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(57) Abstract: An aluminum conductor having very high specific resistance and withstand breakdown voltage is provided. An alu-
minum conductor of the present invention includes a substrate made of pure aluminum or aluminum alloy and an insulating layer
with which an outer surface of this substrate is covered, in which the insulating layer is composed of an anodized layer formed on
the substrate and having a specific surface area of 25 m%g or more. At the specific surface area of 25 m*/g or more, the specific res-
istance and the withstand breakdown voltage of the anodized layer rapidly rise exactly beyond comparison. The aluminum conductor
covered with such an anodized layer exhibits high insulation properties. Moreover, the anodized layer has excellent heat resistance.
Therefore, the aluminum conductor of the present invention exhibits excellent insulation properties even in a high temperature envir -
onment etc.
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Description
Title of Invention: INSULATING-LAYER-COVERED

ALUMINUM CONDUCTOR, AND INSULATING LAYER AND

[0001]

[0002]

[0003]

[0004]

[0005]

[0006]

[0007]

METHOD FOR FORMING THE INSULATING LAYER
Technical Field

The present invention relates to an insulating-layer-covered aluminum conductor
which is covered with an anodized layer, an insulating layer formed of the anodized

layer, and a method for forming the insulating layer.

Background Art

A conductor (insulating-layer-covered conductor) has been used as an inter-
connection or a motor coil (wiring) or segment. The insulating-layer-covered
conductor is represented by an enamel-coated conductor, besides which a lighter in-
sulating-layer-covered aluminum conductor has been used recently. In this case, as the
insulating layer, an anodized layer is utilized which is formed directly on the surface of
the aluminum conductor. The anodized layer is made of aluminum oxide (alumite) and
excellent in insulation properties and heat resistance. The excellence well qualifies the
insulating-layer-covered aluminum conductor for use as an interconnection and a
device which are subject to high voltages and high temperatures.

For such an insulating-layer-covered aluminum conductor, see the following Patent

Literature 1, for example.

Citation List

Patent Literature

PTL 1: Japanese Unexamined Patent Application Publication No. 2009-99450
Summary of Invention

Technical Problem

Patent Literature 1 discloses an aluminum wire which is insulation-coated with an
aluminum oxide film formed by performing anodizing, sealing, and heat treatment in
this order. Patent Literature 1 describes also that the growth of the aluminum oxide
film is accelerated by conducting the anodizing processing, which permits a large
current to flow in a short lapse of time at a current density of 3 to 15 A/dm? and a pulse
voltage of 10 to 15 V (see [0012]).

However, Patent Literature 1 describes nothing about to which extent the thus
formed aluminum oxide film has an insulation resistance and a withstand voltage and
discusses nothing about characteristics and insulation properties of this film.

In view of the above, the present invention has been developed, and it is an object of
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[0009]

[0010]

[0011]

the present invention to provide an aluminum conductor (insulating-layer-covered
aluminum conductor) which is insulation-covered with an anodized layer (aluminum
oxide film) which is excellent in insulation properties more than the conventional one.
It is another object of the present invention to provide this insulation layer and a
method for forming it.

Solution to Problem

The present inventors have studied earnestly and conducted trial and error to solve
those problems and, as a result, found newly that if the specific surface area of the
anodized layer reaches a predetermined value (critical value), its insulation properties
change rapidly. By developing the fruits, the inventors have completed the following
invention.

<<Insulating-layer-covered aluminum conductor>>

(1) An insulating-layer-covered aluminum conductor of the present invention
includes a substrate made of pure aluminum or aluminum alloy and an insulating layer
with which the outer surface of the substrate is covered, which insulating layer is
composed of an anodized layer formed on the substrate and having a specific surface
area of 25 m?/g or more.

(2) The anodized layer according to the present invention has very high insulation
properties. Therefore, in contrast to the case of the conventional one, it is possible to
improve the withstand breakdown voltage without changing the layer thickness of the
insulating layer and, conversely, reduce the layer thickness of the insulating layer
without changing the withstand breakdown voltage. For example, by reducing the
thickness of the insulating layer formed of an anodized layer in the case of the latter, it
is possible to improve the slot space factor and the radiation performance of the
conductor itself as a whole.

(3) Although the mechanism is not totally clear of the excellent insulation properties
of the anodized layer according to the present invention having a specific surface area
of 25 m?/g or more, it is considered as follows presently. As long as the present
inventors have studied earnestly, it is known that the anodized layer has different mor-
phologies in a case where the specific surface area is smaller than 25 m?/g and in a case
where it is larger than it. That is, in the case where the specific surface area is smaller
than 25 m?/g, the anodized layer is composed of holes (straight hole) extending straight
in the thickness direction as in the case of the conventional one. In the case where the
specific surface area is 25 m?/g or more, the anodized layer is a porous body formed of
an aggregate of non-straight porosities extending in the thickness direction. In such a
manner, the morphology of the anodized layer changes across the particular specific

surface area, so that its insulation properties such as the specific resistance and
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withstand breakdown voltage might possibly have changed rapidly beyond changes in

creeping distance.
<<Insulating layer>>

The present invention can be grasped not only as an insulating-layer-covered
aluminum conductor but also as an insulating layer formed of the above-described
anodized layer with which the relevant aluminum conductor is covered.

<<Method for forming insulating layer>>

The present invention can also be grasped as a method for forming the insulating
layer described above. That is, the present invention may be an insulating layer
formation method that includes a layer formation step of forming the insulating layer
by continuously applying a DC voltage to an anode composed of a substrate made of
pure aluminum or aluminum alloy in an acid aqueous solution.

<<Others>>

(1) The specific surface area of the anodized layer referred to in the present de-
scription was specified on the basis of a calculated value by use of BET nitrogen ab-
sorption. That is, according to the method of fluxion (carrier gas method), the specific
surface area was obtained by measurement in accordance with JIS Z8830:2001 by
using helium as a non-adsorbed gas and nitrogen as an adsorbate. In this case, a sample
was degasified at 100 degrees C for 30 minutes. Further, measured data was evaluated
by the multipoint method. If the specific surface area is 30 m?/g or more, 35 m?/g or
more, 40 m?/g or more, 45 m?/g or more, or 50 m?/g or more, it is preferable because an
anodized layer having high insulation properties can be obtained more reliably.

(2) The "non-straight porosity" referred to in the present description about the
morphology of the anodized layer is a porosity (cell) extending in the thickness
direction and not having a smooth inner wall surface but having an irregular inner wall
surface so that the anodized layer would be broken up in the thickness direction not
between the cells but in the cell.

(3) Unless otherwise specified, in the present description, "x through y" includes the
lower limit value x and the upper limit value y. A range "a through b" can be given
newly by using various values or arbitrary values in a value range described in the
present description as new arbitrary lower limit or upper limit values.

Brief Description of Drawings

[fig.1A]Fig. 1A is a schematic diagram showing how to measure a specific resistance
of an insulating layer.

[fig.1B]Fig. 1B is a schematic diagram showing how to measure a withstand
breakdown voltage of the insulating layer.

[fig.2A]Fig. 2A is a dispersion diagram showing a relationship between a specific
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surface area and the specific resistance of an anodized layer.

[fig.2B]Fig. 2B is a dispersion diagram showing a relationship between the specific
surface area and the withstand breakdown voltage of the anodized layer.
[fig.3A]Fig. 3A is an electron microscope photograph showing a cross section of the
anodized layer according to sample No. 1.

[fig.3B]Fig. 3B is an electron microscope photograph showing a cross section of the
anodized layer according to sample No. C1.

Description of Embodiments

Description made in the present description may hold true not only with the in-
sulating-layer-covered aluminum conductor of the present invention but also with an
insulating layer and a method for forming it. Components related to the method can
also be related to a physical object if they are understood on the basis of product-
by-process claims. To the above-described components of the present invention, one or
more components arbitrarily selected from the present description can be added. Which
one of the embodiments is the best depends on a subject, required performance, and the
like.

<<Anodized layer>>

An anodized layer according to the present invention has dramatically excellent in-
sulation properties more than the conventional one. Although the present invention
does not limit its morphology etc., it is considered that the morphology etc. of the
anodized layer may change across a specific value (critical value) of the specific
surface area as described above.

It may not be easy to directly specify the morphology etc. of the anodized layer. Ac-
cordingly, in the present description, the anodized layer according to the present
invention is indirectly specified by using its specific surface area. Conversely, if
anodized layers have the same specific surface area, they have the same morphologies
etc.; this relationship is considered to be almost not influenced by the layer formation
process as well as conditions and the layer thickness, etc. of the anodized layers.

As something which indicates the insulation properties of the anodized layer that
change rapidly in accordance with the specific surface area, the specific resistance
(electrical resistivity) and the withstand voltage (withstand breakdown voltage), for
example, are available. For example, across the critical value of the specific surface
area, the withstand voltage of the anodized layer can change three- through six-fold
and the specific resistance thereof, 100 (10?) through 10000 (10*)fold.

Although the layer thickness of the anodized layer is not limited, it should preferably
be about 0.1 through 30 micrometers and, more preferably, about 1 through 20 mi-

crometers in order to improve the slot space factor of the motor coil (conductor's net
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cross-sectional area/inter-iron core cross-sectional area) and the like while securing the
insulation properties. If the layer thickness is too small, it is not preferable because
sufficient insulation properties cannot be secured against high voltages, whereas if the
layer thickness is too large, it is not preferable because cracks may easily occur when
the layer is bent.

<<Substrate>>

A substrate according to the present invention is made of pure aluminum or
aluminum alloy (hereinafter simply referred to as "aluminum"). Independently of the
composition of aluminum, aluminum having a composition closer to that of pure
aluminum is considered to be capable of more easily forming a uniform anodized
layer.

Further, it is only necessary that a portion covered with the anodized layer should be
made of aluminum, so that the entirety of the conductor need not be made of
aluminum. For example, the conductor may be made of aluminum on its surface and of
any other metal (copper etc.) on its inside.

Moreover, the substrate may have any given shapes and cross sections. It may be
linear or columnar in shape or even circular or rectangular in cross section.

<<Method for formation>>

(1) Anodizing processing

The anodized layer, which is an insulating layer of the present invention, is formed
by the anodizing processing by which the substrate is charged with electricity in an
anodizing processing solvent (electrolytic solution). The anodizing processing solvent
may be, for example, sulfuric acid aqueous solution, phosphoric acid aqueous solution,
inorganic acid liquid such as chromium acid aqueous solution, or organic acid liquid
such as oxalic acid aqueous solution. By the present invention, no matter which type of
the anodizing processing solvent is used, it is preferable to use sulfuric acid aqueous
solution from the viewpoint of the flexibility of the anodized layer and the economical
efficiency of the processing. In this case, the sulfuric acid aqueous solution should
have a concentration of about 5 through 40% by mass and, more preferably, about 10
through 35% by mass. If the concentration is too low, it is not preferable because the
formation of the anodized layer is delayed, whereas if the concentration is too high, it
is not preferable because the corrosion resistance of the anodized layer is deteriorated.
Further, the anodizing processing solvent (in particular, sulfuric acid aqueous solution)
should have a temperature of about O through 40 degrees C preferably and, more
preferably, about 10 through 30 degrees C. If the temperature is too low, it is not
preferable because the formation of the anodized layer is delayed, whereas if the tem-
perature is too high, it is not preferable because the dissolution rate of the anodized

layer is accelerated.
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Although the voltage applied to the substrate, which is an anode in the anodizing
processing solvent, includes a DC voltage and a pulse voltage, it is preferable to use a
continuous DC voltage from the viewpoint of the rate of formation of the anodized
layer and the economical efficiency of facilities. In this case, the value of the voltage
should preferably be comparatively small. Although the specific voltage value cannot
be specified because it depends on the type of the anodizing processing solvent, the
electrical conductivity and the thickness of the substrate, etc., it should preferably be,
for example, 2 through 15 V, 3 through 12 V, or 4 through 11 V. If the voltage is too
low or too high, it is not preferable respectively because the formation of the anodized
layer is delayed or the insulation properties and the flexibility of the anodized layer are
deteriorated. A cathode in the anodizing processing solvent may be made of either
platinum or graphite.

Although an anodizing processing lapse of time is appropriately adjusted in ac-
cordance with a desired layer thickness of the anodized layer, it should preferably, for
example, be about 1 through 60 minutes and, more preferably, about 5 through 30
minutes.

(2) Post-processing

Although the anodized layer according to the present invention may be as anodized,
it may subsequently undergo post-processing such as sealing, heat treatment, or
coating appropriately. For example, by performing sealing processing, fine pores
formed in the anodized layer are sealed to improve the corrosion resistance of the in-
sulation-covered aluminum conductor. The sealing processing is known and can be
performed by, for example, exposing the anodized substrate to boiling water or high-
pressure vapor. Although the specific resistance or the withstand voltage or the like of
the anodized layer may fluctuate to some extent in the sealing processing, the anodized
layer according to the present invention has remarkably excellent insulation properties,
so that its insulation properties may be affected by the sealing processing relatively
slightly.

<<Use>>

The insulating-layer-covered aluminum conductor of the present invention can be
used arbitrarily. For example, it may be well suited for use as a motor coil or inter-
connection required to have high insulation properties. In particular, the insulating-
layer-covered aluminum conductor of the present invention is well suited for use in a
device required to have high insulation properties as well as a thinned insulating layer
so that the slot space factor of the conductor is improved and heat generated in the

conductor is radiated efficiently.

Examples
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The present invention will be described more specifically with reference to examples.

<<Manufacturing of sample>>

(1) Substrate

As a substrate forming an anodized layer, a disk-shaped test piece (25 mm (diameter)
x 2 mm (thickness)) made of pure aluminum (JIS A1070) was prepared. The
processing surface of the test piece forming the anodized layer had a surface roughness
(Rz) of 1 micrometer.

(2) Anodizing processing

The test piece was immersed in sulfuric acid aqueous solution (anodizing bath) to
perform anodizing processing by performing electric charging between this test piece
(processing surface) used as an anode and a platinum electrode used as a cathode. In
this case, the surface of the test piece other than the processing surface was masked
with insulating tape so that electric charging is conducted between the processing
surface and the platinum electrode. The concentration (% by mass) and the temperature
of sulfuric acid in the anodizing bath and the voltage (layer formation voltage) applied
between the electrodes were variously adjusted as shown in Table 1 to manufacture a
plurality of samples. The samples all had an anodizing processing lapse of time of 10
minutes. The samples taken out of the anodizing bath after the anodizing processing
were all washed well with distilled water, blown with compressed air to remove their
water contents sufficiently, and then dried in the atmosphere air for 24 hours. Each two
out of the samples were manufactured for each of conditions shown in Table 1, to
undergo the later-described measurement of specific resistance and withstand
breakdown voltage.

<<Measurement and observation>>

(1) Specific resistance

The specific resistance (electrical resistivity) of each of the samples was obtained by
using a method shown in Fig. 1A. That is, an electrode T1 having a diameter of 12.5
mm was attached via silver paste g to an anodized layer 1a generated on a substrate 1b
of each sample 1. Further, an electrode T2 was attached to the opposite side surface of
the substrate 1b. A DC voltage of 100 V was applied between those electrodes to
measure a current flowing through a closed circuit. The measured current value (I), the
applied voltage value (V), an electrode area (S1) of the electrode T1, and a thickness
(t) of the anodized layer 1a were used to calculate a specific resistance (rho = (V/I) x
S/t) based on Ohm's law. The thickness (t) of the anodized layer 1a was obtained from
a cross-sectional photograph of the sample 1 observed after the measurement of the
specific resistance.

(2) Withstand breakdown voltage

As shown in Fig. 1B, the withstand breakdown voltage of each sample was measured
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in accordance with JIS H8687. That is, in the atmosphere, a terminal P whose contact
end surface is shaped like a sphere having a diameter of 6 mm was brought into contact
with the anodized layer 1a by applying a load F of 100 g. Between the terminal P and
an electrode N attached on the opposite side of the substrate 1b, a DC voltage boosted
at a rate of 25 V/s was applied. A voltage value was measured at a point in time when a
leakage current flowing through the closed circuit exceeded 5 mA.

The voltage value was measured 10 points for each sample. In each measurement, the
terminal P was brought into contact with a different point on the anodized layer 1a. An
arithmetic average value was obtained of the measured voltage values. The average
value was divided by the thickness of the anodized layer 1a to obtain a withstand
breakdown voltage value per unit thickness (referred to as "withstand breakdown
voltage" simply). The thickness of the anodized layer 1a was obtained from the cross-
sectional photograph of the sample after being measured as in the above-described
case.

(3) Specific surface area

The specific surface area (surface area per unit mass) of the anodized layer of each
sample was obtained as follows. That is, first the sample after the measurement of the
specific resistance and the withstand breakdown voltage was immersed in alkali
solution to dissolve the substrate portion. The residue of the anodized layer obtained by
filtering out the alkali solution was dried. The specific surface area of the residue was
measured by BET nitrogen absorption described above.

Table 1 shows the thus obtained specific resistance, withstand breakdown voltage,
and specific surface area of each sample. Further, Figs. 2A and 2B respectively show
the relationship between the specific surface area and the specific resistance and that
between the specific surface area and the withstand breakdown voltage.

(4) Morphology of anodized layer

Figs. 3A and 3B respectively show the cross sections of the anodized layers of
samples No. 1 and No. C1 observed with a field-emission-type scanning electron mi-
croscope (FE-SEM).

<<Evaluation>>

(1) As may be seen from Table 1 and Figs. 2A and 2B, the specific resistance and the
withstand breakdown voltage rapidly change critically near a specific surface area of
25 m?/g. That is, it was found that at the specific surface area of 25 m?/g or more, the
specific resistance of the anodized layer would rapidly rise exactly beyond comparison,
from the order of 10° (ohm-meter) to the order of 10'° through 10 (ohm-meter).

It was found that this tendency holds true also with the withstand breakdown voltage
in that at the specific surface area of 25 m?/g or more, the withstand breakdown voltage

of the anodized layer rapidly rises up to about four-fold, from the order of 60 volt/
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micrometer to the order of up to 240 volt/micrometer.
(2) Such rapid changes in specific resistance and withstand breakdown voltage are

considered to be caused by a change in morphology itself of the anodized layer as may
be clear from the micrographs in Figs. 3A and 3B. That is, as shown in Fig. 3A,ina
case where the anodized layer is a porous body formed of non-straight porosities
having irregular surfaces, the specific surface area increases and the specific resistance
and the withstand breakdown voltage increases rapidly. As shown in Fig. 3B, in a case
where the anodized layer is a porous body formed of straight porosities, the specific
surface area is relatively small and even if the specific surface area changes to some
extent, both of the specific resistance and the withstand breakdown voltage stays low.
It is found that to obtain an insulating-layer-covered aluminum conductor by using
such a layer having large values of the specific resistance and the withstand breakdown
voltage, an anodized layer having such a morphology as shown in Fig. 3A should

preferably be formed on the surface of an aluminum-based substrate, which is a

conductor.
[Table 1]
Layer formation conditions .
— — Specific Specific ;’:’:ah:;z“w‘:‘

Sa;:)r-)le csol::cf::::r:t?:,dn Temperature Az;:;;a;;on surface area resistance voltage

(% by mass) ¢c) v) (e e v/ gm)

1 20 30 10 47.2 1.6x10" 193.2

2 30 20 7 68.3 2.1x10" 213.0

3 30 25 89.4 2.0x10" 231.8
4 30 20 15 27.8 1.4%10"° 63.3
5 20 20 14 34.0 9.3%10"" 80.0

6 30 20 12 42.5 1.1x10" 105.5

7 25 30 57.2 2.3x10" 206.5

8 30 20 68.3 2.0%x10" 213.0
c1 10 10 24 8.5 1.9x10° 46.3
c2 20 30 18 22.9 9.7x10° 54.3
C3 30 10 22 14.6 4,6%10° 55.7
c4 30 10 22 14.8 4.5%10° 53.6
(o1 ] 20 20 20 23.0 5.3x10° 58.8
c6 20 20 20 23.4 9.5%10° 55.7

Reference Signs List

1 Sample (test piece)
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la Anodized layer
1b Substrate
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[Claim 1]

[Claim 2]

[Claim 3]

[Claim 4]
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Claims

An insulating-layer-covered aluminum conductor including a substrate
made of pure aluminum or aluminum alloy and an insulating layer with
which an outer surface of this substrate is covered, wherein the in-
sulating layer is composed of an anodized layer formed on the substrate
and having a specific surface area of 25 m%g or more.

The insulating-layer-covered aluminum conductor according to claim
1, wherein the anodized layer is a porous body formed of an aggregate
of non-straight porosities extending in a thickness direction.

An insulating layer formed of the anodized layer according to claim 1
or 2.

A method for forming an insulating layer, the method comprising the
layer formation step of continuously applying a DC voltage to a
substrate made of pure aluminum or aluminum alloy by using this
substrate as an anode in acid aqueous solution, thereby forming the in-

sulating layer according to any one of claims 1 to 3.
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