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HOT-DIP Al-Zn-Mg-Si COATED STEEL SHEET
AND METHOD OF PRODUCING SAME

TECHNICAL FIELD
[0001] This disclosure relates to a hot-dip Al-Zn-Mg-Si coated steel sheet
having good corrosion resistance in flat parts and edge parts, and also having
excellent corrosion resistance in worked parts, and to a method of producing

the same.

BACKGROUND

[0002] Hot-dip Al-Zn alloy-coated steel sheets have both the sacrificial
protection of Zn and the high corrosion resistance of Al, and thus rank highly
in terms of corrosion resistance among hot-dip galvanized steel sheets. For
example, PTL 1 (JP S46-7161 B) discloses a hot-dip Al-Zn alloy-coated steel
sheet in which the hot-dip coating contains from 25 mass% to 75 mass% of Al.
Due to their excellent corrosion resistance, hot-dip Al-Zn alloy-coated steel
sheets have been the subject of increased demand in recent years, particularly
in the field of building materials for roofs, walls, and the like that undergo
long-term exposure to outdoor environments, and the field of -civil
engineering and construction for guardrails, wiring, piping, sound proof walls,
and the like.

[0003] The hot-dip coating of a hot-dip Al-Zn alloy-coated steel sheet
includes a main layer and an alloy layer present at an interface of the main
layer with a base steel sheet. The main layer is mainly composed of regions
where Zn is contained in a supersaturated state and Al is solidified by dendrite
solidification (a-Al phase dendritic regions), and remaining interdendritic
regions between the dendrites, and has a structure with the a-Al phase stacked
in multiple layers in the thickness direction of the hot-dip coating. Due to
such characteristic hot-dip coating structure, the corrosion path from the
surface becomes complex, making it difficult for corrosion to reach the base
steel sheet. Therefore, better corrosion resistance can be achieved with a
hot-dip Al-Zn alloy-coated steel sheet than with a hot-dip galvanized steel
sheet having the same hot-dip coating thickness.

[0004] The inclusion of Mg in a hot-dip Al-Zn alloy coating is a known
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technique for further improving corrosion resistance.

In one example of a technique relating to a hot-dip Al-Zn alloy-coated
steel sheet containing Mg (hot-dip Al-Zn-Mg-Si coated steel sheet), PTL 2 (JP
5020228 B) discloses an Al-Zn-Mg-Si coated steel sheet in which the hot-dip
coating contains a Mg-containing Al-Zn-Si alloy. The Al-Zn-Si alloy contains
from 45 wt% to 60 wt% of aluminum, from 37 wt% to 46 wt% of zinc, and
from 1.2 wt% to 2.3 wt% of silicon, and has a Mg concentration of from 1
wt% to 5 wt%.

Moreover, PTL 3 (JP 5000039 B) discloses a surface treated steel
material having an Al alloy coating containing, by mass%, from 2% to 10% of
Mg, from 0.01% to 10% of Ca, and from 3% to 15% of Si, the balance being
Al and incidental impurities, and having a Mg/Si mass ratio in a specific
range.

[0005] Hot-dip Al-Zn alloy-coated steel sheets that are to be used in the
automotive field, and particularly those that are to be used for outer panels,
are typically supplied to automobile manufacturers and the like in a state in
which production up to hot-dip coating in a continuous galvanizing line
(CGL) has been completed. After being worked into the shape of a panel
component, the hot-dip Al-Zn alloy-coated steel sheet is typically subjected to
chemical conversion treatment, and also general coating for automobile use by
electrodeposition coating, intermediate coating and top coating. However,
when a coating film of an outer panel obtained using a hot-dip Al-Zn
alloy-coated steel sheet is scarred, the resulting scar acts as a start point for
selective corrosion of interdendritic regions present at the interface of the
coating film and the hot-dip coating that contain a large amount of Zn. As a
result, there have been cases in which significantly greater coating film
blistering has occurred than with a hot-dip Zn coating and in which it has not
been possible to ensure adequate corrosion resistance (post-coating corrosion
resistance). In response, PTL 4 (JP 2002-12959 A), for example, discloses a
hot-dip Al-Zn alloy-coated steel sheet in which the formation of red rust from
edge surfaces of the steel sheet is improved by adding Mg, Sn, or the like to
the hot-dip coating composition in order that a Mg compound such as Mg,Si,

MgZn,, Mg,Sn, or the like is formed in the hot-dip coating layer.
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SUMMARY

(Technical Problem)

[0007] As mentioned above, due to their excellent corrosion resistance,
hot-dip Al-Zn alloy-coated steel sheets are often used in the field of building
materials for roofs, walls, and the like that undergo long-term exposure to
outdoor environments. Therefore, there is demand for the development of
hot-dip Al-Zn-Mg-Si coated steel sheets with even better corrosion resistance
in order to extend product life in response to recent requirements for resource
conservation and energy efficiency.

Moreover, in the hot-dip Al-Zn-Mg-Si coated steel sheets disclosed in
PTL 2 and 3, the hot-dip coating has a hard main layer and thus tends to crack
when worked by bending. This is problematic as the cracking results in poorer
corrosion resistance in worked parts (worked part corrosion resistance).
Therefore, there is also demand for the improvement of worked part corrosion
resistance. Also note that although reduced ductility due to Mg addition is
remedied in PTL 2 through a “small” spangle size, in reality, it is essential
that TiB is present in the hot-dip coating in PTL 2 in order to achieve this
objective, and thus PTL 2 is not considered to disclose a fundamental
solution.

Furthermore, even when the hot-dip Al-Zn alloy-coated steel sheet
disclosed in PTL 4 is subjected to subsequent coating, the problem in relation
to post-coating corrosion resistance is not resolved, and there are some
applications for hot-dip Al-Zn alloy-coated steel sheets in which there is still
demand for further improvement of post-coating corrosion resistance.

[0008] In view of the circumstances set forth above, it would be helpful to
provide a hot-dip Al-Zn-Mg-Si coated steel sheet having good corrosion

resistance in flat parts and edge parts, and also having excellent worked part
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corrosion resistance, and to provide a method of producing this hot-dip

Al-Zn-Mg-Si coated steel sheet.

(Solution to Problem)

[0009] As a result of extensive studies conducted with the aim of solving the
problems set forth above, we decided to focus on a finding that in corrosion of
a hot-dip Al-Zn-Mg-Si coated steel sheet, Mg,Si present in interdendritic
regions of a main layer of the hot-dip coating dissolves during initial
corrosion, and Mg concentrates at the surface of corrosion products, which
contributes to improvement of corrosion resistance, and also a finding that it
is necessary to eliminate single phase Si since single phase Si present in the
main layer acts as a cathode site, leading to dissolution of the surrounding
hot-dip coating. We conducted further intensive research and discovered that
worked part corrosion resistance can be significantly improved by prescribing
the contents of Al, Mg, and Si components present in the main layer of the
hot-dip coating and controlling the contents of Mg and Si in the hot-dip
coating to within specific ranges such as to enable fine and uniform dispersion
of Mg,Si in the interdendritic regions of the main layer. We also discovered
that fine and uniform formation of Mg,Si can eliminate single phase Si from
the main layer of the hot-dip coating, and thereby also improve corrosion
resistance of flat parts and edge parts.

In addition to the above, we discovered that by controlling the Mg
content in the hot-dip coating to within a specific range, excellent
post-coating corrosion resistance can be obtained.

[0010] This disclosure is made based on these discoveries and primary
features thereof are as described below.

(1) A hot-dip Al-Zn-Mg-Si coated steel sheet comprising

a base steel sheet and a hot-dip coating on a surface of the base steel
sheet, wherein

the hot-dip coating includes an interfacial alloy layer present at an
interface with the base steel sheet and a main layer present on the interfacial
alloy layer, and contains from 25 mass% to 80 mass% of Al, from greater than
0.6 mass% to 15 mass% of Si, and from greater than 0.1 mass% to 25 mass%

of Mg, and
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Mg content and Si content in the hot-dip coating satisfy formula (1):

Mwme/(Msi — 0.6) > 1.7 (1)
where My, represents the Mg content in mass% and Msg; represents the Si
content in mass%.
[0011] (2) The hot-dip Al-Zn-Mg-Si coated steel sheet according to the
foregoing (1), wherein

the main layer contains Mg,Si, and Mg,Si content in the main layer is
1.0 mass% or more.
[0012] (3) The hot-dip Al-Zn-Mg-Si coated steel sheet according to the
foregoing (1), wherein

the main layer contains Mg,Si, and an area ratio of Mg,Si in a
cross-section of the main layer is 1 % or more.
[0013] (4) The hot-dip Al-Zn-Mg-Si coated steel sheet according to the
foregoing (1), wherein

the main layer contains Mg,Si, and according to X-ray diffraction
analysis, an intensity ratio of Mg,Si (111) planes having an interplanar
spacing d of 0.367 nm relative to Al (200) planes having an interplanar
spacing d of 0.202 nm is 0.01 or more.
[0014] (5) The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one
of the foregoing (1) to (4), wherein

the interfacial alloy layer has a thickness of 1 pm or less.
[0015] (6) The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one
of the foregoing (1) to (4), wherein

the main layer includes an a-Al phase dendritic region, and a mean
dendrite diameter of the a-Al phase dendritic region and a thickness of the
hot-dip coating satisfy formula (2):

t/d > 1.5 (2)
where t represents the thickness of the hot-dip coating in um and d represents
the mean dendrite diameter in pum.
[0016] (7) The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one
of the foregoing (1) to (6), wherein

the hot-dip coating contains from 25 mass% to 80 mass% of Al, from
greater than 2.3 mass% to 5 mass% of Si, and from 3 mass% to 10 mass% of

Mg.
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(8) The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one
of the foregoing (1) to (6), wherein

the hot-dip coating contains from 25 mass% to 80 mass% of Al, from
greater than 0.6 mass% to 15 mass% of Si, and from greater than 5 mass% to
10 mass% of Mg.
[0017] (9) A method of producing a hot-dip Al-Zn-Mg-Si coated steel sheet,
comprising

hot-dip coating a base steel sheet by immersing the base steel sheet in
a molten bath containing (consisting of) from 25 mass% to 80 mass% of Al,
from greater than 0.6 mass% to 15 mass% of Si, and from greater than 0.1
mass% to 25 mass% of Mg, the balance being Zn and incidental impurities,

subsequently cooling a resultant hot-dip coated steel sheet to a first
cooling temperature at an average cooling rate of less than 10 °C/sec, the first
cooling temperature being no higher than a bath temperature of the molten
bath and no lower than 50 °C below the bath temperature, and

then cooling the hot-dip coated steel sheet from the first cooling

temperature to 380 °C at an average cooling rate of 10 °C/sec or more.

(Advantageous Effect)

[0018] According to this disclosure, it is possible to provide a hot-dip
Al-Zn-Mg-Si coated steel sheet having good corrosion resistance in flat parts
and edge parts, and also having excellent worked part corrosion resistance,
and to provide a method of producing this hot-dip Al-Zn-Mg-Si coated steel

sheet.

BRIEF DESCRIPTION OF THE DRAWINGS
[0019] In the accompanying drawings:

FIG. 1A illustrates pre- and post-corrosion states of a worked part of a
disclosed hot-dip Al-Zn-Mg-Si coated steel sheet and FIG. 1B illustrates pre-
and post-corrosion states of a worked part of a conventional hot-dip
Al-Zn-Mg-Si coated steel sheet;

FIG. 2 illustrates, by scanning electron microscope energy dispersive
X-ray spectroscopy (SEM-EDX), the states of various elements in a situation

in which a worked part of a disclosed hot-dip Al-Zn-Mg-Si coated steel sheet
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is corroded;

FIG. 3 illustrates, by SEM-EDX, the states of various elements in the
case of a conventional hot-dip Al-Zn-Mg-Si coated steel sheet;

FIG. 4 illustrates a method of measuring dendrite diameter;

FIG. 5 illustrates a relationship between Si content and Mg content in
a hot-dip coating and the state of phases formed in a main layer of the hot-dip
coating;

FIG. 6 illustrates the procedure of a Japan Automotive Standards
Organization Cyclic Corrosion Test (JASO-CCT);

FIG. 7 illustrates a sample for evaluation of post-coating corrosion
resistance; and

FIG. 8 illustrates a cycle of an accelerated corrosion test (SAE J

2334).

DETAILED DESCRIPTION
[0020] (Hot-dip Al-Zn-Mg-Si coated steel sheet)

The hot-dip Al-Zn-Mg-Si coated steel sheet to which this disclosure
relates includes a base steel sheet and a hot-dip coating on a surface of the
base steel sheet. The hot-dip coating includes an interfacial alloy layer present
at an interface with the base steel sheet, and a main layer present on the
interfacial alloy layer. The hot-dip coating has a composition containing from
25 mass% to 80 mass% of Al, from greater than 0.6 mass% to 15 mass% of Si,
and from greater than 0.1 mass% to 25 mass% of Mg, the balance being Zn
and incidental impurities.

[0021] The Al content in the hot-dip coating is set as from 25 mass% to 80
mass%, and preferably from 35 mass% to 65 mass% from a viewpoint of
balancing corrosion resistance with actual operation requirements. When the
Al content of the main layer of the hot-dip coating is 25 mass% or more,
dendrite solidification of Al occurs. This ensures a structure having excellent
corrosion resistance in which the main layer is composed mainly of regions in
which Zn is in a supersaturated state and Al is solidified by dendrite
solidification (a-Al phase dendritic regions) and remaining interdendritic
regions between the dendrites, and in which the dendritic regions are stacked

in the thickness direction of the hot-dip coating. Corrosion resistance is
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improved as the number of stacked a-Al phase dendritic regions increases
because the corrosion path becomes more complex, which makes it more
difficult for corrosion to reach the base steel sheet. To obtain significantly
high corrosion resistance, the Al content of the main layer is more preferably
35 mass% or more. On the other hand, if the Al content of the main layer is
greater than 80 mass%, the content of Zn having sacrificial corrosion
protection ability with respect to Fe decreases, and corrosion resistance
deteriorates. Accordingly, the Al content of the main layer is set as 80 mass%
or less. Furthermore, when the Al content of the main layer is 65 mass% or
less, sacrificial corrosion protection ability with respect to Fe is ensured and
adequate corrosion resistance is obtained even if the coating weight of the
hot-dip coating is reduced and the steel base becomes more easily exposed.
Accordingly, the Al content of the main layer of the hot-dip coating is
preferably 65 mass% or less.

[0022] Si inhibits the growth of the interfacial alloy layer formed at the
interface with the base steel sheet and is added to a molten bath for improving
corrosion resistance and workability. Therefore, Si is inevitably contained in
the main layer of the hot-dip coating. Specifically, when hot-dip coating
treatment is performed in a molten bath containing Si in the case of an
Al-Zn-Mg-Si coated steel sheet, an alloying reaction takes place between Fe
in the surface of the base steel sheet and Al or Si in the bath upon immersion
of the steel sheet in the molten bath, whereby an Fe-Al compound and/or an
Fe-Al-Si compound is formed. The formation of this Fe-Al-Si interfacial alloy
layer inhibits growth of the interfacial alloy layer. A Si content of greater than
0.6 mass% in the hot-dip coating enables adequate inhibition of interfacial
alloy layer growth. On the other hand, if the Si content in the hot-dip coating
is greater than 15 mass%, this may provide a propagation path for cracks in
the hot-dip coating, which reduces workability and facilitates precipitation of
a Si phase that then acts as a cathode site. Although precipitation of the Si
phase can be inhibited by increasing the Mg content, this method leads to
increased production cost and complicates management of the molten bath
composition. Accordingly, the Si content in the hot-dip coating is set as 15
mass% or less. From a viewpoint of achieving a higher level of inhibition of

both interfacial alloy layer growth and Si phase precipitation, the Si content in



10

15

20

25

30

the hot-dip coating is preferably from greater than 2.3 mass% to 5 mass%, and
particularly preferably from greater than 2.3 mass% to 3.5 mass%.

[0023] The hot-dip coating contains from greater than 0.1 mass% to 25
mass% of Mg. When the main layer of the hot-dip coating is corroded, Mg
becomes included in the corrosion products, which improves the stability of
the corrosion products and delays corrosion progression, resulting in an effect
of improved corrosion resistance. More specifically, Mg in the main layer of
the hot-dip coating bonds to the Si described above to form Mg,Si. When the
hot-dip coated steel sheet is corroded, this Mg,Si dissolves during initial
corrosion, and thus Mg is included in the corrosion products. Mg concentrates
at the surface of the corrosion products and has an effect of densifying the
corrosion products such as to improve stability of the corrosion products and
barrier properties against external causes of corrosion.

The reason for setting the Mg content of the hot-dip coating as greater
than 0.1 mass% is that Mg,Si can be formed and a corrosion delaying effect
can be obtained when the Mg content is greater than 0.1 mass%. On the other
hand, the reason for setting the Mg content as 25 mass% or less is that, when
the Mg content is greater than 25 mass%, in addition to the effect of corrosion
resistance improvement reaching saturation, production cost increases and
management of the molten bath composition becomes complicated. From a
viewpoint of achieving a greater corrosion delaying effect while also reducing
production cost, the Mg content in the hot-dip coating is preferably from 3
mass% to 10 mass%, and more preferably from 4 mass% to 6 mass%.

[0024] Moreover, a Mg content in the hot-dip coating of 5 mass% or more can
improve post-coating corrosion resistance, which is one objective in the
present disclosure. In the case of a conventional hot-dip Al-Zn alloy-coated
steel sheet that does not contain Mg, a dense and stable oxide film of Al,O;
forms at the periphery of the a-Al phase straight after the hot-dip coating is
exposed to the atmosphere. Through the protective action of this oxide film,
solubility of the a-Al phase becomes significantly lower than that of a Zn-rich
phase in the interdendritic regions. Consequently, upon scarring of the coating
film of a coated steel sheet obtained using the conventional hot-dip Al-Zn
alloy-coated steel sheet as a base, the scar acts as a start point for selective

corrosion of the Zn-rich phase at an interface of the coating film and the
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hot-dip coating, and this corrosion progresses deep into a part where the
coating film is not scarred, causing large coating film blisters. Therefore,
post-coating corrosion resistance is poor. On the other hand, in the case of a
coated steel sheet obtained using a hot-dip Al-Zn alloy-coated steel sheet that
contains Mg as a base, a Mg,Si phase that precipitates in interdendritic
regions or Mg-Zn compound (MgZn,, Mg3,(Al,Zn)49, etc.) dissolves from an
initial stage of corrosion and Mg is taken into the corrosion products.
Corrosion products including Mg are highly stable, which inhibits corrosion
from the initial stage thereof. Moreover, this can inhibit large coating film
blisters caused by selective corrosion of the Zn-rich phase, which is a problem
in the case of a coated steel sheet obtained using the conventional hot-dip
Al-Zn alloy-coated steel sheet as a base. Consequently, a hot-dip Al-Zn
alloy-coated steel sheet having a Mg-containing hot-dip coating displays
excellent post-coating corrosion resistance. When the Mg content is 5 mass%
or less, post-coating corrosion resistance may not be improved because the
amount of Mg that dissolves during corrosion is small and thus stable
corrosion products such as described above are not sufficiently formed.
Conversely, when the Mg content is greater than 10 mass%, not only does the
effect thereof reach saturation, but strong Mg compound corrosion occurs and
solubility of the hot-dip coating layer as a whole is excessively increased. As
a result, a large blister width may arise and deterioration of post-coating
corrosion resistance may occur even if the corrosion products are stabilized
because the dissolution rate of the hot-dip coating layer is increased.
Accordingly, the Mg content is preferably in a range of from greater than 5
mass% to 10 mass% so as to ensure excellent post-coating corrosion
resistance.

[0025] In the disclosed hot-dip Al-Zn-Mg-Si coated steel sheet, from a
viewpoint of effectively dispersing Mg,Si in the interdendritic regions,
reducing the likelihood of formation of single phase Si, and achieving even
better worked part corrosion resistance, it is preferable that the Mg content
and the Si content in the hot-dip coating satisfy the following formula (1):

Mwmg/(Msi — 0.6) > 1.7 (1)
where My, represents the Mg content (mass%) and Msg; represents the Si

content (mass%).
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[0026] Fine and uniform dispersion of Mg,Si can dramatically improve
worked part corrosion resistance because Mg,Si gradually dissolves with Zn
over the surface of the hot-dip coating and the entirety of the fracture surface
of cracks in a worked part, a large amount of Mg is taken into the corrosion
products, and a thick Mg-rich section is formed over the whole surface of the
corrosion products, thereby inhibiting progression of corrosion. Moreover,
fine and uniform dispersion of Mg,Si throughout the main layer of the hot-dip
coating without uneven distribution can also improve corrosion resistance of
flat parts and edge parts by eliminating single phase Si that acts as a cathode
site from the main layer.

In contrast, according to conventional techniques, as described for
example in PTL 3, Mg,Si is present as lumps of at least a certain size
(specifically, lumps having a major diameter of 10 um or more and a ratio of
minor diameter to major diameter of 0.4 or more). Therefore, the Mg;,Si is
coarse and unevenly distributed, and thus has a much higher dissolution rate
than Zn during initial corrosion, leading to preferential dissolution and elution
of Mg,Si. Consequently, Mg is not effectively taken into the corrosion
products, small and localized Mg-rich sections form at the surface of the
corrosion products, and the desired effect of corrosion resistance improvement
is not obtained.

[0027] FIG. 5 illustrates a relationship between Si content and Mg content in
the hot-dip coating and the state of phases formed in the main layer of the
hot-dip coating. It can be seen from FIG. 5 that within the scope of the
disclosed composition (area surrounded by a dashed line in FIG. 5), single
phase Si can be reliably eliminated from the main layer when formula (1) is
satisfied.

[0028] The main layer of the hot-dip coating includes a-Al phase dendritic
regions. The mean dendrite diameter of these dendritic regions and the
thickness of the hot-dip coating satisfy the following formula (2):

t/d > 1.5 (2)
where t represents the thickness of the hot-dip coating (um) and d represents
the mean dendrite diameter (um).

When formula (2) is satisfied, the arms of the dendritic regions

composed by the a-Al phase can be kept relatively small (i.e., the mean
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dendrite diameter can be kept relatively small), Mg,Si can be effectively
dispersed in the interdendritic regions, and a state can be obtained in which
Mg,Si is finely and uniformly dispersed throughout the main layer of the
hot-dip coating without uneven distribution.

[0029] FIGS. 1A and 1B schematically illustrate the change in state of a main
layer of a hot-dip coating during corrosion of a worked part in the case of the
disclosed hot-dip Al-Zn-Mg-Si coated steel sheet and in the case of a hot-dip
Al-Zn-Mg-Si coated steel sheet according to a conventional technique.

As illustrated in FIG. 1A, in the case of the disclosed hot-dip
Al-Zn-Mg-Si coated steel sheet, the dendrites are small relative to the
thickness t of the hot-dip coating, which facilitates fine and uniform
dispersion of Mg,Si. When a worked part of the disclosed hot-dip
Al-Zn-Mg-Si coated steel sheet is corroded (note that cracks are present in the
worked part), Mg,Si that is present at fracture surfaces of the cracks into the
worked part of the hot-dip coating dissolves, and Mg concentrates at the
surface of the corrosion products.

On the other hand, in the case of the conventional hot-dip
Al-Zn-Mg-Si coated steel sheet, as illustrated in FIG. 1B, the dendrites are
large relative to the thickness t of the hot-dip coating, which makes fine and
uniform dispersion of Mg,Si difficult. When a worked part of the
conventional hot-dip Al-Zn-Mg-Si coated steel sheet is corroded, Mg,Si that
is present at fracture surfaces of the cracks into the worked part dissolves, and
Mg concentrates along some of the surface of the corrosion product. However,
since the degree of dispersion of Mg;Si throughout the main layer of the
hot-dip coating is poor compared to the disclosed hot-dip Al-Zn-Mg-Si coated
steel sheet, the Mg-rich section covering the surface of the corrosion products
is reduced. This is thought to facilitate the progression of corrosion in the
worked part, resulting in inadequate corrosion resistance.

[0030] FIG. 2 illustrates, by energy dispersive X-ray spectroscopy using a
scanning electron microscope (SEM-EDS), the states of various elements
when a worked part is corroded in the case of the disclosed hot-dip
Al-Zn-Mg-Si coated steel sheet. It can be seen from FIG. 2 that when a worked
part is corroded in the disclosed hot-dip Al-Zn-Mg-Si coated steel sheet, Mg

concentrates at the surface of the main layer of the hot-dip coating (refer to



10

15

20

25

30

-13 -

the photograph for Mg in FIG. 2).

FIG. 3 illustrates, by SEM-EDS, the states of various elements in the
case of a hot-dip Al-Zn-Mg-Si coated steel sheet in which the hot-dip coating
has a composition within the scope of this disclosure (Al: 55 mass%, Si: 1.6
mass%, Mg: 2.5 mass%), but in which the mean dendrite diameter of dendritic
regions in the main layer and the thickness of the hot-dip coating do not
satisfy the above formula (2). Upon observation, a small amount of
precipitation of a Si single phase can be confirmed, and thus reduced
corrosion resistance is inferred (refer to the photograph for Si in FIG. 3).
[0031] The term “dendrite diameter” refers to the center distance between
adjacent dendrite arms (dendrite arm spacing). Herein, the dendrite diameter
is measured in accordance with the secondary dendrite arm spacing method
(refer to “Japan Institute of Light Metals, Committee of Casting and
Solidification; Journal of Japan Institute of Light Metals; Vol. 38; p 54;
1988”). In the hot-dip coating of the disclosed hot-dip Al-Zn-Mg-Si coated
steel sheet, the dendritic regions of the main layer of the hot-dip coating have
a high level of orientation and there are large number of regions in which the
arms are aligned.

Specifically, as illustrated in FIG. 4, the surface of the main layer of
the hot-dip coating is polished and/or etched and is observed under
magnification (for example, observed under x200 magnification) using a
scanning electron microscope (SEM), and in a randomly selected field of view,
a region where at least three dendrite arms are aligned is selected (three
dendrites between A and B are selected in FIG. 4), and the distance along a
direction of alignment of the arms (distance L in FIG. 4) is measured.
Thereafter, the measured distance is divided by the number of dendrite arms
(L/3 in FIG. 4) to calculate the dendrite diameter. The dendrite diameter is
measured at three or more locations in one field of view, and the mean of the
dendrite diameters obtained at these locations is calculated to determine the
mean dendrite diameter.

[0032] In the disclosed hot-dip Al-Zn-Mg-Si coated steel sheet, the main
layer contains Mg,Si as described above, and the Mg,Si content in the main
layer is preferably 1.0 mass% or more. This enables fine and uniform

dispersion of Mg,Si throughout the main layer of the hot-dip coating in a more
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reliable manner such that the desired corrosion resistance can be achieved.

Herein, the Mg,Si content is measured by, for example, dissolving the

hot-dip coating of the Al-Zn-Mg-Si coated steel sheet in acid and then
measuring the amounts (g/m?”) of Si and Mg by ICP analysis (high-frequency
inductively coupled plasma emission spectroscopy). The content in the
interfacial alloy layer (0.45 g/m® per 1 um of interfacial alloy layer) is
subtracted from the amount of Si, and the difference is multiplied by 2.7 to
convert to the amount (g/m”) of Mg,Si, which is then divided by the hot-dip
coating weight (g/m?) to calculate the mass percentage of Mg,Si. However,
any analytical method by which the Mg,Si content can be determined may be
used.
[0033] The area ratio of Mg,Si in the main layer upon observation of a
cross-section of the main layer is preferably 1 % or more. This enables fine
and uniform dispersion of Mg,Si throughout the main layer of the hot-dip
coating in a more reliable manner such that the desired corrosion resistance
can be achieved.

Herein, the area ratio of Mg;Si is determined by, for example,

performing SEM-EDX mapping of a cross-section of the hot-dip coating of the
Al-Zn-Mg-Si coated steel sheet and then using image processing to calculate
the area ratio (%) of regions where Mg and Si are detected overlapping with
one another (i.e., regions where Mg,Si is present) in one field of view.
However, any method that can determine the area ratio of regions where
Mg, Si is present may be used.
[0034] Moreover, with regards to Mg,Si contained in the main layer, it is
preferable that according to X-ray diffraction analysis, an intensity ratio of
Mg,Si (111) planes (interplanar spacing d = 0.367 nm) relative to Al (200)
planes (interplanar spacing d = 0.202 nm) is 0.01 or more. This enables fine
and uniform dispersion of Mg,Si throughout the main layer of the hot-dip
coating in a more reliable manner such that the desired corrosion resistance
can be achieved.

Herein, this intensity ratio is calculated by obtaining an X-ray
diffraction pattern under conditions of, for example, a tube voltage of 30 kV, a
tube current of 10 mA, a Cu Ka tube (wavelength A = 0.154 nm), and a

measurement angle 20 of from 10° to 90°, measuring the intensity of (200)
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planes (interplanar spacing d = 0.2024 nm) indicating Al and the intensity of
(I11) planes (interplanar spacing d = 0.367 nm) indicating Mg,Si, and then
dividing the latter by the former. However, no specific limitations are placed
on the X-ray diffraction analysis conditions.

[0035] With regards to Mg,Si particles that are finely and uniformly
dispersed in the interdendritic regions, the ratio of the minor diameter thereof
relative to the major diameter thereof is preferably 0.4 or less, and more
preferably 0.3 or less.

In conventional techniques, the ratio of the minor diameter relative to
the major diameter of Mg,Si particles is 0.4 or more as described, for example,
in PTL 3. Since Mg,Si is coarse and has an uneven distribution in this
situation, the dissolution rate of Mg,Si during initial corrosion is much higher
than that of Zn, and Mg,Si preferentially dissolves and elutes, as a result of
which, Mg is not effectively taken into the corrosion products, a smaller
number of localized Mg-rich sections form at the surface of the corrosion
products, and an effect of corrosion resistance improvement is not obtained.

On the other hand, setting a large difference between the major and
minor diameters (aspect ratio) in the disclosed techniques contributes to fine
and uniform dispersion of Mg,Si particles present at the surface of the hot-dip
coating and at fracture surfaces of cracks into a worked part. This can
dramatically improve worked part corrosion resistance because Mg,Si
gradually dissolves with Zn during corrosion, a large amount of Mg is taken
into the corrosion products, and a thick Mg-rich section is formed over the
whole surface of the corrosion products, thereby inhibiting progression of
corrosion.

Herein, the “major diameter” of Mg,Si refers to the longest diameter
in a Mg,Si particle and the “minor diameter” of Mg,Si refers to a shortest
diameter in a Mg,Si particle.

[0036] From a viewpoint of obtaining better corrosion resistance, the hot-dip
coating preferably further contains Ca. In a situation in which the hot-dip
coating further contains Ca, the total Ca content is preferably from 0.2 mass%
to 25 mass%. When the total content is within the range set forth above, an
adequate corrosion delaying effect can be obtained without this effect

reaching saturation.
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[0037] Furthermore, the main layer preferably further contains one or more
selected from Mn, V, Cr, Mo, Ti, Sr, Ni, Co, Sb, and B in a total amount of
from 0.01 mass% to 10 mass% because, in the same way as Mg and Ca, they
improve the stability of corrosion products and have an effect of delaying
progression of corrosion.
[0038] The interfacial alloy layer is present at the interface with the base
steel sheet and, as previously mentioned, is an Fe-Al compound and/or an
Fe-Al-Si compound that is inevitably formed by alloying reaction between Fe
in the surface of the base steel sheet and Al and/or Si in the molten bath. Since
the interfacial alloy layer is hard and brittle, it may act as a start point for
cracks during working if it grows thick. Therefore, the thickness of the
interfacial alloy layer is preferably minimized.
[0039] The interfacial alloy layer and the main layer can be examined by
using a scanning electron microscope or the like to observe a polished and/or
etched cross-section of the hot-dip coating. Although there are various
methods for polishing and etching the cross-section, there is no specific
limitation on which method is used as long as the method is normally used for
observing hot-dip coating cross-sections. Furthermore, regarding observation
conditions using a scanning electron microscope, it is possible to clearly
observe the alloy layer and the main layer, for example, in a backscattered
electron image at a magnification of x1,000 or more, with an acceleration
voltage of 15 kV.

The presence or absence of Mg and one or more selected from Ca, Mn,
V, Cr, Mo, Ti, Sr, Ni, Co, Sb, and B in the main layer can be confirmed by, for
example, performing penetration analysis of the hot-dip coating using a glow
discharge emission analyzer. However, use of a glow discharge emission
analyzer is only intended as an example, and any other methods enabling
examination of the presence and distribution of Mg, Ca, Mn, V, Cr, Mo, Ti, Sr,
Ni, Co, Sb, and B in the main layer of the hot-dip coating can be adopted.
[0040] Furthermore, it is preferable that the aforementioned one or more
selected from Ca, Mn, V, Cr, Mo, Ti, Sr, Ni, Co, Sb, and B form an
intermetallic compound with one or more selected from Zn, Al, and Si in the
main layer of the hot-dip coating. During the process of forming the hot-dip
coating, the a-Al phase solidifies before the Zn-rich phase, and therefore the
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intermetallic compound is discharged from the o-Al phase during the
solidification process and gathers in the Zn-rich phase in the main layer of the
hot-dip coating. Since the Zn-rich phase corrodes before the a-Al phase, the
one or more selected from Ca, Mn, V, Cr, Mo, Ti, Sr, Ni, Co, Sb, and B are
taken into the corrosion products. As a result, it is possible to more effectively
stabilize the corrosion products in the initial stage of corrosion. Furthermore,
it is more preferable for Si to be included in the intermetallic compound
because this means that the intermetallic compound absorbs Si within the
hot-dip coating to reduce excessive Si in the main layer of the hot-dip coating
and, as a result, a decrease in bending workability caused by formation of
non-solute Si (Si phase) in the main layer of the hot-dip coating can be
prevented.
[0041] The following methods may be used to confirm whether Mg or one or
more selected from Ca, Mn, V, Cr, Mo, Ti, Sr, Ni, Co, Sb, and B form an
intermetallic compound with one or more selected from Zn, Al, and Si.
Examples of methods that can be used include a method of detecting such
intermetallic compounds by wide angle X-ray diffraction from the surface of
the hot-dip coated steel sheet and a method of detecting such intermetallic
compounds by performing electron beam diffraction with a transmission
electron microscope on a cross-section of the hot-dip coating. Moreover, as
long as such intermetallic compounds can be detected, any other method can
be used.
[0042] The thickness of the hot-dip coating of the disclosed hot-dip
Al-Zn-Mg-Si coated steel sheet is preferably 15 pm or more and 27 um or less.
In general, corrosion resistance tends to become poorer as the thickness of the
hot-dip coating is reduced, whereas workability tends to become poorer as the
thickness of the hot-dip coating is increased.

The thickness of the interfacial alloy layer is preferably 1 um or less.
This is because high workability and better worked part corrosion resistance
can be achieved when the thickness of the interfacial alloy layer is 1 pm or
less. For example, by setting the Si content in the hot-dip coating as greater
than 0.6 mass% as previously described, growth of the interfacial alloy layer
can be inhibited, and thus the thickness of the interfacial alloy layer can be

restricted to 1 pum or less.
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The thicknesses of the hot-dip coating and the interfacial alloy layer
can be obtained by any method that enables accurate determination of these
thicknesses. For example, each of these thicknesses may be determined by
observing a cross-section of the hot-dip Al-Zn-Mg-Si coated steel sheet under
an SEM, measuring the thickness at 3 locations in each of 3 fields of view, and
then calculating the average of the thicknesses at these 9 measurement
locations.

[0043] The disclosed hot-dip Al-Zn-Mg-Si coated steel sheet may be a
surface-treated steel sheet that further includes a chemical conversion
treatment coating and/or a coating film at the surface thereof.

[0044] It should be noted that no specific limitations are placed on the base
steel sheet used in the disclosed hot-dip Al-Zn-Mg-Si coated steel sheet. For
example, the base steel sheet is not limited to being a steel sheet that is the
same as used in a typical hot-dip Al-Zn alloy coated steel sheet, and may
alternatively be a high tensile strength steel sheet or the like.

[0045] (Method of producing hot-dip Al-Zn-Mg-Si coated steel sheet)

The following describes the disclosed method of producing a hot-dip
Al-Zn-Mg-Si coated steel sheet.

The disclosed method of producing a hot-dip Al-Zn-Mg-Si coated
steel sheet includes hot-dip coating a base steel sheet by immersing the base
steel sheet in a molten bath containing from 25 mass% to 80 mass% of Al,
from greater than 0.6 mass% to 15 mass% of Si, and from greater than 0.1
mass% to 25 mass% of Mg, the balance being Zn and incidental impurities,
subsequently cooling a resultant hot-dip coated steel sheet to a first cooling
temperature at an average cooling rate of less than 10 °C/sec, the first cooling
temperature being no higher than a bath temperature of the molten bath and no
lower than 50 °C below the bath temperature, and then cooling the hot-dip
coated steel sheet from the first cooling temperature to 380 °C at an average
cooling rate of 10 °C/sec or more.

The disclosed production method enables production of a hot-dip
Al-Zn-Mg-Si coated steel sheet having good corrosion resistance in flat parts
and edge parts, and also having excellent worked part corrosion resistance.
[0046] In the disclosed method of producing a hot-dip Al-Zn-Mg-Si coated

steel sheet, normally a method is adopted in which production is carried out in
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a continuous galvanizing line (CGL), but the disclosed production method is
not specifically limited thereto.

[0047] No specific limitations are placed on the type of base steel sheet used
for the disclosed hot-dip Al-Zn-Mg-Si coated steel sheet. For example, a hot
rolled steel sheet or steel strip subjected to acid pickling descaling, or a cold
rolled steel sheet or steel strip obtained by cold rolling the hot rolled steel
sheet or steel strip may be used.

Moreover, no specific limitations are placed on conditions of

pretreatment and annealing processes, and any method may be adopted.
[0048] The hot dip coating conditions may be in accordance with a
conventional method without any specific limitations as long as an hot-dip
Al-Zn alloy coating can be formed on the base steel sheet. For example, the
base steel sheet may be subjected to reduction annealing, then cooled to a
temperature close to the temperature of the molten bath, immersed in the
molten bath, and then subjected to wiping to form a hot-dip coating of a
desired thickness.
[0049] The molten bath for hot-dip coating has a composition containing
from 25 mass% to 80 mass% of Al, from greater than 0.6 mass% to 15 mass%
of Si, and from greater than 0.1 mass% to 25 mass% of Mg, the balance being
Zn and incidental impurities.

The molten bath may further contain Ca for the purpose of further
improving corrosion resistance.

[0050] In addition, the molten bath may contain one or more selected from
Mn, V, Cr, Mo, Ti, Sr, Ni, Co, Sb, and B in a total amount of from 0.01 mass%
to 10 mass%. Setting the composition of the molten bath as described above
enables formation of the hot-dip coating.

[0051] No specific limitations are placed on the temperature of the molten
bath other than being a temperature that enables hot-dip Al-Zn-Mg-Si coating
without solidification of the molten bath, and a commonly known molten bath
temperature may be adopted. For example, the temperature of a molten bath in
which the Al concentration is 55 mass% is preferably from 575 °C to 620 °C,
and more preferably from 580 °C to 605 °C.

[0052] As mentioned above, the hot-dip Al-Zn alloy coating includes an

interfacial alloy layer present at an interface with the base steel sheet, and a
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main layer present on the interfacial alloy layer. Although the composition of
the main layer has slightly lower Al and Si contents at the interfacial alloy
layer side thereof, as a whole, the composition is substantially the same as the
composition of the molten bath. Therefore, the composition of the main layer
of the hot-dip coating can be precisely controlled by controlling the
composition of the molten bath.

[0053] In the disclosed production method, the steel sheet resulting from the
hot dip coating is cooled to the first cooling temperature at an average cooling
rate of less than 10 °C/sec, and is then cooled from the first cooling
temperature to 380 °C at an average cooling rate of 10 °C/sec or more.
Through our research, we realized that Mg,Si is readily formed up until a
temperature region roughly from the bath temperature of the molten bath to 50
°C below the bath temperature (first cooling temperature). Therefore, by
restricting the cooling rate to an average value of less than 10 °C/sec until the
first cooling temperature, the period of time during which Mg,Si is formed in
the main layer of the hot-dip coating is extended, thereby maximizing the
amount of Mg,Si that is formed, and Mg,Si is finely and uniformly dispersed
throughout the main layer of the hot-dip coating without uneven distribution,
which enables excellent worked part corrosion resistance to be achieved. On
the other hand, we realized that single phase Si readily precipitates in a
temperature region from the first cooling temperature to 380 °C. Accordingly,
precipitation of single phase Si can be inhibited by maintaining a cooling rate
with an average value of 10 °C/sec or more from the first cooling temperature
to 380 °C.

From a viewpoint of more reliably preventing precipitation of single
phase Si, the average cooling rate from the first cooling temperature to 380 °C
is preferably 20 °C/sec or more, and more preferably 40 °C/sec or more.
[0054] It should be noted that in the disclosed production method, with the
exception of cooling conditions during and after the hot dip coating, a hot-dip
Al-Zn-Mg-Si coated steel sheet may be produced in accordance with a
conventional method without any specific limitations.

For example, a chemical conversion treatment coating may be formed
on the surface of the hot-dip Al-Zn-Mg-Si coated steel sheet (chemical

conversion treatment process) or a coating film may be formed on the surface
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of the hot-dip Al-Zn-Mg-Si coated steel sheet in a separate coating line
(coating film formation process).
[0055] The chemical conversion treatment coating can be formed by a
chromating treatment or a chromium-free chemical conversion treatment
where, for example, a chromating treatment liquid or a chromium-free
chemical conversion treatment liquid is applied, and without water washing,
drying treatment is performed with a steel sheet temperature of 80 °C to 300
°C. These chemical conversion treatment coatings may have a single-layer
structure or a multilayer structure, and in the case of a multilayer structure,
chemical conversion treatment can be performed multiple times sequentially.
Methods of forming the coating film include roll coater coating,
curtain flow coating, and spray coating. The coating film can be formed by
applying a coating material containing organic resin, and then heating and
drying the coating material by hot air drying, infrared heating, induction

heating, or other means.

EXAMPLES
[0056] The following describes examples of the disclosed techniques.
(Example 1)

Hot-dip Al-Zn-Mg-Si coated steel sheet samples 1 to 57 were each
produced in a continuous galvanizing line (CGL) using, as a base steel sheet, a
cold rolled steel sheet of 0.5 mm in thickness that was produced by a
conventional method.

Production conditions (molten bath temperature, first cooling
temperature, and cooling rate) and hot-dip coating conditions (composition,
major diameter of Mg,Si, minor diameter/major diameter of Mg,Si, thickness
of hot-dip coating, left side of formula (1), left side of formula (2), Mg,Si
content in main layer, Mg,Si area ratio in main layer cross-section, intensity
ratio of Mg,Si relative to Al, and thickness of interfacial alloy layer) are
shown in Table 1.

The bath temperature of the molten bath was 590 °C in production of
all the above hot-dip Al-Zn-Mg-Si coated steel sheet samples.

Sample 10 was subjected to treatment of being held at 200 °C for 30

minutes after hot-dip coating. The compositions of hot-dip coatings in
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samples 11 to 13, 20, and 21 were within the same ranges as disclosed in PTL
2, whereas the compositions of hot-dip coatings in samples 28, 29, and 32
were within the same ranges as disclosed in PTL 3.

[0057] e Minor diameter and major diameter of Mg,Si

The major and minor diameters of Mg,Si were determined for each
hot-dip Al-Zn-Mg-Si coated steel sheet sample by imaging the surface of the
hot-dip coating using an optical microscope (x100 magnification), randomly
selecting five Mg,Si particles, measuring the major diameter and minor
diameter of each of the selected Mg,Si particles, and calculating the averages
of these measured major diameters and minor diameters. The major diameter
(um) and ratio of minor diameter relative to major diameter that were
determined for Mg,Si are shown in Table 1.

e Dendrite diameter

The dendrite diameter was determined for each hot-dip Al-Zn-Mg-Si
coated steel sheet sample by observing a polished surface of a main layer of
the hot-dip coating at x200 magnification using an SEM, selecting a region in
which at least three dendrite arms were aligned in a randomly selected field of
view, measuring the distance along the direction of alignment of the arms, and
then dividing the measured distance by the number of dendrite arms. The
dendrite diameter was measured at three locations in one field of view and the
mean of the measured dendrite diameters was calculated to determine the
mean dendrite diameter. The determined dendrite diameter is shown in Table
1.

[0058] (Evaluation of hot-dip coating corrosion resistance)
(1) Evaluation of flat part and edge part corrosion resistance

Each hot-dip Al-Zn-Mg-Si coated steel sheet sample was subjected to
a Japan Automotive Standards Organization Cyclic Corrosion Test
(JASO-CCT). Each cycle of the JASO-CCT included salt spraying, drying,
and wetting under specific conditions as illustrated in FIG. 6.

The number of cycles until red rust formed was counted with respect
to a flat part and an edge part of each of the samples, and was then evaluated
in accordance with the following standard.

Excellent: Red rust formation cycle count > 600 cycles

Satisfactory: 400 Cycles < Red rust formation cycle count < 600
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Cycles

Unsatisfactory: 300 Cycles < Red rust formation cycle count < 400
Cycles

Poor: Red rust formation cycle count < 300 Cycles
(2) Evaluation of bent worked part corrosion resistance

Each hot-dip Al-Zn-Mg-Si coated steel sheet sample was worked by
180° bending to sandwich three sheets of the same sheet thickness at the
inside (3T bending), and was then subjected to a Japan Automotive Standards
Organization Cyclic Corrosion Test (JASO-CCT) at the outside of the bend.
Each cycle of the JASO-CCT included salt spraying, drying, and wetting
under specific conditions as illustrated in FIG. 6.

The number of cycles until red rust formed was counted with respect
to the worked part of each of the samples, and was then evaluated in
accordance with the following standard.

Excellent: Red rust formation cycle count > 600 Cycles

Satisfactory: 400 Cycles < Red rust formation cycle count < 600
Cycles

Unsatisfactory: 300 Cycles < Red rust formation cycle count < 400
Cycles

Poor: Red rust formation cycle count < 300 Cycles
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[0060] It can be seen from Table 1 that samples of the “Examples” had
excellent corrosion resistance in flat parts, edge parts, and worked parts
compared to the samples of the “Comparative examples”.

[0061] (Example 2)

Some of the hot-dip Al-Zn-Mg-Si coated steel sheet samples produced
in Example 1 (refer to Table 2 for the sample numbers) were subjected to
formation of a urethane resin-based chemical conversion coating (CT-E-364
produced by Nihon Parkerizing Co., Ltd.). The coating weight of the chemical
conversion coating was 1 g/m”.

Production conditions (molten bath temperature, first cooling
temperature, and cooling rate) and hot-dip coating conditions (composition,
major diameter of Mg,Si, minor diameter/major diameter of Mg,Si, thickness
of hot-dip coating, left side of formula (1), left side of formula (2), Mg,Si
content in main layer, Mg,Si area ratio in main layer cross-section, intensity
ratio of Mg,Si relative to Al, and thickness of interfacial alloy layer) are
shown in Table 2.

[0062] (Evaluation of chemical conversion corrosion resistance)
(1) Evaluation of flat part and edge part corrosion resistance

Each hot-dip Al-Zn-Mg-Si coated steel sheet sample on which a
chemical conversion coating had been formed was subjected to a Japan
Automotive Standards Organization Cyclic Corrosion Test (JASO-CCT). Each
cycle of the JASO-CCT included salt spraying, drying, and wetting under
specific conditions as illustrated in FIG. 6.

The number of cycles until red rust formed was counted with respect
to a flat part and an edge part of each of the samples, and was then evaluated
in accordance with the following standard.

Excellent: Red rust formation cycle count > 700 Cycles

Satisfactory: 500 Cycles < Red rust formation cycle count < 700
Cycles

Unsatisfactory: 400 Cycles < Red rust formation cycle count < 500
Cycles

Poor: Red rust formation cycle count < 400 Cycles
(2) Evaluation of bent worked part corrosion resistance

Each hot-dip Al-Zn-Mg-Si coated steel sheet sample on which a
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chemical conversion coating had been formed was worked by 180° bending to
sandwich three sheets of the same sheet thickness at the inside (3T bending),
and was then subjected to a Japan Automotive Standards Organization Cyclic
Corrosion Test (JASO-CCT) at the outside of the bend. Each cycle of the
JASO-CCT included salt spraying, drying, and wetting under specific
conditions as illustrated in FIG. 6.

The number of cycles until red rust formed was counted with respect
to the worked part of each of the samples, and was then evaluated in
accordance with the following standard.

Excellent: Red rust formation cycle count > 700 Cycles

Satisfactory: 500 Cycles < Red rust formation cycle count < 700
Cycles

Unsatisfactory: 400 Cycles < Red rust formation cycle count < 500
Cycles

Poor: Red rust formation cycle count < 400 Cycles
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[0063] Table 2
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Table 2 (cont’d)
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[0064] It can be seen from Table 2 that the samples of the “Examples” had
excellent corrosion resistance in flat parts, edge parts, and worked parts
compared to the samples of the “Comparative examples”.

[0065] (Example 3)

With respect to each of the hot-dip Al-Zn-Mg-Si coated steel sheet
samples subjected to formation of a chemical conversion coating in Example 2,
5 um of an epoxy resin-based primer (JT-25 produced by Nippon Fine
Coatings) and 15 um of a melamine cured polyester-based top coating
(NT-GLT produced by Nippon Fine Coatings) were applied in this order and
dried to produce a coated steel sheet sample.

Production conditions (molten bath temperature, first cooling
temperature, and cooling rate) and hot-dip coating conditions (composition,
major diameter of Mg,Si, minor diameter/major diameter of Mg,Si, thickness
of hot-dip coating, left side of formula (1), left side of formula (2), Mg,Si
content in main layer, Mg,Si area ratio in main layer cross-section, intensity
ratio of Mg,Si relative to Al, and thickness of interfacial alloy layer) are
shown in Table 3.

[0066] (Evaluation of post-coating corrosion resistance)
(1) Evaluation of bent worked part corrosion resistance

Each coated steel sheet sample was worked by 180° bending to
sandwich three sheets of the same sheet thickness at the inside (3T bending),
and was then subjected to a Japan Automotive Standards Organization Cyclic
Corrosion Test (JASO-CCT) at the outside of the bend. Each cycle of the
JASO-CCT included salt spraying, drying, and wetting under specific
conditions as illustrated in FIG. 6.

The number of cycles until red rust formed was counted with respect
to the worked part of each of the samples, and was then evaluated in
accordance with the following standard.

Excellent: Red rust formation cycle count > 600 Cycles

Satisfactory: 400 Cycles < Red rust formation cycle count < 600
Cycles

Unsatisfactory: 300 Cycles < Red rust formation cycle count < 400
Cycles

Poor: Red rust formation cycle count < 300 Cycles



-32-

[0067] Table 3
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Table 3 (cont’d)

Jjduexd anyeredo) | Aiojgsyesun (4 S oS 06S 81 Lo 170 | Lse | 9t 1T 96 0z 10 L TOT | S8T | ss | 1p
Jdirexa Aeredino ) Jlood € S (04Y 065 9T L0 61°0 €ee ¥8¢€ 9T L8 €T 1o 8 TOl | €vT | ss | ov
Jjdurexa oAneredino ) Krojoeysnesup) € S 0¥S 065 (4 L0 81°0 At (433 ¥ 06 (44 10 8 ST | ss |6t
ojdurexy Kiojogsieg £ S 0rS 065 61 Lo 81°0 LAt (433 ¥ 86 ¥ 0 L €ve | SS | 8¢
Jjdurexa oAneredino ) Kropoeysnesup) €T S (49 065 9¢ L0 110 L'ce 91T ¥ 6'8 1T 0 9 8T | ss | Le
ojdurexyy Kioogsueg £ S 0rS 065 I'e Lo 110 L't 91T §T €6 € 0 L €ve | SS | 9¢
ojdurexyy Kiopegsneg € S (043 065 81 L0 170 L'TT 91T €T L6 [44 0 L (44! §s | s¢
Jjdurexa oAneredino ) Kiojogsnyesup) €T S 0¥ 065 ¥'S Lo LO0 yL Syl (4 I'T1 1Z4 10 L ST | ss | e
ojduwrexy Kiojogsieg €T S 0¥S 065 9% Lo LO0 YL Syl (4 r'6 1T 0 8 €ve | SS | €€
ojduwrexy Kiopogseg €T S 0vS 065 Le L0 L0°0 yLl Syl 0T €01 1T 0 9 ¥'61 S 43
ojdurexyy Kioogysueg €T S 0¥S 065 0T Lo LO0 ¥L Syl [ $6 [44 0 L So1 S | 1€
J[dumexa dAneredino)y 1004 St ST 07$ 06S ¥ Lo 900 | 61 | ST 1 ¥o1 0T S0 i eL | oss | ot
Jjdurexa oAneIedino ) Kiojoeysnesup) € S 0¥S 065 Al L0 €00 S0l 89 €T 76 1T 10 8 ST | ss |6t
ojdurexy Kiojogsieg £ S 0¥S 065 8L Lo €0°0 S01 89 ¥ 96 € 0 6 ¥6l SS | 8¢
ojdwexy Kiojoeysies %4 S 0vS 065 [44 L0 €00 S01 89 1T So1 (44 70 8 So1 SS | LT
ojdurexyy Ju[e0xy 3¢ S 065 065 (4 S0 200 €8 8y 0T 801 (44 0 8 9¢ S | 9C
ojdurexyy JURRIXY 8¢ S 098 065 4 90 €0°0 §'6 6 0T 801 [44 0 8 9¢ S Y4
ojduwrexy Kiojogsneg 8¢ S 0¥S 065 T Lo €00 S0l 89 0T 801 (44 70 8 9¢ S || ¥C
ojdurexyy Kiopogsieg € S 0¥S 065 4 Lo €00 S01 89 91 el 1T 0 L 9¢ §S || €C
Jjdurexa oAneredino ) Arojoeysnesup) 81 31 0vS 065 T L0 €00 S01 89 €1 'Ll (44 €0 8 9¢ IS 44
Jydimexo dAeredino) Krojogsyesup) 91 91 0¥S 065 (4 Lo €00 S01 89 1 ¥6l 14 €0 8 9¢ S
D0 08¢ O} amyeiodua
yied paxiom i Su00d () 105uep SN[ v
uy00o a0y 00 (D) - o onel (%) | (%ssvw) — () () Tofia (u)
ISIj Woif omyerodway | amyerodwa) (1) ey \AEH” P Aysuapn  [oryer eare| Jueu0d (¢) oruuicy Iopwerp | ssawyony) \_B&Ew Jojuwep
Sy 000181 equayopy | 00 P T | AT A0 SN | 158 1S JOPSWT | o Suneo, ~ |sofowg @ ON
prm— o Sujood sy | ypeq uao T IVASSIN | ISSIN | ISOIN Ipua( 1meo) omig@py | ISSIN -
UOISOLI0) ° o
Smye00-150g a)e1 Surooo aferny uomsodwo)
uoren[eAs] SUOIPUOd UONINPOIJ Suneod dip-jo
(puoo) ¢ Jqe,




10

15

20

25

30

-34 -

[0068] It can be seen from Table 3 that the samples of the “Examples” had
excellent corrosion resistance in worked parts compared to the samples of the
“Comparative examples”.

[0069] (Example 4)

Some of the hot-dip Al-Zn-Mg-Si coated steel sheet samples produced
in Example 1 (refer to Table 4 for the sample numbers) were each sheared to a
size of 90 mm x 70 mm and then subjected to zinc phosphate treatment as
chemical conversion treatment, followed by electrodeposition coating,
intermediate coating, and top coating in the same way as in coating treatment
for an automobile outer panel.

Zinc phosphate treatment: A degreasing agent “FC-E2001” produced
by Nihon Parkerizing Co., Ltd., a surface-modifying agent “PL-X" produced
by Nihon Parkerizing Co., Ltd., and a =zinc phosphate treatment agent
“PB-AX35M” (temperature: 35°C) produced by Nihon Parkerizing Co., Ltd.
were used under conditions of a free-fluorine concentration in the zinc
phosphate treatment liquid of 200 ppm and an immersion time in the zinc
phosphate treatment liquid of 120 seconds.

Electrodeposition coating: An electrodeposition coating material
“GT-100" produced by Kansai Paint Co., Ltd. was used to perform
electrodeposition coating with a thickness of 15 pm.

Intermediate coating: An intermediate coating material “TP-65-P”
produced by Kansai Paint Co., Ltd. was used to perform spray coating with a
thickness of 30 pum.

Top coating: A top coating material “Neo6000” produced by Kansai
Paint Co., Ltd. was used to perform spray coating with a thickness of 30 pm.

Production conditions (molten bath temperature, first cooling
temperature, and cooling rate) and hot-dip coating conditions (composition,
major diameter of Mg,Si, minor diameter/major diameter of Mg,Si, thickness
of hot-dip coating, left side of formula (1), left side of formula (2), Mg,Si
content in main layer, Mg,Si area ratio in main layer cross-section, intensity
ratio of Mg,Si relative to Al, and thickness of interfacial alloy layer) are
shown in Table 4.

[0070] (Evaluation of post-coating corrosion resistance)

For each of the hot-dip Al-Zn-Mg-Si coated steel sheet samples
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subjected to the coating treatment, a sample for evaluating post-coating
corrosion resistance was obtained as illustrated in FIG. 7 by using tape to seal
a non-evaluation surface (rear surface) and a 5 mm edge part of an evaluation
surface, and then using a cutter knife to form a cross-cut scar in the center of
the evaluation surface with a length of 60 mm and a center angle of 90°, and
to a depth reaching the steel substrate of the hot-dip coated steel sheet.

The evaluation sample was subjected to an accelerated corrosion test
(SAE J 2334) through cycles illustrated in FIG. 8. The accelerated corrosion
test was started from wetting and was continued until 30 cycles had been
completed. The coating film blister width of a part at which greatest coating
film blistering from the scar part occurred (maximum coating film blister
width) was measured, and then post-coating corrosion resistance was
evaluated in accordance with the following standard. The evaluation results
are shown in Table 4.

Excellent: Maximum coating film blister width < 2.5 mm

Good: 2.5 mm < Maximum coating film blister width < 3.0 mm

Poor: 3.0 mm < Maximum coating film blister width
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[0071] Table 4
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[0072] It can be seen from Table 4 that in the case of samples for which the
Mg content was greater than 5 mass%, in contrast to samples for which the Mg
content was 5 mass% or less, the maximum coating film blister width was
restricted to 2.5 mm or less, and hot-dip Al-Zn alloy coated steel sheets
having excellent post-coating corrosion resistance were obtained.
Accordingly, it can be seen that among the samples of the “Examples”,
a hot-dip Al-Zn-Mg-Si coated steel sheet having excellent post-coating
corrosion resistance can be obtained by controlling the Mg content in the

hot-dip coating layer to within an appropriate range.

INDUSTRIAL APPLICABILITY

[0073] According to this disclosure, it is possible to provide a hot-dip
Al-Zn-Mg-Si coated steel sheet having good corrosion resistance in flat parts
and edge parts, and also having excellent worked part corrosion resistance,
and also to provide a method of producing this hot-dip Al-Zn-Mg-Si coated

steel sheet.
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CLAIMS

1. A hot-dip Al-Zn-Mg-Si coated steel sheet comprising

a base steel sheet and a hot-dip coating on a surface of the base steel
sheet, wherein

the hot-dip coating includes an interfacial alloy layer present at an
interface with the base steel sheet and a main layer present on the interfacial
alloy layer, and contains from 25 mass% to 80 mass% of Al, from greater than
0.6 mass% to 15 mass% of Si, and from greater than 0.1 mass% to 25 mass%
of Mg, and

Mg content and Si content in the hot-dip coating satisfy formula (1):

Mwme/(Msi — 0.6) > 1.7 (1)
where My, represents the Mg content in mass% and Msg; represents the Si

content in mass%.

2. The hot-dip Al-Zn-Mg-Si coated steel sheet according to claim 1,
wherein
the main layer contains Mg,Si, and Mg,Si content in the main layer is

1.0 mass% or more.

3. The hot-dip Al-Zn-Mg-Si coated steel sheet according to claim 1,
wherein
the main layer contains Mg;Si, and an area ratio of Mg;Si in a

cross-section of the main layer is 1 % or more.

4. The hot-dip Al-Zn-Mg-Si coated steel sheet according to claim 1,
wherein

the main layer contains Mg,Si, and according to X-ray diffraction
analysis, an intensity ratio of Mg,Si (111) planes having an interplanar
spacing d of 0.367 nm relative to Al (200) planes having an interplanar
spacing d of 0.202 nm is 0.01 or more.

5. The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one of

claims 1 to 4, wherein
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the interfacial alloy layer has a thickness of 1 pm or less.

6. The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one of
claims 1 to 4, wherein

the main layer includes an a-Al phase dendritic region, and a mean
dendrite diameter of the a-Al phase dendritic region and a thickness of the
hot-dip coating satisfy formula (2):

t/d> 1.5 (2)
where t represents the thickness of the hot-dip coating in um and d represents

the mean dendrite diameter in um.

7. The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one of
claims 1 to 6, wherein

the hot-dip coating contains from 25 mass% to 80 mass% of Al, from
greater than 2.3 mass% to 5 mass% of Si, and from 3 mass% to 10 mass% of

Mg.

8. The hot-dip Al-Zn-Mg-Si coated steel sheet according to any one of
claims 1 to 6, wherein

the hot-dip coating contains from 25 mass% to 80 mass% of Al, from
greater than 0.6 mass% to 15 mass% of Si, and from greater than 5 mass% to

10 mass% of Mg.

9. A method of producing a hot-dip Al-Zn-Mg-Si coated steel sheet,
comprising

hot-dip coating a base steel sheet by immersing the base steel sheet in
a molten bath containing from 25 mass% to 80 mass% of Al, from greater than
0.6 mass% to 15 mass% of Si, and from greater than 0.1 mass% to 25 mass%
of Mg, the balance being Zn and incidental impurities,

subsequently cooling a resultant hot-dip coated steel sheet to a first
cooling temperature at an average cooling rate of less than 10 °C/sec, the first
cooling temperature being no higher than a bath temperature of the molten
bath and no lower than 50 °C below the bath temperature, and

then cooling the hot-dip coated steel sheet from the first cooling
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temperature to 380 °C at an average cooling rate of 10 °C/sec or more.





