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Description
[Technical Field of the Invention]

[0001] The present invention relates to an electrolytic Sn-plated steel sheet, and particularly, to an electrolytic Sn-
plated steel sheet having a low Pb content in a whole electrolytic Sn-plated layer.

[0002] Priority is claimed on Japanese Patent Application No. 2017-211788, filed on November 1, 2017, the content
of which is incorporated herein by reference.

[Related Art]

[0003] In recent years, various regulations for Pb content in industrial products have been strengthened in view of
concerns about health damage and measures against environmental loads.

[0004] The same also applies to a Sn-plated steel sheet (so-called tin can material) which is used for food canning.
For example, in the Republic of South Africa, the Pb content in a Sn-plated layer is required to be 100 ppm by mass or
less in view of the regulation of Pb2* eluted in a can, and introduction of similar regulations has been considered in some
European countries or in China. Demands similar to the above description have also been made from some customers.
[0005] In Japan, Sn ingots which are used for plating of a Sn-plated steel sheet are imported from Southeast Asian
countries. Since the Pb content of the raw ore is large, the Sn ingots produced in Southeast Asia contain 100 ppm by
mass or greater of Pb. In a case where the Sn ingots produced in Southeast Asia are used as they are, the Pb content
in a Sn-plated layer of a Sn-plated steel sheet as a product cannot be adjusted to 100 ppm by mass or less. Accordingly,
in a case where Sn ingots produced in Southeast Asia are used, electrolytic refining is performed even with an increase
in the producing cost, to secure a level at which the current regulation value is somewhat satisfied. Otherwise, Sn ingots
produced in South America, which have a small Pb content, are purchased even with an increase in the transport cost
due to a long transport distance, to cope with the problems caused by the above regulation. In a case where tin is
produced using Sn ingots produced in South America, the Pb content is about 70 ppm by mass, and this is at a level at
which the current regulation value is somewhat satisfied.

[0006] In a case where an anode consisting of crude Sn produced from Sn ore or a Sn waste material is subjected to
electrolytic refining, a part of Pb contained in the anode is dissolved as Pb2* in the electrolytic solution, and in order to
prevent the mixing of Pb in the electrolytic Sn occurring due to the above problem, Patent Document 1 describes an
invention relating to an electrolytic refining method for high-purity Sn, in which a Sn electrolytic solution consisting of a
fluorosilicic acid or a mixed acid of a sulfuric acid and a fluorosilicic acid is extracted from an electrolysis tank, a carbonate
of an alkaline earth metal is added to the electrolytic solution to precipitate Pb in the solution, the electrolytic solution
from which the precipitate is removed is returned to the electrolysis tank to perform electrolytic refining of Sn. However,
Patent Document 1 has no description about the Pb content in a Sn-plated steel sheet and in a Sn-plated layer.
[0007] Patent Document 2 describes a technique in which a workpiece made of a pure metal or an alloy is heated and
melted, and at least one of a metal halide or an oxyhalide is brought into contact with the melt to remove Pb in the
workpiece. However, in Patent Document 2, only Pb-free solder is described as a specific workpiece, and there is no
description about the Pb content in a Sn-plated layer of a Sn-plated steel sheet.

[0008] Patent Document 3 describes an invention in which an angle formed between adjacent grain boundaries in a
Sn-plated layer is adjusted to 20° or less in order to prevent a short circuit between terminals due to the growth of whisker
thatis likely to occurin a case where Pb-free Sn plating is performed on an electronic component such as a semiconductor
device. However, Patent Document 3 does not describe a method of producing Sn plating having an extremely low Pb
concentration from a coating bath containing Pb.

[Prior Art Document]
[Patent Documents]
[0009]
[Patent Document 1] Japanese Unexamined Patent Application, First Publication No. 2003-183871

[Patent Document 2] Japanese Unexamined Patent Application, First Publication No. 2010-111912
[Patent Document 3] Japanese Unexamined Patent Application, First Publication No. 2009-270154
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[Disclosure of the Invention]
[Problems to be Solved by the Invention]

[0010] In view of the above situation and further strengthening of the Pb content regulation value that is anticipated,
an object of the invention is to provide an electrolytic Sn-plated steel sheet which has a Pb content of 50 ppm by mass
or less in a whole electrolytic Sn-plated layer and is applicable as a steel sheet for a container. More specifically, an
object of the invention is to provide an electrolytic Sn-plated steel sheet which has a long life and has excellent corrosion
resistance, coating film adhesion, and whisker resistance in a case where the steel sheet is applied as a steel sheet for
a container.

[Means for Solving the Problem]
[0011] The gist of the invention is as follows.

[1]1 An electrolytic Sn-plated steel sheet according to an aspect of the invention, including: a base steel sheet; and
an electrolytic Sn-plated layer which is disposed on the base steel sheet, has a Sn layer and an alloy layer, and
contains Sn: 10 to 100 mass%, Fe: 0 to 90 mass%, and O: 0 to 0.5 mass%, in which a Pb content of the whole
electrolytic Sn-plated layer is 50 ppm by mass or less, and in a case where a thickness of the electrolytic Sn-plated
layer is represented by t and a region from a surface of the electrolytic Sn-plated layer to a depth of (1/10)Xt in a
sheet thickness direction is defined as a surface layer region, a Pb content of the surface layer region is 5 ppm by
mass or greater and the Pb content of the surface layer region is higher than the Pb content of the whole electrolytic
Sn-plated layer.

[2] In the electrolytic Sn-plated steel sheet according to [1], a value obtained by dividing (Pb content/(Sn content+Pb
content)) of the surface layer region of the electrolytic Sn-plated layer by (Pb content/(Sn content+Pb content)) of
a region other than the surface layer region of the electrolytic Sn-plated layer may be 1.1 or greater.

[3] In the electrolytic Sn-plated steel sheet according to [1] or [2], the electrolytic Sn-plated layer may further contain
one or more of the group consisting of Ca: 0.1 to 10 ppm by mass, Sr: 0.1 to 10 ppm by mass, and Ba: 0.1 to 10
ppm by mass.

[4] The electrolytic Sn-plated steel sheet according to any one of [1] to [3] may further include: one or more of a Fe-
Ni layer, a Ni-Sn layer, and a Fe-Ni-Sn layer between the electrolytic Sn-plated layer and the base steel sheet.

[Effects of the Invention]

[0012] According to the aspect of the invention, it is possible to provide an electrolytic Sn-plated steel sheet which has
a Pb content of 50 ppm by mass or less in a whole electrolytic Sn-plated layer and is applicable as a steel sheet for a
container.

[Brief Description of the Drawings]
[0013]

FIG. 1 is a graph showing changes in the Pb2* concentration in a coating bath by a laboratory-scale crown ether
method as an example of the invention.

FIG. 2A is a graph showing results of GD-MS analysis of an electrolytic Sn-plated layer of No. 16 of Example.
FIG. 2B is a graph showing changes in the value of Pb/(Sn+Pb) of No. 16 of Example in a thickness direction of the
electrolytic Sn-plated layer.

FIG. 3A is a graph showing results of GD-MS analysis of an electrolytic Sn-plated layer produced using a Sn plating
solution subjected to no treatment.

FIG. 3B is a graph showing results of GD-MS analysis of an electrolytic Sn-plated layer produced using a Sn plating
solution treated by a crown ether method as an example of the invention.

[Embodiments of the Invention]

[0014] Hereinafter, preferred embodiments of the invention will be described in detail. However, the invention is not
limited to the configuration disclosed in this embodiment, and various modifications can be made without departing from
the spirit of the invention.

[0015] Numerical limit ranges described below include the lower limit value and the upper limit value. Numeric values
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expressed by "greater than" or "less than" are not included in the numerical range.

[0016] An electrolytic Sn-plated steel sheet according to this embodiment includes: a base steel sheet; and an elec-
trolytic Sn-plated layer which is disposed on the base steel sheet, has a Sn layer and an alloy layer, and contains Sn:
10 to 100 mass%, Fe: 0 to 90 mass%, and O: 0 to 0.5 mass%, the Pb content of the whole electrolytic Sn-plated layer
is 50 ppm by mass or less, and in a case where the thickness of the electrolytic Sn-plated layer is represented by t and
a region from a surface of the electrolytic Sn-plated layer to a depth of (1/10)Xt in a sheet thickness direction is defined
as a surface layer region, the Pb content of the surface layer region is 5 ppm by mass or greater and the Pb content of
the surface layer region is higher than the Pb content of the whole electrolytic Sn-plated layer.

[0017] First, the background to the development of the electrolytic Sn-plated steel sheet according to this embodiment
by the inventors will be described.

[0018] The inventors have investigated the mechanism in which Pb contained in a Sningot is mixed in the electrolytic
Sn-plated layer.

[0019] As aresult of the investigation by the inventors, the inventors have found from the observation and quantitative
measurement of the electrolytic Sn-plated layer in the depth direction that Pb exists as metal Pb in the whole electrolytic
Sn-plated layer, thatis, Pb is electrolytically deposited (eutectoid) together with Sn and is not contained in the electrolytic
Sn-plated layer by mere involvement of a Sn plating solution.

[0020] The inventors prepared a Sn plating solution (PSA coating bath) including a p-phenolsulfonic acid, a Sn (ll)
sulfate, and additives, and a Pb-containing plating solution obtained by adding a Pb acetate to the Sn plating solution,
and formed an electrolytic Sn-plated layer by changing a set potential. As a result, the inventors have found that there
is almost no difference in the deposition potential between Sn and Pb, and that in a case where a Sn ingot having a low
Pb content (about 50 ppm by mass) is used as a Sn source, the Pb content in the electrolytic Sn-plated layer can be
adjusted to 100 ppm by mass or less (about 70 ppm by mass), and in a case where a Sn ingot having a high Pb content
(about 100 to 300 ppm by mass) is used, it is difficult to suppress eutectoid of Pb by changing the plating conditions
such as a current density with the use of the Sn plating solution which is used in an actual operation.

[0021] The Sn plating solution which is used in the plating step of the electrolytic Sn-plated steel sheet supplies Sn2*
in the form of a sulfuric acid bath using an insoluble anode, and the solubilities of the sulfates of Sn and Pb at 20°C are
as follows.

Sn8S0,: 18.9 g/100 g-H,O(readily soluble)
PbSO,: 0.003846 g/100 g-H,O (hardly soluble)

[0022] Itis thought that in the Sn plating solution in an actual operation, Pb2* slightly dissolved as described above is
electrically reduced together with Sn2* and mixed as metal Pb in the electrolytic Sn-plated layer. The inventors have
investigated the method of removing Pb2* slightly dissolved as described above from the Sn plating solution, and as a
result, found a removing method using a crown ether as a candidate.

[0023] A crown ether is formed of a cyclic polyether chain and can selectively interact with several heavy metal ions.
A crown ether has a vacancy formed by ether oxygen atoms in the molecule, and takes in a heavy metal ion and binds
therewith. Accordingly, a selective interaction occurs in a case where the size of the heavy metal ion and the size of the
vacancy in the crown ether match. In order to selectively remove a lead ion (Pb2*) in the Sn plating solution, a crown
ether in which the size of the vacancy is adjusted to match the size of the lead ion may be used.

[0024] For example, a crown ether in which in the general structural formula (-CH,-CH,-O-),, of the crown ether, n is
6, and the size of a vacancy is controlled is supported on a resin (which is not particularly limited, and can be selected
from, for example, silica gel, methacrylate, and polystyrene), a column is filled with the resin, and the Sn plating solution
is allowed to pass through the column to selectively remove a lead ion (Pb2*).

[0025] Next, the inventors observed changes of Pb2* in the Sn plating solution in the treatment of the Sn plating
solution (PSA coating bath) with a crown ether in the laboratory scale.

[0026] The Sn plating solution as a base contains p-phenolsulfonic acid: 115 g/L, ethoxylated a-naphthol (EN-10): 5
g/L, ethoxylated a-naphthol sulphonic acid (ENSA): 5 g/L, and SnSO,: 36 g/L (20 g/L in terms of Sn2*), and Pb is added
to the Sn plating solution in the form of a Pb acetate such that Pb is contained at a concentration of 13 mg/L (650 ppm
in terms of Pb/Sn) in terms of Pb2*

[0027] A total of 200 L of the Sn plating solution was allowed to pass through a column filled with a crown ether, and
component analysis was performed for each 20 L of the Sn plating solution passing through the column.

[0028] FIG. 1 shows changes in the Pb2* concentration in the Sn plating solution.

[0029] As shown in FIG. 1, Pb2* contained at a concentration of 13 mg/L is immediately reduced to 0.05 mg/L, and
thus it is found that Pb2* in the Sn coating bath is removed by the crown ether. Although not shown in the drawing, since
the concentrations of other components (Sn2*, SO42-, ENSA, EN) in the Sn plating solution are hardly changed, it is
thought that only Pb2* is selectively removed.

[0030] In general, the uniformity in the electrolytic Sn-plated layer is increased in order to secure stable productivity.
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Accordingly, the Pb content in the electrolytic Sn-plated layer is uniformly reduced in the depth direction. However, the
inventors have newly found that unlike the prior art, the occurrence of staining is reduced by reducing the Pb content of
the whole electrolytic Sn-plated layer, and whisker resistance is improved by concentrating Pb in the surface layer region.
In addition, the inventors have also newly found that coating film adhesion is improved by imparting a gradient to the
Pb content in the electrolytic Sn-plated layer.

[0031] The electrolytic Sn-plated steel sheet according to this embodiment is provided based on the above knowledge.
Hereinafter, the electrolytic Sn-plated steel sheet according to this embodiment will be described in detail.

[Base Steel Sheet]

[0032] A base steel sheet of the electrolytic Sn-plated steel sheet according to this embodiment is not particularly
limited, and a steel sheet which is used as a base steel sheet of a general steel sheet for a container specified in JIS G
3303: 2017 may be used. In this embodiment, for example, a base steel sheet containing C: 0.01 to 0.06 mass%, Al:
0.001 to 0.01 mass%, Mn: 0.01 to 0.06 mass%, and the remainder consisting of Fe and impurities can be used.

[Electrolytic Sn-Plated Layer]

[0033] An electrolytic Sn-plated layer according to this embodiment has a Sn layer existing on the surface side of the
electrolytic Sn-plated layer and containing a large amount of Sn, and an alloy layer (Fe-Sn layer) existing on the base
steel sheet side of the electrolytic Sn-plated layer, in which Fe of the base steel sheet is diffused in the electrolytic Sn-
plated layer. The definitions of the electrolytic Sn-plated layer, the Sn layer, and the alloy layer will be described later.
[0034] In this embodiment, the Pb content of the whole electrolytic Sn-plated layer is 50 ppm by mass or less. In a
case where the Pb content of the whole electrolytic Sn-plated layer is greater than 50 ppm by mass, the Pb content
regulation value that is anticipated cannot be satisfied, and characteristics (long life, corrosion resistance) desired for a
steel sheet for a container cannot be obtained. The Pb content of the whole electrolytic Sn-plated layer is preferably 40
ppm by mass or less, 30 ppm by mass or less, 20 ppm by mass or less, or 10 ppm by mass or less. Although it is possible
to make the Pb content of the whole electrolytic Sn-plated layer less than 5 ppm by mass, this causes a cost increase
in an actual operation. Accordingly, the lower limit of the Pb content of the whole electrolytic Sn-plated layer may be set
to 5 ppm by mass.

[0035] In the electrolytic Sn-plated layer according to this embodiment, the Pb content of the surface layer region is
5 ppm by mass or greater, and the Pb content of the surface layer region is higher than the Pb content of the whole
electrolytic Sn-plated layer. The upper limit of the Pb content of the surface layer region may be 60 ppm by mass. In
this embodiment, the surface layer region refers to a region from a surface of the electrolytic Sn-plated layer to a depth
of (1/10) Xt in a sheet thickness direction, in a case where the thickness of the electrolytic Sn-plated layer is represented
by t. In this embodiment, a region other than the surface layer region of the electrolytic Sn-plated layer is referred to as
a deep region. That is, the deep region of the electrolytic Sn-plated layer is a region ranging from the region from the
surface of the electrolytic Sn-plated layer to the depth of (1/10) Xt in the sheet thickness direction to the region at a depth
t in the sheet thickness direction from the surface, in a case where the thickness of the electrolytic Sn-plated layer is
represented by t.

[0036] In a case where the Pb content of the surface layer region is equal to the Pb content of the whole electrolytic
Sn-plated layer, or the Pb content of the surface layer region is lower than the Pb content of the whole electrolytic Sn-
plated layer, the coating film adhesion of the electrolytic Sn-plated steel sheet deteriorates.

[0037] In the electrolytic Sn-plated layer according to this embodiment, a value obtained by dividing (Pb content/(Sn
content+Pb content)) of the surface layer region of the electrolytic Sn-plated layer by (Pb content/(Sn content+Pb content))
of the deep region of the electrolytic Sn-plated layer may be 1.1 or greater. In a case where the value obtained by dividing
(Pb content/(Sn content+Pb content)) of the surface layer region of the electrolytic Sn-plated layer by (Pb content/(Sn
content+Pb content)) of the deep region of the electrolytic Sn-plated layer is 1.1 or greater, the coating film adhesion of
the electrolytic Sn-plated steel sheet can be further improved.

[0038] The electrolytic Sn-plated layer according to this embodiment contains Sn: 10 to 100 mass%, Fe: 0 to 90
mass%, and O: 0 to 0.5 mass% as elements other than Pb. The remainder consists of impurities. In this embodiment,
the impurities mean elements which are mixed from the Sn ingot as a raw material or the producing environment, and
are permitted within a range not adversely affecting the electrolytic Sn-plated steel sheet according to this embodiment.
[0039] The electrolytic Sn-plated layer according to this embodiment may further optionally contain one or more of the
group consisting of Ca: 0.1 to 10 ppm by mass, Sr: 0.1 to 10 ppm by mass, and Ba: 0.1 to 10 ppm by mass. The Pb
content of the whole electrolytic Sn-plated layer can be further reduced in a case where the electrolytic Sn-plated layer
contains one or more of the above group.

[0040] The electrolytic Sn-plated steel sheet according to this embodiment may further include one or more of a Fe-
Ni layer, a Ni-Sn layer, and a Fe-Ni-Sn layer between the electrolytic Sn-plated layer and the base steel sheet, strictly
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speaking, between the alloy layer (Fe-Sn layer) and the base steel sheet. In a case where the electrolytic Sn-plated
layer further includes one or more of these layers, the can life can be extended in a case where the electrolytic Sn-plated
steel sheet is used as a beverage can or a food can. In addition, since a barrier effect is generated due to the formation
of a dense alloy layer, corrosion resistance can be improved.

[0041] Next, a method of analyzing the components of the electrolytic Sn-plated layer according to this embodiment
will be described with reference to FIGS. 2A and 2B. The components of the electrolytic Sn-plated layer can be analyzed
by glow discharge-mass spectrometry (GD-MS) analysis. The GD-MS analysis is an analysis method of tracking changes
of the composition of the plated layer from the surface in the depth direction with the lapse of the discharge time. FIG.
2Ais a graph obtained by performing GD-MS analysis on an electrolytic Sn-plated steel sheet of No. 16 of Example.
[0042] The graph of FIG. 2A shows changes in the contents of Fe, Sn, Pb, and O from the surface side of the electrolytic
Sn-plated layer on the left end side of the horizontal axis toward the base steel sheet side on the right end side. Regarding
the ppm by mass on the vertical axis, the scale on the left sideis for Fe and Sn, and the scale on theright side isfor Pband O.
[0043] The graph of FIG. 2B is obtained by acquiring the Sn content and the Pb content of FIG. 2A, calculating a value
of Pb/(Sn+Pb), and making changes in the depth direction from the surface of the electrolytic Sn-plated layer into a graph.
[0044] In this embodiment, in the GD-MS analysis in the sheet thickness direction of a sample collected from an
arbitrary position in the electrolytic Sn-plated steel sheet, a region ranging from the surface to a region having a Sn
content of 100,000 ppm or greater is defined as the electrolytic Sn-plated layer. In FIG. 2A, no element is detected for
several minutes after discharge, and this region is not included in the electrolytic Sn-plated layer. In the electrolytic Sn-
plated layer, a region where the Sn content is higher than the Fe content is defined as a Sn layer, and in the electrolytic
Sn-plated layer, a region other than the Sn layer is defined as an alloy layer (Fe-Sn layer) (see FIG. 2A). A region where
the Fe content is 10 to 90 mass% and the Ni content is 10 to 90 mass% is defined as a Fe-Ni layer, a region where the
Ni content is 10 to 90 mass% and the Sn content is 10 to 90 mass% is defined as a Ni-Sn layer, and a region where the
Fe content is 10 to 80 mass%, the Ni content is 10 to 80 mass%, and the Sn content is 10 to 80 mass% is defined as
a Fe-Ni-Sn layer.

[0045] The Pb content of the whole electrolytic Sn-plated layer is the Pb content of the whole electrolytic Sn-plated
layer including the Sn layer and the alloy layer, obtained by GD-MS analysis. The Pb content of the surface layer region
is the Pb content of a region from the surface of the electrolytic Sn-plated layer to a depth of (1/10)Xt, obtained by GD-
MS analysis.

[0046] (Pb content/(Sn content+Pb content)) of the surface layer region of the electrolytic Sn-plated layer is obtained
by dividing the Pb content (mass%) of the surface layer region by the sum of the Sn content (mass%) and the Pb content
(mass%) of the surface layer region. Similarly, (Pb content/(Sn content+Pb content)) of the deep region of the electrolytic
Sn-plated layer is obtained by dividing the Pb content (mass%) of the deep region by the sum of the Sn content (mass%)
and the Pb content (mass%) of the deep region.

[0047] The Ca content, the Sr content, and the Ba content in the electrolytic Sn-plated layer are obtained by analyzing
a solution, obtained by dissolving the electrolytic Sn-plated layer using an acid containing an inhibitor, by inductively
coupled plasma-mass spectrometry (ICP-MS).

[Producing Method]

[0048] An example of the method of producing the electrolytic Sn-plated steel sheet according to this embodiment will
be described.

[0049] First, electrolytic Sn plating is applied to the base steel sheet having the above-described chemical composition.
In this embodiment, electrolytic Sn plating is performed using a Sn plating solution having a Pb2* concentration reduced
by a crown ether method. Electrolytic degreasing may be performed before the electrolytic Sn plating. In the electrolytic
Sn plating step in which sheet threading is performed at a high speed between a plurality of electrodes (10 passes), the
current density of the first to ninth passes is made constant, and the current density of the 10th pass (final pass) is
increased to perform the electrolytic Sn plating. The Pb content of the surface layer region of the electrolytic Sn-plated
layer can be adjusted by adjusting the increase width of the current density of the 10th pass. After the electrolytic Sn
plating step, flux coating is performed on the base steel sheet, followed by immersion in a 10-fold dilution of the Sn
plating solution. After roller squeezing, cold air drying is performed, and energization heating and quenching (80°C) are
performed as a reflow operation.

[0050] Throughthe above method, the electrolytic Sn-plated steel sheet according to this embodiment can be produced.
[0051] Inthis embodiment, a carbonate of an alkaline earth metal (Ca, Sr, Ba) may be added to the Sn plating solution.
Accordingly, the yield of Pb2* removal by the crown ether method can be improved, and the Pb content of the whole
electrolytic Sn-plated layer can be further reduced.

[0052] In this embodiment, Ni pre-plating or Fe-Ni pre-plating may be performed as a pretreatment for electrolytic Sn
plating. Accordingly, one or more of a Fe-Ni layer, a Ni-Sn layer, and a Fe-Ni-Sn layer can be formed between the base
steel sheet and the electrolytic Sn-plated layer.
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[Examples]

[0053] Hereinafter, Examples of the invention will be described below. However, conditions in Examples are merely
examples employed for confirming the practicability and effects of the invention, and the invention is not limited to these
condition examples. The invention can employ various conditions as long as the object of the invention is achieved
without departing from the gist of the invention.

[Example 1]

[0054] The effect of reduction in the Pb content in an electrolytic Sn-plated layer by a crown ether method was inves-
tigated in the actual operation scale.

[0055] Components of a Sn plating solution were as follows: Sn2*: 20 g/L; Pb2*: 5 mg/L (250 ppm in terms of Pb/Sn);
EN: 5 g/L; ENSA: 5 g/L; and PSA: 100 g/L, and the temperature was 45°C.

[0056] A column was filled with a resin on which a crown ether had been supported (silica gel was used in this Example),
and the Sn plating solution was allowed to pass through the column. The Sn plating solution was moved to a plating
cell, and returned to the column after circulation in the plating cell. The above operation was repeated. In this case, as
a result of preliminary investigation, a flow rate (L/hr) of the Sn plating solution was set to 60 L/hr for 1 L of the resin
although depending on a resin volume (L).

[0057] Although a considerable effect was recognized in the laboratory scale, Pb2* was reduced only to 0.1 mg/L in
the actual operation scale.

[0058] The inventors have presumed that this is because the characteristics of the crown ether slightly deteriorate
due to the presence of a large amount of pre-existing sludge (containing SnO, as a main component) in the actual
operation line. However, it has been found that the effect can be sufficiently exhibited even in the actual operation line
by adjusting the flow rate or the exchange frequency of the crown ether.

[0059] An electrolytic Sn-plated layer produced using a Sn plating solution in which Pb2* had been reduced by a crown
ether method was analyzed.

[0060] FIG. 3B shows results of GD-MS analysis of an electrolytic Sn-plated layer produced using a Sn plating solution
which contains Pb2*: 0.1 mg/L through the crown ether method. FIG. 3A shows results of GD-MS analysis of an electrolytic
Sn-plated layer (comparative example) produced using a Sn plating solution subjected to no treatment.

[0061] As shown in FIG. 3A, from the electrolytic Sn-plated layer as a comparative example produced using the Sn
plating solution subjected to no treatment, a high concentration of Pb was detected together with Sn from the vicinity of
the surface. From the plated layer produced using the Sn plating solution treated by the crown ether method, only a
slight amount of Pb was detected as shown in FIG. 3B.

[Example 2]

[0062] The following experiment was conducted on the assumption that the electrolytic Sn-plated steel sheet according
to the invention was applied to the production of tin as a beverage can material or a food can material.

[0063] A steel sheet containing C: 0.03 mass%, Al: 0.005 mass%, Mn: 0.03 mass%, and the remainder consisting of
Fe and impurities was used as a base steel sheet.

[0064] Components of a Sn plating solution were as follows: Sn2*: 20 g/L; Pb2*: 5 mg/L (250 ppm in terms of Pb/Sn);
EN: 5 g/L; ENSA: 5 g/L; and PSA: 100 g/L, and the temperature was 45°C. The Pb2* concentration of the Sn plating
solution was reduced by a crown ether method, and an electrolytic Sn-plated layer was sequentially formed at an arbitrary
Pb2* concentration through an electrolytic Sn plating step to be described later. It was possible to reduce the Pb2*
concentration down to 0.05 mg/L in the laboratory scale.

[0065] As a pretreatment for forming the electrolytic Sn-plated layer, an electrolytic degreasing step of the steel sheet
was performed in which a current of 10 A/dm2x 10 sec was allowed to flow such that the steel sheet was on the cathode
side in a 10% NaOH solution at 60°C. Then, pickling was performed by dipping in 10% H,SO, at room temperature for
10 seconds, and then electrolytic Sn plating was performed at 5 A/dm2 using the above Sn plating solution to achieve
#25 tin (adhered amount of Sn on single side: 2.8 g/m2).

[0066] In the electrolytic Sn plating step, in this Example, the current density of the final pass among the 10 passes
was changed, and thus an electrolytic Sn-plated layer in which the distribution state of Pb was controlled was formed.
That is, the current density of the final pass was increased to concentrate Pb in a surface layer region, and conversely,
the current density of the final pass was reduced to make the Pb content of the surface layer region lower than the Pb
content of the whole electrolytic Sn-plated layer. In this Example, the current density was maintained at 20 A/dm?2 except
for the final pass, and increased to 30 to 60 A/dmZ2 in the final pass, and the electrolytic Sn plating was performed.
However, in cases of No. 11 and No. 14 of Table 1, only the current density of the final pass was reduced, and in cases
of No. 37 and No. 38, the current density was made constant.
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[0067] A carbonate of an alkaline earth metal (Ca, Sr, Ba) was added to some Sn plating solutions.

[0068] After the electrolytic Sn plating step, flux coating was performed, followed by immersion in a 10-fold dilution of
the above-described electrolytic Sn plating solution. After roller squeezing, cold air drying was performed, and energiza-
tion heating and quenching (80°C) were performed as a reflow operation. Through the above method, an electrolytic
Sn-plated steel sheet was obtained.

[0069] For some electrolytic Sn-plated steel sheets, Ni pre-plating or Fe-20 mass% Ni pre-plating was performed as
a pretreatment for the electrolytic Sn plating step such that the adhered amount of Ni was 20 mg/m2. Then, a Fe-Ni
layer, a Ni-Sn layer (mainly containing Ni3Sn,), or a Fe-Ni-Sn layer was formed by reflow.

[0070] Component analysis of the electrolytic Sn-plated layer was performed by the above-described method. For
GD-MS analysis, a rectangular sample of 30 mmXx15 mm was collected from a position 30 mm away from an end portion
of the electrolytic Sn-plated steel sheet, and the GD-MS analysis was performed at two positions in the sample. Trace
element analysis of alkaline earth metals (Ca, Sr, Ba) was performed by ICP-MS. The electrolytic Sn-plated layer contains
Pb, Ca, Sr, and Ba shown in Table 1, and contains Sn: 10 to 100 mass%, Fe: 0 to 90 mass%, O: 0 to 0.5 mass%, and
the remainder consisting of impurities.

[0071] "Pb Contentin Whole Plated Layer/ppm by mass" in Table 1 represents the Pb content of the whole electrolytic
Sn-plated layer, and "Pb content of Surface Layer/ppm by mass" represents the Pb content of the surface layer region
of the electrolytic Sn-plated layer. In the column of "Pb/(Sn+Pb) (surface layer region/deep region)"in Table 1, the symbol
"O"is indicated in a case where a value obtained by dividing (Pb content/(Sn content+Pb content)) of the surface layer
region of the electrolytic Sn-plated layer by (Pb content/(Sn content+Pb content)) of the region (deep region) other than
the surface layer region of the electrolytic Sn-plated layer is 1.1 or greater, and the symbol "X" is indicated in a case
where the value is less than 1.1.

[0072] In Table 1, all Examples including invention examples and comparative examples had a Sn layer and an alloy
layer in the electrolytic Sn-plated layer.

[0073] The following tests were performed on the electrolytic Sn-plated steel sheet.

[0074] In a sulfide staining resistance test (retort test), a sample having a predetermined size was collected from a
position 30 mm away from an end portion of the electrolytic Sn-plated steel sheet, and a current was allowed to flow to
the sample at 5 A/dm2 by using a Pb-Sn anode in a 25 g/L solution of sodium dichromate dihydrate at 50°C to achieve
10 mg/dm2 (#311 treatment).

Alloy-Tin Couple Test (ATC Test)

[0075] The can life in a case where the electrolytic Sn-plated steel sheet was applied to a beverage can or a food can
was evaluated by an ATC test. In the ATC test, an electrolytic Sn-plated steel sheet detinned after reflow, in which an
alloy layer (Fe-Sn layer) was exposed, and an electrolytic Sn-plated steel sheet which had not been detinned after reflow
were immersed in an ATC test solution (1.5% NaCl+1.5% citric acid solution), and a corrosion current flowing between
the two electrodes was measured. A rectangular test piece of 130 mmXx15 mm was prepared. The test piece was
subjected to electrolytic peeling in a 5% NaOH solution, and a surface other than a test surface of 5 mmx40 mm was
completely sealed to prevent leakage of the current. The test solution was boiled for 2 minutes in a nitrogen atmosphere
and cooled to room temperature. The electrolytic Sn-plated steel sheet detinned after reflow, in which the alloy layer
(Fe-Sn layer) was exposed, and the electrolytic Sn-plated steel sheet which had not been detinned after reflow were
connected and incorporated in a test tank. Stannous chloride (100 ppm in terms of Sn2+*) was added to the bottom of
the test tank to previously put the inside of the test tank in a nitrogen atmosphere. The ATC test solution was moved to
the test tank so as not to come into contact with air. The electrolytic Sn-plated steel sheet detinned after reflow, in which
the alloy layer (Fe-Sn layer) was exposed, and the electrolytic Sn-plated steel sheet which had not been detinned after
reflow were immersed, and at the same time, the ATC test solution was stirred for 30 minutes to dissolve the stannous
chloride. After immersion in the nitrogen atmosphere (ATC test solution) for 20 hours, a current value between the
detinned electrolytic Sn-plated steel sheet and the electrolytic Sn-plated steel sheet which had not been detinned was
measured, and was set as an ATC value. The lower the ATC value, the longer the can life.

[0076] In this Example, scores were given depending on the ATC value (wA/cm?2) measured by the above method in
four stages of:

Excellent 4 Points: less than 0.1 wA/cm?2
3 points: 0.1 wA/cm? or greater and less than 0.2 pA/cm?
2 points: 0.2 wA/cmZ2 or greater and less than 0.3 pA/cm 2
Poor 1 point: 0.3 pA/cm? or greater

Since it was possible to use an electrolytic Sn-plated steel sheet with a score of 2 or greater as a steel sheet for a
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container, a score of 2 or greater was determined to be acceptable.
Sulfide Staining Resistance Test (retort test)

[0077] The corrosion resistance of the electrolytic Sn-plated steel sheet was evaluated by a sulfide staining resistance
test. In the sulfide staining resistance test, a corrosion resistance test solution in which a 0.1 % sodium thiosulfate
aqueous solution and a 0.1 N sulfuric acid were mixed at a volume fraction of 1:2 was used. The electrolytic Sn-plated
steel sheet subjected to the above-described #311 treatment was cut into a ¢35 mm piece and prepared as a test piece.
The test piece was placed and fixed on the mouth of a heat-resistant bottle containing a corrosion resistance test solution.
Then, the heat-resistant bottle was turned upside down such that the test piece and the corrosion resistance test solution
were brought into contact with each other. A heat treatment was performed for 60 minutes at 121°C, and then corrosion
resistance was evaluated based on a ratio of the corroded portion in the area where the corrosion resistance test solution
was brought into contact with the test piece (the area of the opening part of the heat-resistant bottle).

[0078] Scoresfrom 1to 5 points were given depending on the ratio of the corrosion area to the area where the corrosion
resistance test solution was brought into contact with the test piece. Since it was possible to use an electrolytic Sn-plated
steel sheet with a score of 3 or greater as a steel sheet for a container, a score of 3 or greater was determined to be
acceptable.

Excellent 5 Points: area of less than 10%
4 Points: area of 10% or greater and less than 25%
3 Points: area of 25% or greater and less than 40%
2 Points: area of 40% or greater and less than 55%
Poor 1 Point: area of 55% or greater

Coating Film Adhesion Evaluation Test

[0079] A sample was collected from an arbitrary position in the electrolytic Sn-plated steel sheet. An acrylic coating
film was coated on the surface of the electrolytic Sn-plated layer by baking, cooled to room temperature, and then
subjected to a tape peeling test. The tape surface after the peeling test was observed, and a case where a surface to
which the electrolytic Sn plating was adhered was less than 5% of the tape surface (the surface where the electrolytic
Sn-plated layer and the tape were adhered to each other) was determined to be acceptable as excellent coating film
adhesion. A case where the surface to which the electrolytic Sn plating was adhered was 5% or greater of the tape
surface (the surface where the electrolytic Sn-plated layer and the tape were adhered to each other) was determined
to be unacceptable as poor coating film adhesion. Among the examples determined to be acceptable, a case where the
surface to which the electrolytic Sn plating was adhered was less than 3% of the tape surface (the surface where the
electrolytic Sn-plated layer and the tape were adhered to each other) was determined to be particularly excellent coating
film adhesion. In Table 1, the symbol "A" was indicated for the examples determined to be acceptable. Among the
examples determined to be acceptable, those having excellent coating film adhesion were indicated by the symbol "O",
and those determined to be unacceptable were indicated by the symbol "X".

Whisker Resistance Evaluation Test

[0080] A sample was collected from an arbitrary position in the electrolytic Sn-plated steel sheet. The sample was
subjected to 5 T-bending and left for 1,000 h at 40°C and 50%RH. Then, the outside of the bent portion was observed
in the range of 10 mmXx5 mm by SEM, and the number of whiskers of 50 wm or greater was counted by observing 3
visual fields. The number was divided by the observation area to obtain a number density. A case where the number of
observed whiskers was 10 or less per 1 mm?2 was determined to be acceptable as excellent whisker resistance, and a
case where the number of observed whiskers was greater than 10 was determined to be unacceptable. In Table 1, the
symbol "O" was indicated for the examples determined to be acceptable, and the symbol "X" was indicated for the
examples determined to be unacceptable.

[0081] The measurement results and test results are shown in Table 1. In Table 1, the underline indicates that the
characteristic is out of the scope of the invention or not preferred.
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[0082] No. 1, No. 2, and No. 3 are examples in which the Pb content of the whole electrolytic Sn-plated layer was
greater than 50 ppm by mass, and the scores of the ATC test and the sulfide staining resistance test were low. Sulfide
staining is caused by binding of Sn and S, and discoloration is promoted by exposition to a high temperature in the retort
treatment. It is presumed that in a case where the Pb content of the whole electrolytic Sn-plated layer is high, a portion
where the melting point is lowered is locally generated, the number of reaction points of discoloration is increased, and
thereby this leads to an appearance change called macro staining.

[0083] In the invention examples, the Pb content of the whole electrolytic Sn-plated layer is 50 ppm by mass or less,
and the Pb content of the surface layer region is 5 ppm or greater and is higher than the Pb content of the whole electrolytic
Sn-plated layer. Accordingly, all the results of the ATC test, the sulfide staining resistance test, the coating film adhesion
evaluation test, and the whisker resistance evaluation test were good.

[0084] Specifically, more favorable corrosion resistance was exhibited in a case where the Pb content of the whole
electrolytic Sn-plated layer was 30 ppm by mass or less (No. 6), and extremely favorable corrosion resistance was
exhibited in a case where the Pb content of the whole electrolytic Sn-plated layer was 20 ppm by mass or less (No. 7,
No. 8, and Nos. 16 to 18). In addition, the invention examples in which the value obtained by dividing (Pb content/(Sn
content+Pb content)) of the surface layer region of the electrolytic Sn-plated layer by (Pb content/(Sn content+Pb content))
of the deep region of the electrolytic Sn-plated layer was 1.1 or greater exhibited particularly good results in the coating
film adhesion evaluation test.

[0085] Nos. 19 to 23 are electrolytic Sn-plated steel sheets produced by adding 0.01 to 1 g/L of calcium carbonate to
the Sn plating solution corresponding to No. 10. The Pb content of the whole electrolytic Sn-plated layer in Nos. 19 to
23 was reduced by about 20% as compared to No. 10, and this indicated an improvement in the Pb2* yield by the crown
ether method.

[0086] Nos. 24 to 28 are electrolytic Sn-plated steel sheets produced by adding 0.01 to 1 g/L of strontium carbonate
to the Sn plating solution corresponding to No. 10. The Pb content of the whole electrolytic Sn-plated layer in Nos. 24
to 28 was reduced by about 30% as compared to No. 10, and this indicated an improvement in the Pb2* yield by the
crown ether method.

[0087] Nos. 29 to 33 are electrolytic Sn-plated steel sheets produced by adding 0.01 to 1 g/L of barium carbonate to
the Sn plating solution corresponding to No. 10. The Pb content of the whole electrolytic Sn-plated layer in Nos. 29 to
33 was reduced by about 10% as compared to No. 10, and this indicated an improvement in the Pb2* yield by the crown
ether method.

[0088] No. 34 is an electrolytic Sn-plated steel sheet produced by adding 0.07 g/L of calcium carbonate and 0.05 g/L
of strontium carbonate to the Sn plating solution corresponding to No. 10. The Pb content of the whole electrolytic Sn-
plated layer in No. 34 was reduced by about 35% as compared to No. 10, and this indicated an improvement in the Pb2*
yield by the crown ether method.

[0089] Nos. 35t038 are examplesinwhich pre-Niplating and pre-Fe-20% Ni plating were performed prior to electrolytic
Sn plating corresponding to No. 9. In No. 35 and No. 36 as the invention examples, one or more of a Ni-Fe layer, a Ni-
Sn layer, and a Ni-Fe-Sn layer were formed. Accordingly, it has been found that the potential difference between the
electrolytic Sn-plated layer and the Ni-Fe layer, Ni-Sn layer, or Ni-Fe-Sn layer was reduced and the ATC value was
improved.

[0090] FIGS. 2A and 2B show the results of GD-MS analysis of the electrolytic Sn-plated layer after a reflow treatment
of the electrolytic Sn-plated steel sheet produced in the Example (No. 16).

[0091] The graphof FIG. 2A shows changes in the contentratios of Fe, Sn, Pb, and O from the surface of the electrolytic
Sn-plated layer on the left end side of the horizontal axis toward the base steel sheet on the right end side of the horizontal
axis. Regarding the ppm by mass on the vertical axis, the scale on the left side is for Fe and Sn, and the scale on the
right side is for Pb and O. From FIG. 2A, it is found that only about 25 ppm by mass of Pb is detected in the outermost
surface.

[0092] The graph of FIG. 2B is obtained by acquiring the Sn content and the Pb content of FIG. 2A, calculating a value
of Pb/(Sn+Pb), and making changes in the depth direction from the surface of the electrolytic Sn-plated layer into a graph.
[0093] In this case, it is found that the value of Pb/(Sn+Pb) is increased in the surface layer region of the electrolytic
Sn-plated layer (the region from the surface to a depth of (1/10)Xt in the sheet thickness direction (the portion surrounded
by a rectangle in FIG. 2B)), that is, a Pb concentration phenomenon occurs near the surface.

[0094] In the example of FIG. 2B, the average value of Pb/(Sn+Pb) in the whole electrolytic Sn-plated layer was about
15 ppm by mass, whereas the maximum value of Pb/(Sn+Pb) in the surface layer region was about 25 ppm by mass
and was below the current Pb content regulation value that is anticipated. There was no substantial problem.

[0095] In a case where the Pb content in the whole electrolytic Sn-plated layer reaches the upper limit value of 50
ppm by mass specified in the invention, the upper limit value of the Pb contentin the surface layer region is 60 ppm by mass.
[0096] In the invention, an electrolytic Sn-plated steel sheet having a low Pb content is obtained by a complex forma-
tion/capture/removal method of Pb2* ions with a crown ether in order to reduce the Pb content of a whole electrolytic
Sn-plated layer. However, the invention does not exclude the use of a method other than the complex formation/cap-
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ture/removal method of Pb2* ions with a crown ether.
[Industrial Applicability]

[0097] According to this embodiment, it is possible to provide an electrolytic Sn-plated steel sheet which has a Pb
content of 50 ppm by mass or less in a whole electrolytic Sn-plated layer and is applicable as a steel sheet for a container.
According to this embodiment, without the use of a high-cost Sn ingot having a low Pb content, it is possible to achieve
alow Pb content at low cost while using a conventional Sn ingot having a relatively high Pb content produced in Southeast
Asia or the like. Therefore, even in a case where regulations such as achieving a Pb-free state are strengthened all over
the world, the invention can deal with the above situation, and has great meaningfulness in the industry.

Claims
1. An electrolytic Sn-plated steel sheet comprising:

a base steel sheet; and

an electrolytic Sn-plated layer which is disposed on the base steel sheet, has a Sn layer and an alloy layer, and
contains Sn: 10 to 100 mass%, Fe: 0 to 90 mass%, and O: 0 to 0.5 mass%,

wherein a Pb content of the whole electrolytic Sn-plated layer is 50 ppm by mass or less, and

in a case where a thickness of the electrolytic Sn-plated layer is represented by t and a region from a surface
of the electrolytic Sn-plated layer to a depth of (1/10) Xt in a sheet thickness direction is defined as a surface
layer region, a Pb content of the surface layer region is 5 ppm by mass or greater and the Pb content of the
surface layer region is higher than the Pb content of the whole electrolytic Sn-plated layer.

2. The electrolytic Sn-plated steel sheet according to claim 1,
wherein a value obtained by dividing (Pb content/(Sn content+Pb content)) of the surface layer region of the elec-
trolytic Sn-plated layer by (Pb content/(Sn content+Pb content)) of a region other than the surface layer region of
the electrolytic Sn-plated layer is 1.1 or greater.

3. The electrolytic Sn-plated steel sheet according to claim 1 or 2,
wherein the electrolytic Sn-plated layer further contains one or more of the group consisting of Ca: 0.1 to 10 ppm
by mass, Sr: 0.1 to 10 ppm by mass, and Ba: 0.1 to 10 ppm by mass.

4. The electrolytic Sn-plated steel sheet according to any one of claims 1 to 3, further comprising:

one or more of a Fe-Ni layer, a Ni-Sn layer, and a Fe-Ni-Sn layer between the electrolytic Sn-plated layer and the
base steel sheet.

15
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