile, at an air ratio of 1.00 or more, the oxygen concentration in the
combustion gas increases, and the steel sheet becomes oxidized. The presence of the reduced Fe in the steel sheet
surface layer portion prevents adhesion of the oxides to the rolls as the steel sheet S exited the direct fired furnace 1 comes
into contact with the rolls in the RT furnace (annealing furnace), and thus can prevent defects (pickups) caused by oxide
adhesion. To achieve this, the air ratio is preferably less than 1.00. More preferably, the air ratio is 0.95 or less and most
preferably 0.90 or less.

[0036] The number of the burner groups to be combusted is determined for various steel sheets S to be passed
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therethrough by taking into account the heating load, the amount of the oxides formed, etc. The air ratio and the combustion
rate of the burner groups to be combusted are set to values within the aforementioned ranges so as to decrease the sheet
temperature fluctuation in the steel sheet S travelling direction for various steel sheets S. As a result, for example, enough
Fe oxides necessary tointernally oxidize Si can be stably generated in the steel sheet S travelling direction. Decreasing the
sheet temperature fluctuation in the steel sheet S travelling direction also contributes to stabilizing the oxide reducing
action in the burner group 14 in the subsequent reduction zone 1-2. Furthermore, decreasing the sheet temperature
fluctuation also prevents insufficient reduction of the Fe oxides in the RT furnace, contributes to the internal oxidation of Si,
and also contributes to suppressing adhesion of the oxides to the rolls in the RT furnace.

[0037] Inthis embodiment, the burner groups 11 to 13 in the oxidation zone 1-1 are oxidizing burners, the burner group
14 in the reduction zone 1-2 is reducing burners, the regions heated by the burner groups 11 to 13 in the oxidation zone 1-1
are the oxidation zone, and the region heated by the burner group 14 in the reduction zone 1-2 is the reduction zone.
[0038] When the length of the reducing atmosphere is small, the Fe oxide film remains in the surface layer, and the
pickup preventing effect becomes insufficient. In contrast, when the length of the reducing atmosphere is large, a surface
concentration layer of Si and the like is formed in the steel sheet surface during the subsequent reduction annealing, and
the coatability is impaired.

<Length of reduction zone>

[0039] The length (reduction zone length) of the burner group 14 in the reduction zone 1-2 in the steel sheet S travelling
direction is preferably 150 mm or more and, in view of the uniformity in the width direction, is more preferably 300 mm or
more. The length is yet more preferably 500 mm or more and most preferably 1000 mm or more. The upper limit of the
length of the reduction zone is not particularly specified, but at an excessively large length, the heating amount ATrd in the
reduction zone increases, and thus the heating amount ATox in the oxidation zone needs to be decreased. Thus, an
excessively long reduction zone is disadvantageous for securing the oxidation amount, and thus the length is preferably 10
mor less. The length is more preferably 5 m or less and still more preferably 3 m orless. This is also advantageous in terms
of cost. The length of the burner group 14 in the reduction zone 1-2 in the steel sheet travelling direction is the length ("L" in
Fig. 1) of the steel sheet S heated region heated by the burner group 14, the region extending from the flame injection port 3
associated with the circular burner most upstream to the flame injection port 3 associated with the circular burner most
downstream in the burner group in the reduction zone 1-2 in the steel sheet travelling direction. Here, even when the slit
burners are used in the burner group 14 in the reduction zone 1-2, the reduction zone length is preferably what is described
above.

<Length of oxidation zone>

[0040] The length (oxidation zone length) of the burner groups 11 to 13 in the oxidation zone 1-1 in the steel sheet
travelling direction to be secured should be long enough to ensure the necessary amount of internal oxidation. However,
since the oxidation amount changes according to the steel type to be passed, the temperature history, the sheet passing
speed, and the steel sheet size, it is necessary to secure a zone length at which the necessary oxidation amount can be
ensured even under the conditions least suitable for oxidation among production conditions.

[0041] Inthe presentinvention, the steel sheet S is oxidized and then reduced in the direct fired furnace 1. In particular,
the oxidation amount formed in the oxidation zone must be precisely controlled in the steel sheet S travelling direction and
width direction. In order to control the oxidation amount to an appropriate amount with respect to steel sheets of various
steel types, temperature history, sheet passing speed, and size to be passed, the burners arranged to face the surface of
the steel sheet S must be divided into atleast two groups in the steel sheet travelling direction and the combustion rate and
the airratio need to be independently controllable group by group. In determining the burner group, slitburners and circular
burners are preferably not mixed in one group but are preferably separated to be in separate groups and controlled
separately.

[0042] The action and effectintended by the presentinvention are still obtained even when the burners are controlled as
one groupinthe reduction zone. Thus, inthe presentinvention, the burners arranged to face the surface of the steel sheet S
in the oxidation zone 1-1 may be divided into two or more burner groups in the steel sheet S travelling direction so that the
combustion rate and the air ratio can be independently controlled.

[0043] The thickness of the Fe oxide film formed in the oxidation zone 1-1 changes depending on the Si content and the
sheet thickness of the subject steel sheet S and is preferably 100 to 500 nm. When the thickness is less than 100 nm, the
function as a barrier layer that inhibits diffusion and concentration of Si to the surface may become insufficient, and thus the
thickness of the Fe oxide film is preferably 100 nm or more. The thickness of the Fe oxide film is more preferably 150 nm or
more and yet more preferably 200 nm or more. Meanwhile, once the thickness exceeds 500 nm, the function as a barrier
layer remains substantially unchanged, and there is a disadvantage of an increase fuel consumption due to a longer
heating time in the oxidation zone 1-1. Thus, the thickness of the Fe oxide film is preferably 500 nm or less. The thickness of
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the Fe oxide film is more preferably 450 nm or less and yet more preferably 400 nm or less.

[0044] The thickness of the Fe oxide film can be relatively easily estimated by monitoring the sheet temperature at the
entry and the exit of the direct fired furnace 1 and performing correction on the basis of the steel type, the sheet thickness,
the line speed, the air ratio in the oxidation zone 1-1, and the combustion rate in the oxidation zone 1-1. By adjusting mainly
the combustion rate in the oxidation zone 1-1 on the basis of this value, stable oxidizing conditions can be determined and
secured, and, as a result, a steel sheet S free of bare spot defects can be obtained.

[0045] The steel sheet S oxidized and reduced in the direct fired furnace 1 is then reduction-annealed in the RT furnace,
cooled, and dipped in a hot-dip galvanizing bath to be hot-dip galvanized, and then subjected to an alloying treatment as
necessary. The process of the reduction annealing and thereafter may be a typical process. The coating method is not
particularly limited, and electrogalvanizing may be performed instead of the hot-dip galvanizing.

[0046] Since an appropriate amount of Fe oxides are formed and then the surface layer is reduced to generate reduced
Fe in the direct fired furnace 1, the Fe oxides are reduced and Si is internally oxidized in the subsequent reduction
annealing step, and adhesion of the oxides to the rolls can be prevented. Thus, press marks caused by roll pickups, Si
surface layer concentration, and coating defects caused by insufficient reduction of Fe oxides do not occur.

[0047] The hot-dip galvanized steel sheet to be produced by the present invention is effective when large amounts of
metal elements, such as Si, more easily oxidizable than Fe are contained. Specifically, it is prominently effective in
producing a high-Si-content hot-dip galvanized steel sheet containing 0.1 to 3.0 mass% of Si.

[0048] An annealing furnace (RT furnace), a cooling zone, a hot-dip galvanizing facility, an alloying treatment facility,
etc., are placed downstream of the direct fired furnace 1. The annealing furnace, the cooling zone, the hot-dip galvanizing
facility, the alloying treatment facility, etc., are not particularly limited and may be those which are commonly employed. A
preheating furnace is sometimes placed upstream of the direct fired furnace 1.

EXAMPLES

[0049] A test was conducted by using a CGL equipped with a direct fired furnace (DFF) 1 having heating burners
organized into four burner groups (11 to 14): three burner groups (11 to 13) disposed on the upstream side in the steel strip
S travelling direction and constituting an oxidation zone 1-1 and the last one burner group (14) constituting a reduction
zone 1-2. Furthermore, the test was conducted for two cases: (A) the case where the airratio and the combustion rate were
individually controlled for each burner group in the oxidation zone 1-1 and (B) the case where the burner groups 11to 13in
the oxidation zone were collectively controlled by using the same conditions. Here, the air ratio and the combustion rate in
the reduction zone were controlled separately from the oxidation zone. Fig. 1 illustrates one example of the burner
arrangement. In Fig. 1, flame injection ports 3 associated with circular burners were disposed in the burner group 11 in the
oxidation zone and the burner group 14 in the reduction zone, and the flame injection ports 2 associated with slit burners
were disposed in the burner groups 12 and 13 in the oxidation zone. The test was conducted by changing the burner type
according to the conditions for each of the burner groups. Gas having a composition indicated in Table 1 was used as the
fuel gas for the burners. The length of each burner group ("L" in Fig. 1) was 3 m, and the slit gap B was 20 mm.
[0050] The steel chemical composition of the steel strip S used in the test is indicated in Table 2.

[0051] Other test conditions were as follows: sheet thickness: 1.0 mm, sheet width: 1000 mm, the DFF 1 entry side
average sheet temperature: 200°C, DFF 1 exit side average temperature: 650°C, annealing temperature (RT furnace):
850°C, coating bath temperature: 463°C, coating Al concentration: 0.135%, alloying temperature: 550°C. Speed of the
steel strip S (LS) was examined in three levels: 60 mpm, 90 mpm, and 120 mpm. The burners were used at a combustion
rate of 30% or more.

[0052] The roll mark defect (pickup) caused by excessive oxidation was evaluated, and, for the coating appearance,
quality deviation in the steel sheet travelling direction and width direction and temperature deviation in the steel sheet
travelling direction were evaluated. The ratings A and B indicate pass, and the rating C indicates fail.

[0053] In the presentinvention, the same techniques used in the method disclosed in Patent Literature 7 below were
used. Theroll mark defect (pickup) caused by excessive oxidation was inspected with an optical surface defect meterina 1
mZ field of view of a surface of a steel sheet in arandomly extracted steel strip S. The aforementioned surface defect meter
can detect marks with a diameter of 0.5 mm or more, and the detected marks were assumed to be depression defects
caused by contacting the pickups, in other words, roll mark defects.

[Patent Literature 7] Japanese Patent No. 6607339

A (good): Zero per 1 m2 (no roll mark defect occurred)
B (fair): 1 or 2 defects per 1 m2 (minor roll mark defects were observed)
C (poor): 3 or more defects per 1 m2 (roll mark defects were present)

[0054] The coating appearance was evaluated by measuring the variation in the Fe concentration (alloying rate) in the
coating in the steel sheet surface after the alloying treatment with respect to the target value. The smaller the variation with
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respect to the target value of the Fe concentration in the coating, the better the rating of the coating appearance. Here, the
Fe concentration was measured by the same technique as the method disclosed in Patent Literature 8 below, that is, the
method of calculating the Fe concentration from the change in the diffraction peak angle of the alloy phase constituting the
coating layer by X-ray diffractometry.

[Patent Literature 8] Japanese Patent No. 5962615

A (good): Less than +=0.5% (bare spot or alloying variation was not found)
B (fair): Less than =1% (minor bare spot and/or alloying variation was found)
C (poor): =1% or more (prominent bare spot and/or prominent alloying variation was found)

[0055] The ratings A and B indicate pass, and the rating C indicates fail.

[0056] Furthermore, a 1000 mm-long sample was taken in the width direction from each of three selected places in the
travelling direction, that is, the tip portion, the center portion, and the end portion of the steel strip S, and evaluated for the
roll mark and the coating appearance at the width center portion thereof, and the obtained results were used to evaluate the
quality in the travelling direction and the width direction. In addition, a width X 1000 mm sample was taken from the center
portion of the steel strip S, and, in this sample, five points, i.e., the center pointin the width direction, the 1/4-width and 3/4-
width points, and two end points, were evaluated for the roll mark and the coating appearance. The obtained results were
used to evaluate the quality in the width direction. ®: Only the rating Awas given in the evaluation of roll mark and coatability
under the same conditions.

o: The rating of A or B was given in the evaluation of roll mark and coatability under the same conditions.
A: Only the rating B was given in the evaluation of roll mark and coatability under the same conditions.
X: The rating C was included in the evaluation of roll mark and coatability under the same conditions.

[0057] A samplethatis evaluated as pass in the presentinvention is the one that was not rated C for any of the roll mark
defect and the coating appearance but was rated ©, °, and/or A in both the width direction and the travelling direction. A
sample thatwas rated A or higherin both the width direction and the travelling direction was rated pass (°) and a sample that
included the rating X was rated fail (X).

[0058] Condition Nos. 1 to 8 and 15 were produced under the condition that the line speed of the steel strip S was 60
mpm.

[0059] Condition 1 is a comparative example in which only circular burners were used. In addition to the use of the
circular burners, the combustion rate was less than 30%, and the combustion state of the burners was unstable.
Furthermore, the burner groups 11 to 13 in the oxidation zone were collectively controlled, and the quality variation
was large in the width direction and the travelling direction.

[0060] Condition 2 is the case in which slit burners were used in the burner groups 11 to 13 in contrast to the circular
burners in condition 1. The combustion state of the burners was unstable as with condition 1, but since the slitburners were
used, improvements were made for both the roll mark defect and the coating appearance, and the quality variation slightly
improved in both the width direction and the travelling direction.

[0061] Condition 3 is the case in which the air ratio and the combustion rate could be controlled for each of the burner
groups in contrast to conditions 1 and 2 in which the burner groups 11 and 13 were collectively controlled. In this manner,
only the necessary combustion burners (in this case, only the burner group 13) can be operated. However, since the
operated burner group 13 was circular burners in condition 3, combustion variation was likely to occur, and the surface
quality tended to be poor compared to condition 1.

[0062] Condition 4 is the case in which the control was executed for each burner group as in condition 3 but the burner
shape was changed from circular to slit burners. As a result, the surface quality improved, and the quality became more
uniform in the width direction and the travelling direction.

[0063] Condition5isthe case in which slitburners were used under the same control as condition 4 but the air ratio of the
burner group 13 decreased to 0.90. In this example, although uniformity was obtained in the width direction and the
travelling direction compared to condition 3, many defects appeared and the sample was rated fail.

[0064] Condition 6 is the case in which the air ratio of the burner group 13 was excessive, that is, 1.65, compared to
condition 5. The extent of the defects was reduced, and the sample was rated pass.

[0065] Condition 7 is the case in which the air ratio in the reduction zone of the burner group 14 was as high as 1.00
compared to condition 4. In this case also, the uniformity was relatively satisfactory as with condition 5, but many defects
appeared and the sample was rated fail.

[0066] Condition 8 is the case in which the air ratio in the reduction zone was low compared to condition 7. The extent of
the defects was reduced compared to condition 7, and the sample was rated pass.

[0067] Conditions9and 10 were examples in which production was carried out under the condition that the line speed of
the steel strip S was 90 mpm, and in both examples, the air ratio and the combustion rate were controlled for each burner
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group.
[0068] Condition 9 uses circular burners in combination with slit burners in the oxidation zone. However, since no slit
burners were used in the range where the steel sheet temperature reached 400°C, the surface quality was rated pass but
was poor in some places.

[0069] In condition 10, only slit burners were used in the oxidation zone, and the surface quality was better than in
condition 9.

[0070] Conditions 11 to 13 were examples in which production was carried out under the condition that the line speed of
the steel strip S was 120 mpm. In any of these conditions, slit burners were used in the oxidation zone.

[0071] Incondition 11, burner groups were collectively controlled instead of separately; however, since slit burners were
used, the surface quality was rated pass as with condition 2 despite the use of circular burners in some part.

[0072] Condition 12 is an example according to the present invention in which the surface quality was better than that in
condition 11 since the control was carried out for each burner group.

[0073] Condition 13 is an example in which slitburners were used not only in the oxidation zone but also in the reduction
zone. As a result, the surface quality improved further.

[0074] Condition 14 is an example in which slit burners were used in a horizontal annealing furnace operated as an
oxidation zone. Since the furnace was a horizontal furnace, the line speed was decreased compared to the example
according to the present invention, and the production was carried out at 30 mpm. Although slit burners were used in the
oxidation zone and the excessive oxidation defects and coating appearance were rated pass, the mechanism could not
convey the steel sheet in a vertical direction and was not equipped with exhaust ports; thus, minor bare spot and alloying
nonuniformity occurred in the width direction and the longitudinal direction since the exhaust gas partly flowed into the
upstream non-oxidizing furnace.

[0075] Condition 15 is an example in which the operation was carried out under the same conditions as condition 2 but
the exhaust ports installed between the zones were closed (equivalent to the state where no exhaust ports were provided)
and the combustion gas was not suctioned. As a result, interference between the flames degraded stability and increased
defects compared to condition 2; however, the surface quality was rated pass.

[0076] The aforementioned examples confirm that by using slit burners in the oxidation zone, the surface quality is
improved, and by optimizing the control method and the combustion conditions, better surface quality is obtained.

[Table 1]

(Unit: vol%)

2.7 0 7.5 595 6.5 0.2 25.0 2.2
[Table 2]
(mass%)
C Si Mn P S Cu Al Cr Mo Nb N

0.12 1.50 1.25 0.013 0.04 Tr Tr Tr Tr 0.033 0.001

[Table 3]
Oxidation zone Redustion zone
1 2 13 14 DO | cossive
Condiion| LS | Control| Fumace | Entry side Enlry side Entry side Entry side average | 092000 [ 6oy | Width |Longtudinal
dofects droction | drecion |Rating| Remarks
No. too | average g | Air |Combustion average [, | Air |Combustion average | g | A [Combust wverege | g | A [Combuston| sheot | 94 | ppearance | o ‘
shest |0 lroo| rate | Behoustport | sheet | T ratol rte | Behaustport | shest 9 || rate | Exvaustpot | sheet | BT ato|  rate | temperature | ™ ks qualty | quality
temperature| YP° | f %] temperature| P | 4 temperature | VP [ ] ] temperature | YP° | f &1 el elc)
ral ra ra ra

1| eo|  lvertical 108Gircular|1.05 24|None 321Gircular| 1.05 24{None 482 Cirular 1,05 24| None 552|Circular0.80 50 oo aG | BoC | x x '"Emm'c
2| 60| B|verieal 200[Sit_[105 24 Prosont 23S {105 24[Prosent aaafsit_ 105 24| Prosent 499 Cireular[0.80 50 1 AbB B B X o | Example
3| eo|  afvertcal 201Girular|  Notused |None 203Gicular|  Notused  |None 205 Cicutar1.05 90| None 553 Gireular[0.80 8 as| c "Empl’c
| 60| A|vertcal 100]sit Notused _|Present 2045t Notused _|Present 200[sit__ 105 90 Prosent 550 Gireular[0.80 ) o0 A A ° o | < | el
s| | afvertcal 201(irular|  Notused [Present 203sit Notused |Present 2sifsit |os 90| Present 499 Gireutar[0.80 8 es0| BtoC c "Empl'e
6| 60|  A[vetical 202 Ciroular|__ Notused _[Present 204]sit Notused [Present 2s6fsit_ 165 90| Present 450 Ciroular[0.90 a0 R B A A o | Example
7| eo|  alvetica 108[Citouar|  Notused [Present 202|sit Notused |Present asfsit 110 72| Present 550Ciroular| 1.00 50 ool ¢ ¢ x « « |Comparth
8| 60|  A|vertcal 200Girular|__ Notused _|Present 2025t Notused _|Present 28afsit__ 110 72| Present 544 ireular[0.65 50 e &8 B s s o | Example
o so|  alverteal 200Cirouar|__ Notused _|Present 203sit_[1.10 4] Present 375 Cirutar1.10 5[ None 498|Ciroular[0.90 75 o] 8 | AB | 4 > o | Eample
10| o] Alvertca 200[Cirular|__ Notused _|Prosent 203[sit__[1.10 a9 Prosent 3r6fsit_ 110 58] Prosent 551 |Gireular[0.80 7 o0 A A ° © Bample
11| _120] _ B|verca 200 Gioular[ 115 50 [Present 3t6[sit__[1.15 50 [Present aaofsit_ 115 50| Prosent 499 Ciroular[0.85 100) o0 8 | AWB | A o | Exmple
12| 120]  Alverea 201 Gicular 105 32 Present 274fsic_[1.19 50 [Present 3efsit__[1.10 70| Present 550 Gireular[0.85 100) &5 ALB | A o © | o | e
13| 120] _ Alverca 200[sit_[110 32 Prosont 273fsic__[1.15 50 [Prosent 3es[sit__ 115 70| Prosent sso[sit__[085 100) o2 A A ° ° Bample
[DEE) a0ssit__[1.05 30 Nore a50[sit__[1.05 27 Nore ao0fsit__[1.05 25[None s30[sit__[080 » CH I B B B Example
15| 60|  B|verca 200[sit__[105 24 [Prosent (dlosed) 32afsit_ |15 24[Present (cosed) st [105 24 Prosent (sosed) 499 Ciroular[0.80 50 & e B A A Example

Control methad: ~A: controlled group-by-group
B: controlled colloctivoly

10
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1 direct fired furnace (DFF)

1-1 oxidation zone

1-2 reduction zone

2 flame injection port associated with slit burner

3 flame injection port associated with circular burner
4 radiation thermometer

5 flame

6 exhaust port

S steel sheet

L length of a steel sheetregion heated by a burner group 14 from a burner most upstream to a burner mostdownstream
in the burner group in the steel strip travelling direction
11 burner group in oxidation zone

12 burner group in oxidation zone

13 burner group in oxidation zone

14 burner group in reduction zone

B slit gap

20 preheating zone

21 heating zone (direct firing heating)

22 soaking zone

23 cooling zone

24 cooling zone

25 coating bath (zinc pot)

26 alloying zone

27 cooling zone

Claims

Amethod for heating a steel sheet, the method comprising heating a front surface side and a rear surface side of a steel
sheet that is passing through a direct fired furnace that has an oxidation zone where operation is conducted at an air
ratio of 1 or more and a reduction zone where operation is conducted atan air ratio of less than 1, wherein the heatingis
carried out with flames injected from at least one slit burner while the steel sheet passes through at least the oxidation
zone.

The method for heating a steel sheet according to Claim 1, wherein the direct fired furnace conveys the steel sheetina
vertical direction and suctions combustion exhaust gas from an exhaust port installed under the slit burner.

The method for heating a steel sheetaccording to Claim 1 or 2, wherein the air ratio in the oxidation zone is controlled to
1.00 or more and less than 1.50, and

the air ratio in the reduction zone is controlled to 0.70 or more and less than 1.00.

The method for heating a steel sheet according to any one of Claims 1 to 3,

wherein the steel sheet is heated with the at least one slit burner in such a range that a temperature of the steel sheet

passing the oxidation zone is 400°C or higher.

A method for producing a coated steel sheet, the method comprising heat-treating a cold rolled steel sheet by the
heating method according to any one of Claims 1 to 3, and subjecting the cold rolled steel sheet to a coating treatment.

The method for producing a coated steel sheet according to Claim 5, wherein the coating treatment uses one of an
electrogalvanizing treatment, a hot-dip galvanizing treatment, and a galvannealing treatment.

A direct fired furnace comprising:

an oxidation zone where operation is conducted at an air ratio of 1 or more, a reduction zone where operation is

11
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conducted at an air ratio of less than 1, and a control device capable of controlling the air ratios in the oxidation
zone and the reduction zone,

wherein at least one portion of the oxidation zone is equipped with:

atleast one slitburner disposed on a front surface side of the steel sheet and atleast one slitburner disposedon a
rear surface side of the steel sheet, each of the slit burners extending in a width direction of the steel sheet and
injecting flames toward the steel sheet passing through the oxidation zone and the reduction zone.

The direct fired furnace according to Claim 7, wherein the steel sheet is conveyed in a vertical direction, and
combustion exhaust gas is suctioned from exhaust ports installed under the slit burners.

The direct fired furnace according to Claim 7 or 8,

wherein the air ratio in the oxidation zone is controlled to 1.00 or more and less than 1.50, and
the air ratio in the reduction zone is controlled to 0.70 or more and less than 1.00.

The direct fired furnace according to any one of Claims 7 to 9, wherein at least one of the slit burners is installed in a
range where a temperature of the steel sheet passing through the oxidation zone is 400°C or higher.

The direct fired furnace according to any one of Claims 7 to 9, wherein the oxidation zone includes a burner group
having two or more slit burners for which the air ratio and a combustion rate are independently controllable.

A continuous hot-dip galvanizing facility comprising the direct fired furnace according to any one of Claims 7 to 9.

The continuous hot-dip galvanizing facility according to Claim 12, further comprising an alloying facility that alloys hot-
dip galvanized coatings.

12
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