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(57) [Problem to be Solved]
To provide a method for producing a layered film

structure wherein a smooth anodized film or chemical
conversion film is formed on a surface of an alloy member
without being affected by a precipitated phase contained
in the alloy member, and a piston for an internal combus-
tion engine.

[Solution]
The production method of the present invention in-

cludes the steps of: forming a pure metal layer on a sur-
face of an alloy member; and conducting an anodizing

treatment or a chemical conversion treatment on the pure
metal layer to obtain a layered film structure having the
alloy member and a film formed on the surface thereof.
The piston for an internal combustion engine of the
present invention has this layered film structure, wherein
an interface between the alloy member and the film is
linear at a cross section of the layered film structure or a
precipitated phase is present in the interface and the in-
terface is linear at the cross-section of the layered film
structure except a portion where the precipitated phase
is present.
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Description

[Technical Field]

[0001] The present invention relates to a method for producing a layered film structure and a piston for an internal
combustion engine.

[Background Art]

[0002] In recent years, there has been a growing demand to make engines highly efficient or to provide a high com-
pression ratio, and to supercharge engines while complying with environmental regulations, so that engines are increasing
in maximum combustion pressure. Under these circumstances, demand for improvement in abrasion resistance a piston
ring groove portion (in particular, a top ring groove) is increasing to an extreme degree. As a method for improving
abrasion resistance of a ring groove portion, a method for forming an anodized film is known. This is because an anodized
film is twice as hard or more than an aluminum alloy as a piston material, and it has an excellent feature in abrasion
resistance.
[0003] However, an aluminum alloy used generally as a piston material contains a large amount of silicon to improve
castability and abrasion resistance, and has a metal tissue with such silicon crystallized. An anodized film is formed by
oxidizing aluminum, and therefore, a portion with such silicon precipitated at many sites (or in a large shape) is unlikely
to form an anodized film, resulting in an uneven film and increasing surface roughness.
[0004] This problem occurs not only in aluminum alloys, but also in a member made of an alloy such as a magnesium
alloy. In addition, chemical conversion treatment causes a reaction between aluminum and a chemical conversion
treatment liquid in the same manner as anodization to form a film, and therefore, a film formed by chemical conversion
treatment is also affected by a crystallized phase contained in these alloy members to form an uneven film and increasing
surface roughness.
[0005] When surface roughness of a piston surface film, such as an anodized film, is increased, an increase in the
flow rate of blowby gas or worsening of fuel efficiency occurs in association with a decrease of combustion gas sealing
property. In addition, when a surface roughness of a surface film of a piston is increased, a phenomenon in which an
engine oil used for lubrication of engine parts flows into a combustion chamber side (hereinafter, referred to as "rise of
oil") occurs. Combustion of an engine oil in a combustion chamber would be a factor in generation of European envi-
ronmental regulated substances such as particulate matter (PM) or a factor to increase the number thereof such as
particle number (PN), and thus, the smoothness of a surface of an anodized film is required.
[0006] Patent Literature 1 discloses an anodizing method, which comprises repeating a step of applying a positive
voltage to an aluminum alloy part and a step of removing a charge, wherein each period for applying the positive voltage
ranges from 25 ms to 100 ms, with the purpose of forming a dense anodized film having a uniform thickness on a surface
of an aluminum alloy part.

[Citation List]

[Patent Literature]

[0007] [Patent Literature 1] JP 2006-083467A 

[Summary of Invention]

[Problem to be Solved by the Invention]

[0008] Then, in consideration of the above problems, the present invention has an object of providing a method for
producing a layered film structure having an anodized film or a chemical conversion film formed on a surface of an alloy
member without being affected by a precipitated phase contained in the alloy member, and a piston for an internal
combustion engine having that layered film structure.

[Means for Solving the Problem]

[0009] In order to achieve the above purpose, the present invention is, in one aspect, a method for producing a layered
film structure, which includes: a step of forming a pure metal layer on a surface of an alloy member, and a step of
conducting an anodizing treatment or a chemical conversion treatment on the pure metal layer to obtain a layered film
structure having the alloy member and a film formed on the surface thereof.
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[0010] In addition, the present invention is, in another aspect, a piston for an internal combustion engine having a
layered film structure with an alloy member and a film formed on a surface thereof, wherein: (a) an interface between
the alloy member and the film in the layered film structure is linear at a cross section of the layered film structure; or (b)
a precipitated phase contained in the alloy member is present in the interface between the alloy member and the film
in the layered film structure, and the interface is linear at the cross-section of the layered film structure except a portion
where the precipitated phase is present.

[Advantageous Effect of Invention]

[0011] In view of the above, the present invention provides a layered film structure having a smooth anodized film or
a chemical conversion film formed on a surface of an alloy member without being affected by a precipitated phase
contained in the alloy member. In addition, providing a surface of a piston for an internal combustion engine, especially
a surface of a first ring groove, with a layered film structure having such a smooth surface can reduce a flow rate of
blowby gas, and also further suppress rise of oil. Furthermore, the entirety of a pure metal layer formed on an alloy
member is turned into a surface film by an anodizing treatment or a chemical conversion treatment and no pure metal
layer remains below this surface film; and this can prevent occurrence of degrading of mechanical properties (fatigue
strength at elevated temperature, tensile strength, proof stress, etc.) in an elevated temperature range.

[Brief Description of Drawings]

[0012]

[Figure 1] Figure 1 is a front view schematically showing a piston for an internal combustion engine.
[Figure 2] Figure 2 is a flow chart showing one embodiment of a method for producing a layered film structure
according to the present invention.
[Figure 3] Figure 3 is a flow chart showing further details of a pure aluminum layer film formation step in the method
for producing a layered film structure shown in Figure 2.
[Figure 4] Figure 4 is a schematic view for explanation of an electron beam evaporation method, which is one
example for carrying out the pure aluminum layer film formation step shown in Figure 3.
[Figure 5] Figure 5 is a schematic view for explanation of an electron beam evaporation method, which is one
example for carrying out the pure aluminum layer film formation step shown in Figure 3.
[Figure 6] Figure 6 is a schematic view for explanation of an anodizing treatment as one example for carrying out
a surface treatment step in the method for producing a layered film structure shown in Figure 2.
[Figure 7] Figure 7 is a side view schematically showing a pure aluminum layer before and after an anodizing
treatment.
[Figure 8] Figure 8 is a graph showing voltage changes relative to processing time in case an anodizing treatment
is conducted by direct current electrolysis.
[Figure 9] Figure 9 is a graph showing current changes relative to processing time in the case that an anodizing
treatment is conducted by alternating current-direct current superimposition electrolysis.
[Figure 10] Figure 10 is a schematic view for explanation of a chemical conversion treatment as one example for
carrying out a surface treatment step in the method for producing a layered film structure shown in Figure 2.
[Figure 11] Figure 11 is a side view schematically showing a pure aluminum layer before and after a chemical
conversion treatment.
[Figures 12A and 12B] Figures 12A and 12B are cross-sectional views schematically showing a layered film structure
obtained by a conventional method.
[Figures 13A to 13C] Figures 13A to 13C are cross-sectional views schematically showing a layered film structure
obtained by the present invention.
[Figure 14] Figure 14 shows photos taken by an optical microscope, which show cross-sectional views obtained
from Examples and a Comparative Example.

[Mode for Carrying Out the Invention]

[0013] Hereinafter, one embodiment for a method for producing a layered film structure and a piston for an internal
combustion engine according to the present invention will be described by referring to the accompanying figures. This
embodiment shows a case for producing a piston for an internal combustion piston having a layered film structure.
However, the production method of the present invention is not limited thereto, and it may be applied to a case for
producing an alloy member, other than a piston for an internal combustion engine, having an anodized film formed
thereon. In addition, the drawings are not necessarily drawn to scale in order to facilitate of an understanding of the
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invention.
[0014] First, a piston for an internal combustion engine will be described. As shown in Figure 1, the piston 10 for an
internal combustion engine has, as a ring groove on an outer periphery, three ring grooves from the side of a piston
crown surface 11: a first ring groove 13 (also referred to as a top ring groove), a second ring groove 15, and an oil ring
groove 17. Regarding the outer periphery, a portion between the piston crown surface 11 and the first ring groove 13 is
referred to as a first land 12, a portion between the first ring groove 13 and the second ring groove 15 is referred to as
a second land 14, a portion between the second ring groove 15 and the oil ring groove 17 is referred to as a third land
16, and a portion below the oil ring groove 17 is referred to as a skirt portion 18. A first ring (also referred to as a top
ring) (not shown) is inserted into the first ring groove 13, a second ring (not shown) is inserted into the second ring groove
15, and an oil ring (not shown) is inserted into the oil ring groove 17. In addition, the piston 10 for an internal combustion
engine has a piston pin hole 19 for allowing a piston pin (not shown) to slide.
[0015] The piston 10 for an internal combustion engine is an alloy member formed of an alloy such as an aluminum
alloy or a magnesium alloy. These alloys have excellent lightweight properties, strength, mechanical properties (fatigue
strength at elevated temperature, tensile strength, proof stress, etc.), and heat resistance. An aluminum alloy contains
silicon (Si) as a component contributing to abrasion resistance and aluminum adhesion resistance. Examples of these
aluminum alloys include AC materials such as AC4, AC8, AC8A, and AC9 series; ADC materials such as ADC10 to
ADC14; and A4000 series. In addition, a magnesium alloy contains aluminum or calcium for the purpose of heat resistance.
Examples of these magnesium alloys include a Mg-Al-Ca-based alloy such as ACM522. In a metallographic structure
of these alloys, a precipitated phase of silicon or a Ca-Al-based additive is present in a matrix, and it is considered that
such a crystallized phase prevents formation of a smooth anodized film or a chemical conversion film. Thus, in the
present embodiment, a case of an aluminum alloy will be explained; however, the present invention can be applied to
other alloys having a metallographic structure with a crystallized phase present in the same manner.
[0016] Portions of the piston 10 for an internal combustion engine in which a layered film structure according to the
present invention will be formed include, for example, a piston crown surface 11, piston ring grooves 13, 15, and 17, a
skirt portion 18, and a piston pin hole 19. Among these, a layered film structure is formed on one portion or on several
portions thereof.
[0017] The piston crown surface 11 is required to have smoothness. Since it has a lower surface roughness, it provides
good flow within a combustion chamber (i.e., it is likely to provide the flow according to design). In particular, in a direct
injection engine (an engine of a type which injects a fuel directly into a combustion chamber), lower surface roughness
reduces the amount of fuel adhering to a piston, improving fuel efficiency. Since the surface area of the piston crown
surface 11 is reduced, cooling loss is decreased.
[0018] The piston ring grooves 13, 15, and 17 are required to have smoothness and abrasion resistance. Since they
have lower surface roughness, they enhance an adhesion property with piston rings, thereby reducing blowby gas or
rise of oil, improve fuel efficiency, and contribute to compliance with environmental regulations. Combustion gas is sealed
to decrease the amount of blowby gas, improving fuel efficiency. In particular, prevention of heat escaping at portions
lower than the first ring groove 13 improves fuel efficiency. This is to decrease cooling loss. It is effective that a contact
portion with a piston ring has abrasion resistance. In particular, it is effective to provide upper and lower surfaces of the
first ring groove with a layered film structure.
[0019] The skirt portion 18 is required to have smoothness and abrasion resistance. Since it has lower surface rough-
ness, it provides good sliding and initial conformability with a cylinder bore (not shown). The abrasion resistance is
effective to a sliding portion relative to the cylinder bore.
[0020] The piston pin hole 19 is required to have smoothness and abrasion resistance. Since it has a lower surface
roughness, it decreases sliding resistance of a piston pin. The abrasion resistance is effective at a sliding portion relative
to the piston pin.
[0021] Next, a method for producing a piston for an internal combustion engine according to the present embodiment
will be described. As shown in Figure 2, a method for producing a piston for an internal combustion engine includes a
step 21 of casting a piston, a step 22 of thermally treating the casted piston, a step 23 of further machining the thermally
treated piston, a step 24 of forming a pure aluminum layer at a portion where a layered film structure is formed, and a
step 25 of surface-treating the pure aluminum layer. In the surface-treating step 25, a film is formed by an anodizing
treatment or a chemical conversion treatment. In addition, if necessary, the method may include a step (not shown) of
forming a resin coating on a skirt portion 18. The resin coating is, in particular, a resin film having a low coefficient of
friction formed on the skirt portion 18, and in recent years, it has been commonly used for pistons for four-wheeled vehicles.
[0022] The above respective steps of 21, 22 and 23 of casting, thermal treatment and machining are the same as
those used at the time of producing common pistons for an internal combustion engine, and therefore, detailed expla-
nations are omitted.
[0023] The step 24 of forming a pure aluminum layer further includes, as shown in Figure 3, a step 31 of masking a
portion where a film will be formed, a step 32 of degreasing a portion exposed by masking, a step 33 of washing the
portion with water, a step 34 of drying the portion, a step 36 of forming a pure aluminum layer on the portion, and a step
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37 of removing the masking. Note that, if necessary, a step 35 of activating the portion where a film will be formed may
be included between the step 34 of drying and the step 36 of forming a pure aluminum layer.
[0024] In the masking step 31, in order not to form a pure aluminum layer on portions other than portions on which an
anodized film is to be formed, a circumference of the portion for formation of an anodized film is covered with a masking
material. For example, in the case in which a film is to be formed on the piston crown surface 11 and the first ring groove
13, the first land 12 and the second land 14 are covered with the masking material. In consideration of productivity, a
rubber member is preferably used as the masking material. Regarding the kind of rubber, natural rubber, butadiene
rubber, styrene rubber, acrylic rubber, urethane rubber, nitrile rubber, silicone rubber or the like may be used. However,
when an anodizing treatment is conducted in the step of the later surface-treating step 25, use of nitrile rubber or silicone
rubber resistant to a treatment liquid such as sulfuric acid used for the anodizing treatment is preferred, since it enables
the anodizing treatment to be conducted with the masking material kept thereon.
[0025] After the masking step 31, the degreasing step 32, the water-washing step 33, and the drying step 34 are
conducted, in this order. These steps are the same as treatments commonly conducted to remove impurities from
portions for film formation, and therefore, detailed explanations thereof are omitted.
[0026] Then, the step 36 of forming a pure aluminum layer on a portion for film formation exposed from the masking
material is conducted. Note that when the piston 10 for an internal combustion engine is made of a magnesium alloy, a
pure magnesium layer will be formed. That is, a layer of a metal that constitutes a large portion of an alloy for film
formation (pure metal layer) is formed. A film formation method is, for example, an electron beam evaporation method.
As shown in Figures 4 and 5, an electron beam evaporation device 40 is a device in which pure aluminum 43 as a
material for evaporation 43 is heated and evaporated by use of an electron gun 42 in a vacuum chamber 41 to generate
particles 44 of the material component and the particles are used to form a pure aluminum layer on a portion for film
formation of the piston 10 for an internal combustion engine. The piston 10 for an internal combustion engine is fixed
by a positioning tool 45 and is rotatably mounted in the vacuum chamber 41 by a support stand 47 having a motor 46.
The piston 10 for an internal combustion engine is covered with the masking material 48 from the second land to the
skirt portion thereof.
[0027] Figure 4 shows a case in which a pure aluminum layer is to be formed on the first ring groove 13 of the piston
10 for an internal combustion engine. The piston 10 for an internal combustion engine is disposed in such a direction
that the first ring groove 13 is directed to the evaporation material 43, the piston 10 for an internal combustion engine
is rotated around its own central axis, and thereby, the pure aluminum layer is formed on an inner surface of the first
ring groove 13. In addition, Figure 5 shows a case in which a pure aluminum layer is formed on the piston crown surface
11 of the piston 10 for an internal combustion engine. The piston 10 for an internal combustion engine is disposed in a
direction such that the piston crown surface 11 is directed to the evaporation material 43, the piston 10 for an internal
combustion engine is rotated around its own central axis, and thereby, the pure aluminum layer is formed on a surface
of the piston crown surface 11. After the pure aluminum layer is formed, the step 37 of removing the masking is conducted.
[0028] Note that a method for forming a pure aluminum layer is not limited to the above electron beam evaporation
method, and a wide range of vapor deposition methods may be adopted. As the vapor deposition method, a chemical
vapor deposition (CVD method) may be used; and a physical vapor deposition (PVD method) other than the above
electron beam evaporation method may be used. Note that the step 35 of activating a portion for film formation may be
conducted before forming a pure aluminum layer. As the activation, a known activation method may be used in accordance
with a CVD method or a PVD method to be adopted as the film formation method.
[0029] The step 25 of surface-treating the thus-formed pure aluminum layer will be performed. As the surface treatment,
an anodizing treatment or a chemical conversion treatment is performed. This enables production of a layered film
structure in which an anodized film or a chemical conversion film is formed on a surface of an aluminum alloy.
[0030] The anodizing treatment is conducted in an anodizing treatment device 60, for example, as shown in Figure 6,
by oxidizing a surface of the piston for an internal combustion engine by means of: immersing an electrode plate of
titanium or carbon as a cathode 63 and the piston for an internal combustion engine as an anode 64 in an electrolyte
62 such as sulfuric acid or phosphoric acid in an electrolytic bath 61; and allowing electricity to flow from a power source
65. This forms an anodized film 65 on the surface of the piston for an internal combustion engine as the anode 64. As
an electrolysis method, any of direct-current electrolysis, alternating-current electrolysis, alternating current-direct current
superimposition electrolysis, etc., may be used. However, in order to obtain a smoother film, it is preferrable to treat by
alternating current-direct current superimposition electrolysis. Note that Figure 6 shows a case in which the entirety of
the piston for an internal combustion engine is immersed in the electrolyte 62 in the electrolytic bath 61; however, the
present invention is not limited thereto as long as a portion for film formation of the piston for an internal combustion
engine is immersed in the electrolyte 62.
[0031] The relationship between the thickness of the thus-obtained anodized film and the thickness of the pure alu-
minum layer before surface treatment is explained by using Figure 7. The anodized film is, as described before, an oxide
film of aluminum. As shown in Figure 7, according to the surface treatment, a surface 52s of the anodized film 52 rises
by about one-half in thickness of the anodized film 52 from a surface 51a to be treated of a pure aluminum layer 50a
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before the surface treatment. That is, the surface treatment lowers a surface 51b of the pure aluminum layer 50a (i.e.,
an interface with the anodized film 52) by about one-half in thickness of the anodized film 52. Thus, in order to change
the entirety of the pure aluminum layer 50a to the anodized film 52 by conducting the anodizing treatment, the thickness
of the pure aluminum layer 50a is a half or less of the thickness of the anodized film 52, which will be formed.
[0032] In the case that the anodized film 52 is to be formed with a thickness of, for example, 20 mm, if the pure aluminum
layer 50a is formed with a thickness of 10 mm or less, the entirety of the pure aluminum layer 50a is changed to the
anodized film 52 by conducting an anodizing treatment. The thickness of the anodized film is, from the viewpoint of the
abrasion resistance, preferably in the range of 1 to 60 mm, and more preferably in the range of 5 to 30 mm. Accordingly,
the thickness of the pure aluminum layer is therefore preferably in the range of 0.5 to 30 mm, and more preferably in the
range of 2.5 to 15 mm.
[0033] Next, a technique for changing the entirety of a pure aluminum layer to an anodized film will be described.
Direct-current electrolysis and alternating current-direct current superimposition electrolysis use different techniques:
direct-current electrolysis uses current control, whereas alternating current-direct current superimposition electrolysis
uses voltage control. Hereinafter, details will be described.
[0034] In direct-current electrolysis, as shown in the graph in Figure 8, the value of resistance is increased by growth
of the anodized film as the time for anodizing treatment advances; and therefore, when a flow of current is kept constant,
a voltage is increased at a constant rate for a section 81 where the anodizing is performed by reaction with the pure
aluminum layer. Then, from the time 82 when the anodized film reaches to the aluminum alloy as a base material below
the pure aluminum layer, the voltage is abruptly increased by an insulator such as silicon in the base material. In a
section 83 where the anodizing is performed by reaction with the aluminum alloy layer, a rate of increase of voltage is
higher than that for the above-described section 81. Thus, in the anodizing treatment by direct current electrolysis, a
voltage is measured while a current flow is kept constant; and if the anodizing treatment is terminated at the time when
a voltage increase rate increases, this enables such a control that the entirety of the pure aluminum layer is changed to
the anodized film. Note that after the voltage increase rate increases, the anodizing treatment may be continued.
[0035] In alternating current-direct current superimposition electrolysis, as shown in the graph of Figure 9, the value
of resistance is increased by a growth of the anodized film as the time for anodizing treatment proceeds; and therefore,
when a voltage is kept constant, a current is decreased at a constant rate for a section 86 where the anodizing is
performed by reaction with the pure aluminum layer. Then, from the time 87 when the anodized film reaches the aluminum
alloy as a base material below the pure aluminum layer, the current abruptly drops due to an insulator such as silicon
in the base material. In a section 88 where the anodizing is performed by reaction with the aluminum alloy layer, a rate
of decrease of current is greater than that for the above-described section 86. Thus, in the anodizing treatment by
alternating current-direct current superimposition electrolysis, current is measured while voltage is kept constant; and if
the anodizing treatment is terminated at the time when a current decrease rate is greater, this enables control such that
the entirety of the pure aluminum layer is converted to the anodized film. Note that after the current decrease rate is
greater, the anodizing treatment may be continued.
[0036] Chemical conversion treatment is conducted when a chemical conversion device 70 is used, for example, as
shown in Figure 10, by immersing the piston for an internal combustion engine as an object 73 to be treated in a chemical
conversion treatment liquid 72 in a treatment bath 71 and causing a chemical reaction. This changes a surface of the
object 73 to be treated to a chemical conversion film, so that a film 74 of a compound derived from a material of the
object 73 to be treated is formed. Examples of the chemical conversion treatment liquid 72 include a solution mainly
composed of phosphate ion and zinc ion for zinc phosphate treatment. Note that Figure 10 shows a case in which the
entirety of the piston for an internal combustion engine is immersed in the chemical conversion treatment liquid 72 in
the treatment bath 71; however, the present invention is not limited thereto as long as a portion for film formation of the
piston for an internal combustion engine is immersed in the chemical conversion treatment liquid 72. In addition, the
chemical conversion treatment is not limited to an immersion method of this type; and for example, spraying of a chemical
conversion treatment liquid on the object to be treated enables formation of a chemical conversion film may be formed
on a surface thereof.
[0037] In the chemical conversion treatment, in general, respective steps of degreasing, surface conditioning (depo-
sition of fine particles of crystal), chemical conversion treatment (this treatment), and washing are conducted, in this
order. A chemical conversion film allows fine crystal particles in size of about several micrometers to be deposited on
a surface. However, in the case in which degreasing is insufficient, surface conditioning is not carried out, or a chemical
conversion treatment liquid is degraded, deposited crystal grains may be coarse, deteriorating surface roughness. In
order to obtain a smoother film, appropriate management of steps of degreasing or chemical conversion treatment, and
introduction of a surface conditioning step are desired.
[0038] The relationship between the thickness of the thus-obtained chemical conversion film and the thickness of the
pure aluminum layer before surface treatment is explained with reference to Figure 11. In the chemical conversion
treatment, ions (for example, phosphate ion or zinc ion, in a zinc phosphate film) necessary for film growth are fed mainly
from the chemical conversion treatment liquid. Thus, regarding the thickness of the chemical conversion film, as shown
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in Figure 11, according to the surface treatment, a surface 53s of the chemical conversion film 53 rises by more than
one-half in thickness of the chemical conversion film 53 from a surface 51a to be treated of the pure aluminum layer
50a before the surface treatment. That is, the surface treatment lowers a surface 51c of the pure aluminum layer 50a
(i.e., an interface with the chemical conversion film 53) by less than one-half in thickness of the chemical conversion
film 53. Thus, in order to change the entirety of the pure aluminum layer 50a to the chemical conversion film 53 by
conducting the chemical conversion treatment, the thickness of the pure aluminum layer 50a is less than half the thickness
of the anodized film 52 that will be formed.
[0039] In the case in which the chemical conversion film 53 is to be formed with a thickness of 20 mm, if the pure
aluminum layer 50a is formed with a thickness of less than 10 mm, the entirety of the pure aluminum layer 50a is changed
to the chemical conversion film 53 by conducting a chemical conversion treatment. Note that the degree of increase of
the thickness varies depending on the kind of chemical conversion treatment liquid to be used. The thickness of the
chemical conversion film is, from the viewpoint of the abrasion resistance, preferably in the range of 1 to 20 mm, and
more preferably in the range of 5 to 15 mm. In response to this, the thickness of the pure aluminum layer is therefore
preferably in the range from less than 0.5 mm to less than 10 mm, and more preferably in the range from less than 2.5
mm to less than 7.5 mm.
[0040] Next, a technique for changing the entirety of a pure aluminum layer to a chemical conversion film will be
described. As described above, the chemical conversion treatment is one in which a surface of an object to be treated
changes (is changed to) a chemical conversion film, and therefore, time for the entirety of the pure aluminum layer to
react with the chemical conversion treatment liquid can be calculated in advance. Thus, if the chemical conversion
treatment is terminated at the time when a time to end a reaction with the pure aluminum layer has passed, the entirety
of the pure aluminum layer can be changed to the chemical conversion film. Note that after a predetermined time has
passed, the chemical conversion treatment may be continued.
[0041] Furthermore, a difference of obtained layered film structures between the case in which an aluminum alloy is
surface-treated by a conventional method and the case in which an aluminum alloy is surface-treated after formation of
a pure aluminum layer by the present invention will be described by using Figures 12A, 12B, and 13A to 13C. Note that
the following description is for a case in which an anodizing treatment is conducted as surface treatment, but the same
is basically applied to even a chemical conversion treatment.
[0042] According to the conventional method, as shown in Figures 12A and 12B, an aluminum alloy 90 is likely to
generate unevenness on a surface of an anodized film 94a obtained by an anodizing treatment due to an influence of
a precipitated phase of such as silicon in a matrix 91. In addition, according to the present invention, as shown in Figures
13A to 13C, a pure aluminum layer 95 is formed on a surface 93 of an aluminum alloy 90, and thereby, no precipitated
phase of such as silicon is present in the pure aluminum layer 95, therefore generating no unevenness on a surface of
an anodized films 94b and 94c obtained by an anodizing treatment, so that an extremely smooth anodized films 94b
and 94c can be obtained.
[0043] In addition, according to the present invention, two kinds of anodized films 94b and 94c can be obtained. One
is a case in which only the pure aluminum layer 95 is changed to the anodized film 94b by the anodizing treatment; and
as shown in Figure 13B, this anodized film 94b contains no precipitated phase of, for example, silicon (hereinafter,
referred to as "non-precipitated phase-containing anodized film"). The other is a case in which the pure aluminum layer
95 and a part of the aluminum alloy therebelow (a top layer region) are converted to the anodized film 94c by the anodizing
treatment; and as shown in Figure 13C, this anodized film 94c has a structure in which no precipitated phase of, for
example, silicon is contained in a top layer portion thereof, whereas a precipitated phase is contained in a deep layer
portion (hereinafter, referred to as "precipitated phase-containing anodized film").
[0044] In the precipitated phase-containing anodized film 94c, a portion of the pure aluminum layer 95 and a portion
of the aluminum alloy 90 are both converted to the anodized film, thereby providing a continuous film structure, which
results in strong adhesion with the aluminum alloy 90, so that high durability can be obtained. In the precipitated phase-
containing anodized film 94c, the thickness of the deep layer portion containing a precipitated phase is preferably half
or less of the entire film. Although it depends on the size or the like of a precipitated phase 92 in the aluminum alloy 90,
the anodized film is formed in such a manner that its size is increased in a direction toward its surface from the pure
aluminum layer as described above; and therefore, when the portion of the deep layer portion containing the precipitated
phase becomes large, an adverse influence on the smoothness of the anodized film 94c will be large.
[0045] In addition, there is a difference between layered film structures obtained by the conventional method and in
the present invention. When the aluminum alloy is surface-treated by the conventional method, an interface 93a between
the aluminum alloy 90 and the anodized film 94a is uneven in the cross-section of the layered film structure, as shown
in Figure 12B, due to the influence of the precipitated phase 92 of, for example, silicon in the aluminum alloy 90.
Meanwhile, according to the present invention, an interface 93b between the aluminum alloy 90 and the non-precipitated
phase-containing anodized film 94b is linear in the cross-section of the layered film structure as shown in Figure 13B
due to the absence of a precipitated phase in the pure aluminum layer 95. In addition, as shown in Figure 13C, in the
case of the precipitated phase-containing anodized film 94c, a precipitated phase 92 is present in an interface 93c



EP 3 978 655 A2

8

5

10

15

20

25

30

35

40

45

50

55

between the aluminum alloy 90 and the precipitated phase-containing anodized film 94c in the cross-section of the
layered film structure, but the interface 93c is linear except for portions where the precipitated phase 92 is present.
[0046] The layered film structure thus obtained in the present embodiment has a uniform thickness, is dense and hard,
and has a smooth surface. In particular, the anodized film or the chemical conversion film has a surface roughness Ra
of preferably 1.3 mm or less, and more preferably 1.0 mm or less. The index Ra for surface roughness is, as defined in
JIS B0601, to represent an arithmetic mean roughness of a contour curve. Providing the piston 10 for an internal
combustion engine, particularly the first ring groove 13 with such a smooth surface, can extremely enhance the airtightness
between the first ring groove 13 and the first ring (not shown), and it can reduce an amount of flow of blowby gas leaked
from a combustion chamber to a crank chamber via a space between the piston 10 for an internal combustion engine
and a cylinder (not shown). In addition, this can suppress rise of oil, thereby keeping PM or PN within desired values.
[0047] Furthermore, the entirety of the pure aluminum layer 95 formed on the aluminum alloy 90 is changed to the
anodized film 94 or the chemical conversion film by the anodizing treatment or the chemical conversion treatment, and
no pure aluminum layer remains below these films; and this can prevent occurrence of degradation of the mechanical
properties (fatigue strength at elevated temperature, tensile strength, proof stress, etc.) in an elevated temperature range.

[Examples]

[0048] Hereinafter, Examples and Comparative Example of the present invention will be described.

(1) Examples

[0049] A test piece of A1100 material (aluminum purity of 99% or more) was prepared to imitate a pure aluminum
layer formed on an aluminum alloy member. A surface of the test piece was polished in advance so as to have a surface
roughness equivalent to the surface roughness of a piston ring groove (Ra: 0.05 to 0.1 mm). Then, the surface thereof
was anodized. The anodizing treatment was conducted using sulfuric acid (5°C) as an electrolyte, and installing a titanium
plate as a cathode and the test piece as an anode.
[0050] As an electrolysis method, two kinds: direct-current electrolysis and alternating current-direct current superim-
position electrolysis were carried out; processing time was 1 minute for both kinds, and an anodized film was formed
on the test piece by each of them. Note that regarding the electrolysis condition, direct-current electrolysis was constant-
current electrolysis with a current density of 12 A/dm2, and alternating current-direct current electrolysis was a constant-
voltage electrolysis with a positive voltage of 30 V, a negative voltage of -2 V, and a frequency of 12 kHz.
[0051] For evaluation of a produced anodized film, the surface roughness, the thickness and the hardness were
investigated. The surface roughness was based on JIS B 0601-2001, in which an arithmetic mean roughness Ra was
measured with a measured length of 4 mm and a cut-off of 0.8 mm. For the thickness, a test piece was cut and a cross
section of a film was measured using an optical microscope. The hardness of a film was measured using a micro-Vickers
hardness tester from the cross-section of an anodized film.

(2) Comparative Example

[0052] An aluminum alloy AC8A material containing 10% or more of silicon was used as a test piece for an anodizing
treatment. The test piece of a comparative example was polished so as to have a surface roughness equivalent to that
of the piston ring groove in the same manner as in the Examples. The anodizing treatment was conducted only by
alternating current-direct current superimposition electrolysis. Under the same conditions as the Examples, except that
the processing time was 40 seconds, and an anodized film was formed on the test piece. The produced anodized film
was evaluated in the same manner as the Examples.
[0053] Evaluation results of anodized films produced in the Examples and Comparative Example are shown in Table
1. In addition, optical microphotographs showing cross sections of the anodized films produced in the Examples and
Comparative Example are shown in Figure 14. Note that reference numeral 96 in Figure 14 denotes an embedded resin
for cross-sectional observation, and a surface of the anodized film 94 is indicated by a broken line.
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[0054] As shown in Table 1, an anodized film with a thickness of about 10 mm was obtained by either direct-current
electrolysis or alternating current-direct current superimposition electrolysis in the Examples. Regarding the hardness,
a slight difference is observed depending on the type of electrolysis, but both had a Vickers hardness of 400 HV or more,
which is sufficient for the purpose of imparting the abrasion resistance to a piston. In addition, as shown in Figure 14, a
surface of the anodized film 94 formed on the test piece 90 made of pure aluminum had a surface roughness Ra of 0.57
mm in the case of direct-current electrolysis and 0.22 mm in the case of alternating current-direct current superimposition
electrolysis; and an anodized film with an extremely smooth surface profile was produced by alternating current-direct
current superimposition electrolysis.
[0055] On the other hand, the Comparative Example had a thickness of about 10 mm and a Vickers hardness of 393
HV, and it provided an anodized film with almost the same levels of thickness and hardness as Examples while it had
a surface roughness Ra of 1.35 mm, which was significantly greater compared to those of Examples. It is inferred that
this is because the surface of the anodized film 94 became uneven due to an influence of a precipitated phase of such
as silicon in the aluminum alloy 92, as shown in Figure 14.

[Reference Signs List]

[0056]

10 Piston for internal combustion engine
11 Piston crown surface
12 First land
13 First ring groove
14 Second land
15 Second ring groove
16 Third land
17 Oil ring groove
18 Skirt portion
19 Piston pin hole
20 Method for producing a layered film structure
40 Electron beam evaporation device
41 Vacuum chamber
42 Electron gun
43 Evaporation material
44 Particles of material component
45 Positioning tool
46 Motor
47 Support stand
48 Masking material
50 Pure aluminum layer
52 Anodized film
53 Chemical conversion film
60 Anodizing treatment device
70 Chemical conversion device
90 Aluminum alloy
91 Matrix

[Table 1]

Surface 
roughness Ra 
[mm]

Thickness 
[mm]

Hardness 
[HV0.01]

Examples Direct-current electrolysis 0.57 9.6 461

Alternating current-direct current 
superimposition electrolysis

0.22 11.4 421

Comparative 
Example

Alternating current-direct current 
superimposition electrolysis

1.35 10.6 393
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92 Precipitated phase
94 Anodized film
95 Pure aluminum layer
96 Embedded resin

Claims

1. A method for producing a layered film structure, comprising the steps of:

forming a pure metal layer on a surface of an alloy member; and
conducting an anodizing treatment or a chemical conversion treatment on the pure metal layer to obtain a
layered film structure comprising the alloy member and a film formed on a surface thereof.

2. The method for producing a layered film structure according to claim 1, wherein the alloy member is an aluminum
alloy or a magnesium alloy.

3. The method for producing a layered film structure according to claim 1 or 2, wherein the anodizing treatment is
conducted by direct current electrolysis, a flow of current is kept constant, and the anodizing treatment is terminated
at the time when, or after, a voltage increase rate relative to a reaction time increases.

4. The method for producing a layered film structure according to claim 1 or 2, wherein the anodizing treatment is
conducted by alternating current-direct current superimposition electrolysis, a voltage is kept constant, and the
anodizing treatment is terminated at the time when, or after, a current decrease rate relative to a reaction time is
greater.

5. The method for producing a layered film structure according to claim 1 or 2, wherein the chemical conversion
treatment is terminated at the time when, or after, a time to end the reaction with the pure metal layer by the chemical
conversion treatment has passed.

6.  A piston for an internal combustion engine comprising a layered film structure having an alloy member and a film
formed on a surface thereof, wherein (a) an interface between the alloy member and the film in the layered film
structure is linear at a cross section of the layered film structure or (b) a precipitated phase contained in the alloy
member is present in the interface between the alloy member and the film in the layered film structure, and the
interface is linear at the cross-section of the layered film structure except at a portion where the precipitated phase
is present.

7. The piston for an internal combustion engine according to claim 6, wherein the film has a surface roughness Ra of
1.3 mm or less.
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