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RESIN COMPOSITION, INORGANIC
FILLER, DIRECT-CURRENT POWER
CABLE, AND METHOD FOR
MANUFACTURING DIRECT-CURRENT
POWER CABLE

BACKGROUND

Technical Field

[0001] The present disclosure relates to a resin composi-
tion, an inorganic filler, a direct-current power cable (DC
power cable), and a method for manufacturing the DC power
cable.

[0002] The present application claims priority based on
Japanese Unexamined Patent Publication No. 2019-31852
filed on Feb. 25, 2019, which is incorporated herein by
reference in its entirety.

Description of Related Art

[0003] In recent years, solid-insulated DC power cables
(hereinafter abbreviated as “DC power cables”) have been
developed for DC power transmission applications. Upon
electric charging of a DC power cable, space charges are
generated in the insulation layer, which may cause a leakage
current. Therefore, an inorganic filler may be sometimes
added to the resin composition forming the insulation layer
in order to suppress the leakage current during electric
charging (for example, Patent Document 1).

Patent Document 1: Japanese Unexamined Patent
Publication No. 1999-16421

SUMMARY OF THE INVENTION

[0004] According to an aspect of the present disclosure,
[0005] there is provided a resin composition forming an
insulation layer, including:

[0006] a base resin containing polyolefin, and

[0007] an inorganic filler;

[0008] wherein a surface of the inorganic filler includes:
[0009] an aminosilyl group having an amino group, and
[0010] a hydrophobic silyl group having a hydrophobic
group.

[0011] According to another aspect of the present disclo-
sure,

[0012] there is provided an inorganic filler compounded

into a resin composition forming an insulation layer and

added to a base resin containing polyolefin,

[0013] wherein a surface of the inorganic filler includes:
[0014] an aminosilyl group having an amino group, and
[0015] a hydrophobic silyl group having a hydrophobic

group.

[0016] According to yet another aspect of the present

disclosure,

there is provided a direct-current power cable including:

[0017] a conductor, and

[0018] an insulation layer provided to cover an outer

periphery of the conductor,

[0019] wherein the insulation layer contains a resin com-

position including:

[0020] a base resin containing polyolefin, and

[0021] an inorganic filler;

Aug. 27, 2020

[0022]
[0023]
[0024]

group.

[0025] According to yet another aspect of the present

disclosure,

there is provided a method for manufacturing a direct-

current power cable including:

[0026] preparing a resin composition including a base

resin containing polyolefin, and an inorganic filler; and

[0027] forming an insulation layer with the resin compo-

sition so as to cover an outer periphery of a conductor,

[0028] the preparation of the resin composition including:

surface-treating the inorganic filler with an aminosilane

coupling agent having an amino group and a hydrophobic
silane coupling agent having a hydrophobic group;

wherein a surface of the inorganic filler includes:
an aminosilyl group having an amino group, and
a hydrophobic silyl group having a hydrophobic

[0029] wherein, in the surface treatment of the inorganic
filler,
[0030] an aminosilyl group having the amino group

derived from the aminosilane coupling agent and a hydro-
phobic silyl group having the hydrophobic group derived
from the hydrophobic silane coupling agent are bonded to a
surface of the inorganic filler.

BRIEF DESCRIPTION OF THE DRAWINGS

[0031] FIG. 1 is a schematic sectional view perpendicular
to an axial direction of a DC power cable according to an
embodiment of the present disclosure.

[0032] FIG. 2A is a diagram showing a volume resistivity
with respect to a molar fraction of aminosilyl groups when
the base resin contains low density polyethylene in Experi-
ment 4.

[0033] FIG. 2B is a diagram showing a volume resistivity
with respect to a molar fraction of aminosilyl groups when
the base resin contains a thermoplastic olefinic elastomer in
Experiment 4.

[0034] FIG. 3 is a diagram showing a volume resistivity
with respect to a content of the inorganic filler in Experiment
5.

DESCRIPTION OF THE EMBODIMENTS

Problem to be Solved by the Disclosure

[0035] An object of the present disclosure is to provide a
technique that can improve an insulation property of an
insulation layer.

Advantageous Effect of the Disclosure

[0036] According to the present disclosure, the insulation
property of the insulation layer can be improved.

DESCRIPTION OF THE EMBODIMENT OF THE
DISCLOSURE

<Knowledges Obtained by the Inventors>

[0037] First, an outline of the knowledges obtained by the
inventors will be described.

[0038] In the DC power cable described above, the inor-
ganic filler added in the insulation layer may be surface-
treated with the silane coupling agent. Thereby, the com-
patibility of the inorganic filler with the base resin can be
improved.

[0039] The present inventors evaluated the insulation
property of the insulation layer while changing the substitu-
ent in the silane coupling agent used for the surface-
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treatment of the inorganic filler. As a result, the present
inventors found that the insulation property of the insulation
layer depends on the substituent of the silane coupling agent
used for the surface-treatment of the inorganic filler.
[0040] The present disclosure is based on the above-
described knowledges found by the inventors.

Embodiments of the Disclosure

[0041] Next, embodiments of the present disclosure will
be listed and described.

[0042] [1] A resin composition according to an aspect of
the present disclosure is:

[0043] a resin composition forming an insulation layer,
including:

[0044] a base resin containing polyolefin, and

[0045] an inorganic filler;

[0046] wherein a surface of the inorganic filler includes:
[0047] an aminosilyl group having an amino group, and
[0048] a hydrophobic silyl group having a hydrophobic
group.

[0049] According to this configuration, the insulation

property of the insulation layer can be stably improved.
[0050] [2] In the resin composition according to [1],
[0051] the inorganic filler includes at least any one of
magnesium oxide, silicon dioxide, zinc oxide, aluminum
oxide, titanium oxide, zirconium oxide, and carbon black.
[0052] According to this configuration, the insulation
property of the insulation layer can be stably improved.
[0053] [3] In the resin composition according to [1] or [2],
[0054] a molar fraction of the aminosilyl group with
respect to all of the silyl groups bonded to the surface of the
inorganic filler is 2% or more and 90% or less.

[0055] According to this configuration, the effect of
improving the insulation property of the insulation layer by
giving the aminosilyl group to the inorganic filler can be
stably obtained.

[0056] [4] In the resin composition according to [1] or [2],
[0057] a mass ratio of nitrogen to carbon is 0.7% or more
and 35% or less, as obtained by elemental analysis of the
surface of the inorganic filler by gas chromatography using
a thermal conductivity detector under condition at a reaction
temperature of 850° C. and a reduction temperature of 600°
C.

[0058] Again, according to this configuration, the effect of
improving the insulation property of the insulation layer by
giving the aminosilyl group to the inorganic filler can be
stably obtained.

[0059] [5] In the resin composition according to any one
of [1] to [4],
[0060] the aminosilyl group includes a hydrocarbon group

having the amino group; and

[0061] the carbon number of the hydrophobic group in the
hydrophobic silyl group is smaller than the carbon number
of the hydrocarbon group having the amino group in the
aminosilyl group.

[0062] The term “carbon number” used herein refers to the
number of carbon atoms.

[0063] According to this configuration, the electrostatic
repulsion effect between amino groups can be efficiently
caused.

[0064] [6] In the resin composition according to [5],
[0065] the carbon number of the hydrocarbon group hav-
ing the amino group in the amino silyl group is 3 or more and
12 or less.
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[0066] According to this configuration, the electrostatic
repulsion effect between amino groups can be efficiently
caused.

[0067] [7] In the resin composition according to any one
of [1] to [6],
[0068] the aminosilyl group is bonded to a part of the

surface of the inorganic filler, while the hydrophobic silyl
group is bonded to another part of the surface.

[0069] According to this configuration, the insulation
property of the insulation layer can be stably improved.

[0070] [8] In the resin composition according to any one
of [1] to [7],
[0071] the content of the inorganic filler is 0.1 parts by

mass or more and 10 parts by mass or less with respect to
100 parts by mass of the base resin.

[0072] According to this configuration, by setting the
content of the inorganic filler to 0.1 parts by mass or more,
a space charge can be sufficiently trapped by the inorganic
filler. On the other hand, by setting the content of the
inorganic filler to 10 parts by mass or less, the dispersibility
of the inorganic filler in the insulation layer 130 can be
improved while improving the moldability of the resin
composition.

[0073] [9] In the resin composition according to any one
of [1] to [8],

[0074] the base resin contains low density polyethylene,
and

[0075] a volume resistivity of a sheet of a resin composi-

tion is 8x10'° ©Q-cm or more, as measured under the con-
dition at the temperature of 80° C. and the direct-current
field of 50 kV/mm, when the sheet of the resin composition
including the base resin and the inorganic filler and having
a thickness of 0.2 mm is formed.

[0076] According to this configuration, a direct-current
power cable with improved insulation property of the insu-
lation layer can be obtained.

[0077] [10] In the resin composition according to any one
of [1] to [8],
[0078] the base resin contains a thermoplastic olefinic

elastomer including ethylene propylene rubber or ethylene
propylene diene rubber dispersed in or copolymerized with
polyethylene or polypropylene, and

[0079] a volume resistivity of a sheet of a resin composi-
tion is 5x10'° Q-cm or more, as measured under the con-
dition at the temperature of 80° C. and the direct-current
field of 50 kV/mm, when the sheet of the resin composition
including the base resin and the inorganic filler and having
a thickness of 0.2 mm is formed.

[0080] Again, according to this configuration, a direct-
current power cable with improved insulation property of
the insulation layer can be obtained.

[0081] [11] The inorganic filler according to another
aspect of the present disclosure is an inorganic filler com-
pounded into a resin composition forming an insulation
layer and added to a base resin containing polyolefin,

[0082]
[0083]
[0084]

group.

[0085] According to this configuration, the insulation

property of the insulation layer can be stably improved.

wherein a surface of the inorganic filler includes:
an aminosilyl group having an amino group, and
a hydrophobic silyl group having a hydrophobic
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[0086] [12] A direct-current power cable according to yet
another aspect of the present disclosure includes:

[0087] a conductor, and

[0088] an insulation layer provided to cover an outer
periphery of the conductor;

[0089] wherein the insulation layer contains a resin com-
position including:

[0090] a base resin containing polyolefin, and

[0091] an inorganic filler;

[0092] wherein a surface of the inorganic filler includes:
[0093] an aminosilyl group having an amino group, and
[0094] a hydrophobic silyl group having a hydrophobic

group.

[0095] According to this configuration, the insulation

property of the insulation layer can be stably improved.
[0096] [13] A method for manufacturing the direct-current
power cable according to yet another aspect of the present
disclosure includes:

[0097] preparing a resin composition including a base
resin containing polyolefin, and an inorganic filler; and
[0098] forming an insulation layer with the resin compo-
sition to cover an outer periphery of a conductor,

[0099] the preparation of the resin composition including:
surface-treating the inorganic filler with aminosilane cou-
pling agent having an amino group and a hydrophobic silane
coupling agent having a hydrophobic group;

[0100] wherein, in the surface-treatment of the inorganic
filler,
[0101] an amino group having the aminosilyl group

derived from the aminosilane coupling agent and a hydro-
phobic silyl group having the hydrophobic group derived
from the hydrophobic silane coupling agent are bonded to a
surface of the inorganic filler.

[0102] According to this configuration, the insulation
property of the insulation layer can be stably improved.

[Details of Embodiment of the Disclosure]

[0103] Next, an embodiment of the present disclosure will
be described below with reference to the drawings. The
present invention is not limited to these illustrations, but
intended to be indicated by claims and encompass all the
changes which fall within the meaning and scope equivalent
to claims. The term “C,, to C,” used herein refers to contain
from p to n carbon atoms.

One Embodiment of the Disclosure

[0104] (1) Resin Composition

[0105] The resin composition of this embodiment is a
material forming an insulation layer 130 of a DC power
cable 10 described later, and includes, for example, a base
resin, an inorganic filler, and other additives.

(Base Resin)

[0106] A base resin (base polymer) means a resin compo-
nent constituting the main component of the resin compo-
sition. The base resin of this embodiment contains, for
example, polyolefin. Examples of the polyolefin constituting
the base resin include, for example, polyethylene, polypro-
pylene, ethylene-a-olefin copolymer, thermoplastic olefinic
elastomer (TPO) including ethylene propylene rubber (EPR)
or ethylene propylene diene rubber (EPDM) dispersed in or
copolymerized with polyethylene or polypropylene, and the
like. Two or more of them may be used in combination.
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[0107] Examples of the polyethylene constituting the base
resin include low density polyethylene (LDPE), medium
density polyethylene (MDPE), and high density polyethyl-
ene (HDPE), and the like. In addition, the polyethylene may
be either linear or branched, for example.

(Inorganic Filler)

[0108] The inorganic filler is an inorganic powder added to
the insulation layer 130, and acts to trap the space charge in
the insulation layer 130 and to suppress the local accumu-
lation of the space charge in the insulation layer 130.
Thereby, the insulation property of the insulation layer 130
can be improved.

[0109] The inorganic filler includes, for example, at least
any one of magnesium oxide, silicon dioxide, zinc oxide,
aluminum oxide, titanium oxide, zirconium oxide, carbon
black, and a mixture of two or more of them.

[0110] Examples of a method for forming magnesium
oxide as the inorganic filler include a vapor phase method in
which Mg vapor and oxygen are brought into contact with
each other, or a seawater method in which magnesium oxide
is formed from seawater as a raw material. The method of
forming the inorganic filler in this embodiment may be
either a vapor phase method or a seawater method.

[0111] Examples of silicon dioxide as the inorganic filler
include at least any one of fumed silica, colloidal silica,
precipitated silica, and vaporized metal combustion (VMC)
silica. Among them, fumed silica is preferable as silicon
dioxide.

[0112] At least a part of the inorganic filler is surface-
treated with a silane coupling agent. Thereby, the compat-
ibility of the inorganic filler with the base resin can be
improved as mentioned above, and the adhesion at the
interface between the inorganic filler and the base resin can
be improved.

[0113] In this embodiment, at least a part of the inorganic
filler is surface-treated with an aminosilane coupling agent
including an amino group.

[0114] The aminosilane coupling agent is represented, for
example, by the following formula (1).

RY,SiX,., M

(wherein R! represents a monovalent hydrocarbon group
including at least any one of a primary amino group, a
secondary amino group, a tertiary amino group, an acid-
neutralized amino group (an amino group neutralized with
an acid), and a quaternary ammonium base; X represents a
monovalent hydrolyzable group; and n represents an integer
from 1 to 3; provided that a plurality of R's may be the same
or different when n is 2 or more).

[0115] Examples of the monovalent hydrolyzable group as
X include, for example, a C, to C; alkoxy group and a
halogen group.

[0116] Specifically, examples of the aminosilane coupling
agent include, for example, at least any one of 3-aminopro-
pyltrimethoxysilane, 3-aminopropyltriethoxysilane, N-(2-
aminoethyl)-3-aminopropylmethyldimethoxysilane, N-(2-
aminoethyl)-3-aminopropyltrimethoxysilane, N-(2-
aminoethyl)-3-aminopropyltriethoxysilane, 3-triethoxysilyl-

N-(1,3-dimethylbutylidene)propylamine, N-phenyl-3-
aminopropyltrimethoxysilane, N-methyl-3-
aminopropyltrimethoxysilane, N-ethyl-3-
aminopropyltrimethoxysilane, N-butyl-3-

aminopropyltrimethoxysilane, N,N-dimethyl-3-
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aminopropyltrimethoxysilane, N,N-diethyl-3-aminopropylt-
rimethoxysilane, N,N-dibutyl-3-
aminopropyltrimethoxysilane, N-(vinylbenzyl)-3-
aminopropyltrimethoxysilane hydrochloride,
octadecyldimethyl(3-trimethoxysilylpropyl)Jammonium
chloride, tetradecyldimethyl(3-trimethoxysilylpropyl)am-
monium chloride, N-trimethoxysilylpropyl-N,N,N-tri-n-bu-
tylammonium bromide, N-trimethoxysilylpropyl-N,N,N-tri-
n-butylammonium chloride, N-trimethoxysilylpropyl-N,N,
N-trimethylammonium chloride, and the like.

[0117] In a surface-treatment step of the inorganic filler,
the hydrolyzable group of the silane coupling agent is
hydrolyzed to produce a silanol group. The silanol group
forms a hydrogen bond with a hydroxyl group on the surface
of the inorganic filler, which further results in a dehydration
condensation reaction. As a result, a predetermined silyl
group is formed which is strongly covalently bonded to the
surface of the inorganic filler.

[0118] In this embodiment, since the inorganic filler is
surface-treated with the above-described aminosilane cou-
pling agent, at least a part of the surface of the inorganic
filler includes, for example, an aminosilyl group having an
amino group derived from the aminosilane coupling agent
(originating from the aminosilane coupling agent). In other
words, the aminosilyl group is bonded to at least a part of the
surface of the inorganic filler. Thereby, the insulation prop-
erty of the insulation layer 130 can be stably improved.
[0119] Although the details of the mechanism by which
the insulation property of the insulation layer 130 is
improved when at least a part of the surface of the inorganic
filler includes an aminosilyl group are not clearly known, the
following mechanism is conceivable, for example. Since at
least a part of the surface of the inorganic filler includes an
aminosilyl group, the electrostatic repulsion between the
amino groups on the surfaces of the inorganic fillers can be
caused and the dispersibility of the inorganic filler in the
resin composition can be improved when the inorganic
fillers are adjacent to each other. As a result, it is considered
that the insulation property of the insulation layer 130 can be
stably improved.

[0120] The aminosilyl group having the amino group
derived from the aminosilane coupling agent is represented
by the following formula (2), for example.

[Chem. 1]
@

m—h(—)

| —

Ry

(+—

(wherein, as described above, R represents a monovalent
hydrocarbon group including at least any one of a primary
amino group, a secondary amino group, a tertiary amino
group, an acid-neutralized amino group, and a quaternary
ammonium base; and n represents an integer from 1 to 3;
provided that a plurality of R's may be the same or different
when n is 2 or more; s and t for bonds represent O or 1, the
sum of n, s, and t being 3).

[0121] In the aminosilyl group represented by formula (2),
at least one bond other than the bond including R* is bonded
to the inorganic filler with an oxygen atom interposed
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therebetween. All bonds other than the bond including R*
may be bonded to the inorganic filler, or at least one bond
other than the bond including R' may not be bonded to the
inorganic filler. When at least one bond other than the bond
including R' is not bonded to the inorganic filler, the bond
not bonded to the inorganic filler may include a hydroxyl
group or a hydrolyzable group, or may be bonded to another
silyl group such as a hydrophobic silyl group described
below.

[0122] In this embodiment, the carbon number of the
hydrocarbon group R* having the amino group is preferably
3 or more and 12 or less, for example. By setting the carbon
number of R' to 3 or more, the aminosilyl group can be
bulky, which can cause steric hindrance on the surface of the
inorganic filler. Thereby, the effect of the electrostatic repul-
sion between the amino groups can be efficiently caused. On
the other hand, when the carbon number of R! is more than
12, the alkyl chain length becomes very long and the degree
of freedom of movement of the methylene chain increases.
For this reason, an excessive influence of the steric hin-
drance may be possibly exerted. As a result, the amount of
modification with the aminosilane coupling agent or the like
may be possibly decreased. For example, when the inorganic
filler is surface-treated with both the aminosilane coupling
agent and a hydrophobic silane coupling agent described
below, it may possibly become difficult for a predetermined
amount of the hydrophobic silyl group to be bonded to the
surface of the inorganic filler. In contrast, by setting the
carbon number of R* to 12 or less, the alkyl chain length can
be suppressed from becoming excessively long and the
degree of freedom of movement of the methylene chain can
be suppressed from being excessively increased. Thereby,
the excessive influence of a steric hindrance can be sup-
pressed. As a result, the decrease in the amount of modifi-
cation with the aminosilane coupling agent or the like can be
suppressed. For example, when the inorganic filler is sur-
face-treated with both the aminosilane coupling agent and
the hydrophobic silane coupling agent described below, a
predetermined amount of the hydrophobic silyl group can be
bonded to the surface of the inorganic filler.

[0123] Furthermore, in this embodiment, the inorganic
filler may be surface-treated not only with the aminosilane
coupling agent described above but also with a hydrophobic
silane coupling agent having a hydrophobic group.

[0124] Examples of the hydrophobic silane coupling agent
include at least any one of silazane, alkoxysilane or halo-
genated silane, which includes a hydrophobic group.

[0125] Silazane (disilazane) having a hydrophobic group
is represented by the following formula (3), for example.

R?,Si—NH—SiR?, 3)

(wherein R? represents at least any one of a C, to C,, alkyl
group optionally substituted with halogen, a C, to C,,
alkoxy group optionally substituted with halogen, a C, to
C,, alkenyl group optionally substituted with halogen, or a
Cg to C,, aryl group optionally substituted with halogen or
optionally substituted with a C, to C; alkyl group optionally
substituted with halogen. The phrase “optionally substituted
with halogen” means that a part of hydrogen atoms in the
above-described hydrocarbon group may be substituted with
halogen. In formula (3), R? is preferably a C, to Cy4 alkyl
group, a C, to C4 alkenyl group, or a phenyl group. A
plurality of R®s may be the same, or different).
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[0126] Specifically, examples of silazane having a hydro-
phobic group include, for example, at least any one of
hexamethyldisilazane, hexaethyldisilazane, hexapropyldisi-
lazane, hexabutyldisilazane, hexapentyldisilazane, hexahex-
yldisilazane, hexacyclohexyldisilazane, hexaphenyldisila-
zane, divinyltetramethyldisilazane,
dimethyltetravinyldisilazane, and the like.

[0127] Alkoxysilane or halogenated silane having a
hydrophobic group is represented by the following formula
(4), for example.

R?,SiY4 (©)]

(wherein R? represents at least any one of a C, to C,, alkyl
group optionally substituted with halogen, a C, to C,,
alkoxy group optionally substituted with halogen, a C, to
C,, alkenyl group optionally substituted with halogen, or a
Cg to C,, aryl group optionally substituted with halogen or
optionally substituted with a C, to C; alkyl group optionally
substituted with halogen. Y represents a monovalent hydro-
lyzable group, and m represents an integer from 1 to 3. When
m is 2 or more, a plurality of R*s may be the same or
different).

[0128] The monovalent hydrolyzable group as Yis a C; to
C; alkoxy group or a halogen group, for example.

[0129] Specifically, examples of the alkoxysilane having a
hydrophobic group include, for example, at least any one of
methyltrimethoxysilane, dimethyldimethoxysilane, phenyl-
trimethoxysilane, diphenyldimethoxysilane, o-methylphe-
nyltrimethoxysilane, p-methylphenyltrimethoxysilane,
n-butyltrimethoxysilane, iso-butyltrimethoxysilane, hexylt-
rimethoxysilane, octyltrimethoxysilane, decyltrimethoxysi-
lane, dodecyltrimethoxysilane, methyltriethoxysilane, dim-
ethyldiethoxysilane, phenyltriethoxysilane,
diphenyldiethoxysilane, iso-butyltriethoxysilane, decyltri-
ethoxysilane, vinyltriethoxysilane, y-chloropropylt-
rimethoxysilane, and the like.

[0130] In addition, examples of the halogenated silane
having a hydrophobic group include, for example, at least
any one of methyltrichlorosilane, dimethyldichlorosilane,
trimethylchlorosilane, phenyltrichlorosilane, diphenyldi-
chlorosilane, tert-butyldimethylchlorosilane, vinyltrichlo-
rosilane, and the like.

[0131] The hydrophobic silane coupling agent is not lim-
ited to the silane coupling agent described above and may be
a silane coupling agent other than the above-described silane
coupling agents so long as it has a hydrophobic group.
[0132] In this embodiment, since the inorganic filler is
surface-treated not only with the above-described aminosi-
lane coupling agent but also with the hydrophobic silane
coupling agent, the surface of the inorganic filler includes
not only an aminosilyl group but also a hydrophobic silyl
group having a hydrophobic group derived from the hydro-
phobic silane coupling agent (originating from the hydro-
phobic silane coupling agent). Since not only the aminosilyl
group but also the hydrophobic silyl group is given to the
surface of the inorganic filler, the aminosilyl group can be
suppressed from being exclusively and excessively bonded
to the surface of the inorganic filler. Thereby, the insulation
property of the insulation layer 130 can be significantly
improved.

[0133] The hydrophobic silyl group having the hydropho-
bic group derived from the hydrophobic silane coupling
agent is represented by the following formula (5), for
example.
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[Chem. 2]
®)

u

®? am—lj
+
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(wherein R? represents at least any one of a C, to C,, alkyl
group optionally substituted with halogen, a C, to C,,
alkoxy group optionally substituted with halogen, a C, to
C,, alkenyl group optionally substituted with halogen, or a
Cg to C,, aryl group optionally substituted with halogen or
optionally substituted with a C, to C; alkyl group optionally
substituted with halogen. m represents an integer from 1 to
3. When m is 2 or more, a plurality of R*s may be the same
or different. u and v for bonds represent 0 or 1, the sum of
m, u and v being 3).

[0134] In the hydrophobic silyl group represented by
formula (5), at least one bond other than the bond including
R? is bonded to the inorganic filler with an oxygen atom
interposed therebetween. All bonds other than the bond
including R* may be bonded to the inorganic filler, or at least
one bond other than the bond including R* may not be
bonded to the inorganic filler. When at least one bond other
than the bond including R? is not bonded to the inorganic
filler, the bond not bonded to the inorganic filler may include
a hydroxyl group or a hydrolyzable group, or may be bonded
to another silyl group such as the aminosilyl group described
above.

[0135] In this embodiment, the carbon number of the
hydrophobic group R? is preferably smaller than the carbon
number of the hydrocarbon group R' having the amino
group in the aminosilyl group described above, for example.
By setting the carbon number of R? to be smaller than the
carbon number of R', the aminosilyl group can be bulkier
than the hydrophobic silyl group. Thereby, the effect of the
electrostatic repulsion between the amino groups can be
efficiently caused. Specifically, the hydrophobic group R? is
preferably a methyl group or an ethyl group, for example.
[0136] In this embodiment, the molar fraction of the
aminosilyl groups with respect to all of the silyl groups
bonded to the surface of the inorganic filler (hereinafter also
referred to as the “molar fraction of the aminosilyl groups™)
is, for example, 2% or more and 90% or less, and preferably
5% or more and 80% or less. The phrase, “the molar fraction
of the aminosilyl groups”, used herein, represents a rate, in
%, of the mole number of the aminosilyl group with respect
to the mole number of all of the silyl groups bonded to the
surface of the inorganic filler.

[0137] When the molar fraction of the aminosilyl groups
is less than 2%, the rate of change in the volume resistivity
with respect to the molar fraction of the aminosilyl groups
is high. Accordingly, the volume resistivity of the insulation
layer 130 is likely to easily vary with respect to the manu-
facturing process-derived variation in the molar fraction of
the aminosilyl groups. For this reason, an effect of improv-
ing the insulation property of the insulation layer 130 by
giving the aminosilyl group to the inorganic filler may not be
stably obtained. In contrast, in this embodiment, by setting
the molar fraction of the aminosilyl groups to 2% or more,
the effect of improving the insulation property of the insu-
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lation layer 130 can be stably obtained even when a prede-
termined manufacturing process-derived variation occurs in
the molar fraction of the aminosilyl groups. Furthermore, in
this embodiment, by setting the molar fraction of the amin-
osilyl groups to 5% or more, the effect of improving the
insulation property of the insulation layer 130 can be sig-
nificantly obtained.

[0138] On the other hand, when the molar fraction of the
aminosilyl groups is more than 90%, hydrogen bonds are
formed with amino groups interposed between particles,
thereby the electrostatic repulsion between the amino groups
may be less likely to be caused. Moreover, due to the
interparticle hydrogen bonds, a conductive path through the
particle interface may be readily formed. For this reason, the
effect of improving the insulation property of the insulation
layer 130 by giving an aminosilyl group to the inorganic
filler may not be sufficiently obtained. In contrast, in this
embodiment, by setting the molar fraction of the aminosilyl
groups to 90% or less, formation of the hydrogen bonds with
amino groups interposed between particles can be sup-
pressed, and the electrostatic repulsion between amino
groups can be sufficiently caused. Furthermore, formation of
the conductive path through the particle interface due to the
hydrogen bonds can be stably suppressed. Thereby, the
effect of improving the insulation property of the insulation
layer 130 can be sufficiently obtained. Furthermore, in this
embodiment, by setting the molar fraction of the aminosilyl
groups to 80% or less, the effect of improving the insulation
property of the insulation layer 130 can be significantly
obtained.

[0139] The molar fraction of the aminosilyl groups
described above can be determined by the following
method, for example.

[0140] Specifically, an inorganic filler is firstly prepared
which is surface-treated with the aminosilane coupling agent
and the hydrophobic silane coupling agent at a predeter-
mined ratio. Next, elemental analysis of the surface of the
inorganic filler is performed by gas chromatography using a
thermal conductivity detector (TCD) under condition at the
reaction temperature of 850° C. and the reduction tempera-
ture of 600° C. As a result, the mass ratio of nitrogen to
carbon (hereinafter, N/C ratio) in the silyl group actually
bonded to the surface of the inorganic filler is obtained.

[0141] On the other hand, a calibration curve of the N/C
ratio with respect to the molar fraction of the aminosilyl
groups is obtained by the following procedure. The amin-
osilyl group is identified from the aminosilane coupling
agent used for the surface-treatment, and the total atomic
weight C; of carbon and the total atomic weight N, of
nitrogen per aminosilyl group are determined. Further, the
hydrophobic silyl group is identified from the hydrophobic
silane coupling agent used for the surface-treatment, and the
total atomic weight C, of carbon per hydrophobic silyl group
is determined. Let x be the molar fraction of the aminosilyl
groups (in %) and y be the N/C ratio (in %). The N/C ratio,
y, is represented by the following equation (6) as a function
of the molar fraction of the aminosilyl group, x, which
constitutes the calibration curve. Note that C, and C, in the
following equation (6) are not the carbon number, respec-
tively.

y=N/{(C;-C5)x+100C,} (6)

(wherein 0<x=100).
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[0142] Inthe equation (6), when the carbon number of the
aminosilyl group is equal to the carbon number of the
hydrophobic silyl group, that is, C,—C,, the N/C ratio, y, is
a linear function of the molar fraction of the aminosilyl
group, X, that is, the calibration curve is linear.

[0143] For example, when the aminosilyl group is an
aminopropylsilyl group (C,=36.03) and the hydrophobic
silyl group is a trimethylsilyl group (C,=36.03), the calibra-
tion curve is linear. When the molar fraction of the amin-
osilyl group, %, is 100%, the theoretical value of the N/C
ratio, y, is about 38.9%.

[0144] After the calibration curve is obtained as described
above, the actually measured N/C ratio, v, is substituted in
equation (6), which is the calibration curve. Thereby, the
molar fraction of the aminosilyl group, x, in the silyl groups
which are actually bonded to the surface of the inorganic
filler is determined.

[0145] In this embodiment, it is preferred that the N/C
ratio obtained by elemental analysis of the surface of the
inorganic filler by gas chromatography described above be,
for example, 0.7% or more and 35% or less, and preferably
1.9% or more and 31% or less (in the case where the
aminosilyl group is an aminopropylsilyl group). Thereby,
the molar fraction of the aminosilyl groups can be 2% or
more and 90% or less, and preferably 5% or more and 80%
or less.

[0146] In this embodiment, the mean volume diameter
(MV) of the inorganic filler is not particularly limited, but is,
for example, 1 am or less, preferably 700 nm or less, and
more preferably 100 nm or less.

[0147] The term, “mean volume diameter (MV)” used
herein is determined by the following equation:

MV=X(Vd,))ZV;

wherein d, is a particle diameter of a particle and V, is a
particle volume.

[0148] For a measurement of the mean volume diameter,
a dynamic light scattering-type particle diameter/particle
size distribution measuring device may be used.

[0149] By setting the mean volume diameter of the inor-
ganic filler to 1 um or less, an effect of suppressing the local
accumulation of the space charge in the insulation layer 130
can be stably obtained. Furthermore, by setting the mean
volume diameter of the inorganic filler to 700 nm or less,
preferably 100 nm or less, an effect of suppressing local
accumulation of the space charge in the insulation layer 130
can be more stably obtained.

[0150] The lower limit of the mean volume diameter of the
inorganic filler is also not particularly limited. However,
from the viewpoint of stably forming the inorganic filler, the
mean volume diameter of the inorganic filler is, for example,
1 nm or more, and preferably 5 nm or more.

[0151] In this embodiment, the content of the inorganic
filler in the resin composition is not particularly limited, but
is preferably 0.1 parts by mass or more and 10 parts by mass
or less with respect to 100 parts by mass of the base resin.
By setting the content of the inorganic filler to be 0.1 parts
by mass or more, the inorganic filler can sufficiently trap the
space charge. On the other hand, by setting the content of the
inorganic filler to be 10 parts by mass or less, dispersibility
of the inorganic filler in the insulation layer 130 can be
improved while improving the moldability of the resin
composition.
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[0152] In addition, in the case of using a silane coupling
agent other than the aminosilane coupling agent as in the
past, when the content of the inorganic filler in the resin
composition is more than 5 parts by mass, the insulation
property of the insulation layer 130 may possibly decrease
gradually. In contrast, in this embodiment, since the inor-
ganic filler is surface-treated with the aminosilane coupling
agent described above, the insulation property of the insu-
lation layer 130 can be kept high even when the content of
the inorganic filler in the resin composition is more than 5
parts by mass. This is considered because even when the
content of the inorganic filler is increased, the interparticle
electrostatic repulsion by the amino groups is large, so that
the dispersibility of the inorganic filler in the resin compo-
sition can be maintained well.

(Cross-Linking Agent)

[0153] In this embodiment, the resin composition may be
non-cross-linked or cross-linked when the insulation layer
130 is formed. In either case, the effect of improving the
insulation property of the insulation layer 130 by giving the
aminosilyl group to the inorganic filler can be obtained.
[0154] When the resin composition is cross-linked, the
resin composition preferably contains, for example, organic
peroxide as the cross-linking agent. Examples of the organic
peroxide include, for example, dicumylperoxide, t-butyldi-
cumylperoxide, di(t-butylperoxide), 2,5-dimethyl-2,5-di(t-
butylperoxy)hexane, 1,3-bis(t-butylperoxyisopropyl)ben-
zene, butyl 4,4-bis|(t-butyl)peroxy|pentanoate, 1,1-bis(1,1-
dimethylethylperoxy)cyclohexane, and the like. Two or
more of them may be used in combination.

(Other Additives)

[0155] The resin composition may further include, for
example, an antioxidant and a lubricant.

[0156] Examples of the antioxidant include, for example,
2,2-thio-diethylene bis[3-(3,5-di-t-butyl-4-hydroxyphenyl)
propionate], pentaerythrityl-tetrakis[3-(3,5-di-t-butyl-4-hy-
droxyphenyl)propionate], octadecyl 3-(3,5-di-t-butyl-4-hy-
droxyphenyl)propionate, 2,4-bis-[(octylthio )methyl]-o-
cresol, 2,4-bis(n-octylthio)-6-(4-hydroxy-3,5-di-t-
butylanilino)-1,3,5-triazine, bis[2-methyl-4-{3-n-alkyl(C, ,
or C, )thiopropionyloxy }-5-t-butylphenyl]sulfide, and 4,4'-
thiobis(3-methyl-6-t-butylphenol), and the like. Two or
more of them may be used in combination.

[0157] The lubricant acts to suppress aggregation of the
inorganic filler and also improve the fluidity of the resin
composition during extrusion molding of the insulation
layer 130. A known material can be used for the lubricant of
this embodiment.

[0158] The resin composition may further include a colo-
rant, for example.

[0159] (2) DC Power Cable

[0160] Next, with reference to FIG. 1, the DC power cable
of this embodiment will be described. FIG. 1 is a cross-
sectional view perpendicular to the axial direction of the DC
power cable according to this embodiment.

[0161] The DC power cable 10 of this embodiment is
configured as a so-called solid insulation DC power cable
(cable for DC power transmission), and includes, for
example, a conductor 110, an internal semiconductive layer
120, an insulation layer 130, an external semiconductive
layer 140, a shielding layer 150, and a sheath 160.
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(Conductor (Conductive Part))

[0162] The conductor 110 is configured by twisting
together a plurality of conductor core wires (conductive core
wires) including, for example, pure copper, copper alloy,
aluminum, aluminum alloy, or the like.

(Internal Semiconductive Layer)

[0163] The internal semiconductive layer 120 is provided
to cover the outer periphery of the conductor 110. In
addition, the internal semiconductive layer 120 is configured
to have semiconductivity and to suppress electric field
concentration on the surface side of the conductor 110. The
internal semiconductive layer 120 includes, for example, at
least any one of ethylene-ethyl acrylate copolymer, ethyl-
ene-methyl acrylate copolymer, ethylene-butyl acrylate
copolymer, and ethylene-vinyl acetate copolymer, together
with conductive carbon black.

(Insulation Layer)

[0164] The insulation layer 130 is provided to cover the
outer periphery of the internal semiconductive layer 120,
and contains the resin composition described above. As
described above, the insulation layer 130 may be non-cross-
linked, or may be cross-linked by heating the resin compo-
sition of this embodiment after extrusion molding.

(External Semiconductive Layer)

[0165] The external semiconductive layer 140 is provided
to cover the outer periphery of the insulation layer 130. In
addition, the external semiconductive layer 140 is config-
ured to have semiconductivity and to suppress electric field
concentration between the insulation layer 130 and the
shielding layer 150. The external semiconductive layer 140
contains, for example, the same material as that of the
internal semiconductive layer 120.

(Shielding Layer)

[0166] The shielding layer 150 is provided to cover the
outer periphery of the external semiconductive layer 140.
The shielding layer 150 is, for example, configured by
winding a copper tape, or configured as a wire shield formed
by winding a plurality of soft copper wires. A tape including
rubberized cloth or the like as a raw material may be wound
inside or outside the shielding layer 150.

(Sheath)

[0167] The sheath 160 is provided to cover the outer
periphery of the shielding layer 150. The sheath 160 con-
tains, for example, polyvinyl chloride or polyethylene.

(Insulation Property)

[0168] In the DC power cable 10 configured as described
above, since at least a part of the surface of the inorganic
filler added into the insulation layer 130 includes an amin-
osilyl group, for example, the following insulation property
can be obtained.

[0169] In this embodiment, when the insulation layer 130
is formed with the resin composition described above and a
sheet of the insulation layer 130 having a thickness of 0.2
mm is formed, the volume resistivity of the sheet of the
insulation layer 130 as measured under the condition at the
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temperature of 80° C. and the DC field of 50 kV/mm is
higher than the volume resistivity of the resin composition
having the same configuration except that the inorganic filler
is not surface-treated, as measured under the same condition.
[0170] Moreover, in this embodiment, when the insulation
layer 130 is formed with the above-described resin compo-
sition in which the base resin contains LDPE and a sheet of
the insulation layer 130 having a thickness of 0.2 mm is
formed, the volume resistivity of the sheet of the insulation
layer 130 is, for example, 8x10"> Q-cm or more, preferably
5x10%® Q-cm or more, and more preferably 1x10'7 Q-cm or
more, as measured under the condition at the temperature of
80° C. and the DC field of 50 kV/mm.

[0171] Moreover, in this embodiment, when the insulation
layer 130 is formed with the above-described resin compo-
sition in which the base resin contains PP-based TPO and a
sheet of the insulation layer 130 having a thickness of 0.2
mm is formed, the volume resistivity of the sheet of the
insulation layer 130 is, for example, 5x10'° Q-cm or more,
preferably 1.7x10'® Q-cm or more, and more preferably
2%10'® Q-cm or more, as measured under the condition at
the temperature of 80° C. and the DC field of 50 kV/mm.

[0172] Since the higher upper limit of the volume resis-
tivity of the insulation layer 130 is favored, the upper limit
is not limited. However, the upper limit of the volume
resistivity of the insulation layer 130 which is determined by
optimization of the various conditions including the molar
fraction of the aminosilyl group is, for example, a measure-
ment upper limit, about 1x10"° Q-cm.

(Specific Dimensions and the Like)

[0173] Specific dimensions of the DC power cable 10 are
not particularly limited. For example, the diameter of the
conductor 110 is 5 mm or more and 60 mm or less, the
thickness of the internal semiconductive layer 120 is 1 mm
or more and 3 mm or less, the thickness of the insulation
layer 130 is 1 mm or more and 35 mm or less, the thickness
of the external semiconductive layer 140 is 1 mm or more
and 3 mm or less, the thickness of the shielding layer 150 is
1 mm or more and 5 mm or less, and the thickness of the
sheath 160 is 1 mm or more. The DC voltage applied to the
DC power cable 10 of this embodiment is, for example, 20
kV or more.

[0174] (3) Method for Manufacturing DC Power Cable
[0175] Next, a method for manufacturing a DC power
cable of this embodiment will be described. Hereinafter, the
step is abbreviated as “S”

(S8100: Resin Composition Preparation Step)

[0176] First, a resin composition including a base resin
containing polyolefin, and an inorganic filler is prepared.
The resin composition preparation step S100 includes, for
example, a surface-treatment step S120 and a mixing step
S140.

(8120: Surface-Treatment Step)

[0177] The inorganic filler is surface-treated with an amin-
osilane coupling agent. Thereby, an aminosilyl group having
an amino group derived from the aminosilane coupling
agent can be bonded to at least a part of a surface of the
inorganic filler.

[0178] The method for surface-treating the inorganic filler
with the aminosilane coupling agent (and a hydrophobic
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silane coupling agent) may be either a dry method or a wet
method. In the dry method, for example, a solution contain-
ing the silane coupling agent is added dropwise into a stirrer,
or is sprayed using a sprayer, while stirring the inorganic
filler in the stirrer such as a Henschel mixer. In the wet
method, for example, an inorganic filler is added to a
predetermined solvent to form a slurry, and a silane coupling
agent is added into the slurry.

[0179] In this embodiment, the inorganic filler may be
surface-treated not only with the aminosilane coupling agent
but also with a hydrophobic silane coupling agent. Thereby,
not only the aminosilyl group but also the hydrophobic silyl
group having the hydrophobic group can be bonded to the
surface of the inorganic filler.

[0180] Regarding the method for surface-treating the inor-
ganic filler not only with the aminosilane coupling agent but
also with a hydrophobic silane coupling agent, for example,
the surface-treatment may be performed using the aminosi-
lane coupling agent and the hydrophobic silane coupling
agent simultaneously, or the surface-treatment may be per-
formed using them separately at different timings. In the
latter case, as for the order of the surface-treatment with the
aminosilane coupling agent and the surface-treatment with
the hydrophobic silane coupling agent, it does not matter
which of the two is performed first.

[0181] At this time, in this embodiment, the inorganic
filler is surface-treated with the aminosilane coupling agent
and the hydrophobic silane coupling agent so that the molar
fraction of the aminosilyl groups described above is, for
example, 2% or more and 90% or less, and preferably 5% or
more and 80% or less. Specifically, the compounded amount
of the aminosilane coupling agent and the compounded
amount of the hydrophobic silane coupling agent are respec-
tively set based on R* included in the aminosilane coupling
agent and R? included in the hydrophobic silane coupling
agent so that the molar fraction of the aminosilyl groups falls
within the above-described range.

[0182] After the surface-treatment is performed with a
predetermined silane coupling agent, the inorganic filler
after the treatment is dried as needed.

[0183] After the surface-treatment step S120 is completed,
the mean volume diameter of the inorganic filler may be
adjusted by performing a predetermined pulverization treat-
ment. At this time, the mean volume diameter of the inor-
ganic filler is, for example, 1 m or less, preferably 700 nm
or less, and more preferably 100 nm or less.

(S140: Mixing Step)

[0184] After the surface-treatment step S120 is completed,
the base resin containing polyethylene, the inorganic filler,
and other additives (an antioxidant, a lubricant, etc.) are
mixed (kneaded) by a mixer such as a Banbury mixer or
kneader, to form a mixed material. After the mixed material
is formed, the mixed material is granulated by an extruder.
As a result, a pellet-like resin composition that is to be
included in the insulation layer 130 is formed. The steps
from the mixing step through the granulation step may be
collectively performed using a twin-screw type extruder
with high kneading performance.

(S200: Conductor Preparation Step)

[0185] Meanwhile, a conductor 110 is prepared which is
formed by twisting a plurality of conductor core wires.



US 2020/0270426 Al

(S300: Cable Core Formation Step (Extrusion Step))

[0186] After the resin composition preparation step S100
and the conductor preparation step S200 are completed, for
example, a resin composition for the internal semiconduc-
tive layer in which ethylene-ethyl acrylate copolymer and
electrically conductive carbon black are mixed in advance is
charged into an extruder A of a three-layer coextruder, the
extruder A forming the internal semiconductive layer 120.

[0187] The pellet-like resin composition described above
is charged into an extruder B forming the insulation layer
130.

[0188] A resin composition for the external semiconduc-
tive layer is charged into an extruder C forming the external
semiconductive layer 140, the composition including mate-
rials similar to those of the resin composition for the internal
semiconductive layer charged into the extruder A.

[0189] Then, the respective extrudates from the extruders
A to C are guided to a common head, and the internal
semiconductive layer 120, the insulation layer 130, and the
external semiconductive layer 140, outwardly from the
inside, are simultaneously extruded on the outer periphery of
the conductor 110.

[0190] When the insulation layer 130 is to be cross-linked,
after extrusion, the insulation layer 130 is cross-linked by
heating by radiation from an infrared heater or heat-trans-
ferring through a heat medium such as high-temperature
nitrogen gas or silicone oil, in a cross-linking tube pressur-
ized with nitrogen gas.

[0191] The cable core including the conductor 110, the
internal semiconductive layer 120, the insulation layer 130,
and the external semiconductive layer 140 is formed by the
cable core formation step S300 described above.

(S400: Shielding Layer Formation Step)

[0192] After the cable core is formed, the shielding layer
150 is formed on the outside of the external semiconductive
layer 140, for example, by winding a copper tape there-
around.

(S500: Sheath Formation Step)

[0193] After the shielding layer 150 is formed, vinyl
chloride is charged into an extruder and extruded from the
extruder, to form a sheath 160 on the outer periphery of the
shielding layer 150.

[0194] As described above, the DC power cable 10 as the
solid insulation DC power cable is manufactured.

[0195] (4) Effect According to the Embodiment

[0196] According to this embodiment, one or more effects
described below are achieved.

[0197] (a) In this embodiment, since the inorganic filler is
surface-treated with the aminosilane coupling agent
described above, at least a part of the surface of the inorganic
filler includes the aminosilyl group having the amino group
derived from the aminosilane coupling agent. Since the
amino group bonded to the inorganic filler has an electron
donating property, the surface of the inorganic filler can be
positively charged. Thereby, when the inorganic fillers are
adjacent to each other, the electrostatic repulsion between
the amino groups on the surfaces of the inorganic fillers can
be caused. With the electrostatic repulsion between the
inorganic fillers, dispersibility of the inorganic filler in the
resin composition can be improved. With the improved
dispersibility of the inorganic fillers in the resin composi-
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tion, the space charge can be suppressed from locally
accumulating in the insulation layer 130 and the leakage
current can be suppressed from occurring, during electric
charging. As a result, the insulation property of the insula-
tion layer 130 can be stably improved.

[0198] Since at least a part of the surface of the inorganic
filler includes the aminosilyl group, the insulation property
of the insulation layer 130 is improved. As a mechanism
thereof, for example, the following two mechanisms are
conceivable, in addition to the “electrostatic repulsion
between the amino groups” described above.

[0199] Since at least a part of the surface of the inorganic
filler includes an aminosilyl group, the crystal structure of
the base resin can be changed in the vicinity of the particles
of the inorganic filler. For example, since the inorganic filler
particles including aminosilyl groups are included in the
base resin phase, the crystallinity can be increased in the
vicinity of the interface between the inorganic filler and the
base resin. That is, free volume voids which can be involved
in electrical conduction can be reduced. As a result, it is
considered that the insulation property of the insulation layer
130 can be stably improved.

[0200] Alternatively, since at least a part of the surface of
the inorganic filler includes an aminosilyl group, the con-
ductive carrier (space charge) can be easily captured by the
amino group. Accordingly, the space charge can be sup-
pressed from locally accumulating in the insulation layer
130 and the leakage current can be suppressed from occur-
ring, during electric charging. As a result, it is considered
that the insulation property of the insulation layer 130 can be
stably improved.

[0201] (b) Since the inorganic filler is surface-treated not
only with the above-described aminosilane coupling agent
but also with the hydrophobic silane coupling agent, the
surface of the inorganic filler includes not only an aminosilyl
group but also a hydrophobic silyl group having a hydro-
phobic group derived from the hydrophobic silane coupling
agent. Since not only the aminosilyl group but also the
hydrophobic silyl group is given to the surface of the
inorganic filler, the aminosilyl group can be suppressed from
being exclusively and excessively bonded to the surface of
the inorganic filler. Thereby, formation of the hydrogen
bonds with amino groups interposed between particles can
be suppressed, and the electrostatic repulsion between
amino groups can be sufficiently caused. Furthermore, for-
mation of the conductive path through the particle interface
due to the hydrogen bonds can be suppressed. As a result, an
effect of improving the insulation property of the insulation
layer 130 can be significantly improved.

[0202] (c) The ratio of the aminosilyl groups with respect
to all of the silyl groups bonded to the surface of the
inorganic filler is 2% or more and 90% or less. By setting the
molar fraction of the aminosilyl groups to 2% or more, the
effect of improving the insulation property of the insulation
layer 130 by giving an aminosilyl group to the inorganic
filler can be stably obtained even when a predetermined
manufacturing process-derived variation occurs in the molar
fraction of the aminosilyl groups. By setting the molar
fraction of the aminosilyl groups to 90% or less, formation
of the hydrogen bonds with amino groups interposed
between particles can be suppressed, and the electrostatic
repulsion between amino groups can be sufficiently caused.
Furthermore, formation of the conductive path through the
particle interface due to the hydrogen bonds can be stably
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suppressed. Thereby, the effect of improving the insulation
property of the insulation layer 130 can be sufficiently
obtained.

Other Embodiments According to the Disclosure

[0203] Although the present disclosure has been specifi-
cally described, the present disclosure is not limited to the
embodiments described above, and various modifications
can be made without departing from the scope of the present
disclosure.

EXAMPLE

[0204] Next, examples according to the present disclosure
will be described. These examples are illustrative of the
present disclosure, and the present disclosure is not limited
by these examples.

<Experiment 1>

[0205] First, in order to evaluate the dependence of the
insulation property on the silane coupling agent and the
dependence of the insulation property on the base resin, the
following Experiment 1 was performed.

(1-1) Fabrication of Sheet Sample of Resin Composition

[0206] The following materials for each of samples Al to
A6 were roll-mixed to form a resin composition. After a
resin composition was formed, the resin composition was
pressed by press molding at 120° C. for 10 minutes, to
fabricate a sheet of the resin composition having a thickness
of 0.2 mm. In Experiment 1, since the cross-linking agent
was not added and the heating temperature during pressing
was less than 180° C., the base resin was non-cross-linked.
Detailed conditions are as follows.

[Sample A1]

(Base Resin)

[0207] Low-density polyethylene (LDPE): Sumicasen
C215 manufactured by SUMITOMO CHEMICAL COM-
PANY, LIMITED (density, d=920 kg/m®, MFR=1.4 g/10
min)

100 Parts by Mass

(Inorganic Filler)

[0208] Not added
[Sample A2]

(Base Resin)

[0209] Same as Sample Al

(Inorganic Filler)

[0210] Magnesium oxide: Magnesium oxide manufac-
tured by a vapor phase method (mean volume diameter 50
nm) 1 part by mass

[0211] Note that, surface-treatment with a silane coupling
agent was not performed.

[0212] Regarding the following samples A3 to A7, the
conditions were equivalent to the condition for sample A2
except that the inorganic filler was surface-treated with a
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predetermined silane coupling agent by a dry method. The
silane coupling agents used in the surface-treatment of the
inorganic filler are as follows.

[Sample A3]

[0213]
[0214]

Silane Coupling Agent:

Hexamethyldisilazane only

[Sample A4]

[0215]

[0216] 3-Aminopropyltrimethoxysilane as an aminosi-
lane coupling agent

[0217] Hexamethyldisilazane as a hydrophobic silane
coupling agent
[0218] The compounded amounts of the aminosilane cou-
pling agent and the hydrophobic silane coupling agent were
set so that the molar fraction of the aminosilyl groups was
12%.

Silane Coupling Agent:

[Sample AS]

[0219]
[0220]

Silane Coupling Agent:

Trimethoxy-n-octylsilane

[Sample A6]

[0221]
[0222]

[0223] In the following samples Bl to B6, the other
conditions except for the base resin were equivalent to those
in samples Al to A6, respectively.

Silane Coupling Agent:
3-Methacryloxypropyltrimethoxysilane

[Samples B1 to B6]

(Base Resin)

[0224] PP-based TPO:

[0225] THERMORUN 5013 (density, d=880 kg/m?,
MFR=1 g/10 min) 100 parts by mass

(1-2) Evaluation

[0226] The volume resistivity of the sheet of each sample
described above is measured, by using a plate electrode with
a guard having a diameter of 65 mm in an atmosphere at the
temperature of 80° C. and applying a DC field of 50 kV/mm
to the sheet. In Experiments 2 to 4 described later, the
evaluations similar to that in Experiment 1 were performed.

(1-3) Results

[0227] With reference to Table 1 and Table 2 shown below,
the result of the evaluation of each sample in Experiment 1
will be described. In the tables shown below, the content of
the compounded agent is expressed in “parts by mass” (the
same applies in the subsequent experiments). In addition, the
parenthesized item subsequent to the term “magnesium
oxide” indicates a silane coupling agent used for the surface-
treatment of the inorganic filler.
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TABLE 1
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Sample Al Sample A2 Sample A3 Sample A4 Sample A5 Sample A6

LDPE 100 100 100 100
Magnesium oxide 1

(without surface-treatment)

Magnesium oxide 1

(only hexamethyldisilazane)
Magnesium oxide
(3-aminopropyltrimethoxysilane +
hexamethyldisilazane)
Magnesium oxide
(trimethoxy-n-octylsilane)
Magnesium oxide
(3-methacryloxypropyltrimeth-
oxysilane)

Volume resistivity

(@80° C.) (R - cm)

100 100

1.3 x 10" 53 x 10 2.9 x 10'° 6.4 x 10'® 6.5 x 10'* 1.2 x 10'°

TABLE 2

Sample Bl Sample B2 Sample B3 Sample B4 Sample B5 Sample B6

TPO 100 100 100 100
Magnesium oxide 1

(without surface-treatment)

Magnesium oxide 1

(only hexamethyldisilazan
Magnesium oxide
(3-aminopropyltrimethoxysilane +
hexamethyldisilazane)
Magnesium oxide
(trimethoxy-n-octylsilane)
Magnesium oxide
(3-methacryloxypropyltrimeth-
oxysilane)

Volume resistivity

(@80° C.) (R - cm)

100 100

6.0 x 10' 1.3 x 101 1.1 x 10*¢ 5.5 x 10*¢ 7.0 x 10¥> 2.2 x 10%°

[0228] As shown in Table 1, when the base resin was
LDPE, the volume resistivity of sample A4 in which mag-
nesium oxide was surface-treated with 3-aminopropylt-
rimethoxysilane and hexamethyldisilazane was greatly
increased compared to the volume resistivity of each of
sample Al in which the inorganic filler was not added and
sample A2 in which the inorganic filler was not surface-
treated. In addition, the volume resistivity of sample A4 was
higher than the volume resistivity of each of samples A3, AS,
and A6 in which magnesium oxide was surface-treated with
another silane coupling agent not including an amino group.

[0229] According to the result of sample A4, since the
inorganic filler is surface-treated with 3-aminopropylt-
rimethoxysilane, an aminopropylsilyl group can be given to
at least a part of the surface of the inorganic filler. It was
confirmed that since at least a part of the surface of the
inorganic filler includes an aminosilyl group, the insulation
property of the resin composition can be improved.

[0230] In addition, as shown in Table 2, when the base
resin was TPO, as with the case where the base resin was
LDPE, the volume resistivity of sample B4 in which mag-
nesium oxide was surface-treated with 3-aminopropylt-
rimethoxysilane and hexamethyldisilazane was greatly
increased compared to the volume resistivity of each of
sample B1 in which the inorganic filler was not added and
sample B2 in which the inorganic filler was not surface-
treated. In addition, the volume resistivity of sample B4 was
higher than the volume resistivity of each of samples B3, BS,

and B6 in which magnesium oxide was surface-treated with
another silane coupling agent not including an amino group.
[0231] According to the result of sample B4, it was
confirmed that the effect of improving the insulation prop-
erty of the resin composition by giving an aminosilyl group
to the inorganic filler can be obtained even when the base
resin was another polyolefin such as TPO.

<Experiment 2>

[0232] Next, in order to evaluate the dependence of the
insulation property on the type of the inorganic filler, the
following Experiment 2 was performed.

(2-1) Fabrication of Sheet Sample of Resin Composition

[0233] In the following samples C1 to C4, the base resin
was LDPE, and the inorganic filler was surface-treated with
the same silane coupling agents as those in sample A4
(3-aminopropyltrimethoxysilane and hexamethyldisila-
zane).

[Sample C1]

[0234] The configuration was the same as that for sample
A4 (using magnesium oxide).

[0235] In the following samples C2 to C4, the conditions
except for the inorganic filler were equivalent to those in
sample C1.
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[Sample C2]

(Inorganic Filler)

[0236] Silicon Dioxide:
[0237] Fumed silica (mean volume diameter, 12 nm) 1
part by mass

[Sample C3]

(Inorganic Filler)

[0238] Zinc oxide: (mean volume diameter, 40 nm) 1
part by mass

[Sample C4]

(Inorganic Filler)

[0239] Aluminum oxide: (mean volume diameter, 13
nm) 1 part by mass
[0240] In samples CS5 to C8, the conditions except that the
base resin was TPO were equivalent to those in samples C1
to C4, respectively.

(2-2) Results

[0241] With reference to Table 3 and Table 4 shown below,
the result of the evaluation of each sample in Experiment 2
will be described. In Table 3 and Table 4, the parenthesized
item subsequent to the inorganic filler indicates a silane
coupling agent used for the surface-treatment of the inor-
ganic filler.

TABLE 3
Sample Sample Sample Sample
C1 Cc2 C3 c4
LDPE 100 100 100 100
Magnesium oxide 1

(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)

Silicon dioxide 1
(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)

Zinc oxide 1
(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)

Aluminum oxide 1
(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)

Volume resistivity (@80° C.) 6.4 x 6.1 x 8.9 x 7.3 %
(Q - cm) 108 10'8 10Y7 1047
TABLE 4
Sample Sample Sample Sample
C5 Cé6 c7 Cc8
TPO 100 100 100 100
Magnesium oxide 1

(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)

Silicon dioxide 1
(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)

Zinc oxide 1
(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)
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TABLE 4-continued
Sample Sample Sample Sample
C5 Cé6 c7 Cc8

Aluminum oxide 1
(3-aminopropyltrimethoxysilane +

hexamethyldisilazane)

Volume resistivity (@80° C.) 55 % 52 % 44 x 3.7 %
(Q - cm) 1016 10%¢ 1016 1016

[0242] As shown in Table 3, when the base resin was
LDPE, the volume resistivity of each of samples C2 to C4
in which the inorganic filler was an inorganic powder other
than magnesium oxide was almost equivalent to the volume
resistivity of sample C1 in which the inorganic filler was
magnesium oxide.

[0243] As shown in Table 4, when the base resin was TPO,
the volume resistivity of each of samples C6 to C8 in which
the inorganic filler was an inorganic powder other than
magnesium oxide was almost equivalent to the volume
resistivity of sample C5 in which the inorganic filler was
magnesium oxide.

[0244] According to the results of samples C1 to C8, it
was confirmed that the effect of improving the insulation
property of the resin composition by giving an aminosilyl
group to the inorganic filler can be obtained even when the
inorganic filler is an inorganic powder other than magnesium
oxide.

<Experiment 3>

[0245] Next, in order to evaluate the dependence on the
cross-linked state of the base resin, the following Experi-
ment 3 was performed.

(3-1) Fabrication of Sheet Sample of Resin Composition

[0246] In the following samples D1 and D2, the base resin
was LDPE, and the inorganic filler was magnesium oxide,
and the inorganic filler was surface-treated with the same
silane coupling agents as those in sample A4 (3-aminopro-
pyltrimethoxysilane and hexamethyldisilazane).

[Sample D1]

[0247] Under the same condition as that in sample A4
(non-cross-linked), a sheet of the resin composition was
fabricated.

[Sample D2]

(Additives)

[0248] Cross-Linking Agent:
[0249] Dicumylperoxide
[0250] 1.3 parts by mass
[0251] Antioxidant:
[0252] 4,4'-Thiobis (3-methyl-6-t-butylphenol) (TB-
MTRBP)
[0253] 0.22 parts by mass

(Condition for Fabricating Sheet)

[0254] After the resin composition was formed, the resin
composition was pressed by press molding at 180° C. for 30
minutes, to fabricate a sheet of the resin composition having
a thickness of 0.2 mm. The base resin was cross-linked by
heating at 180° C. for 30 minutes. Thereafter, in order to
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remove the residue of the cross-linking agent, the sheet was
vacuum dried at 80° C. for 24 hours.

[0255] In samples D3 and D4, the conditions except that
the base resin was TPO were equivalent to those in samples
D1 and D2, respectively.

(3-2) Results

[0256] With reference to Table 5 shown below, the result
of the evaluation of each sample in Experiment 2 will be
described.
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[0266] That is, the compounded amounts of the aminosi-
lane coupling agent and the hydrophobic silane coupling
agent were set so that the molar fraction of the aminosilyl
groups was 12%.

[Sample ES]

[0267] Using the same silane coupling agents as those in
sample E4, the compounded amounts of the aminosilane
coupling agent and the hydrophobic silane coupling agent
were set so that the molar fraction of the aminosilyl groups
was 45%.

TABLE 5

Sample D1 Sample D2 Sample D3 Sample D4
LDPE 100 100
TPO 100 100
Cross-linking agent (dicumylperoxide) 1.3 1.3
Antioxidant (TBMTBP) 0.22 0.22
Cross-linked state of the base resin non-cross-linked  cross-linked non-cross-linked  cross-linked
Volume resistivity (@80° C.) (Q - cm) 6.4 x 10'8 4.2 x 108 8.9 x 10Y7 5.2 x 1017

[0257] As shown in Table 5, the volume resistivities of
samples D2 and D4 in which the base resin was cross-linked
were almost equivalent to the volume resistivities of samples
D1 and D3 in which the base resin was not cross-linked,
respectively.

[0258] According to the results of samples D1 to D4, it
was confirmed that the effect of improving the insulation
property of the resin composition by giving an aminosilyl
group to the inorganic filler can be obtained irrespective of
the cross-linked state of the base resin.

<Experiment 4>

[0259] Next, in order to evaluate the dependence of the
insulation property on the ratio of the aminosilyl groups, the
following Experiment 4 was performed.

(4-1) Fabrication of Sheet Sample of Resin Composition

[0260] In the following samples E1 to E6, the base resin
was LDPE and the inorganic filler was magnesium oxide.

[Sample E1]

[0261] The configuration was the same as that for sample
Al (without inorganic filler added thereto).

[Sample E2]

[0262] The configuration was the same as that for sample
A2 (without surface-treatment).

[Sample E3]

[0263] The configuration was the same as that for sample
A3.
[0264] That is, the surface-treatment of the inorganic filler

was performed using only hexamethyldisilazane as the
silane coupling agent. Therefore, the molar fraction of the
aminosilyl groups was 0%.

[Sample E4]

[0265]
Ad,

The configuration was the same as that for sample

[Sample E6]

[0268] The surface-treatment of the inorganic filler was
performed using only the aminosilane coupling agent.
Therefore, the molar fraction of the aminosilyl groups was
100%.

[0269] Insamples E7 to E12, the conditions except that the
base resin was TPO were equivalent to those in samples E1
to E6, respectively.

(4-2) Evaluation

[0270] In addition to the measurement of the volume
resistivity described above, regarding samples E4, ES, E10,
and E11, the N/C ratio was measured, and the molar fraction
of the aminosilyl groups was obtained based on the mea-
sured N/C ratio.

[0271] Specifically, the elemental analysis of the surface
of'the inorganic filler was performed by gas chromatography
using TCD under condition at the reaction temperature of
850° C. and the reduction temperature of 600° C. Thereby,
the N/C ratio in the silyl groups that were actually bonded
to the surface of the inorganic filler was determined. The
detailed conditions of the device and the like are as follows.
[0272] Instrument: Oxygen circulating combustion/TCD
detection type NCH quantitative analyzing instrument
SUMIGRAPH NCH-22F (Sumika Chemical Analysis Ser-

vice, Ltd.)
[0273] Measurement condition:
[0274] Reaction temperature: 850° C.
[0275] Reduction temperature: 600° C.
[0276] Separation/detection:
[0277] Porous polymer beads-packed column/TCD
[0278] Standard sample:
[0279] Standard sample for elemental determination,

acetanilide
[0280] On the other hand, based on the aminosilane cou-
pling agent and the hydrophobic silane coupling agent used
in Experiment 4, the N/C ratio, y, is expressed by the
following equation (6)' as a function of the molar fraction of
the aminosilyl group, x.

¥=0.0039% (6
(wherein 0<x=100).
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[0281] The actually measured N/C ratio, y, was substituted
in equation (6)', which is the calibration curve, to determine
the molar fraction of the aminosilyl groups, x, in the silyl
groups that were actually bonded to the surface of the
inorganic filler.

(4-3) Results

[0282] With reference to the following Table 6 and Table
7, FIG. 2A and FIG. 2B, the evaluation result of each sample
in Experiment 4 will be described. In Table 6 and Table 7,
the parenthesized item subsequent to the term “magnesium
oxide” indicates the absence of the surface-treatment or a
molar fraction of the aminosilyl groups. FIG. 2A and FIG.
2B are diagrams showing volume resistivity with respect to
the molar fraction of the aminosilyl groups when the base
resin contains LDPE and when the base resin contains TPO,
respectively, in Experiment 4. In FIG. 2A and FIG. 2B, the
horizontal axis represents the molar fraction of the amin-
osilyl groups, and the vertical axis represents the volume
resistivity. FIG. 2A and FIG. 2B show samples E3 to E6 in
which the base resin contains LDPE and samples E9 to E12
in which the base resin contains TPO, respectively.

TABLE 6
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to the volume resistivity of each of sample E1 in which the
inorganic filler was not added and sample E2 in which the
inorganic filler was non-surface-treated.

[0285] As shown in FIG. 2A, when the base resin con-
tained LDPE, the volume resistivity showed a tendency to be
concave down with respect to the molar fraction of the
aminosilyl groups. It was suggested that volume resistivity
is maximized, when the molar fraction of the aminosilyl
groups is around 12%. In addition, as shown in FIG. 2A,
when the base resin contained LDPE, it was confirmed that
the volume resistivity can be 5x10'° Q-cm or more by
setting the molar fraction of the aminosilyl groups to 2% or
more and 90% or less. When the base resin contained LDPE,
it was further confirmed that the volume resistivity can be
1x10*” Q-cm or more by setting the molar fraction of the
aminosilyl groups to 5% or more and 80% or less.

[0286] According to the results of samples E4 to E6, when
the base resin contained LDPE, it was confirmed that the
effect of improving the insulation property of the resin
composition can be obtained irrespective of the molar frac-
tion of the aminosilyl groups, by binding the aminosilyl
group to at least a part of the surface of the inorganic filler.

Sample E1 Sample E2 Sample E3 Sample E4 Sample ES Sample E6

LDPE 100 100
Magnesium oxide 1
(without surface-treatment)

Magnesium oxide

(molar fraction of aminosilyl groups: 0%)
Magnesium oxide

(molar fraction of aminosilyl groups: 12%)
Magnesium oxide

(molar fraction of aminosilyl groups: 45%)
Magnesium oxide

(molar fraction of aminosilyl groups: 100%)
Volume resistivity (@80° C.) (Q - cm)

100 100 100

1

1.3 x 10" 53 x 10 2.9 x 10'¢ 64 x 10'® 7.1 x 10Y7 3.5 x 106

TABLE 7

Sample E7 Sample E8 Sample E9 Sample E10Sample E11 Sample E12

TPO 100 100
Magnesium oxide 1
(without surface-treatment)

Magnesium oxide

(molar fraction of aminosilyl groups: 0%)
Magnesium oxide

(molar fraction of aminosilyl groups: 12%)
Magnesium oxide

(molar fraction of aminosilyl groups: 45%)
Magnesium oxide

(molar fraction of aminosilyl groups: 100%)
Volume resistivity (@80° C.) (Q - cm)

100 100 100

1

9.0 x 10" 1.3 x 10" 1.1 x 10%¢ 5.5 x 10'% 3.3 x 10'¢ 1.5 x 10'¢

[0283] Regarding samples E4, E5, EO, and E11, the N/C
ratio was measured, and the molar fraction of the aminosilyl
groups was calculated by substituting the measured N/C
ratio into equation (6)'. As a result, it was confirmed that the
molar fraction of the aminosilyl groups assumed at the time
of surface-treatment was obtained.

[0284] As shown in Table 6, when the base resin contained
LDPE, the volume resistivities of each of samples E4 to E6
in which magnesium oxide was surface-treated with the
aminosilane coupling agent was greatly increased compared

In addition, when the base resin contained LDPE, it was
confirmed that the effect of improving the insulation prop-
erty of the resin composition can be stably obtained by
setting the molar fraction of the aminosilyl groups to 2% or
more and 90% or less. Furthermore, it was confirmed that
the effect of improving the insulation property of the resin
composition can be significantly obtained by setting the
molar fraction of the aminosilyl groups to 5% or more and
80% or less.

[0287] As shown in Table 6, when the base resin contained
TPO, as with the case when the base resin contained LDPE,
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the volume resistivity of each of samples E10 to E12 in
which magnesium oxide was surface-treated with the amin-
osilane coupling agent was greatly increased compared to
the volume resistivity of each of sample E7 in which the
inorganic filler was not added and sample E8 in which the
inorganic filler was not surface-treated.

[0288] As shown in FIG. 2B, when the base resin con-
tained TPO, as with the case when the base resin contained
LDPE, the volume resistivity showed a tendency to be
concave down with respect to the molar fraction of the
aminosilyl groups. It was suggested that volume resistivity
is maximized, when the molar fraction of the aminosilyl
groups is around 12%. In addition, as shown in FIG. 2B,
when the base resin contained TPO, it was confirmed that the
volume resistivity can be 1.7x10'® Q-cm or more by setting
the molar fraction of the aminosilyl groups to 2% or more
and 90% or less. When the base resin contained TPO, it was
further confirmed that the volume fraction can be 2x10'°
Q-cm or more by setting the molar fraction of the aminosilyl
groups to 5% or more and 80% or less.

[0289] According to the results of samples E10 to E12,
even when the base resin contained polyolefin other than
LDPE, it was confirmed that the effect of improving the
insulation property of the resin composition can be obtained
irrespective of the molar fraction of the aminosilyl groups by
binding the aminosilyl group to at least a part of the surface
of the inorganic filler. Further, even when the base resin
contained polyolefin other than LDPE, it was confirmed that
the effect of improving the insulation property of the resin
composition can be stably obtained by setting the molar
fraction of the aminosilyl groups to 2% or more and 90% or
less, and preferably 5% or more and 80% or less.

<Experiment 5>

[0290] Next, in order to evaluate the dependence of the
insulation property on the content of the inorganic filler, the
following Experiment 5 was performed.

(5-1) Fabrication of Sheet Sample of Resin Composition

[0291] In the following samples F1 to F5, the base resin
was LDPE.

[Sample F1]

(Inorganic Filler)

[0292] Magnesium Oxide:
[0293] Magnesium oxide manufactured by vapor phase
method (mean volume diameter, 50 nm)
[0294] 0.1 parts by mass
[0295] Silane Coupling Agent:
[0296] 3-Aminopropyltrimethoxysilane as an aminosi-
lane coupling agent
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[0297] Hexamethyldisilazane as a hydrophobic silane
coupling agent
[0298] The compounded amounts of the aminosilane cou-
pling agent and the hydrophobic silane coupling agent were
set so that the molar fraction of the aminosilyl groups was
12%.

[Sample F2]

[0299] The other conditions except that the content of the
inorganic filler was 0.5 parts by mass were equivalent to
those in sample F1.

[Sample F3]

[0300] The other conditions except that the content of the
inorganic filler was 1 part by mass were equivalent to those
in sample F1. That is, the configuration was same as that for
sample A4.

[Sample F4]

[0301] The other conditions except that the content of the
inorganic filler was 5 parts by mass were equivalent to those
in sample F1.

[Sample F5]

[0302] The other conditions except that the content of the
inorganic filler was 10 parts by mass were equivalent to
those in sample F1.

[0303] In samples F6 to F10, the other conditions except
that the inorganic filler was surface-treated with only hex-
amethyldisilazane as the silane coupling agent were equiva-
lent to those in samples F1 to F5, respectively. Sample F8
had the same configuration as that for sample A3.

(5-2) Results

[0304] With reference to the following Table 8, Table 9,
and FIG. 3, the result of the evaluation of each sample in
Experiment 5 will be described. In Table 8 and Table 9, the
parenthesized item subsequent to “magnesium oxide” indi-
cates a silane coupling agent used for the surface-treatment
of the inorganic filler. FIG. 3 is a diagram showing the
volume resistivity with respect to the content of the inor-
ganic filler in Experiment 5. In FIG. 3, the horizontal axis
represents the content of the inorganic filler, and the vertical
axis represents the volume resistivity. In FIG. 3, the results
from samples F1 to F5 are indicated as “aminosilane+
HMDS”, and the results from samples F6 to F10 are
indicated as “HMDS”

TABLE 8

Sample F1 Sample F2 Sample F3 Sample F4 Sample F5

LDPE

Magnesium oxide

100
0.1

100 100 100
0.5 1 5

100
10

(3-aminopropyltrimethoxysilane + hexamethyldisilazane)

Volume resistivity (@80° C.) (Q - cm)

5.1 x 1016 5.5 x 107 6.4 x 10! 3.5 x 10'® 3.3 x 10'8
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TABLE 9
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Sample F6 Sample F7 Sample F& Sample F9 Sample F10

LDPE 100 100
Magnesium oxide (only hexamethyldisilazane) 0.1 0.5
Volume resistivity (@80° C.)(Q - cm)

5.5 x 101° 1.2 x 1016 2.9 x 101 1.3 x 10'¢

100 100
5 10
1.5 x 102

[0305] As shown in Table 9 and FIG. 3, when the inor-
ganic filler was surface-treated with only hexamethyldisila-
zane, the volume resistivity was greatly increased, irrespec-
tive of the content of the inorganic filler, compared to the
volume resistivity of each of sample Al in which the
inorganic filler was not added and sample A2 in which the
inorganic filler was not surface-treated.

[0306] In addition, when the inorganic filler was surface-
treated with only hexamethyldisilazane, the volume resis-
tivity was increased with the increase in the content of the
inorganic filler within the range of 0.1 parts by mass or more
and 5 parts by mass or less of the content of the inorganic
filler. However, when the content of the inorganic filler was
more than 5 parts by mass, the volume resistivity tended to
decrease gradually.

[0307] In contrast, as shown in Table 8 and FIG. 3, when
magnesium oxide was surface-treated with the aminosilane
coupling agent, the volume resistivity was greatly increased,
irrespective of the content of the inorganic filler, compared
to the volume resistivity of each of sample Al in which the
inorganic filler was not added and sample A2 in which the
inorganic filler was not surface-treated.

[0308] In addition, when magnesium oxide was surface-
treated with the aminosilane coupling agent, the volume
resistivity was increased with the increase in the content of
the inorganic filler within the range of 0.1 parts by mass or
more and 10 parts by mass or less of the content of the
inorganic filler. In other words, even when the content of the
inorganic filler was more than 5 parts by mass, the decrease
in the volume resistivity was suppressed.

[0309] According to the results of samples F1 to F5 in
which magnesium oxide was surface-treated with the amin-
osilane coupling agent, it was confirmed that since the
inorganic filler is surface-treated with the aminosilane cou-
pling agent, the insulation property can be kept high even
when the content of the inorganic filler in the resin compo-
sition is more than 5 parts by mass.

<Preferred Aspect of the Present Disclosure>

[0310] Hereinafter, supplementary descriptions of the pre-
ferred aspects of the present disclosure will be given.

(Supplementary Description 1)

[0311] A resin composition forming an insulation layer,
including:

[0312] a base resin containing polyolefin, and

[0313] an inorganic filler;

[0314] wherein a surface of the inorganic filler includes:
[0315] an aminosilyl group having an amino group, and
[0316] a hydrophobic silyl group having a hydrophobic
group.

(Supplementary Description 2)

[0317] The resin composition according to supplementary
description 1,

[0318] wherein the inorganic filler includes at least any
one of magnesium oxide, silicon dioxide, zinc oxide, alu-
minum oxide, titanium oxide, zirconium oxide, and carbon
black.

(Supplementary Description 3)

[0319] The resin composition according to supplementary
description 1 or 2,

[0320] wherein the aminosilyl group has a monovalent
hydrocarbon group including, as the amino group, at least
any one of a primary amino group, a secondary amino group,
a tertiary amino group, an acid-neutralized amino group (an
amino group neutralized with an acid), and a quaternary
ammonium base.

(Supplementary Description 4)

[0321] The resin composition according to supplementary
description 3,
[0322] wherein the carbon number of the hydrocarbon

group having the amino group is 3 or more.

(Supplementary Description 5)

[0323] The resin composition according to any one of
supplementary descriptions 1 to 4,

[0324] wherein the inorganic filler is surface-treated with
an aminosilane coupling agent which is at least any one of:

[0325] 3-aminopropyltrimethoxysilane,

[0326] 3-aminopropyltriethoxysilane,

[0327] N-(2-aminoethyl)-3-aminopropylmethyldimethox-
ysilane,

[0328] N-(2-aminoethyl)-3-aminopropyltrimethoxysilane,

[0329] N-(2-aminoethyl)-3-aminopropyltriethoxysilane,

[0330] 3-triethoxysilyl-N-(1,3-dimethylbutylidene)pro-
pylamine,

[0331] N-phenyl-3-aminopropyltrimethoxysilane,

[0332] N-methyl-3-aminopropyltrimethoxysilane,

[0333] N-ethyl-3-aminopropyltrimethoxysilane,

[0334] N-butyl-3-aminopropyltrimethoxysilane,

[0335] N,N-dimethyl-3-aminopropyltrimethoxysilane,

[0336] N,N-diethyl-3-aminopropyltrimethoxysilane,

[0337] N.,N-dibutyl-3-aminopropyltrimethoxysilane,

[0338] N-(vinylbenzyl)-3-aminopropyltrimethoxysilane

hydrochloride,

[0339] octadecyldimethyl(3-trimethoxysilylpropyl)am-
monium chloride,

[0340] tetradecyldimethyl(3-trimethoxysilylpropyl)am-
monium chloride,

[0341] N-trimethoxysilylpropyl-N,N,N-tri-n-butylammo-
nium bromide,

[0342] N-trimethoxysilylpropyl-N,N,N-tri-n-butylammo-
nium chloride,

[0343] N-trimethoxysilylpropyl-N,N,N-trimethylammo-
nium chloride.
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(Supplementary Description 6)

[0344] The resin composition according to any one of
supplementary descriptions 1 to 5,

[0345] wherein the hydrophobic group included in the
hydrophobic silyl group is at least any one of a C, to C,
alkyl group optionally substituted with halogen, a C, to C,,
alkoxy group optionally substituted with halogen, a C, to
C,, alkenyl group optionally substituted with halogen, or a
Cg to C,, aryl group optionally substituted with halogen or
optionally substituted with a C, to C; alkyl group optionally
substituted with halogen.

(Supplementary Description 7)

[0346] The resin composition according to any one of
supplementary descriptions 1 to 6,

[0347] wherein the inorganic filler is surface-treated with
a hydrophobic silane coupling agent, which is at least any
one of silazane, alkoxysilane and halogenated silane, includ-
ing the hydrophobic group.

(Supplementary Description 8)

[0348] The resin composition according to any one of
supplementary descriptions 1 to 7,

[0349] wherein a molar fraction of the aminosilyl groups
with respect to all of the silyl groups bonded to the surface
of the inorganic filler is 2% or more and 90% or less.

(Supplementary Description 9)

[0350] The resin composition according to any one of
supplementary descriptions 1 to 7,

[0351] wherein a mass ratio of nitrogen to carbon is 0.7%
or more and 35% or less, as obtained by elemental analysis
of the surface of the inorganic filler by gas chromatography
using a thermal conductivity detector under condition at a
reaction temperature of 850° C. and a reduction temperature
of 600° C.

(Supplementary Description 10)

[0352] The resin composition according to any one of
supplementary descriptions 1 to 9,

[0353] wherein the polyolefin constituting the base resin is
at least any one of polyethylene, polypropylene, ethylene-
a-olefin copolymer, and thermoplastic olefinic elastomer in
which ethylene propylene rubber or ethylene propylene
diene rubber is dispersed in or copolymerized with polyeth-
ylene or polypropylene.

(Supplementary Description 11)

[0354] The resin composition according to any one of
supplementary descriptions 1 to 10,

[0355] wherein the aminosilyl group includes a hydrocar-
bon group having the amino group; and

[0356] the carbon number of the hydrophobic group in the
hydrophobic silyl group is smaller than the carbon number
of the hydrocarbon group having the amino group in the
aminosilyl group.

(Supplementary Description 12)

[0357] The resin composition according to supplementary
description 11,
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[0358] wherein the carbon number of the hydrocarbon
group having the amino group in the aminosilyl group is 3
or more and 12 or less.

(Supplementary Description 13)

[0359] The resin composition according to any one of
supplementary descriptions 1 to 12,

[0360] wherein the aminosilyl group is bonded to a part of
the surface of the inorganic filler, while the hydrophobic
silyl group is bonded to another part of the surface.

(Supplementary Description 14)

[0361] The resin composition according to any one of
supplementary descriptions 1 to 13,

[0362] wherein the content of the inorganic filler is 0.1
parts by mass or more and 10 parts by mass or less with
respect to 100 parts by mass of the base resin.

(Supplementary Description 15)

[0363] The resin composition according to any one of
supplementary descriptions 1 to 14,

[0364] wherein mean volume diameter of the inorganic
filler is 1 pm or less.

(Supplementary Description 16)

[0365] The resin composition according to any one of
supplementary descriptions 1 to 15,

[0366] wherein the base resin contains low density poly-
ethylene, and
[0367] a volume resistivity of a sheet of a resin composi-

tion is 8x10'° ©Q-cm or more, as measured under the con-
dition at the temperature of 80° C. and the direct-current
field of 50 kV/mm, when the sheet of the resin composition
including the base resin and the inorganic filler and having
a thickness of 0.2 mm is formed.

(Supplementary Description 17)

[0368] The resin composition according to any one of
supplementary descriptions 1 to 15,

[0369] wherein the base resin contains the thermoplastic
olefinic elastomer including the ethylene propylene rubber
or the ethylene propylene diene rubber dispersed in or
copolymerized with polyethylene or polypropylene, and
[0370] a volume resistivity of a sheet of a resin composi-
tion is 5x10'° Q-cm or more, as measured under the con-
dition at the temperature of 80° C. and the direct-current
field of 50 kV/mm, when the sheet of the resin composition
including the base resin and the inorganic filler and having
a thickness of 0.2 mm is formed.

(Supplementary Description 18)

[0371] An inorganic filler compounded into a resin com-
position forming an insulation layer and added to a base
resin containing polyolefin,

[0372] wherein a surface of the inorganic filler includes:
[0373]
[0374]

group.

an aminosilyl group having an amino group, and
a hydrophobic silyl group having a hydrophobic
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(Supplementary Description 19)

[0375] A direct-current power cable including:
[0376] a conductor, and
[0377] an insulation layer provided to cover an outer

periphery of the conductor;

[0378] wherein the insulation layer contains a resin com-

position including:

[0379] a base resin containing polyolefin; and

[0380] an inorganic filler;

[0381] wherein a surface of the inorganic filler includes:
[0382] an aminosilyl group having an amino group, and
[0383] a hydrophobic silyl group having a hydrophobic

group.

(Supplementary Description 20)

[0384] A method for manufacturing a direct-current power
cable, including:

[0385] preparing a resin composition including a base
resin containing polyolefin, and an inorganic filler; and
[0386] forming an insulation layer with the resin compo-
sition so as to cover an outer periphery of a conductor,
[0387] the preparation of the resin composition including:
surface-treating the inorganic filler with an aminosilane
coupling agent having an amino group and a hydrophobic
silane coupling agent having a hydrophobic group;

[0388] wherein, in the surface-treatment of the inorganic
filler,
[0389] an aminosilyl group having the amino group

derived from the aminosilane coupling agent and a hydro-
phobic silyl group having the hydrophobic group derived
from the hydrophobic silane coupling agent are bonded to a
surface of the inorganic filler.

DESCRIPTIONS OF SIGNS AND NUMERALS

[0390] 10 DC Power cable

[0391] 110 Conductor

[0392] 120 Internal semiconductive layer
[0393] 130 Insulation layer

[0394] 140 External semiconductive layer
[0395] 150 Shielding layer

[0396] 160 Sheath

What is claimed is:
1. A resin composition forming an insulation layer, com-
prising:

a base resin containing polyolefin, and

an inorganic filler;

wherein a surface of the inorganic filler comprises:

an aminosilyl group having an amino group, and

a hydrophobic silyl group having a hydrophobic group.

2. The resin composition according to claim 1,

wherein the inorganic filler comprises at least any one of
magnesium oxide, silicon dioxide, zinc oxide, alumi-
num oxide, titanium oxide, zirconium oxide, and car-
bon black.

3. The resin composition according to claim 1,

wherein a molar fraction of the aminosilyl groups with
respect to all of the silyl groups bonded to the surface
of the inorganic filler is 2% or more and 90% or less.

4. The resin composition according to claim 1,

wherein a mass ratio of nitrogen to carbon is 0.7% or more
and 35% or less, as obtained by elemental analysis of
the surface of the inorganic filler by gas chromatogra-
phy using a thermal conductivity detector under con-
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dition at a reaction temperature of 850° C. and a
reduction temperature of 600° C.

5. The resin composition according to claim 1,

wherein the aminosilyl group includes a hydrocarbon

group having the amino group; and

the carbon number of the hydrophobic group in the

hydrophobic silyl group is smaller than the carbon
number of the hydrocarbon group having the amino
group in the aminosilyl group.

6. The resin composition according to claim 5,

wherein the carbon number of the hydrocarbon group

having the amino group in the aminosilyl group is 3 or
more and 12 or less.

7. The resin composition according to claim 1,

wherein the aminosilyl group is bonded to a part of the

surface of the inorganic filler, while the hydrophobic
silyl group is bonded to another part of the surface.

8. The resin composition according to claim 1,

wherein the content of the inorganic filler is 0.1 parts by

mass or more and 10 parts by mass or less with respect
to 100 parts by mass of the base resin.

9. The resin composition according to claim 1,

wherein the base resin contains low density polyethylene,

and

a volume resistivity of a sheet of a resin composition is

8x10'® Qcm or more, as measured under the condition
at the temperature of 80° C. and the direct-current field
of 50 kV/mm, when the sheet of the resin composition
comprising the base resin and the inorganic filler and
having a thickness of 0.2 mm is formed.

10. The resin composition according to claim 1,

wherein the base resin contains the thermoplastic olefinic

elastomer including the ethylene propylene rubber or
the ethylene propylene diene rubber dispersed in or
copolymerized with polyethylene or polypropylene,
and

a volume resistivity of a sheet of a resin composition is

5x10'* Q-cm or more, as measured under the condition
at the temperature of 80° C. and the direct-current field
of 50 kV/mm, when the sheet of the resin composition
comprising the base resin and the inorganic filler and
having a thickness of 0.2 mm is formed.

11. An inorganic filler compounded into a resin compo-
sition forming an insulation layer and added to a base resin
containing polyolefin,

wherein a surface of the inorganic filler comprises:

an aminosilyl group having an amino group, and
a hydrophobic silyl group having a hydrophobic group.

12. A direct-current power cable comprising:

a conductor, and

an insulation layer provided to cover an outer periphery of

the conductor;
wherein the insulation layer contains a resin composition
comprising:

a base resin containing polyolefin, and

an inorganic filler;

wherein a surface of the inorganic filler comprises:

an aminosilyl group having an amino group, and
a hydrophobic silyl group having a hydrophobic group.

13. A method for manufacturing a direct-current power
cable, comprising:

preparing a resin composition including a base resin

containing polyolefin, and an inorganic filler; and
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forming an insulation layer with the resin composition so
as to cover an outer periphery of a conductor,

the preparation of the resin composition comprising:
surface-treating the inorganic filler with an aminosilane
coupling agent having an amino group and a hydro-
phobic silane coupling agent having a hydrophobic
group;

wherein, in the surface-treatment of the inorganic filler,

an aminosilyl group having the amino group derived from
the aminosilane coupling agent and a hydrophobic silyl
group having the hydrophobic group derived from the
hydrophobic silane coupling agent are bonded to a
surface of the inorganic filler.

#* #* #* #* #*



