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Description
Technical Field of the Invention

[0001] The presentinvention relates to a zinc-plated steel sheet and a method for manufacturing the zinc-plated steel
sheet.

[0002] The presentapplication claims priority based on Japanese Patent Application No. 2022-027919 filed in Japan on
February 25, 2022, the contents of which are incorporated herein by reference.

Related Art

[0003] High strength steel sheets are used as a steel sheet for a vehicle in order to reduce the amount of carbon dioxide
emission by reducing the weight of the vehicle to improve the fuel consumption, and ensure the safety of passengers. In
addition to high strength hot-dip galvanized steel sheets, high strength galvannealed steel sheets are recently used as a
steel sheet for a vehicle in order to ensure sufficient corrosion resistance of the vehicle body and its component (see, for
example, Patent Document 1).

[0004] A high strength steel sheet to be provided for a component for a vehicle is required to have not only strength but
also properties, such as uniform elongation, necessary for forming a component (for example, formability, elongation, and
bending resistance). Although the strength and the formability are in a trade-off relationship, means for achievement of
both the properties are known such as transformation induced plasticity (TRIP) steel sheets, which are high strength steel
sheets utilizing transformation induced plasticity of residual austenite, and DP steel sheets, which have a soft phase and a
hard phase.

[0005] However, spot welding of zinc-plated steel sheets (hot-dip galvanized steel sheets, electrogalvanized steel
sheets, or galvannealed steel sheets) or spot welding of a cold-rolled steel sheet and a zinc-plated steel sheet for assembly
of a vehicle body and/or a component may cause a crack called a liquid metal embrittlement (LME) crack in the spot-
welding portion. The LME crack is caused as follows. Zinc in the zinc-plated layer is melted by heat generated during spot
welding, the molten zinc penetrate a grain boundary of the metallographic structure of the weld, and a tensile stress acts on
this state causes a crack.

[0006] Suchan LME crack is easily caused in high alloys such as TRIP steel sheets and DP steel sheets. In particular,
spot welding of a high strength TRIP steel sheet (transformation induced plastic steel sheet) remarkably causes an LME
crack. The high strength TRIP steel sheet is a steel sheet having higher concentrations of C, Si, and Mn than normal high
strength steel sheets, and containing residual austenite to have excellent energy absorption capacity and press
formability.

[0007] Therefore, a zinc-plated steel sheet assumed to be applied to a component for a vehicle is required to have high
LME resistance.

[0008] Furthermore, application of a high strength steel sheet to a component for a vehicle enables reduction of the
thickness of the steel sheet and reduction of the weight of the vehicle while the collision-resistant performance is
maintained. However, there is a problem that the reduction of the sheet thickness of the steel sheet causes deterioration of
the bending fatigue strength.

[0009] In order to solve such a problem, for example, Patent Document 2 discloses a steel sheet, a hot-dip galvanized
steel sheet, and a galvannealed steel sheet excellentin resistance to liquid metal embrittlement cracking, in which the steel
sheet has, from a surface of the base metal to a depth of 5.0 um or more, an internal oxide layer in which at least one part of
agrain boundary is covered with an oxide, and in a region from the surface of the base metal to a depth of 5.0 um, the grain
boundary coverage by the oxide is 60% or more.

[0010] Patent Document 2 discloses that generation of LME is suppressed by making a layer in which internal oxidation
occurs be present to a predetermined depth and increasing the coverage of the grain boundary by the oxide.

[0011] However, in Patent Document 2, bending fatigue strength and bending resistance are not considered.

Citation List
Patent Document
[0012]

Patent Document 1: PCT International Publication No. WO 20181043453
Patent Document 2: Japanese Patent No. 6388099
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Summary of Invention
Problems to be Solved by the Invention

[0013] As described above, a zinc-plated steel sheet that has high strength and sufficient bending resistance and is
excellentin LME resistance and bending fatigue strength has been conventionally unprovided. Therefore, an object of the
present invention is to provide a zinc-plated steel sheet having high strength and being excellent in LME resistance and
bending fatigue strength without deterioration of the bending resistance. Means for Solving the Problem

[0014] In view of the above problems, the present inventors have studied a method of enhancing LME resistance and
bending fatigue strength in a high strength zinc-plated steel sheet.

[0015] As a result of studies by the present inventors, it has been found that in a zinc-plated steel sheet, the LME
resistance can be improved, without deterioration of the bending resistance, by providing an Fe-Al alloy layer having a
predetermined thickness between a base steel sheet and a zinc-plated layer.

[0016] In addition, it has been found that the bending fatigue strength is improved by forming a predetermined internal
oxide layer at the surface of the base steel sheet.

[0017] Furthermore, it has been found that control of the annealing step and the plating step is effective for the formation
of such a Fe-Al alloy layer and an internal oxide layer.

[0018] The presentinvention has been made in view of the above findings. The gist of the presentinvention is as follows.

[1] A zinc-plated steel sheet according to an aspect of the present invention includes a base steel sheet, a Fe-Al alloy
layer formed on at least a part of a surface of the base steel sheet, and a zinc-plated layer formed on the surface of the
base steel sheet or a surface of the Fe-Al alloy layer, in which the base steel sheet has a chemical composition
including, in mass%, C: 0.10 to 0.40%, Si: 0.10 to 3.00%, Mn: 1.00 to 5.00%, sol.Al: 0.001 to 1.500%, P: 0.0010 to
0.0300%, S: 0.0200% or less, N: 0.0100% or less, O: 0.0100% or less, Ti: 0 to 0.200%, B: 0 to 0.0100%, Cr: 0 to
1.000%, Mo: 0 to 1.000%, Ni: 0 to 1.000%, Cu: 0to 1.000%, Sn: 0to 0.500%, Nb: 0 to 0.200%, V: 0 to 0.500%, W: 0 to
0.500%, Ca: 0 to 0.0100%, Mg: 0 to 0.0100%, Bi: 0 to 0.0100%, Sb: 0 to 0.1000%, Zr: 0 to 0.0100%, REM: 0 to
0.1000%, and a remainder: Fe and an impurity, the base steel sheet has an internal oxide layer of 0.2 um ormoreina
sheet thickness direction from the surface of the base steel sheet, and the Fe-Al alloy layer has an average thickness
of 1 nmor more and less than 100 nm, and in a cross section in a thickness direction, a grain boundary coverage by an
oxide is 60% or more in the internal oxide layer, a coverage of the surface of the base steel sheetby the Fe-Al alloy layer
is 40% or more, and a tensile strength is 980 MPa or more and 2000 MPa or less.

[2] In the zinc-plated steel sheet described in [1], the chemical composition of the base steel sheet may contain, in
mass%, one or more selected from the group consisting of Ti: 0.005 to 0.200%, B: 0.0005 to 0.0100%, Cr: 0.001 to
1.000%, Mo:0.001to 1.000%, Ni: 0.001 to 1.000%, Cu: 0.001 to 1.000%, Sn: 0.001t0 0.500%, Nb: 0.001 t0 0.200%, V:
0.001 to 0.500%, W: 0.001 to 0.500%, Ca: 0.0001 to 0.0100%, Mg: 0.0001 to 0.0100%, Bi: 0.0001 to 0.0100%, Sb:
0.0001 to 0.1000%, Zr: 0.0001 to 0.0100%, and REM: 0.0001 to 0.1000%.

[3] A method for manufacturing a zinc-plated steel sheet according to another aspect of the presentinvention includes
an annealing step of holding a steel sheet atan annealing temperature of 700 to 1000°C for 1 second or more to anneal
the steel sheet, the steel sheet having a chemical composition including, in mass%, C: 0.10 to 0.40%, Si: 0.10 to
3.00%, Mn: 1.00 t0 5.00%, sol.Al: 0.001 to 1.500%, P: 0.0010 to 0.0300%, S: 0.0200% or less, N: 0.0100% or less, O:
0.0100% or less, Ti: 0t0 0.200%, B: 0t0 0.0100%, Cr: 0 to 1.000%, Mo: 0 to 1.000%, Ni: 0 to 1.000%, Cu: ato 1.000%,
Sn: 0 to 0.500%, Nb: 0 to 0.200%, V: 0 to 0.500%, W: 0 to 0.500%, Ca: 0 to 0.0100%, Mg: 0 to 0.0100%, Bi: 0 to
0.0100%, Sb:0t00.1000%, Zr: 0to 0.0100%, REM: 0 to 0.1000%, and a remainder: Fe and an impurity, and a plating
step of forming a zinc-plated layer on a surface of the steel sheet after the annealing step, and in the annealing step, in
aheating process to the annealing temperature, an average heating rate in a first temperature range of400to 650°C is
2.0°C/sec ormore, and an average heating rate in a second temperature range of 650°C to the annealing temperature
is 0.51t0 5.0°C/sec and an atmosphere having (P(H20)/P(H2)) in the second temperature range is 0.05 t0 2.00, in the
plating step, the steel sheetis cooled to a temperature of 440 to 550°C at an average cooling rate of 0.5°C/sec or more,
isimmersed in a plating bath containing Zn as a main component and having an effective Al amount of 0.050 to 0.250
mass%, is pulled up from the plating bath, then is cooled so that a temperature of the steel sheet reaches 400°C within
10 seconds, and subsequently is cooled to 350°C or less so that at an average cooling rate from 400°C to 350°C is
1.0°C/sec or more and 5.0°C/sec or less.

Effects of the Invention

[0019] Accordingtothe above-described aspects of the presentinvention, a zinc-plated steel sheet can be provided that
has high strength and sufficient bending resistance and is excellent in LME resistance and bending fatigue strength.
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Brief Description of the Drawing

[0020] FIG. 1 is a schematic view showing an example of a cross section of a steel sheet according to the present
embodiment.

Embodiments of the Invention

[0021] Azinc-plated steel sheet according to an embodiment of the presentinvention (sometimes simply referredtoas a
steel sheet according to the present embodiment) and a method for manufacturing the zinc-plated steel sheet will be
described.

[0022] FIG. 1 is a schematic view showing an example of a cross section of a steel sheet according to the present
embodiment. A steel sheet 1 according to the present embodimentincludes a base steel sheet 10 having a predetermined
chemical composition, a Fe-Al alloy layer 20 formed on at least a part of a surface of the base steel sheet, and a zinc-plated
layer 30 formed on the surface of the base steel sheet 10 or a surface of the Fe-Al alloy layer 20. Furthermore, the base
steel sheet 10 has aninternal oxide layer 11 on a surface layer area on the interface side with the Fe-Al alloy layer 20 or the
zinc-plated layer 30.

[0023] Inacasewherethe Fe-Alalloylayer 20 is formed only on a part of the base steel sheet 10, the zinc-plated layer 30
is formed on the Fe-Al alloy layer in a portion where the Fe-Al alloy layer 20 is formed on the surface of the base steel sheet
10, and the zinc-plated layer 30 is formed on the base steel sheet 10 in a portion where the Fe-Al alloy layer 20 is not
formed.

[0024] InFIG.1,the Fe-Alalloylayerand the zinc-plated layer are formed only on one surface, but the layers may be also
formed on another surface in the same manner.

[0025] Hereinafter, each composition of the steel sheet according to the present embodiment will be described.
[0026] Inthe description, arange indicated by values interposing "to" includes, in principle, values as alower limitand an
upper limitin the range. However, a numerical value indicated with the term "more than" or "less than" is not included in the
range.

[Base Steel Sheet]
[0027] First,the base steel sheet 10included in the steel sheet 1 according to the present embodiment will be described.
<Chemical Composition>

[0028] The base steel sheet 10included in the steel sheet 1 according to the present embodiment contains the following
elements. In the present embodiment, the unit "%" of the amount of each element means % by mass.

C:0.10 to 0.40%

[0029] C (carbon)is an essential element for high-strengthening of the steel sheet. Sufficient tensile strength cannot be
obtained ata C content ofless than 0.10%. Therefore, the C contentis 0.10% or more. The C contentis preferably 0.12% or
more. C is also an element that contributes to formation of residual austenite. The residual austenite contributes to an
improvementin elongation by the TRIP effect. In the case of obtaining this effect, the C contentis preferably 0.16% or more.
[0030] Meanwhile, if the C content is more than 0.40%, the weldability significantly deteriorates. Therefore, the C
contentis 0.40% orless. From the viewpoint of suppressing deterioration of press formability and weldability, the C content
is preferably 0.30% or less.

Si: 0.10 to 3.00%

[0031] Si(silicon)is asolid solution strengthening element and is an element effective for high-strengthening of the steel
sheet. Siis also an elementthat contributes to formation of residual austenite. In order to obtain these effects, the Sicontent
is 0.10% or more. The Si content is preferably 0.30% or more.

[0032] Meanwhile, if Siis excessively contained, the chemical convertibility and the wettability in hot-dip galvanizing of
the steel sheet significantly deteriorate. Therefore, the Si content is 3.00% or less. The Si content is preferably 2.00% or
less.

Mn: 1.00 to 5.00%

[0033] Mn (manganese) is a strong austenite stabilizing element and is an element effective for improving the
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hardenability of the steel sheet. In order to obtain this effect, the Mn contentis 1.00% or more. The Mn contentis preferably
1.50% or more.

[0034] Meanwhile, if Mn is excessively contained, the weldability and the low temperature toughness deteriorate.
Therefore, the Mn content is 5.00% or less. From the viewpoint of suppressing deterioration of the weldability and the low
temperature toughness, the Mn content is preferably 3.20% or less.

sol.Al: 0.001 to 1.500%

[0035] Al (aluminum) is an element having an action of deoxidizing steel. Al is also an element that contributes to
formation of residual austenite. In order to obtain these effects, the sol.Al content is 0.001% or more. The sol.Al content is
preferably 0.005% or more.

[0036] Meanwhile, even if A1 is excessively contained, the effectis saturated. As aresult, an increase in cost is caused,
and in addition, the transformation temperature of the steel is raised to increase the load during hot rolling. Therefore, the
sol.Al content is 1.500% or less. The sol.Al content is preferably 1.000% or less.

P: 0.0010 to 0.0300%

[0037] P (phosphorus)is asolid solution strengthening element and is an element effective for high-strengthening of the
steel sheet. In order to obtain this effect, the P content is 0.0010% or more. The P content is preferably 0.0050% or more.
[0038] Meanwhile, if the P content is more than 0.0300%, the steel sheet embrittles due to segregation of P at a grain
boundary. Furthermore, the weldability and the toughness deteriorate. Therefore, the P contentis 0.0300% or less. The P
content is preferably 0.0200% or less.

S: 0.0200% or less

[0039] S (sulfur) is an element that causes hot embrittlement and inhibits weldability and corrosion resistance. If the S
content is more than 0.0200%, the hot workability, the weldability, and the corrosion resistance significantly deteriorate,
and therefore the S content is 0.0200% or less. The S content is preferably 0.0100% or less.

[0040] The S contentis preferably low, and may be 0%, but the manufacturing cost is greatly increased by lowering the S
contenttoless than 0.0001%. Therefore, the S content may be 0.0001% or more. The S content may be 0.0010% or more.

N: 0.0100% or less

[0041] N (nitrogen)is an element thatforms a coarse nitride in steel and causes deterioration of bending resistance and
hole expandability. If the N content is more than 0.0100%, the deterioration is significant, and therefore the N content is
0.0100% or less. The N content is preferably 0.0050% or less.

[0042] The N content is preferably low, and may be 0%, but extreme lowering of the N content increases the
denitrogenation cost, and therefore the N content may be 0.0005% or more from the viewpoint of economic efficiency.

0:0.0100% or less

[0043] O (oxygen)is an element that forms a coarse oxide in steel and causes deterioration of bending resistance and
hole expandability. If the O content is more than 0.0100%, the property deterioration is significant, and therefore the O
content is 0.0100% or less. The O content is preferably 0.0070% or less.

[0044] The O contentis preferably low, and may be 0%, but from the viewpoint of manufacturing cost, the O content may
be 0.0001% or more. The O content may be 0.0010% or more.

[0045] The steel sheet according to the present embodiment may contain the above-described elements and a
remainder of Fe and an impurity. However, one or more elements (optional elements) selected from Ti, B, Cr, Mo, Ni,
Cu, Sn,Nb, V, W, Ca, Mg, Bi, Sb, Zr, and REM shown below may be further contained for the purpose of improving various
properties. Optional elements may be not contained, and therefore the lower limit is 0%.

Ti: 0 to 0.200%

[0046] Ti (titanium) is an element that suppresses formation of BN, which is a factor of hardenability deterioration, by
fixing N in a form of TiN in steel. Ti is also an element that refines the austenite grain size at the time of heating and thus
improves the toughness. In the case of obtaining this effect, the Ti content is preferably 0.005% or more. The Ti content is
more preferably 0.010% or more.

[0047] Meanwhile, ifthe Ticontentis excessive, the ductility of the steel sheet deteriorates. Therefore, in a case where Ti



10

15

20

25

30

35

40

45

50

55

EP 4 484 590 A1
is contained, the Ti content is 0.200% or less. The Ti content is preferably 0.050% or less.
B: 0 to 0.0100%

[0048] B (boron)is an element that segregates at an austenite grain boundary during welding, strengthens the grain
boundary, and contributes to improvement of resistance to liquid metal embrittlement cracking (LME resistance). In the
case of obtaining this effect, the B content is preferably 0.0005% or more. The B content is more preferably 0.0008% or
more.

[0049] Meanwhile, if the B content is more than 0.0100%, a carbide and a nitride are generated, the above-described
effect is saturated, and the hot workability deteriorates. Therefore, the B content is 0.0100% or less. The B content is
preferably 0.0050% or less.

[0050]

Cr: 0 to 1.000%
Mo: 0 to 1.000%
Ni: 0 to 1.000%
Cu: 0 to 1.000%
Sn: 0 to 0.500%

[0051] All of Cr (chromium), Mo (molybdenum), Ni (nickel), Cu (copper), and Sn (tin) are an element effective for high-
strengthening of the steel sheet. In order to obtain the above-described effect, one or more selected from Cr, Mo, Ni, Cu,
and Sn are each preferably contained at a content of 0.001% or more, more preferably 0.010% or more, and still more
preferably 0.050% or more.

[0052] Meanwhile, if these elements are excessively contained, the effect is saturated, and the cost is increased.
Therefore, in a case where these elements are contained, all of the contents of Cr, Mo, Ni, and Cu are 1.000% or less, and
the Sn contentis 0.500% or less. All of the contents of Cr, Mo, Ni, and Cu are preferably 0.600% or less, and the Sn content
is preferably 0.300% or less.

[0053]

Nb: 0 to 0.200%
V: 0 to 0.500%
W: 0 to 0.500%

Nb (niobium), V (vanadium), and W (tungsten) are a carbide forming element, and are an element effective for high-
strengthening of the steel sheet. In order to obtain the above-described effect, one or more selected from Nb, V, and W
are each preferably contained at a content of 0.001 % or more, more preferably 0.005% or more, and still more
preferably 0.010% or more.

[0054] Meanwhile, even if these elements are excessively contained, the effect is saturated, resulting in an increase in
the cost. Therefore, in a case where these elements are contained, the Nb content is 0.200% or less, and both of the V
content and the W content are 0.500% or less. The Nb content is preferably 0.100% or less, and both of the V content and
the W content are preferably 0.300% or less.

[0055]

Ca: 0t0 0.0100%

Mg: 0 to 0.0100%

Bi: 0 to 0.0100%

Sb: 0 to 0.1000%

Zr: 0 to 0.0100%

REM: 0 to 0.1000%

Ca (calcium), Mg (magnesium), Sb (antimony), Zr (zirconium), and REM (rare earth elements) are an element that
contributes to fine dispersion of an inclusion in steel, and Bi (bismuth) is an element that reduces microsegregation of a
substitutional alloying element such as Mn or Siin steel. These elements each contribute to improvement in bending
resistance of the steel sheet. Therefore, these elements may be contained as necessary.

[0056] In order to obtain the above-described effect, one or more selected from Ca, Mg, Bi, Sb, Zr, and REM are each
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preferably contained at a content of 0.0001% or more, and more preferably 0.0010% or more.

[0057] Meanwhile, if these elements are excessively contained, the ductility deteriorates. Therefore, all of the Ca
content, the Mg content, the Bi content, and the Zr content are 0.0100% or less. The Sb content and the REM content are
0.1000% or less. All of the Ca content, the Mg content, the Bi content, and the Zr content are preferably 0.0080% or less,
and more preferably 0.0060% or less. The Sb content and the REM content are preferably 0.0800% or less, more
preferably 0.0600% or less, and still more preferably 0.0200% or less.

[0058] Here, REM refersto 17 elements including Sc, Y, and lanthanoids in total, and the REM content means the total
amount of these elements. A lanthanoid is industrially added in the form of a misch metal.

[0059] The chemical composition of the base steel sheet of the steel sheet according to the present embodiment can be
determined with the following method.

[0060] The chemical composition of the base steel sheetis to be measured as a general method. The measurementis to
be performed by, for example, inductively coupled plasma-atomic emission spectrometry (ICP-AES). The sol.Al is to be
measured by ICP-AES using a filtrate after thermal decomposition of a sample with an acid. C and S are to be measured
with a combustion-infrared absorption method, N is to be measured with an inert gas fusion-thermal conductivity method,
and O is to be measured with an inert gas fusion-non-dispersive infrared absorption method. In a case where the steel
sheetincludes a plated layer on the surface, the chemical composition is to be analyzed after removing the plated layer by
mechanical grinding.

[0061] As described above, the chemical composition of the base steel sheet of the steel sheet according to the present
embodiment contains C, Si, Mn, sol.Al, P, S, O, and N, and the remainder of Fe and an impurity. Alternatively, the chemical
composition contains C, Si, Mn, sol.Al, P, S, O, and N, and further contains one or more elements selected from Ti, B, Cr,
Mo, Ni, Cu, Sn, Nb, V, W, Ca, Mg, Bi, Sb, Zr, and REM, and the remainder of Fe and an impurity. The impurity is an element
mixed in a raw material or mixed during the manufacturing process. The amount of the impurity is preferably 0.5% or lessin
total, and more preferably 0.1% or less in total.

<Metallographic Structure (Microstructure)>

[0062] The base steel sheet of the steel sheet according to the present embodiment is not limited in terms of the
metallographic structure, butin the case of obtaining a tensile strength of 980 MPa or more, the total volume percentage of
fresh martensite and tempered martensite is preferably 40% or more in the metallographic structure at the 1/4 thickness
position, which is a range of 118 to 318 of the sheet thickness from the surface and has a center on the position of 1/4 of the
sheet thickness in the sheet thickness direction from the surface of the base steel sheet. The total volume percentage is
more preferably more than 50%, and still more preferably 55% or more. In a case where a higher tensile strength is desired,
the total volume percentage of fresh martensite and tempered martensite is preferably 80% or more.

[0063] The metallographic structure other than fresh martensite and tempered martensite is, for example, one or more of
ferrite, bainite, pearlite, cementite, and residual austenite.

[0064] The volume percentage of ferrite, bainite, martensite (tempered martensite and fresh martensite), pearlite,
cementite, and residual austenite contained in the metallographic structure at the 1/4 thickness position can be measured
using the following method.

[0065] A sample is collected to have an observed section that is a cross section parallel to the rolling direction and the
sheet thickness direction of the steel sheet, and the observed section is polished and etched with nital.

[0066] Next, inthe case of observing the microstructure at the 1/4 thickness position, a visual field is set to have an area
of 250 wm2 or more, and 5 visual fields in total are observed with a field emission scanning electron microscope (FE-SEM)
at a magnification of 5000 times in the range of 118 to 318 of the thickness having a center on the position of 1/4 of the
thickness from the surface. Then, the area fraction of each of ferrite, bainite, tempered martensite, fresh martensite,
pearlite, cementite, and residual austenite is measured and regarded as the volume percentage.

[0067] Here, in identification of each phase, a region having a substructure in the grains and including a carbide
precipitated with a plurality of variants is determined as tempered martensite. A region including cementite precipitated ina
lamellar shape is determined as pearlite or cementite. A region having a low brightness with no substructure recognized is
determined as ferrite. A region having a high brightness and a substructure thatis not exposed by etching is determined as
fresh martensite or residual austenite. The remainder is determined as bainite. Each volume percentage is calculated with
a point counting method to determine the volume percentage of each microstructure.

[0068] The volume percentage of fresh martensite can be determined by subtracting the volume percentage of residual
austenite determined with an EBSD method described below from the volume percentage of fresh martensite or residual
austenite.

[0069] In the steel sheet according to the present embodiment, the volume percentage of residual austenite at the 1/4
thickness position is evaluated by high-resolution crystal structural analysis using an EBSD method (electron backscatter
diffraction method). Specifically, a sample is collected to have an observed section that is a cross section parallel to the
rolling direction and the sheet thickness direction of the steel sheet, and the observed section is polished and finished into a
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mirror surface. Furthermore, electrolytic polishing or mechanical polishing using colloidal silica is performed to remove the
machined layer on the surface layer.

[0070] Next, atthe 1/4 thickness position of the steel sheet, 5 visual fields are subjected to crystal structural analysis with
the EBSD method while the magnification is set to 5000 times and the size of a visual field is set to 250 wm?2 or more. The
distance between evaluation points (step) is 0.01 to 0.20 um.

[0071] The data obtained by the EBSD method is analyzed using "OIM Analysis 6.0" manufactured by TSL Solutions
K.K. From the observation result at each position, a region determined as FCC iron is determined as residual austenite,
and the volume percentage of each residual austenite at the 1/4 thickness position is calculated.

<Internal Oxide Layer>

[0072] The base steel sheet 10 included in the steel sheet 1 according to the present embodiment has an internal oxide
layer of 0.2 wm or more from the surface (interface with the Fe-Al alloy layer 20, or interface with the zinc-plated layer 30ina
portion where the Fe-Al alloy layer 20 is not formed) in the sheet thickness direction (internal oxide layer having a thickness
of 0.2 um or more). In the present embodiment, the internal oxide layer is a layer in which at least a part of the grain
boundary of the base metal is covered with an oxide of an easily oxidizable element such as Si or Mn (an oxide is observed
on the grain boundary during observation of a cross section).

[0073] Inthe base steel sheet 10 included in the steel sheet 1 according to the present embodiment, the grain boundary
coverage by the oxide in the internal oxide layer 11 is 60% or more. The grain boundary coverage is the percentage (%) of
the length of the grain boundary covered with the oxide in the total length of the grain boundary in the internal oxide layer 11.
[0074] If the grain boundary is covered with the oxide, dislocation motion is hindered, and the fatigue strength is
improved.

[0075] Ifthe thickness of the internal oxide layer 11 is less than 0.2 um or the grain boundary coverage is less than 60%,
the effect of improving the fatigue strength is not sufficiently obtained.

[0076] The thickness of the internal oxide layer 11 does not have a particular upper limit, but if the thickness is more than
3.0 wm, the effect of improving the fatigue strength is saturated, and deterioration of the deformability may cause
deterioration of the bendability, and therefore the thickness of the internal oxide layer 11 is preferably 3.0 wm or less.
[0077] Ifan easily oxidizable element such as Sior Mn is present as an oxide at the grain boundary, concentration of the
oxide on the surface of the base metal is suppressed. The oxide formed on the base metal surface deteriorates the
wettability of the hot-dip plated metal, and also causes bare spots. Therefore, formation of the internal oxide layer can
prevent occurrence of bare spots and improve the plating property.

[0078] Inthe steel sheet according to the present embodiment, the oxide is mainly formed on the grain boundary in the
internal oxide layer 11, and therefore the oxide is often present in a network shape.

[0079] The thickness of the internal oxide layer (the depth at which the internal oxide layer is present) and the grain
boundary coverage of the internal oxide layer are determined with the following method.

[0080] A sample for microstructure observation is collected from the steel sheet so that the microstructure of a cross
section in the sheet thickness direction can be observed.

[0081] Inthe collected sample, a surface parallel to the rolling direction and the sheet thickness direction is subjected to
wet polishing with emery paper, and further subjected to buffing using diamond abrasive grains having an average size of 1
wm to finish the observed section into a mirror surface.

[0082] Subsequently, in order to remove the strain introduced into the polished surface by the above-described
mechanical polishing, polishing using colloidal silica is performed using a suspension containing an alcohol as a solvent.
[0083] In the polishing using colloidal silica, an increase in the load during polishing may further introduce strain, and
therefore the load is suppressed during polishing. Therefore, for example, in polishing with colloidal silica, automatic
polishing may be performed for 1 hour at an output set to 40% using VibroMet 2 manufactured by Buehler.

[0084] However, if electrolytic polishing, chemical etching, or the like is applied in the process of removing the strain
introduced by mechanical polishing, the oxide is dissolved, so that the actual state of the oxide present on the grain
boundary cannot be grasped by observation. Similar caution is also required in the case of polishing using water as a
solvent. A water-soluble oxide is dissolved during polishing with water as a solvent, so that the internal oxide on the grain
boundary cannot be observed. Therefore, as the finishing step of polishing, a step not including the above-described
procedure is adopted.

[0085] The surface layer area of the observed section of the sample prepared with the above-described procedure is
observed using a SEM and SEM-EBSD. From an observation magnification of 1000 to 9000 times, a magnification is
selected at which the microstructure includes 10 or more grains of ferrite, and for example, the magnification is set to 3000
times.

[0086] First, an oxide present at a grain boundary is confirmed from a reflected electron image in the SEM. In the
reflected electron image, the color tone depends on the atomic number (or mass), and therefore the oxide and the steel
structure can be easily distinguished.



10

15

20

25

30

35

40

45

50

55

EP 4 484 590 A1

[0087] In the microstructure observation of the reflected electron image, for example, when a state of a small atomic
number (or mass) is set to be displayed in a "black color tone", an oxide having a smaller mass than iron is displayed in a
black color tone in the observation image. Under this observation condition, the microstructure of the steel sheet surface
layer area is photographed in five visual fields, and the state of presence of the internal oxide is confirmed. The observed
maximum depth of the internal oxide layer is regarded as the thickness of the internal oxide layer.

[0088] Subsequently, crystal orientation data of BCC-iron is acquired by SEM-EBSD at the same position as the visual
field observed in the above-described SEM-reflected electron image. The magnification for the measurement is any
magnification selected from 1000 to 9000 times, and may be, for example, the same magnification as in the above-
described observation of the SEM-reflected electronimage. The interval of the measurement (step)is setto 0.01t0 0.1 um,
and an interval of 0.05 um may be selected.

[0089] In the crystal orientation map data of BCC-iron obtained under these measurement conditions, a boundary
having a crystal orientation difference of 15° or more is regarded as a grain boundary, excluding a region having a reliability
value (Cl value) of less than 0.1. The CI value is a numerical value that serves as an index of the reliability of crystal
orientation determination shown by analysis software, and if the Cl value is less than 0.1, the reliability is generally
considered to be low.

[0090] In acase where an oxide is present at a grain boundary of ferrite, crystal orientation data of BCC-iron cannot be
obtained, so that many regions having a Cl value of less than 0.1 are present between adjacent grains. In this case, the
grain boundary cannot be clearly confirmed, but at a boundary having an orientation difference between adjacent ferrite
grains of 15° or more, a grain boundary is drawn on the map so as to pass through the center of the region having a Cl value
of less than 0.1.

[0091] Inthe grain boundary map of ferrite obtained by the above-described procedure, the length of the grain boundary
covered with the oxide (hereinafter, described as "oxide covering length") is measured in the range from the surface to the
maximum depth of the internal oxide layer obtained above. Subsequently, the length of the grain boundary not covered
with the oxide (hereinafter, described as "oxide non-covering length") is measured. Then, the obtained oxide covering
length is divided by the lengths of all the grain boundaries to calculate the grain boundary coverage (%).

"Fe-Al Alloy Layer"

[0092] Inthe steel sheet 1 according to the presentembodiment, the Fe-Al alloy layer 20 having an average thickness of
1 nm or more is formed on the surface of the base steel sheet 10 at a coverage of 40% or more. The Fe-Al alloy layer 20 is
formed between the base steel sheet 10 and the zinc-plated layer 30.

[0093] An LME crack is caused by penetration of zinc melted during welding into a grain boundary. Therefore, a Fe-Al
alloy layer present atthe interface between the plated layer and the base metal serves as a barrier against zinc penetration
to improve the LME resistance.

[0094] When viewed ina cross section in the thickness direction (sheet thickness direction of the base steel sheet), if the
average thickness of the Fe-Al alloy layer is less than 1 nm or the coverage is less than 40%, a sufficient barrier property
cannotbe ensured, and the LME resistance cannot be sufficiently improved. Therefore, the average thickness of the Fe-Al
alloy layeris 1 nm or more, and the coverage is 40% or more. The average thickness of the Fe-Al alloy layer is preferably 5
nm or more, more preferably 10 nm or more, and still more preferably 20 nm or more. The coverage by the Fe-Al alloy layer
is preferably 50% or more, and more preferably 60% or more.

[0095] Meanwhile, if the average thickness of the Fe-Al alloy layer is 100 nm or more, the bending resistance
deteriorates. Therefore, the average thickness of the Fe-Al alloy layer is less than 100 nm.

[0096] The upper limit of the coverage is not required to be limited, but the cost to obtain a coverage of 100% is
significantly high, and therefore the coverage may be less than 100%, or 98% or less.

[0097] Here, the coverage is the percentage (%) of the length of the interface between the Fe-Al alloy layer and the base
steel sheet in the length of the surface of the base steel sheet when viewed in a cross section in the thickness direction.
[0098] The average thickness of the Fe-Al alloy layer and the coverage by the Fe-Al alloy layer are determined with the
following method.

[0099] A sample is collected to have an observed section that is a cross section parallel to the rolling direction and the
sheet thickness direction of the steel sheet. In this sample, the vicinity of the surface of the base steel sheet is
photographed using a FE-SEM in the range of 1.5 um?2 or more/1 visual field at a magnification of 50000 times.
[0100] The Fe-Alalloylayeris observedinablack colorin the reflected electron image at the interface between the base
phase and the plated layer, and thus the Fe-Al alloy layer is visually determined, and the thickness of the Fe-Al alloy layer is
measured.

[0101] The photographing is performed at 5 locations/1 visual field for 5 visual fields, and the average value of the
thickness of the Fe-Al alloy layerin 5 visual fields (25 locations) is regarded as the average thickness of the Fe-Al alloy layer
of the steel sheet according to the present embodiment.

[0102] In addition, the length of the interface between the base steel sheet and the Fe-Al alloy layer is measured in the
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length of the surface of the base steel sheetin the observed visual field and the coverage is determined. The measurement
is performed for five visual fields, and the average of the coverages of the visual fields is regarded as the coverage of the
steel sheet according to the present embodiment.

"Plated Layer"

[0103] The steel sheet 1 according to the present embodiment includes the zinc-plated layer 30 on the surface of the
base steel sheet 10 (a portion without the Fe-Al alloy layer) and/or the Fe-Al alloy layer 20 (a portion having the Fe-Al alloy
layer on the base steel sheet). The zinc-plated layer is, for example, a hot-dip galvanized layer. In the presentembodiment,
the zinc-plated layer means a plated layer containing 80 mass% or more of Zn. The presence of the hot-dip galvanized
layer on the surface improves the corrosion resistance.

[0104] The adhesion amount of the zinc-plated layer is not particularly limited. However, if the adhesion amount is too
large, the amount of molten zinc during welding is increased. Therefore, from the viewpoint of more effectively suppressing
occurrence of LME, the adhesion amount is preferably 100 g/m?2 or less, and more preferably 80 g/m? or less.

[0105] Meanwhile, from the viewpoint of improving the corrosion resistance, the adhesion amount is preferably 10 g/m2
or more.

[0106] The chemical composition of the zinc-plated layer is not limited, and, for example, preferably includes Al: 0.1 to
2.0% and Fe: 5.0% or less in mass%, with a remainder of Zn and an impurity. The amount of the impuirity is preferably 0.1
mass% or less in total.

[0107] The adhesion amount and the chemical composition of the zinc-plated layer are determined with the following
method.

[0108] The plated layer is melted using hydrochloric acid containing an inhibitor, and the weights before and after the
melt are compared to determine the adhesion amount. In addition, the solution obtained by the melt is quantitatively
analyzed by ICP to measure the chemical composition of the plated layer.

"Mechanical Property"

[0109] Inthe case of using the steel sheet according to the present embodiment as a steel sheet for a vehicle, the steel
sheet is desired to have a high strength. Considering contribution to weight reduction of the vehicle, the tensile strength is
980 MPa or more. The tensile strength is preferably 1050 MPa or more, and more preferably 1100 MPa or more.
[0110] Meanwhile, if the tensile strength is more than 2000 MPa, the residual stress at the time of welding is increased
and causes a crack in the internal oxide layer on the grain boundary, and thus the effect of suppressing an LME crack
remarkably deteriorates. Therefore, the tensile strength is 2000 MPa or less.

"Manufacturing Method"

[0111] An effect of the steel sheet according to the present embodiment can be obtained as long as the steel sheet has
the above-described characteristics regardless of the manufacturing method. However, the manufacturing conditions
described below are preferable because the steel sheet can be stably manufactured.

[0112] Thatis, the steel sheet according to the present embodiment can be manufactured by annealing and plating a
steel sheet (hot-rolled steel sheet or cold-rolled steel sheet) to be a base steel sheet under predetermined conditions.
[0113] The conditions for manufacturing the steel sheet to be subjected to the annealing step are not limited. For
example, a hot-rolled steel sheet can be manufactured by casting molten steel having the above-described chemical
composition under normal conditions to form a steel piece, and then subjecting the steel piece to hot rolling under normal
conditions. A cold-rolled steel sheet can be manufactured by subjecting the hot-rolled steel sheet to cold rolling under
normal conditions.

<Annealing Step>

[0114] The annealing step includes a heating process of heating a steel sheet having a predetermined chemical
composition (the same chemical composition as that of the steel sheet according to the present embodiment to be
obtained) to an annealing temperature (maximum heating temperature) of 700 to 1000°C and a holding process of holding
the heated steel sheet at the annealing temperature for 1 second or more.

[0115] From the viewpoint of productivity, the annealing is preferably performed by passing the steel sheet through a
continuous annealing line.

[0116] Ifan annealing temperature is less than 700°C, the amount of austenite is insufficient, and a sufficient amount of
hard structure cannot be ensured in phase transformation during subsequent cooling, so that a sufficient tensile strength
cannot be obtained. Therefore, the annealing temperature is 700°C or more. The annealing temperature is preferably
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720°C or more.

[0117] Meanwhile, if the annealing temperature is more than 1000°C, the grain size of austenite becomes large,
transformation is less likely to proceed during cooling, and it becomes difficult to obtain a sufficient soft structure
contributing to improvement of the formability. Therefore, the annealing temperature is 1000°C or less. The annealing
temperature is preferably 900°C or less.

(Heating Process)

[0118] In the heating process, the steel sheet is heated to an annealing temperature (maximum heating temperature:
700 to 1000°C).

[0119] In the heating process to the annealing temperature in the annealing step, the average heating rate in a first
temperature range of 400 to 650°C is 2.0°C/sec or more, the average heating rate in a second temperature range of 650°C
to the annealing temperature is 0.5 to 5.0°C/sec, and (P(H20)/P(H2)) of the atmosphere is 0.05 to 2.00 in the second
temperature range.

[0120] In the first temperature range of 400 to 650°C, dislocations are mainly recovered during heating. If the average
heating rate in this temperature range is 2.0°C/sec or more, recovery of dislocations is suppressed, and thus many
dislocations to be nuclei of recrystallization can remain. In this case, recrystallization that occurs in a temperature range of
650°C or more can occur in many places.

[0121] The upper limit of the average heating rate in the first temperature range is not limited, but the average heating
rate is preferably 20.0°C/sec or less from the viewpoint of cost.

[0122] The second temperature range of 650°C to the annealing temperature is a temperature range in which
recrystallization occurs, and is a temperature range in which an internal oxide layer is formed by controlling the
atmosphere.

[0123] If the average heating rate in this temperature range is more than 5.0°C/sec, recrystallization of the steel sheet
proceeds before an oxide is formed in the surface layer area, and coarse ferrite grains are generated. In this case, an
internal oxide layer in which the grain boundary is covered with an oxide is not formed.

[0124] Meanwhile, if the average heating rate is less than 0.5°C/sec, a decarburization reaction may excessively
proceed, and the tensile strength of the steel sheet may deteriorate.

[0125] Atthe time of heating in the second temperature range, if (P(H20)/P(H2)), which is the ratio of the water vapor
partial pressure P(H20) to the hydrogen partial pressure P(H2) in the atmosphere in the furnace, is less than 0.05, a
sufficientinternal oxide layer cannot be ensured. Therefore, (P(H20)/P(H2)) is 0.05 or more. (P(H20)/P(H2)) is preferably
0.07 or more, and more preferably 0.10 or more.

[0126] Meanwhile, if (P(H20)/P(H2)) is more than 2.00, decarburization excessively proceeds, the thickness of the
decarburized layer is increased, and the tensile strength of the steel sheet decreases. Therefore, (P(H20)/P(H2)) is 2.00
or less. (P(H20)/P(H2)) is preferably 1.50 or less, and more preferably 1.20 or less.

[0127] By controlling the average heating rate and the atmosphere in the second temperature range, recrystallization is
started from many recrystallization nuclei, and at the same time, an internal oxide is generated at the grain boundary. Thus,
grain growth is inhibited, and at the same time, the grain boundary coverage by the oxide is set to 60% or more.
[0128] In order to control recovery of dislocations, recrystallization, and grain growth and generate an internal oxide at
the grain boundary efficiently, the average heating rate in the first temperature range is preferably higher than the average
heating rate in the second temperature range, and the average heating rate in the first temperature range is more
preferably higher than the average heating rate in the second temperature range by 2.0°C/sec or more.

(Holding Process)

[0129] After heating to the annealing temperature as described above, the steel sheet is held at a predetermined
maximum heating temperature for 1 second or more. If the holding time is less than 1 second, the steel sheet is not
sufficiently austenitized. In this case, a sufficient amount of hard structure cannot be ensured in phase transformation
during subsequent cooling, so that a sufficient tensile strength cannot be obtained.

[0130] The upper limit of the holding time is not particularly limited. However, if the holding time is too long, the
manufacturability of the steel sheet is impaired, and therefore the upper limit value of the holding time is preferably 1000
seconds.

<Plating Step>
[0131] In the plating step, the steel sheet after the annealing step is cooled from the annealing temperature to a

temperature of 440 to 550°C at an average cooling rate of 0.5°C/sec or more, and the steel sheet isimmersed in a plating
bath containing Zn as a main component and having an effective Al amount of 0.050 to 0.250 mass%, pulled up from the
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plating bath, and then cooled so that the temperature of the steel sheet reaches 400°C within 10 seconds, and
subsequently cooled to 350°C or less at an average cooling rate of 1.0°C/sec or more and 5.0°C/sec or less in a range
of 400 to 350°C. As aresult, a zinc-plated layer is formed on the surface of the steel sheet, and a Fe-Al alloy layer is formed
on at least a part of the interface between the steel sheet and the plated layer.

[0132] Ifthe average coolingrate to atemperature of 4400 550°C s less than 0.5°C/sec, a hard structure is not formed in
the base steel sheet, and the strength decreases.

[0133] Ifthe cooling stop temperature (the temperature of the steel sheet at the time of immersion in the plating bath) is
less than 440°C, application of a large amount of heat to the plating bath is necessary for maintaining the plating
temperature, and thus the manufacturing cost is increased.

[0134] Meanwhile, if the temperature of the steel sheet at the time ofimmersing the steel sheet in the plating bath is more
than 550°C, equipment for removing a large amount of heat from the plating bath is necessary for maintaining the plating
bath temperature, and thus the manufacturing cost is increased.

[0135] The composition of the plating bath in which the steel sheet is immersed contains Zn as a main component (for
example, at a content of 80 mass% or more), and is not limited as long as the effective Al amount (value obtained by
subtracting the total Fe amount from the total Alamount in the plating bath) is 0.050 to 0.250 mass%. The composition may
include another element, for example, one or more selected from Ag, B, Be, Bi, Ca, Cd, Co, Cr, Cs, Cu, Ge, Hf, |, K, La, Li,
Mg, Mn, Mo, Na, Nb, Ni, Pb, Rb, S, Si, Sn, Sr, Ta, Ti, V, W, Zr, and REM, as necessary.

[0136] If the effective Al amount in the plating bath is less than 0.050 mass%, the formation of a Fe-Al alloy layer
becomes insufficient. Furthermore, intrusion of Fe into the plating layer may excessively proceed, leading to deterioration
of the plating adhesion. The effective Al amount in the plating bath is preferably 0.065 mass% or more.

[0137] Meanwhile, ifthe effective Alamountin the plating bath is more than 0.250 mass%, an Al-based oxide thatinhibits
movement of Fe atoms and Zn atoms is generated at the boundary between the steel sheet and the plated layer, and the
plating adhesion may deteriorate. The effective Al amount in the plating bath is preferably 0.180 mass% or less.
[0138] The plating bath temperature is not limited, but is preferably 450 to 490°C. If the plating bath temperature is less
than 450°C, the viscosity of the plating bath excessively increases, control of the plated layer thickness becomes difficult,
and the external appearance of the hot-dip galvanized steel sheet may be impaired. The plating bath temperature is
preferably 455°C or more.

[0139] Meanwhile, if the plating bath temperature is more than 490°C, a large amount of fume is generated, and safe
plating operation may be difficult. The plating bath temperature is preferably 480°C or less.

[0140] Afterthe steel sheetis pulled up from the plating bath, the steel sheetis cooled so that the temperature of the steel
sheet reaches 400°C within 10 seconds while the adhesion amount is adjusted by wiping with an N, gas or the like, and
then cooled to 350°C or less at an average cooling rate of 1.0°C/sec or more and 5.0°C/sec or less in a range of 400 to
350°C.

[0141] Alloying of the plated layer with the base phase proceeds mainly at a temperature of 400°C or more. Therefore,
excessive alloying of the plated layer can be prevented by cooling the steel sheet so that the time of pulling up from the
plating bath to the time at which the temperature reaches 400°C is 10 seconds or less (so that the temperature reaches
400°C within 10 seconds). If the time to 400°C is more than 10 seconds, not a Fe-Al alloy layer but a Fe-Zn alloy layer is
formed, and a predetermined Fe-Al alloy layer cannot be obtained.

[0142] Then, the average cooling rate in a range of 400 to 350°C is set to 5.0°C/sec or less so that the time at 400 to
350°Cis 10.0 seconds or more, and thus a Fe-Al alloy layer is formed at the interface between the plated layer and the base
phase, and the coverage can be 40% or more.

[0143] Meanwhile, if the time at 400 to 350°C is more than 50.0 seconds, the thickness of the Fe-Al alloy layeris 100 nm
or more. Therefore, the average cooling rate in a range of 400 to 350°C is 1.0°C/sec or more.

[0144] Furthermore, it is preferable that the plating bath temperature is more than 450°C, and that the temperature
reaches 400°C within 10 seconds (thatis, the average cooling rate to 400°C is more than 5.0°C/sec) and then the average
cooling rate in a range of 400 to 350°C is 5.0°C/sec or less so that the average cooling rate to 400°C is higher than the
average cooling rate in a range of 400 to 350°C. The two-stage cooling as described above appropriately forms a Fe-Al
alloy layer at the interface between the zinc-plated layer and the base steel sheet. The Fe-Al alloy layer formed at the
interface between the zinc-plated layer and the base steel sheet takes in and integrates the internal oxide at the grain
boundary of the steel sheet surface layer area. Therefore, the Fe-Al alloy layer is less likely to be peeled off from the base
steel sheet, and an effect of obtaining a higher bending fatigue strength can be obtained. The average cooling rate to 400°C
is more preferably 6.0°C/sec or more.

<Skin Pass Rolling Step>
[0145] In the method for manufacturing a steel sheet according to the present embodiment, the steel sheet after the

plating step may be subjected to skin pass rolling for the purpose of shape adjustment and the like. In the case of
performing skin pass rolling, the rolling rate is preferably 0.5% or less.
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Examples

[0146] A slab having a chemical composition described in Tables 1-1 to Tables 1-4 was hot-rolled and coiled to obtain a
hot-rolled steel sheet having a sheet thickness of 3.0 mm. This hot-rolled steel sheet was cold-rolled to obtain a cold-rolled
steel sheet having a sheet thickness of 1.6 mm.

[0147] This cold-rolled steel sheet was heated to an annealing temperature and held under conditions shown in Tables
2-1 and 2-2.

[0148] After the holding, as shown in Tables 2-1 and 2-2, the steel sheet was cooled to a temperature of 440 to 550°C,
and then immersed in a plating bath to form a zinc-plated layer.

[0149] After immersion in the plating bath, the steel sheet was cooled so that the values of the cooling time and the
average cooling rate to 400°C were as in Tables 2-1 and 2-2. Thereafter, cooling was switched, and the steel sheet was
cooled to 350°C or less so that the value of the average cooling rate in arange of 400 to 350°C was as in Tables 2-1 and 2-2.
[0150] Thereafter, skin pass rolling was performed under conditions shown in Tables 2-1 and 2-2.

[Table 1-1]
No. Chemical composition (unit: mass%, remainder: Fe and impurity)
C Si Mn P S Al N o Ti B Cr Mo

A 0.30 | 256 | 2.52 | 0.0152 | 0.0016 | 0.384 | 0.0007 | 0.0050 - - - -
B 0.38 | 1.10 | 1.54 | 0.0066 | 0.0019 | 0.365 | 0.0073 | 0.0017 - - - -
C 0.32 | 0.35 | 2.18 | 0.0025 | 0.0013 | 0.795 | 0.0006 | 0.0007 - - - -
D 0.22 | 0.81 2.31 | 0.0083 | 0.0020 | 0.021 | 0.0046 | 0.0010 | 0.022 | 0.0023 - -
E 0.34 | 0.65 | 4.34 | 0.0048 | 0.0039 | 0.744 | 0.0014 | 0.0009 - - - -
F 0.18 | 213 | 3.37 | 0.0029 | 0.0153 | 0.088 | 0.0012 | 0.0064 | 0.021 - 0.793 | 0.097
G 0.36 | 2.16 | 3.40 | 0.0024 | 0.0020 | 1.060 | 0.0010 | 0.0078 - - 0.042 -
H 0.35 | 2.32 | 1.19 | 0.0066 | 0.0018 | 0.635 | 0.0050 | 0.0010 | 0.051 | 0.0019 - -
I 0.19 | 0.71 2.47 | 0.0124 | 0.0023 | 1.278 | 0.0040 | 0.0031 - - - -
J 0.23 | 216 | 1.72 | 0.0134 | 0.0017 | 0.905 | 0.0014 | 0.0005 - - 0.056 -
K 0.12 | 1.24 | 479 | 0.0153 | 0.0060 | 1.185 | 0.0011 | 0.0009 - 0.0005 - -
L 0.35 | 1.29 | 2.27 | 0.0038 | 0.0017 | 0.214 | 0.0009 | 0.0006 - 0.0015 | 0.154 -
M 0.36 | 1.58 | 2.78 | 0.0026 | 0.0016 | 0.890 | 0.0007 | 0.0005 - - - -
N 0.16 | 1.63 | 4.40 | 0.0027 | 0.0021 | 0.211 | 0.0009 | 0.0007 | 0.128 | 0.0023 - -
o] 0.21 247 | 4.64 | 0.0033 | 0.0021 | 0.583 | 0.0009 | 0.0011 - - - -
P 0.37 | 268 | 1.88 | 0.0026 | 0.0167 | 0.156 | 0.0008 | 0.0007 - - - -
Q 0.16 | 0.74 | 3.99 | 0.0033 | 0.0021 | 1.074 | 0.0007 | 0.0012 | 0.009 | 0.0012 | 0.076 -
R 024 | 269 | 3.10 | 0.0026 | 0.0023 | 0.320 | 0.0007 | 0.0011 | 0.015 - - 0.068
S 0.18 | 1.57 | 456 | 0.0024 | 0.0013 | 1.403 | 0.0009 | 0.0023 - - 0.085 -

T 0.34 | 267 | 3.42 | 0.0049 | 0.0017 | 0.875 | 0.0010 | 0.0010 | 0.016 - - 0.039
u 023 | 1.24 | 3.64 | 0.0196 | 0.0030 | 0.688 | 0.0013 | 0.0018 - 0.0010 - 0.769
[Table 1-2]

No. Chemical composition (unit: mass%, remainder: Fe and impurity)

C Si Mn P S Al N o Ti B Cr Mo
\ 0.26 | 0.33 | 3.79 | 0.0235 | 0.0028 | 0.839 | 0.0045 | 0.0033 | 0.008 - - 0.090
W | 029 | 154 | 3.67 | 0.0030 | 0.0159 | 0.104 | 0.0077 | 0.0078 - 0.0009 - -
X 0.30 | 2.37 | 1.51 | 0.0028 | 0.0009 | 0.456 | 0.0008 | 0.0055 | 0.031 | 0.0056 | 0.083 -
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(continued)

Chemical composition (unit: mass%, remainder: Fe and impurity)

No- C Si Mn P s Al N o] Ti B Cr Mo
0.20 | 2.06 | 4.53 | 0.0028 | 0.0021 | 0.747 | 0.0009 | 0.0011 | 0.100 - - 0.122
z 0.37 | 0.74 | 2.10 | 0.0221 | 0.0015 | 0.688 | 0.0012 | 0.0007 | 0.013 | 0.0009 - 0.111
AA | 0.31 | 290 | 2.30 | 0.0075 | 0.0170 | 0.752 | 0.0009 | 0.0010 - - - -
AB | 0.28 | 1.01 | 3.91 | 0.0037 | 0.0061 | 0.650 | 0.0015 | 0.0076 - - - -
AC | 022 | 164 | 1.80 | 0.0038 | 0.0028 | 0.646 | 0.0018 | 0.0076 - 0.0021 | 0.049 -
AD | 0.24 | 268 | 3.79 | 0.0134 | 0.0020 | 0.256 | 0.0008 | 0.0007 - - 0.589 | 0.167
AE | 0.15 1.26 1.65 | 0.0112 | 0.0101 | 1.105 | 0.0008 | 0.0011 - 0.0012 | 0.059 -
AF | 0.09 | 0.84 4.53 | 0.0037 | 0.0010 | 0.786 | 0.0005 | 0.0010 - - - -
AG | 041 | 0.94 3.81 | 0.0027 | 0.0022 | 0.558 | 0.0005 | 0.0013 - - - -
AH | 0.20 0.07 3.93 | 0.0153 | 0.0137 | 1.411 | 0.0052 | 0.0008 | 0.167 | 0.0073 | 0.102 -
Al 0.14 1.04 0.91 | 0.0228 | 0.0169 | 1.204 | 0.0082 | 0.0013 - 0.0006 - -
AJ 0.17 1.38 5.11 | 0.0037 | 0.0010 | 1.329 | 0.0079 | 0.0009 | 0.021 - - 0.066
AK | 0.27 0.48 2.00 | 0.0311 | 0.0020 | 0.947 | 0.0007 | 0.0074 - - - -
AL | 0.15 2.68 1.42 | 0.0029 | 0.0206 | 0.586 | 0.0009 | 0.0015 - - - -
AM | 0.23 0.35 2.87 | 0.0078 | 0.0017 | 1.553 | 0.0006 | 0.0087 | 0.022 | 0.0078 | 0.047 -
AN | 0.20 1.36 1.85 | 0.0067 | 0.0024 | 0.574 | 0.0103 | 0.0011 - - - -
AO | 0.12 2.72 4.33 | 0.0028 | 0.0019 | 0.253 | 0.0076 | 0.0103 - - 0.085 | 0.041
[Table 1-3]
No. Chemical composition (unit: mass%, remainder: Fe and impurity)
Ni Cu Sn Nb V w Ca Mg Bi Sb Zr REM

A - - - - - - - - - - - -

B - - - - - - - - - - - -

c - - - - - - - - - - - -

D - - - - - - - - - - - -

E - - - - - - - - - - - -

F - 0.040 - - - 0.107 - 0.0078 | 0.0019 - - -

G - 0.055 | 0.048 | 0.033 - - - 0.0061 | 0.0028 | 0.0165 - -

H - - - 0.054 - - 0.0010 | 0.0010 | 0.0076 | 0.0046 - -

| 0.095 - - - - - - - - - 0.0009 -

J - - - - - - - 0.0010 - 0.0084 - 0.0077
K | 0.801 - - - 0.028 | 0.026 | 0.0077 - 0.0010 | 0.0080 - 0.0233
L - 0.098 | 0.040 - 0.042 - - - - 0.0134 - 0.0120
M - - 0.041 - 0.136 - 0.0010 - - - 0.0014 -

N - - - 0.084 - - 0.0080 | 0.0012 | 0.0045 | 0.0071 - -

(0] - 0.813 - 0.103 - - - 0.0010 | 0.0060 | 0.0086 - 0.0100
P - 0.200 - - 0.047 - - - - 0.0190 - -

Q | 0.097 | 0.068 - - - 0.034 - - - - - -
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(continued)

Chemical composition (unit: mass%, remainder: Fe and impurity)

No- Ni Cu Sn Nb v W Ca Mg Bi Sb zr REM

R - - - - - 0.052 | 0.0012 - 0.0012 | 0.0820 - -

S | 0.794 - - - - - 0.0006 | 0.0005 - - - -

T - - - - - 0.334 | 0.0035 - 0.0008 | 0.0085 - -

U | 0.377 - - - - - - - - - - -

[Table 1-4]
No. Chemical composition (unit: mass%, remainder: Fe and impurity)
Ni Cu Sn Nb \% W Ca Mg Bi Sb Zr REM

VvV | 0.819 | 0.584 - - 0.031 | 0.241 - - - - - -
W - - 0.261 - - - - 0.0008 | 0.0006 | 0.0201 - -

X - - 0.045 - - 0.023 - 0.0074 | 0.0079 - 0.0007 | 0.0059

Y - 0.058 | 0.309 - - - - - - - - -

z - - - 0.166 | 0.051 - 0.0011 - 0.0005 | 0.0458 | 0.0013 -
AA - - - 0.132 - - 0.0014 - - 0.0672 | 0.0006 | 0.0134
AB - - 0.124 - 0.042 | 0.0-56 - - 0.0057 - 0.0077 | 0.0057
AC | 0.078 - - - 0.423 | 0.030 | 0.0010 - 0.0016 | 0.0097 - 0.0706
AD | 0.477 - 0.040 - - - 0.0007 - - - 0.0008 -
AE | 0.794 | 0.108 - - - 0.073 | 0.0082 | 0.0052 | 0.0023 - 0.0007 -
AF - - - 0.019 - - 0.0009 - - 0.0229 | 0.0005 -
AG - - - - - - - - - - - -
AH | 0.119 | 0.795 - - - 0.377 - - - - - -

Al | 0.830 - - - 0.033 | 0.168 | 0.0018 - 0.0010 | 0.0321 - 0.0228
AJ - - - - - 0.047 | 0.0023 - 0.0008 | 0.0753 - -
AK - - - 0.016 - - - - - - - 0.0677
AL - - - - - - - - - - - -
AM - - - 0.009 - - 0.0010 - - - - 0.0058
AN - - - 0.010 - - - - - - - 0.0114
AO | 0.069 - 0.415 - - - 0.0016 - - - 0.0048 -
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[0151] Inthe obtained zinc-plated steel sheet (hot-dip galvanized steel sheet), the base steel sheet was observed with
the above-described method, and the thickness of the internal oxide layer, the grain boundary coverage of the internal
oxide layer, and the microstructure at the 1/4 thickness position were observed. Tables 3-1 and 3-2 show the results.
[0152] Although not shown in the tables, the adhesion amount of the zinc-plated layer was 10 to 80 g/m2.

[0153] Furthermore, in the obtained zinc-plated steel sheet, the thickness of the Fe-Al alloy layer and the coverage by
the Fe-Al alloy layer were measured with the above-described method. Tables 3-1 and 3-2 show the results.

[0154] The obtained zinc-plated steel sheet was evaluated for tensile strength (TS), LME resistance, bending fatigue
strength, and bending resistance in the following manner.

<Tensile Strength>

[0155] A JIS No. 5 tensile test piece was collected in the direction (width direction) perpendicular to the rolling direction
and the thickness direction of the zinc-plated steel sheet (the rolling direction and the sheet thickness direction of the base
steel sheet), and subjected to a tensile test in accordance with JIS Z 2241: 2011 to measure the tensile strength (TS).
[0156] A tensile strength of 980 MPa or more was determined to be a high strength.

<LME resistance>

[0157] An evaluation material having a size of 30 mm X 30 mm was collected from the zinc-plated steel sheet, and two
sheets of this evaluation material were overlapped each other and energized under the following conditions to perform a
spot welding test.

Electrode: ¢8, R40

Pressurizing force: 4.5 kN

Inclination angle of electrode: 4°

Up-slope: 0.02 seconds

Energization time: 0.4 seconds

Retention time after energization: 0.3 seconds

The current was set so that the nugget diameter was 5 mm.

[0158] The cross section of the evaluation material after the spot welding was observed with a SEM, and the length of the
crack was evaluated as follows.

Length of crack is 80 um or less: OK (excellent in LME resistance)
Length of crack is more than 80 pm: NG

<Bending Resistance>
[0159] A bending test was performed in accordance with VDA238-100, and the bending angle (°) at this time was
evaluated as follows. The test piece was collected in the direction in which the bending ridgeline was parallel to the rolling
direction.
Bending angle > 110 - TS X 0.03: Ex (particularly excellent in bending resistance)
Bending angle > 110 - TS X 0.04: OK (excellent in bending resistance)
Bending angle < 110 - TS X 0.04: NG
<Bending Fatigue Strength>
[0160] A plane bending fatigue test was performed in accordance with JIS Z2275: 1978. The test piece was a No. 1 test
piece having a width of 30 mm and an R of 40 mm.
[0161] As a result of the test, the fatigue strength at a number of repetitions of 106 was evaluated as follows.
Fatigue strength at number of repetitions of 106 > 0.35 X TS: Ex (particularly excellent in bending fatigue strength)

Fatigue strength at number of repetitions of 106 > 0.30 X TS: OK (excellent in bending fatigue strength)

Fatigue strength at number of repetitions of 106 < 0.30 X TS: NG
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[0162] Ascanbeseenfrom Tables 1-1t03-2,inNos. 1,8, 11,12, and 17 to 46 in which the chemical composition and the
manufacturing method were within the scope of the present invention, a preferred Fe-Al alloy layer and an internal oxide
layer were formed, and all of the tensile strength, the LME resistance, the bending fatigue strength, and the bending
resistance were excellent.

[0163] Meanwhile, in Nos. 47 to 56 in which the chemical composition was out of the scope of the present invention, at
least one of the tensile strength, the LME resistance, the bending fatigue strength, or the bending resistance was poor.
[0164] InNos.2t07,9,10,and 13to 16 in which the manufacturing method was out of the scope of the presentinvention
although the chemical composition was within the scope of the present invention, the tensile strength was low, or the
internal oxide layer and the Fe-Al alloy layer were not formed in a preferable state, and therefore at least one of the LME
resistance, the bending fatigue strength, or the bending resistance was poor. Brief Description of the Reference Symbols
[0165]

1 Steel sheet (zinc-plated steel sheet)
10 Base steel sheet

11 Internal oxide layer

20 Fe-Al alloy layer

30 Zinc-plated layer

Field of Industrial Application

[0166] According to the present invention, a zinc-plated steel sheet that has high strength and sufficient bending
resistance and is excellentin LME resistance and bending fatigue strength can be provided. Such a steel sheetis useful as
a high-strength steel sheet for a vehicle.

Claims
1. A zinc-plated steel sheet comprising:

a base steel sheet;

a Fe-Al alloy layer formed on at least a part of a surface of the base steel sheet; and
a zinc-plated layer formed on the surface of the base steel sheet or a surface of the Fe-Al alloy layer,
wherein, the base steel sheet has a chemical composition including, in mass%,
C:0.10 to 0.40%,

Si: 0.10 to 3.00%,

Mn: 1.00 to 5.00%,

sol.Al: 0.001 to 1.500%,

P: 0.0010 to 0.0300%,

S: 0.0200% or less,

N: 0.0100% or less,

0:0.0100% or less,

Ti: 0 to 0.200%,

B: 0 to 0.0100%,

Cr: 0 to 1.000%,

Mo: 0 to 1.000%,

Ni: 0 to 1.000%,

Cu: 0 to 1.000%,

Sn: 0 to 0.500%,

Nb: 0 to 0.200%,

V: 0 to 0.500%,

W: 0 to 0.500%,

Ca: 0 to 0.0100%,

Mg: 0 to 0.0100%,

Bi: 0 to 0.0100%,

Sb: 0 to 0.1000%,

Zr: 0t0 0.0100%,

REM: 0 to 0.1000%, and

a remainder: Fe and an impurity,
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the base steel sheet has aninternal oxide layer of 0.2 wm or more in a sheet thickness direction from the surface of
the base steel sheet,

the Fe-Al alloy layer has an average thickness of 1 nm or more and less than 100 nm,

in a cross section in a thickness direction,

a grain boundary coverage by an oxide is 60% or more in the internal oxide layer,

a coverage of the surface of the base steel sheet by the Fe-Al alloy layer is 40% or more, and

a tensile strength is 980 MPa or more and 2000 MPa or less.

2. The zinc-plated steel sheet according to claim 1, wherein

the chemical composition of the base steel sheet contains, in mass%, one or more selected from the group
consisting of

Ti: 0.005 to 0.200%,

B: 0.0005 to 0.0100%,

Cr: 0.001 to 1.000%,

Mo: 0.001 to 1.000%,

Ni: 0.001 to 1.000%,

Cu: 0.001 to 1.000%,

Sn: 0.001 to 0.500%,

Nb: 0.001 to 0.200%,

V: 0.001 to 0.500%,

W: 0.001 to 0.500%,

Ca: 0.0001 to 0.0100%,
Mg: 0.0001 to 0.0100%,

Bi: 0.0001 to 0.0100%,

Sb: 0.0001 to 0.1000%,

Zr: 0.0001 to 0.0100%, and
REM: 0.0001 to 0.1000%.

3. A method for manufacturing a zinc-plated steel sheet, the method comprising:

an annealing step of holding a steel sheet at an annealing temperature of 700 to 1000°C for 1 second or more to
anneal the steel sheet, the steel sheet having a chemical composition including, in mass%, C: 0.10 to 0.40%, Si:
0.10t03.00%, Mn: 1.00 t0 5.00%, sol.Al: 0.001 to 1.500%, P: 0.0010 to 0.0300%, S: 0.0200% or less, N: 0.0100%
orless, O:0.0100% or less, Ti: 0 to 0.200%, B: 0 t0 0.0100%, Cr: 0 to 1.000%, Mo: 0 to 1.000%, Ni: 0 to 1.000%,
Cu: 0to0 1.000%, Sn: 0 to 0.500%, Nb: 0 to 0.200%, V: 0 to 0.500%, W: 0 to 0.500%, Ca: 0 to 0.0100%, Mg: 0 to
0.0100%, Bi: 0t0 0.0100%, Sb: 0to 0.1000%, Zr: 0 to 0.0100%, REM: 0 to 0.1000%, and a remainder: Fe and an
impurity; and

a plating step of forming a zinc-plated layer on a surface of the steel sheet after the annealing step, wherein
in the annealing step, in a heating process to the annealing temperature, an average heating rate in a first
temperature range of 400 to 650°C is 2.0°C/sec or more, and an average heating rate in a second temperature
range of 650°C to the annealing temperature is 0.5 t0 5.0°C/sec and an atmosphere having (P(H20)/P(H2)) in the
second temperature range is 0.05 to 2.00,

in the plating step, the steel sheet is cooled to a temperature of 440 to 550°C at an average cooling rate of
0.5°C/sec or more, is immersed in a plating bath containing Zn as a main component and having an effective Al
amount of 0.050 to 0.250 mass%, is pulled up from the plating bath, then is cooled so that a temperature of the
steel sheet reaches 400°C within 10 seconds, and subsequently is cooled to 350°C or less so that at an average
cooling rate from 400°C to 350°C is 1.0°C/sec or more and 5.0°C/sec or less.
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