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HEAT-INSULATION FILM, AND
HEAT-INSULATION-FILM STRUCTURE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a continuation of iternational appli-
cation PCT/JP2014/079262, filed Nov. 4, 2014, which

claims priority from Japanese application JP2013-239274,
filed Nov. 19, 2013. This application 1s also a continuation-
in-part ol pending U.S. application Ser. No. 14/574,564,

filed Dec. 12, 2014, which 1s a continuation of international
application PCT/IP2013/067006, filed Jun. 20, 2013, which
claims priornity from Japanese priority application JP2012-
138784, filed Jun. 20, 2012. The contents of these applica-

tions are incorporated herein 1n their entirety.

TECHNICAL FIELD

The present invention relates to a heat-insulation film in
which a heat msulation effect improves, and a heat-insula-
tion-film structure.

BACKGROUND ART

There 1s required a heat-insulation film which 1s formed
on a surface to improve a heat isulation efliciency and
flame retardance. In Patent Document 1, a coating film 1s
disclosed which has a high surface hardness and can prevent
the surface from being damaged. The coating film 1s formed
by dispersing hollow particles made of silica shells 1n a
binder. By a wear resistance and high hardness of the hollow
particles made of the silica shells, the wear resistance of a
substrate on which the coating film 1s formed can improve.
Additionally, the flame retardance can improve due to heat
insulation properties of the hollow particles made of the
silica shells.

In Patent Document 2, there 1s disclosed an internal
combustion engine including a structural member 1n which
a heat insulation performance improves. In the internal
combustion engine of Patent Document 2, a heat-insulation
material 1s disposed adjacent to an inner wall of an exhaust
passage, and a high-temperature operative gas (an exhaust
gas) flows along through channels made of the heat-insula-
tion material. In the heat-insulation material, MSS (mesopo-
rous silica sphere) particles having an average particle
diameter of 0.1 to 3 um are laminated 1n a state where the
respective particles are densely bonded to one another via a
bonding material. In the MSS particles, an infinite number of
mesopores having an average pore diameter of 1 to 10 nm
are Tormed.

CITATION LIST

Patent Documents

JP-A-2008-200922
JP-A-2011-52630

|Patent Document 1
|Patent Document 2|

SUMMARY OF THE INVENTION

Problem to be Solved by the Invention

in Patent Document 1, hollow particles made of silica
shells having outer diameters of about 30 to 300 nm are
substantially uniformly dispersed 1n an organic resin binder,
an 1norganic polymer binder or an organic/mnorganic coms-
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2

posite binder, and hence heat insulation properties of a
coating film can be obtained. Additionally, 1n Patent Docu-
ment 2, there are densely laminated MSS (mesoporous silica
sphere) particles having mesopores 1n which an average
particle diameter 1s from 0.1 to 3 um and an average pore
diameter 1s from 1 to 10 nm, and hence a heat insulation
performance 1s high.

The hollow particles or porous particles for use 1n Patent
Document 1 or 2 have a low thermal conductivity, and hence
it 1s presumed that a matrix portion except the particles (a
phase which bonds the particles to each other) becomes a
main heat transter path. These particles are cubic or spheri-
cal, and hence a path of heat comparatively shortens as
shown i FIG. 6, and the thermal conductivity does not
suiliciently decrease.

Objects of the present invention are to provide a heat-
insulation film 1 which a heat msulation effect improves,
and to provide a heat-insulation-film structure.

Means for Solving the Problem

The present inventors have found that the above problems
can be solved by providing a heat-insulation film 1 which
porous plate fillers are dispersed in a matrix to bond the
porous plate fillers and a volume ratio between the porous
plate fillers and the matrix 1s 1n a predetermined range. That
1s, according to the present invention, there are provided a
heat-insulation film and a heat-insulation-film structure as
follows.

[1] A heat-insulation film 1 which porous plate fillers
including plates having an aspect ratio of 3 or more, a
minimum length o1 0.1 to 50 um and a porosity of 20 to 90%
are dispersed in a matrix to bond the porous plate fillers, and
a volume ratio between the porous plate fillers and the
matrix 1s from 50:30 to 93:5.

[2] The heat-insulation film according to the above [1].
wherein when a line 1s drawn from a first surface to a second
surface on an opposite side to the first surface in a thickness
direction 1n a cross section parallel to the thickness direction,
a ratio between a sum of lengths of line segments present on
the porous plate fillers and a sum of lengths of line segments
present on the matrix 1s from 50:50 to 95:3.

[3] The heat-insulation film according to the above [1] or
[2], wherein a thermal conductivity of the porous plate filler
1s 1 W/(m'K) or less.

[4] The heat-insulation film according to any one of the
above [1] to [3], wherein a heat capacity of the porous plate
filler is from 10 to 3000 kJ/(m>-K).

[ 5] The heat-insulation film according to any one of the
above [1] to [4], wherein the porous plate filler includes
pores ol a nanoorder.

[6] The heat-insulation film according to any one of the
above [1] to [S], wherein the porous plate filler includes a
metal oxide.

[ 7] The heat-insulation film according to any one of the
above [1] to [6], wherein the porous plate filler includes
particles having particle diameters of 1 nm to 10 um.

[8] The heat-insulation film according to any one of the
above [1] to [7], wherein a heat capacity is 1500 kJ/(m’>-K)
or less.

[9] The heat-insulation film according to any one of the
above [1] to [8], wheremn a thermal conductivity 1s 1.5
W/(m-K) or less.

[10] A heat-insulation-film structure i which the heat-
insulation film according to any one of the above [1] to [9]
1s formed on a substrate.
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[11] The heat-insulation-film structure according to the
above [10], which has, on the surface of the heat-insulation
film, a surface dense layer including ceramics and/or glass
and having a porosity of 5% or less.

[12] The heat-insulation-film structure according to the
above [11], which includes a bufler bonding layer having a

thickness smaller than the heat-insulation film, between the
substrate and the heat-insulation film and/or between the

heat-insulation film and the surface dense layer.

Eftect of the Invention

In a heat-insulation film which includes porous plate
fillers 1including plates having an aspect ratio of 3 or more,
a minimum length of 0.1 to 50 um and a porosity of 20 to
90% and 1n which a volume ratio between the porous plate
fillers and the matrix 1s from 50:50 to 93:5, a length of a heat
transier path increases and a thermal conductivity can be
decreased as compared with a case where spherical or cubic
fillers are used. Consequently, even a thin heat-insulation
film has a heat insulation eflect higher than before. Addi-
tionally, a bonding area between the porous plate fillers via
the matrix 1s larger as compared with a case where the
spherical fillers or the like are used, and hence a strength can
increase. Furthermore, the porous plate fillers are the plates,
and hence concavity and convexity are hard to be formed on
the outermost surface of the heat-insulation film, and par-
ticle drop of the porous plate fillers, 1.e., deficiency of the
heat-insulation film can be prevented.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a schematic view showing one embodiment of
a porous plate filler;

FIG. 2 1s a schematic view showing another embodiment
of the porous plate filler;

FIG. 3A 15 a schematic view showing one embodiment of
a heat-insulation film and a heat-insulation-film structure of
the present mnvention;

FIG. 3B 1s a schematic view to explain directing of a ratio
by a line;

FIG. 4 1s a schematic view showing one embodiment of
an engine;

FIG. 5A 1s a schematic view showing another embodi-
ment of the heat-insulation film and the heat-insulation-film
structure of the present invention;

FIG. 5B 1s a schematic view showing still another
embodiment of the heat-insulation film and the heat-insula-
tion-film structure of the present invention; and

FIG. 6 1s a schematic view showing a heat-insulation film
and a heat-insulation-film structure of a comparative
example.

MODE FOR CARRYING OUT THE INVENTION

Hereinaliter, embodiments of the present invention will be
described with reference to the drawings. The present inven-
tion 1s not limited to the following embodiments, and
change, modification and improvement can be added with-
out departing from the gist of the present invention.

1. Porous Plate Filler

FIG. 1 shows one embodiment of a porous plate filler 1.

The porous plate filler 1 1s a plate having an aspect ratio of

3 or more, its minimum length 1s from 0.1 to 50 um, and a

porosity 1s from 20 to 90%. The porosity 1s more preferably
from 40 to 85% and further preferably from 50 to 80%. A
thermal conductivity of the porous plate filler 1 can be

10

15

20

25

30

35

40

45

50

55

60

65

4

decreased by setting the porosity to 20% or more, and a
strength thereof can be acquired by setting the porosity to
90% or less. In the present description, the porosity 1s
obtained by the following equation.

Porosity (%)=(1-(apparent particle density/true den-
ity ))x 100

In the above equation, the apparent particle density 1s
measured by a liguid immersion method 1n which mercury
1s used. Additionally, the true density 1s measured by pyc-
nometry after sufliciently grinding the porous plate filler.

Additionally, 1n the present description, the aspect ratio 1s
defined by a maximum length/a minimum length of the
porous plate filler 1. Here, the maximum length 1s a length
maximized when particles (the porous plate filler 1) are
sandwiched between a pair of parallel surfaces. Additionally,
the minimum length 1s a length minimized when the par-
ticles are similarly sandwiched between the pair of parallel
surfaces, and corresponds to a so-called thickness 1n a case
where the filler 1s a tlat plate. The porous plate filler 1 which
1s the plate includes not only a flat plate (the plate which 1s
flat and 1s not bent) but also a bent flat plate and a plate
having a thickness (the mimimum length) which 1s not
constant, as long as the aspect ratio 1s 3 or more and the
minimum length 1s from 0.1 to 50 um. Additionally, the filler
may have a shape such as a fibrous shape, a needle shape or
a billet shape. Among these shapes, the porous plate filler 1
1s preferably the flat plate. Additionally, a surface shape of
the plate may be any shape such as a square, a quadrangular
shape, a triangular shape, a hexagonal shape or a round
shape. That 1s, the porous plate filler 1 may have any shape
as long as the filler 1s the flat plate.

It 1s preferable that the aspect ratio of the porous plate
filler 1 1s 3 or more. The larger the aspect ratio 1s, the longer
a heat transfer path becomes and the lower the thermal
conductivity of the heat-insulation film 3 becomes, because
the heat transfer path 1s detlected when the heat-insulation
film 3 1s formed. However, when the aspect ratio 1s exces-
sively large, 1t becomes difficult to handle the filler during
manufacturing, and vyield might be deteriorated. For
example, when the minimum length 1s decreased to increase
the aspect ratio, the strength might not suthciently be
obtained. On the other hand, when the maximum length 1s
increased, the porous plate filler 1 might become large and
be damaged. Consequently, the aspect ratio 1s more prefer-
ably 3 or more and 30 or less, further preferably 3.5 or more
and 40 or less, and most preferably 4 or more and 30 or less.

When the porous plate filler 1 1s included 1n the heat-
insulation film 3 as described later, a heat insulation eflect
can 1mprove.

It 1s preferable that the porous plate filler 1 includes pores
of a nanoorder. Here, the nanoorder indicates a size of 1 nm
or more and less than 1000 nm. When the pores of such a
range are included, the heat insulation eflect can improve.

It 1s preferable that the porous plate filler 1 includes pores
having pore diameters of 10 to 500 nm. One filler may have
one pore (a hollow particle) or a large number of pores
(porous particles). The hollow particle 1s a particle 1n which
one closed pore 1s present. The porous particles are particles
having porous inner portions, 1.€., the particles including the
pores except the hollow particles. The porous plate filler 1
includes not only the porous particles but also the hollow
particles. That 1s, the number of the pores to be included in
the porous plate filler 1 may be one or large, and the pore
may be the closed pore or an open pore. When the porous
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plate filler 1 having such pores 1s included in the heat-
insulation film 3, the heat msulation eflect can improve due
to the pores.

Examples of a material of the porous plate filler 1 include
hollow plate-shaped glass and hollow plate-shaped ceramic.
Additionally, the examples of the material include mesopo-
rous silica, mesoporous titania, mesoporous Zzirconia, and
Shirasu balloons. Alternatively, an example of the filler 1s
also a porous plate filler obtained by an after-mentioned
manufacturing method.

It 1s preferable that the porous plate filler 1 includes a
metal oxide, and 1t 1s further preferable that the porous plate
filler 1s constituted only of the metal oxide. This 1s because,
when the metal oxide 1s included, 1on bonding properties
between a metal and oxygen are strong and hence the
thermal conductivity is easy to decrease as compared with a
non-oxide (e.g., a carbide or a nitride) of the metal.

In the porous plate filler 1, it 1s preferable that the metal
oxide 1s an oxide of one selected from the group consisting
of elements such as Zr, Y, Al, S1, T1, Nb, Sr, La, Hf, Ce, (d,
Sm, Mn, Yb, Er and Ta or a complex oxide of two or more
selected from the group. When the metal oxide 1s the oxide
or the complex oxide of these elements, heat conduction 1s
hard to be caused by lattice vibration (phonons) which 1s a
main factor of the heat conduction. An example of the
material of the porous plate filler 1 1s specifically a material
obtained by adding Gd,0;, Yb,O;, Er,O; or the like to
/rO,—Y ,0,. Further specifically, the examples of the mate-
rial include Z7ZrO,—HIO,—Y,0,, ZrO,—Y,0,—La,0;,,
/rO0,—H10,—Y,0,—La,O,, HIO,—Y,0,, CeO,—Y,0,,

Yo, LagTas0q, Y, ggTas 5672105400, Y, 11,0, and
Lala,0,.

The porous plate filler 1 may be an 1norganic material, an
organic material, or a composite material of the mnorganic
material and the organic material. Above all, 1t 1s preferable
that the material 1s an 1norganic material such as zirconia,
partially stabilized zirconia (e.g., yttria partially stabilized
zirconia), completely stabilized zircomia (e.g., yttria com-
pletely stabilized zirconia), yttrium oxide, alumina, silica,
fitania, niobium oxide, strontium oxide, lanthanum oxide,
Zirconium, yttria, aluminum, silicon, titanium, niobium,
strontium, lanthanum, rare earth zirconate (e.g., lanthanum
zirconate), rare earth silicate (e.g., yttrium silicate), niobate
(e.g., strontium mobate), mullite, mica, spinel, zircon, mag-
nesia, ceria, silicon carbide, silicon nitride, aluminum nitride
or strontium carbonate. The maternial 1s more preferably a
metal oxide such as zirconia, partially stabilized zircoma
(e.g., yitria partially stabilized zirconia), completely stabi-
lized zirconia (e.g., yttria completely stabilized zirconia),
yttrium oxide, alumina, silica, titania, niobium oxide, stron-
tium oxide or lanthanum oxide. One of them may be used
alone, or any combination of two or more of them may be
used.

It 1s preferable that the porous plate filler 1 includes
particles having particle diameters of 1 nm to 10 um. The
particle may be a particle constituted of one crystal grain (a
single crystalline particle) or a particle constituted of a large
number of crystal grains (a polycrystalline particle). That 1s,
it 1s preferable that the porous plate filler 1 1s an assembly
of particles having particle diameters of this range. For the
particle diameter, a size of one particle of a particle group
constituting a framework of the porous plate filler 1 (1n the
case ol a spherical particle, the size 1s a diameter, and 1n
another case, the size 1s a maximum diameter) 1s measured
from an 1mage of electron microscope observation. The
particle diameter 1s more preferably from 1 nm to 5 um and
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turther preferably from 50 nm to 1 um. When the porous
plate filler 1 having the particle diameters of such a range 1s
included in the heat-insulation film 3, the heat insulation
ellect can improve.

The mimmimum length of the porous plate filler 1 1s from
0.1 to 50 um, more preferably from 0.5 to 20 um, further
preferably from 2 to 15 um, and most preferably from 2 to
10 um. When the mimimum length of the porous plate filler
1 1s shorter than 0.1 um, 1t might be dithcult to keep the
shape of the porous plate filler 1 1n manufacturing steps. In
a case where the minimum length of the porous plate filler
1 1s longer than 50 um, there decreases the number of layers
in the porous plate filler 1 when included in the heat-
insulation film 3, so that the heat transier path becomes close
to a straight line and accordingly shortens, and the thermal
conductivity of the heat-insulation film 3 might be high.
Additionally, when the minimum length of the porous plate
filler 1 1s short, the heat-insulation film 3 can be thinned.
That 1s, even 1n the thin heat-insulation film 3, the heat
insulation effect can improve.

The thermal conductivity of the porous plate filler 1 1s
preferably 1 W/(m-K) or less. The thermal conductivity 1s
more preferably 0.7 W/(m-K) or less, further preferably 0.5
W/(m-K) or less, and most preferably 0.3 W/(m-K) or less.
When the porous plate filler 1 having such a thermal
conductivity 1s included in the heat-insulation film 3, the
heat 1nsulation effect can improve.

A heat capacity of the porous plate filler 1 1s preferably
from 10 to 3000 kJ/(m’-K). The heat capacity is more
preferably from 10 to 2500 kJ/(m”-K), further preferably
from 300 to 2000 kJ/(m>-K), and most preferably from 400
to 1500 kJ/(m>-K). When the porous plate filler 1 having the

heat capacity of such a range 1s included in the heat-
insulation film 3, the heat insulation effect can improve. It 1s
to be noted that in the present description, the heat capacity
1s generally argued per unit volume called volumetric spe-
cific heat, and hence a unit is kJ/m>-K.

It 1s preferable that, as shown 1n FIG. 2, the porous plate
filler 1 has a coating layer 7 having a thickness of 1 nm to
1 um 1n at least a part of 1ts surface. Furthermore, the coating

layer 7 1s preferably a thermal resistance film 1n which heat
conduction 1s inhibited and/or radiant heat 1s reflected and/or
the lattice vibration (the phonons) 1s scattered. When the
thermal resistance film having a thickness of several tens nm
1s formed on the surface of the porous plate filler 1, the
thermal conductivity of the heat-insulation film 3 can pref-
erably further be decreased. The thermal resistance film may
be any film as long as a material thereof 1s not the same as
in the porous plate filler to be coated, and the porous plate
filler 1 1s preferably coated with a dissimilar matenal (e.g.,
alumina or zinc oxide). Even when the thermal resistance
film 1s dense or porous, there 1s not any problem, but 1t 1s
preferable that the film 1s dense. When the thermal resistance
film 1s formed 1n a part of the surface of the porous plate
filler 1, an effect of decreasing the thermal conductivity can
be obtained, but when the whole surface of the porous plate
filler 1 1s coated with the thermal resistance film, the effect
of decreasing the thermal conductivity can further be
obtained.

Next, a manufacturing method of the porous plate filler 1
will be described. Examples of the manufacturing method of
the porous plate filler 1 include press molding, casting,
extrusion, injection molding, tape forming, and a doctor
blade method. Any method may be used, but heremaftter, the
doctor blade method will be described as an example.
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First, a pore former, a binder, a plasticizer, a solvent and
the like are added to ceramics powder to be mixed by a ball
mill or the like, thereby preparing a green sheet forming
slurry.

As the ceramics powder, there may be used zirconia
powder, partially stabilized zircomia powder (e.g., yttnia
partially stabilized zirconia powder), completely stabilized
zirconia powder (e.g., yttria completely stabilized zirconia
powder), alumina powder, silica powder, titania powder,
lanthanum oxide powder, yttria powder, rare earth zirconate
powder (e.g., lanthanum zirconate powder), rare earth sili-
cate powder (e.g., yttrium silicate powder), niobate powder
(c.g., stronttum niobate powder), mullite powder, spinel
powder, zircon particles, magnesia powder, yttria powder,
ceria powder, silicon carbide powder, silicon nitride powder,
aluminum nitride powder or the like. One of them may be
used, or any combination of two or more of them may be
used. Additionally, the powder 1s not limited to dried pow-
der, and the powder may be used 1n a colloidal state (a sol
state) 1n which the powder 1s dispersed 1n water or an organic
liquid medium. As the pore former, there may be used latex
particles, melamine resin particles, PMMA particles, poly-
cthylene particles, polystyrene particles, carbon black par-
ticles, foamable resin, water absorbable resin or the like. As
the binder, there 1s usable polyvinyl butyral resin (PVB),
polyvinyl alcohol resin, polyvinyl acetate resin, polyacrylic
resin or the like. As the plasticizer, DBP (dibutyl phthalate),
DOP (dioctyl phthalate) or the like 1s usable. As the solvent,
xylene, 1-butanol or the like 1s usable.

The above green sheet forming slurry 1s subjected to a
vacuum defoaming treatment, thereby adjusting a viscosity
into 100 to 10000 cps. Afterward, a green sheet 1s formed by
a doctor blade device so that a thickness of the green sheet
alter fired 1s from 0.1 to 100 um, and an outer shape of the
green sheet 1s cut mto a dimension of (0.5 to 200) mmx(0.5
to 200) mm. A cut formed body 1s fired at 800 to 2300° C.
for 0.5 to 20 hours and this fired body 1s suitably ground,
whereby a porous thin plate-shaped filler (the porous plate
filler 1) can be obtained. It 1s to be noted that the green sheet
before fired may be processed 1nto a predetermined surface
shape (a square, a quadrangular shape, a hexagonal shape or
a round shape) or the like by cutting or punching, and then
fired, whereby the porous thin plate-shaped filler can be
obtained without performing grinding after the firing.

2. Coating Composition

A coating composition includes the porous plate filler 1
mentioned above, and one or more selected from the group
consisting ol an morganic binder, an iorganic polymer, an
organic/inorganic hybrid material, oxide sol and water glass.
Furthermore, the coating composition may include a dense
filler, a viscosity modifier, a liqmud medium, a dispersing
agent and the like. The heat-insulation film 3 can be formed
by applying the coating composition and performing drying,
and/or a heat treatment. Specific substances to be included
in the coating composition are cement, bentonite, aluminum
phosphate, silica sol, alumina sol, boehmite sol, zirconia sol,
titania sol, tetramethyl orthosilicate, tetracthyl orthosilicate,
polysilazane, polycarbosilane, polyvinyl silane, polymethyl
silane, polysiloxane, polysilsesquioxane, silicone, geopoly-
mer, sodium silicate and the like. Additionally, 1n the case of
the organic/inorganic hybrid material, there are desirable an
acryl-silica based hybrid matenal, an epoxy-silica based
hybrid material, a phenol-silica based hybrid material, a
polycarbonate-silica based hybrid material, a nylon-silica
based hybrid material, a nylon-clay based hybrid material,
an acryl-alumina based hybrid material, an acryl-calcium
silicate hydrate based hybrid material and the like.
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A viscosity of the coating composition 1s preferably from
0.1 to 5000 mPa-s and further preferably from 0.5 to 1000
mPa-s. When the viscosity 1s smaller than 0.1 mPa-s, the
coating composition flows after applied, and a thickness of
the coating film might be non-uniform. When the viscosity
1s larger than 5000 mPa-s, the coating composition does not
have any fluidity and might not uniformly be applied.

The heat-insulation film 3 in which the porous plate fillers
1 are uniformly dispersed 1n a matrix 3 can be obtained by
adjusting the viscosity. For example, when the viscosity 1s
excessively high, the porous plate fillers 1 are hard to be
uniformly dispersed, and a portion where there are less
porous plate fillers 1 1s easily generated in the heat-insula-
tion film 3. Dispersing properties of the porous plate fillers
1 1n the coating composition (the slurry) can be increased by
adding the dispersing agent, thereby making 1t possible to
form the heat-insulation film 3 which 1s homogeneous. That
1s, by increasing the dispersing properties of the porous plate
fillers 1, the homogeneous heat-insulation film 3 can be
obtained and the thermal conductivity can be decreased.

3. Heat-Insulation Film

The heat-mnsulation film 3 will be described with refer-
ence to FIG. 3A. In the heat-insulation film 3 of the present
invention, the porous plate fillers 1 mentioned above are
dispersed in the matrix 3m to bond the porous plate fillers 1.
The matrix 3m 1s a component which 1s present around the
porous plate fillers 1 and between the particles of the fillers
and bonds these particles to each other.

In the heat-insulation film 3 of the present invention, it 1s
preferable that the porous plate fillers 1 are arranged in the
form of layers (laminated). The arrangement 1n the form of
the layers mentioned herein indicates that a large number of
porous plate fillers 1 are present 1in the matrix 3 1n a state
where the porous plate fillers 1 are oriented 1n a direction in
which a direction of the minimum length of the porous plate
filler 1 1s parallel to a thickness direction of the heat-
insulation film 3. It 1s to be noted that at this time, positions
of the porous plate fillers 1 (a position of the center of
gravity) do not have to be orderly periodically arranged in X,
Y and Z-directions of the heat-insulation film 3 (provided
that the Z-direction 1s defined as the thickness (film thick-
ness) direction), and there 1s not any problem even when the
fillers are present at random. There 1s not any problem when
the number of the layers 1s 1 or more, but the larger number
of the layers 1s more preferable and the number of the layers
1s desirably 5 or more. When the porous plate fillers 1 are
laminated 1n the form of the layers 1n the heat-insulation film
3, the heat transier path 1s deflected to lengthen, and the heat
insulation eflect can improve. In particular, for the positions
of the porous plate fillers 1, as shown in FIG. 3 A, the fillers
preferably are not orderly arranged in the Z-direction (the
fillers preferably shift alternately), because the heat transter
path 1s more deflected to lengthen.

As shown 1n FIG. 3A, a matrix 3m portion 1in which the
thermal conductivity 1s high becomes a main heat transier
path, but the heat-insulation film 3 of the present invention
includes the porous plate fillers 1, and the heat transter path
makes more detours to a direction 1n which heat 1s not to be
transierred (the film thickness direction). That 1s, a length of
the heat transfer path increases, and hence the thermal
conductivity can be decreased. Additionally, a bonding area
between the porous plate fillers 1 via the matrix 3m 1s larger
than that between spherical fillers 31 (see FIG. 6), and hence
a strength of the whole heat-insulation film increases, and
erosion, peeling or the like 1s hard to occur.

In the heat-insulation film 3, the porous plate fillers 1 are
dispersed in the matrix 3m to bond the porous plate fillers 1,
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and a volume ratio between the porous plate fillers and the
matrix 1s preferably from 50:50 to 95:5. The volume ratio 1s
more preferably from 60:40 to 90:10 and further preferably
from 70:30 to 85:15. When the volume ratio between the
porous plate fillers 1 and the matrix 3m 1s in this range, the
thermal conductivity can further be decreased. Conse-
quently, a thickness of the heat-insulation film 3 can be
decreased. In consequence, there 1s required less space 1n
which the heat-insulation films 3 are disposed, and cost can
be decreased. Additionally, the matrix 3 having a function
of bonding the porous plate fillers 1 1s easy to exert a
suilicient bonding force, and the porous plate fillers 1 can be
prevented from peeling. That 1s, the strength of the film can
increase. Furthermore, thermal stress can be decreased at a
time of bonding to the dissimilar material. As described
above, when the space for the porous plate fillers 1 increases,
the heat insulation effect can improve, and when a space for
the matrix 3m increases, the strength of the film can increase.
When the volume ratio between the porous plate fillers 1 and
the matrix 3m 1s 1n the above range, heat isulation prop-
erties 1s compatible with the strength of the film.

Directing of the ratio between the porous plate fillers 1
and the matrix 3m by a line will be described with reference
to FIG. 3B. It 1s to be noted that FIG. 3A 1s an 1deal
schematic view, and FIG. 3B 1s a schematic view to explain
measurement of a dispersed state of the porous plate fillers
1 dispersed 1n the matrix 3m. FIG. 3B shows a line segment
235 present on the porous plate fillers 1 and a line segment 26
present on the matrix 3m.

Additionally, 1n the heat-insulation film 3, when a line 1s
drawn from a first surface 23 to a second surface 24 on an
opposite side to the first surface 1n a thickness direction 1n
a cross section parallel to the thickness (film thickness)
direction, a ratio between a sum of lengths of the line
segments 25 present on the porous plate fillers 1 and a sum
ol lengths of the line segments 26 present on the matrix 3w
1s preferably from 50:50 to 95:5. The ratio 1s more preferably
from 60:40 to 90:10 and further preferably from 70:30 to
85:15. Specifically, 10 lines are randomly drawn 1n the cross
section parallel to the thickness (film thickness) direction, a
ratio between the line segments 1s obtained, and an average
of the ratios 1s calculated. Additionally, deviations of the
porous plate fillers 1 1n the matrix 3z can be judged by the
ratio between the sums of the lengths of the line segments.
For example as to each of the 10 randomly drawn lines,
there 1s obtained the ratio between the sum of the lengths of
the line segments 25 present on the porous plate fillers 1 and
the sum of the lengths of the line segments 26 present on the
matrix 3m. When the average of these ratios 1s obtained and
there 1s the ratio which 1s as much as £10% or more away
from the average of the ratios, it can be judged that the
positions where the porous plate fillers 1 are present notice-
ably deviate. In the heat-insulation film 3 of the present
invention, there 1s not any ratio that 1s as much as £10% or
more away Irom the average of the ratios, and the porous
plate fillers 1 are uniformly present in the matrix 3m. Thus,
it can be considered that when the line 1s drawn from the first
surface 23 to the second surface 24 1n the thickness direction
in the cross section parallel to the thickness direction and
when the sum of the lengths of the line segments 235 present
on the porous plate fillers 1 and the sum of the lengths of the
line segments 26 present on the matrix 3m are 1n the above
range, the porous plate fillers 1 are arranged in an amount in
which the heat insulation effect can be exerted, in the
thickness direction. Additionally, it can be considered that a
suflicient amount of the matrix 3m 1s also disposed to
maintain the strength of the film That 1s, when the sum of the
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lengths of the line segments 25 present on the porous plate
fillers 1 and the sum of the lengths of the line segments 26
present on the matrix 3m are 1n this range, the thermal
conductivity can further be decreased, and the strength of the
film can sufliciently be obtained.

In the heat-insulation film 3, the porous plate fillers 1 are
the plates, and hence concavity and convexity are hard to be
formed on the outermost surface of the heat-insulation film
3 as compared with the case of the spherical fillers. There-
fore, even 1n a case where shock 1s given to a heat-insulation
film portion, particle drop of the porous plate fillers 1, 1.e.,
deficiency of the heat-insulation film 3 can be prevented.

It 1s preferable that the heat-insulation film 3 of the
present invention includes at least one of ceramics, glass and
resin as the matrix 3m. From the viewpoint of a thermal
resistance, ceramics or glass 1s more preferable. More spe-
cifically, examples of a maternial forming the matrix 3m
include silica, alumina, mullite, zirconia, titania, silicon
nitride, acid silicon nitride, silicon carbide, acid silicon
carbide, calcium silicate, calcium aluminate, calcium alu-
minosilicate, aluminum phosphate, aluminosilicate, potas-
stum aluminosilicate, and glass. These materials are prefer-
ably amorphous 1from the wviewpomnt of the thermal
conductivity. Alternatively, 1n a case where the material of
the matrix 3m 1s ceramics, the matrix 1s preferably an
assembly of particulates having particle diameters of 500 nm
or less. When the assembly of the particulates having the
particle diameters of 500 nm or less 1s used as the matrix, the
thermal conductivity can further be decreased. Additionally,
in a case where the material forming the matrix 3 1s a resin,
examples of the material include a silicone resin, a polyim-
ide resin, a polyamide resin, an acrylic resin, and an epoxy
resin.

In the heat-insulation film 3, 1t 1s preferable that a porosity
of the whole heat-insulation film 3 1s from 10 to 90%, a
porosity of the porous plate filler 1 1s from 20 to 90%, and
a porosity of the matrix 3m 1s from 0 to 70%.

In the heat-insulation film 3 of the present invention, a
thickness 1s preferably from 1 um to 5 mm. According to
such a thickness, the heat insulation effect can be obtained
without adversely aflecting characteristics of a substrate 8
coated with the heat-insulation film 3. It 1s to be noted that
the thickness of the heat-insulation film 3 can suitably be
selected in the above range 1n accordance with 1ts use
application.

In the heat-insulation film 3 of the present invention, a
heat capacity is preferably 1500 kJ/(m”-K) or less, more
preferably 1300 kJ/(m”-K) or less, further preferably 1000
kJ/(m?-K) or less, and most preferably 500 kJ/(m”-K) or less.
When the heat-insulation film has a low heat capacity, for
example, a temperature of the heat-insulation film 3 1s easy
to drop after exhaust of fuel in a case where the heat-
insulation film 3 1s formed 1n an engine combustion chamber
20 (see FIG. 4). Consequently, a problem such as abnormal
combustion of an engine 10 can be inhibited.

In the heat-insulation film 3 of the present invention, the
thermal conductivity 1s preferably 1.5 W/(m'K) or less. The
thermal conductivity of the heat-insulation film 3 1s further
preferably 1 W/(m'K) or less and most preferably 0.5
W/(m-K) or less. The heat-insulation film has a low thermal
conductivity, whereby the heat transfer can be inhibited.

The heat-insulation film 3 can be formed by applying the
abovementioned coating composition onto the substrate 8
and drying the coating composition. Additionally, the film
can be formed by performing a heat treatment after the
drying. At this time, the thick heat-insulation film 3 can be
formed by repeatedly performing the applying and the
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drying or the heat treatment. Alternatively, the heat-insula-
tion film 3 1s formed on a virtual substrate, and then the
virtual substrate 1s removed, thereby separately preparing
the heat-insulation film 3 singly formed 1nto a thin plate, and
the heat-insulation film 3 may be adhesively bonded to or
bonded to the substrate 8. As the substrate 8, a metal,
ceramics, glass, plastic, wood, cloth, paper or the like is
usable. Especially, examples of the substrate 8 made of the
metal include 1ron, an iron alloy, stainless steel, aluminum,
an aluminum alloy, a nickel alloy, a cobalt alloy, a tungsten
alloy, and a copper alloy.

4. Heat-Insulation-Film Structure

A heat-insulation-film structure of the present invention
will be described with reference to FIG. 3A and FIG. 4. As
shown 1n FIG. 3A, the heat-insulation-film structure of the
present invention 1s a heat-insulation-film structure 1n which
the heat-insulation film 3 mentioned above 1s formed on the
substrate 8. Furthermore, FIG. 4 shows an engine combus-
tion chamber structure of one embodiment of the heat-
insulation-film structure.

As shown 1 FIG. 4, the engine combustion chamber
structure of the one embodiment of the heat-insulation-film
structure of the present invention includes heat-insulation
films 3 formed on surfaces of the engine constitutional
members 21 (a substrate 8) constituting an engine combus-
tion chamber 20. The heat-insulation films 3 of the present
invention are included, whereby a heat insulation pertor-
mance of the engine combustion chamber 20 can improve.

The heat-insulation films 3 are disposed on the surfaces
(inner walls) of the engine constitutional members 21 con-
stituting the engine combustion chamber 20. Specifically,
examples of the surfaces include an upper surface 14s of a
piston 14, valve heads 16s and 17s of a suction valve 16 and
an exhaust valve 17, and a bottom surface 13s of a cylinder
head 13.

The engine 10 has a cylinder block 11 1n which a cylinder
12 1s formed, and the cylinder head 13 attached to cover the
upper surface of the cylinder block 11. In the cylinder 12 of
the cylinder block 11, the piston 14 1s slidably disposed in
an upward-downward direction.

An 1gnition plug 15 1s attached to the cylinder head 13.
Additionally, the suction valve 16 and the exhaust valve 17
are attached, the suction valve 16 1s constituted to open and
close a suction passage 18 formed 1n the cylinder head 13,
and the exhaust valve 17 1s constituted to open and close an
exhaust passage 19.

As shown 1n FIG. 4, the heat-insulation film 3 1s disposed
on the upper surface 14s of the piston 14. Furthermore, the
heat-insulation films 3 are similarly disposed on the valve
heads 165 and 17s of the suction valve 16 and the exhaust
valve 17 and the bottom surface 13s of the cylinder head 13.
These surfaces are surfaces which form the engine combus-
tion chamber 20, and these surfaces include the heat-insu-
lation films 3, whereby the heat insulation performance can
improve.

The suction valve 16 1s opened to supply the fuel to the
engine combustion chamber 20 surrounded by the cylinder
12, the cylinder head 13 and the piston 14, and the fuel 1s
ignited by the 1gnition plug 15 and then combusted. By this
combustion, the piston 14 1s pressed downward. An exhaust
gas generated by the combustion 1s exhausted by opening
the exhaust valve 17.

In the engine 10 (see FIG. 4), it 1s necessary to acquire
heat msulation properties of the engine combustion chamber
20 at a time of combustion 1n a cycle of suction, combustion,
expansion and exhaust, and hence 1mn a case where the
heat-insulation films 3 are disposed in the engine combus-
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tion chamber 20, it 1s necessary to adjust a thickness of each
film to such an extent that the heat insulation eflect can be
obtained. However, when air newly sucked 1nside at a time
ol suction takes heat accumulated in the heat-insulation film
3 to heighten a gas temperature, a problem such as abnormal
combustion might occur. To eliminate this problem, 1t 1s
preferable that the heat-insulation film 3 has a small heat
capacity while having the thickness with which the heat
insulation effect can be obtained. Therefore, the thickness of
the heat-insulation film 3 1s more preferably in a range of 1
um to 5 mm and further preferably in a range of 10 um to
1 mm. When the thickness of the heat-insulation film 3 1s
adjusted 1n this range, the heat insulation effect can suili-
ciently be obtained and the occurrence of the problem of the
abnormal combustion or the like can be 1nhibited.

FIG. 5A shows another embodiment of the heat-insula-
tion-film structure. The embodiment of FIG. 5A 1s the
embodiment of the heat-insulation-film structure 1n which a
bufler bonding layer 4 (a first buller bonding layer 4a), a

heat-insulation film 3 and a surface dense layer 2 are formed
on a substrate 8.

As shown 1 FIG. 5A, 1t 1s preferable that the heat-
insulation-film structure of the present invention includes,
on the surface of the heat-insulation film 3, the surface dense
layer 2 including ceramics and/or glass and having a poros-
ity of 5% or less. In a case where the heat-insulation film 3
1s formed on an 1nner surface of a combustion chamber or a
pipe of an engine of a car or the like, absorption of fuel or
adhesion of cinders can be prevented when the surface dense
layer 2 1s formed on the outermost surface of the heat-
insulation film 3.

Furthermore, when the structure has the surface dense
layer 2 on the surface of the heat-insulation film 3, radiation
can be retlected by the surface dense layer 2 at a time of
combustion of the fuel 1n an engine combustion chamber 20
and heat can be radiated from the surface dense layer 2 at a
time of exhaust, 1n a case where the engine combustion
chamber 20 includes the heat-insulation films 3. Addition-
ally, the heat-insulation film 3 can 1inhibit heat transfer from
the surtace dense layer 2 to engine constitutional members
21. Theretore, at the time of the combustion of the fuel, a
temperature of an inner wall of the engine constitutional
member 21 (a wall surface constituting the engine combus-
tion chamber 20) 1s easy to rise following a gas temperature
of the engine combustion chamber 20.

It 1s preferable that the heat-insulation-film structure of
the present mvention includes the bufler bonding layer 4
having a thickness smaller than the heat-insulation film 3,
between the substrate 8 and the heat-insulation film 3 (FIG.
5A) and/or between the heat-insulation film 3 and the
surface dense layer 2 (see FIG. 5B: a second bufler bonding,
layer 45). When the heat-insulation film 3 1s formed on the
substrate 8 and the bufler bonding layer 4 1s disposed,
peeling due to reaction between the substrate 8 and the
heat-insulation film 3 or mismatch of thermal expansion can
be mhibited in a case where the heat-insulation-film struc-
ture 1s used at high temperatures or used under an environ-
ment which receives a heat cycle.

Heremaftter, the surface dense layer 2 and the builer
bonding layer 4 will be described 1n detail.

(Surface Dense Layer)

The surface dense layer 2 1s a layer including ceramics
denser than the heat-insulation film 3 formed on the surface
of the heat-insulation-film 3 of a porous structure. In the
surface dense layer 2, a porosity 1s 5% or less, preferably
from 0.01 to 4%, and more preferably from 0.01 to 3%.
According to such a dense layer, 1t 1s possible to prevent heat
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conduction due to convection of the gas (fuel) at the time of
the combustion of the fuel. Additionally, the layer i1s dense,
and hence the absorption of the fuel or adhesion of soot or
cinders 1s hard to occur.

It 1s preferable that a material of the surface dense layer
2 1s similar to the heat-insulation film 3, and 1t 1s further
preferable that the material has the same composition as in
the heat-insulation film and a porosity of 3% or less. The
surface dense layer 2 can be made of ceramics, and
examples of the material include alumina, silica, mullite,
silicon nitride, acid silicon nitride, silicon carbide, acid
silicon carbide, titania, zirconia, zinc oxide, and glass.

The surface dense layer 2 1s made of a material which
inhibits radiation heat transier from combustion flame of a
heat source at the time of the combustion of the fuel.
Additionally, 1t 1s preferable that the surface dense layer 2 1s
casy to radiate its own heat at the time of the exhaust of the
tuel. For this purpose, it 1s preferable to control a reflectance
and a radiation rate 1n a wavelength region predicted from
Wien’s displacement law (AmT=2898 [um-K] in which Am
1s a wavelength indicating a maximum radiation strength
and T indicates a temperature). That 1s, the reflectance 1s
preferably large 1n a wavelength smaller than 2 um and the
radiation rate 1s preferably large 1n a wavelength larger than
2 um.

According to the surface dense layer 2 having the porosity
of 5% or less, the radiation heat transfer to an inner wall
constituting the engine combustion chamber 20 can be
inhibited immediately after start of the combustion and 1n a
first half of the combustion. Additionally, 1n a second half of
the combustion and an exhaust step, when the temperature
lowers, heat 1s radiated from the surface dense layer 2 to the
exhaust gas, thereby making it possible to prevent a suction
gas 10 be next introduced from reaching a high temperature.

In the surface dense layer 2, the reflectance 1n the wave-
length of 2 um 1s preferably larger than 0.5. The surface
dense layer has such a reflectance, and hence the heat
conduction to the heat-insulation film 3 can be inhibited.

In the surface dense layer 2, the radiation rate in the
wavelength of 2.5 um 1s preferably larger than 0.5. Addi-
tionally, the surface dense layer has such a radiation rate, and
hence the heated surface dense layer 2 can be easy to cool
down.

The surface dense layer 2 1s preferably thinner, but its
thickness 1s appropnately 1 a range of 10 nm to 100 um.
Additionally, a heat capacity of the surface dense layer 2 1s
preferably 3000 kJ/(m”-K) or less and more preferably 1000
kJ/(m”-K) or less. The thickness is in the above range and the
heat capacity 1s small (a thin film and a small volume), so
that 1n the case where the engine combustion chamber 20
includes the heat-insulation film 3 and the surface dense
layer 2, a temperature of the inner wall of the engine
constitutional member 21 1s easy to follow the gas tempera-
ture 1n the engine combustion chamber 20. A difference
between the gas temperature and the temperature of the
surface dense layer 2 decreases, and a cooling loss can be
decreased.

In the surface dense layer 2, a thermal conductivity 1s
preferably 3 W/(m-K) or less. When the thermal conductiv-
ity 1s 1n this range, the heat conduction to the heat-insulation
film 3 can be 1nhibited.

(Bufler Bonding Layer)

The bufler bonding layer 4 i1s present between the sub-
strate 8 (the engine constitutional member 21) and the
heat-insulation film 3 and/or between the heat-insulation
film 3 and the surface dense layer 2, and a thickness of the
butler bonding layer 1s smaller than that of the heat-insula-
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tion film 3. According to the bufler bonding layer 4, 1t 1s
possible to eliminate mismatch of thermal expansion or
Young’s modulus between both layers which come 1n con-
tact with this buller bonding layer, and 1t 1s possible to
inhibit peeling due to the thermal stress.

The bufler bonding layer 4 1s preferably made of a

material having an adhesively bonding function or a material
which can be formed as a thin film. An example of the bufler
bonding layer 4 1s a layer made of an inorganic binder, an
inorganic polymer, oxide sol, water glass, a brazing maternal,
or a plating film. Alternatively, the buller bonding layer 4
may be a layer made of these materials combined with a
substance similar to the heat-insulation film 3. Additionally,
the buller bonding layer can be obtained by bonding the
heat-insulation film 3 singly formed into the thin plate to the
substrate 8 (the engine constitutional member 21) by the
above material.
It 1s preferable that a thermal expansion coeflicient of the
bufler bonding layer 4 i1s larger than that of one of two
adjacent layers and smaller than that of the other layer.
Additionally, 1t 1s preferable that the Young’s modulus of the
bufler bonding layer 4 1s smaller than those of the other two
adjacent layers. According to such a constitution, a mis-
match between the layers can be eliminated, and the peeling
due to the thermal stress can be inhibited.

In the bufler bonding layer 4, a thermal resistance 1s
preferably large, and specifically, the thermal resistance 1s
preferably 107° m*K/W or more. Furthermore, the thermal
resistance is preferably from 107° to 10 m”K/W, more
preferably from 107 to 10 m°K/W, and further preferably
from 107 to 10 m°’K/W. By forming the buffer bonding
layer 4, the heat insulation effect can further sufliciently be
obtained. Additionally, by forming the builer bonding layer
4, the mismatch of thermal expansion of bodies to be bonded
can be buffered, and a thermal shock resistance and a
thermal stress resistance can improve.

Furthermore, the bufler bonding layer 4 preferably has a
material composition to inhibit mutual reaction of the
respective layers which come 1n contact with the bufler
bonding layer, and consequently, an oxidation resistance and
a reaction resistance improve and a durability of the heat-
insulation film 3 improves.

The heat-insulation film of the present invention can be
disposed 1n the engine combustion chamber 20, and addi-
tionally, the heat-insulation film 1s utilizable 1 a pipe, a
cooling device, a building material or the like.

(Manufacturing Method)

Next, a manufacturing method of the heat-insulation-film
structure will be described in an example of an engine
combustion chamber structure.

In a case where the structure 1s constituted to have the first
bufler bonding layer 4a between the inner wall constituting
the engine combustion chamber 20 (the engine constitu-
tional member 21) and the heat-insulation film 3, materials
which form the first bufler bonding layer 4a are applied
(c.g., the morganic binder or the inorganic polymer, the
oxide sol, the water glass and the brazing material) or
formed into the plating film on the engine constitutional
member 21, and the heat-insulation film 3 1s formed thereon.

The heat-insulation film 3 can be formed by applying,
onto the predetermined substrate 8, the coating composition
in which the porous plate filler 1 1s dispersed 1n the 1norganic
binder or the mnorganic polymer, the oxide sol, the water
glass or the like, followed by drying, and further performing
the heat treatment. A preparing composition of the coating
composition 1s determined in consideration of volumes of
the matrix 3 and the porous plate filler 1 which are present
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alter dried and heated. Specifically, a weight ratio 1s obtained
from a ratio volume to be prepared, via a density, and
weights of the porous plate filler 1 and the matrix 3m are
measured, whereby a desirable volume ratio can be
obtained.

Alternatively, porous thin plates may separately be pre-
pared and attached to the engine constitutional member 21
by use of the material which forms the first builer bonding
layer 4a as a bonding material.

In a case where the structure 1s constituted to have the
second bufler bonding layer 45 between the heat-insulation
film 3 and the surface dense layer 2, the second builler
bonding layer 456 1s formed on the heat-insulation film 3 in
the same manner as 1n the first bufler bonding layer 4a, and
the surface dense layer 2 1s formed thereon.

The surface dense layer 2 can be formed by forming the
heat-insulation film 3 (or forming the second bufler bonding,
layer 4b) and additionally performing a sputtering method,
a PVD method, an EB-PVD method, a CVD method, an AD
method, flame spraying, a plasma spray method, a cold spray
method, plating, a heat treatment after wet type coating, or
the like. Alternatively, a dense thin plate may separately be
prepared as the surface dense layer 2 and bonded to a
substrate material (the first bufler bonding layer 4a or the
engine constitutional member 21) by use of a bonding
material made of a material which forms the heat-insulation
film 3. Alternatively, a dense thin plate may separately be
prepared as the surface dense layer 2 and bonded to the
heat-insulation film 3 by the second bufler bonding layer 454.

EXAMPLES

Hereinafter, the present invention will be described in
more detail on the basis of examples, but the present
invention 1s not limited to these examples.

Examples 1 to 7 and Comparative Examples 1 and
2

First, a pore former (latex particles or melamine resin
particles), polyvinyl butyral resin (PVB) as a binder, DOP as
a plasticizer and xylene and 1-butanol as solvents were
added to vttria partially stabilized zirconia powder, and
mixed 1n a ball mill for 30 hours, to prepare a green sheet
forming slurry. This slurry was subjected to a vacuum
defoaming treatment to adjust a viscosity mto 4000 cps, and
then a green sheet having a thickness of 10 um after fired
was formed by a doctor blade device and cut into a dimen-
sion of an outer shape of 50 mmx50 mm. This formed body
was fired at 1100° C. for one hour, and ground after fired, to
obtain a porous thin plate filler (a porous plate filler 1).

The porous plate filler 1 included pores having pore
diameters of 50 nm and had a thickness (a minimum length)
of 10 um. Additionally, when an aspect ratio of each of 20
optional porous plate fillers was measured, its value was 4.
Additionally, in the porous plate filler 1, a thermal conduc-
tivity was 0.30 W/(m'K), a heat capacity was 1000 kl/
(m”-K), a porosity was 60%, and a particle diameter was
0.13 um.

Additionally, the same material as 1n the porous plate filler
1, which was separately formed into about 0.5 mmx35
mmx30 mm, was fired, 1ts thermal diffusivity was measured
by a light AC method, specific heat of the same material was
measured by a DSC method, and a product of the thermal
diffusivity, the specific heat and a density (an apparent
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particle density) was obtained as the thermal conductivity.
Additionally, the porosity was obtained by the following
equation.

Porosity (%0)=(1-(the apparent particle density/a true
density))x 100

In the above equation, the apparent particle density was
measured by a liguid immersion method 1n which mercury
was used. Additionally, the true density was measured by
pycnometry aiter sufliciently grinding the porous plate filler
1.

The heat capacity of the porous plate filler 1 was calcu-
lated as follows. The specific heat was measured by the DSC
method, and a product of the specific heat and the density
(the apparent particle density) was obtained as the heat
capacity of the porous plate filler 1. The apparent particle
density was measured by the liquid immersion method 1n
which mercury was used.

Additionally, for the particle diameter, a fine structure
(FE-SEM) of the porous plate filler 1 was observed, a size
ol one particle was measured by 1mage processing, and an
average value of 10 particles was obtained.

Next, polysiloxane which became a matrix 3, the porous
plate filler 1 and a coating composition including water were
prepared, applied onto a SUS substrate (a diameter of 10 mm
and a thickness of 1 mm) which was a substrate 8 and dried,
followed by a heat treatment at 200° C. to form a heat-
insulation film 3. At this time, in the heat-insulation film 3,
five or more porous plate fillers 1 were laminated 1n a
thickness direction, and 1ts thickness was about 100 um 1n all
the films.

(Directing of Volume Ratio by Area)

A cross section of the heat-insulation film 3 which was
parallel to the thickness direction was observed with an
SEM. From areas of the porous plate fillers 1 and the matrix
3m 1n the cross section, a volume ratio between the porous
plate fillers 1 and the matrix 3m was calculated.

(Ratio Directing by Line)

The cross section of the heat-insulation film which was
parallel to the thickness direction was observed with the
SEM. In the cross section in the thickness direction, a line
was drawn from a first surface to a second surface on an
opposite side to the first surface 1n the thickness direction. A
sum of lengths of line segments of the line present on the
porous plate filler and a sum of lengths of line segments of
the line present on a matrix were obtained, and a filler ratio
and a matrix ratio were calculated.

Specifically, 10 lines were randomly drawn 1n the cross
section parallel to the thickness (film thickness) direction,
and 1n each line, there was obtained a ratio between a sum
of lengths of line segments 25 present on the porous plate
filler 1 and a sum of lengths of line segments 26 present on
the matrix 3m. Further, an average of these ratios was
obtained (directing by the line (an average value)). Addi-
tionally, by judging whether or not there was a ratio which
was as much as £10% or more away from the average of the
ratios, 1t was judged whether or not positions where the
porous plate fillers 1 were present noticeably deviated
(directing by the line (deviation evaluation)). For example,
in a case where the filler ratio was 80% 1n the average of the
ratios, when the ratios of all the 10 lines were from 70 to
90%, the evaluation was G (good), but on the other hand,

when there was even one ratio which was out of 10%, e.g.,
65%, the evaluation was N (no good).
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(Thermal Conductivity)

A thermal conductivity 1n the cross section of the heat-
insulation film 3 which was parallel to the thickness direc-
tion was measured 1n a laser flash two-layer model.

18

Examples 8 to 17

Porous plate fillers 1 were obtained in steps similar to
those of Examples 1 to 7 and Comparative Examples 1 and
2. Afterward, an aspect ratio, a porosity, a particle diameter,
a thermal conductivity and a heat capacity of each porous
plate filler were obtained by methods similar to those of
Examples 1 to 7 and Comparative Examples 1 and 2, and
Table 1 shows the results.

Next, polysiloxane, the porous plate filler 1 and a coating
composition including water were prepared so that volume
ratios of the porous plate filler 1 and a matrix 3m were 80%
of the porous plate filler 1 and 20% of the matrix 3, and
they were applied onto a SUS substrate (a diameter of 10
mm and a thickness of 1 mm) which was a substrate 8, and
dried, followed by a heat treatment at 200° C. to obtain a
heat-insulation film 3. Afterward, by methods similar to
those of each of Examples 1 to 7 and Comparative Examples
1 and 2, directing by the line on the heat-insulation film 3
(deviation evaluation) was carried out, and a thermal con-
ductivity, a heat capacity and peeling properties were
obtained. Table 2 shows the results.

(Heat Capacity) 5

A heat capacity of the heat-insulation film 3 was calcu-
lated from a product of specific heatxa density (an apparent
particle density) obtained by grinding the heat-insulation
film 3 and then measuring the specific heat by a DSC
method. 10

(Peeling Properties)

A cold cycle at 200° C. to room temperature was carried
out as much as 10 times, and 1t was observed whether or not
the heat-insulation film 3 peeled from the SUS substrate. As
to the results of peeling properties, no peeling (excellent) 1s 15
indicated by E, no peeling (good) 1s indicated by G, and
peeling (no good) 1s 1indicated by N.

Table 2 shows results of the directing of the volume ratio
by the area, the ratio directing by the line, the thermal
conductivity, the heat capacity and the peeling properties 20
concerned with the heat-insulation film of each of Examples
1 to 7 and Comparative Examples 1 and 2.

Comparative
Example 1
Example 1
Example 2
Example 3
Example 4
Example 5
Example 6
Comparative
Example 2
Example 7
Example &
Example 9
Example 10
Example 11
Example 12
Example 13
Example 14
Example 15
Example 16
Example 17

Directing by line

Directing by volume

(average value)

Filler Matrix Filler

ratio ratio ratio
Comparative 98% 2% 98%
Example 1
Example 1 95% 5% 94%
Example 2 90% 10% 88%
Example 3 85% 15% 82%
Example 4 80% 20% 81%
Example 5 70% 30% 72%
Example 6 50% 50% 53%
Comparative 40% 60% 42%

Example 2

TABLE 1
Filler
Minimum Particle Thermal Heat
Aspect length dia. conductivity capacity
ratio (um) Porosity (um) (W/(m - K)) (kI/(m® - K))
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
4 10 60% 0.13 0.30 1000
8 10 60% 0.13 0.30 1000
20 2 60% 0.13 0.30 1000
4 3 60% 0.13 0.30 1000
4 7 60% 0.13 0.30 1000
4 15 60% 0.13 0.30 1000
4 10 52% 0.13 0.50 1250
4 10 70% 0.13 0.15 750
4 10 78% 0.13 0.10 560
4 10 60% 0.07 0.28 1000
4 10 60% 0.90 0.50 1000
TABLE 2
Heat-insulation film
Directing by line Thermal Heat
Matrix (deviation evaluation) conductivity capacity Peeling
ratio Within 10% (W/(m - K)) (kJ/(m” - K)) properties
2% G 0.32 1012 N
6%0 G 0.36 1030 G
12% G 0.37 1060 E
18% G 0.38 1090 E
19% G 0.4 1120 E
28% G 0.8 1180 E
47% G 1.5 1300 E
58% G 2.7 1360 E
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TABLE 2-continued

Directing by line

Directing by volume (average value)

Filler Matrix Filler  Matnx

Directing by line

Exampl
Exampl
Exampl

Examp.

Exampl
Example 1
Example 1
Example 1
Example 1
Example 1

e’/
e 8
e 9
e 10
ell

Example 1

a @ Q@ O @
-] Oy ot e B

ratio

85%
80%
80%
80%
80%
80%
80%
80%
80%
80%
80%

ratio

15%
20%
20%
20%
20%
20%
20%
20%
20%
20%
20%

ratio

82%
80%
80%
80%
80%
84%
81%
1%
1%
1%
1%

QO 0 00 OO

ratio

18%
20%
20%
20%
20%
16%
19%
19%
19%
19%
19%

Within 10%
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In the heat-insulation film 3 of each of Examples 1 to 17,
the volume ratio between the porous plate fillers and the
matrix was from 50:50 to 93:5, the thermal conductivity was
1.5 W/(m-K) or less, and the heat capacity was 1300
kJ/(m>-K) or less. It is to be noted that when the thermal
conductivity or the heat capacity 1s in this range, 1t can be
considered that the heat-insulation film 1s excellent 1n heat
insulation effect and flame retardance. Additionally, the
heat-insulation films 3 of the Examples 1 to 17 were also
excellent 1n peeling properties because peeling did not
occur. In the heat-insulation film 3 of Example 7, as com-
pared with Example 3, a ratio obtained from a volume was
equal, but it was judged 1n the ratio directing by the line that
positions where the porous plate fillers 1 were present
noticeably deviated. Consequently, in Example 7, the ther-
mal conductivity was higher than in Example 3.

In Example 8, the aspect ratio of the porous plate filler 1
was large as compared with Example 4. Consequently, in the
heat-insulation film 3 of Example 8, a heat transier path
lengthened and the thermal conductivity was low, as com-
pared with Example 4. In Example 9, a minimum length of
the porous plate filler 1 was short and the aspect ratio was
large, as compared with Example 4. Consequently, in the
heat-insulation film 3 of Example 9, the number of layers of
the porous plate filler 1 increased and the thermal conduc-
tivity of the film was low, as compared with Example 4.

In Example 10, the minimum length of the porous plate
filler 1 was short as compared with Example 4. In Example
11, the mimimum length of the porous plate filler 1 was
longer than 1 Example 10 but shorter than in Example 4.
Consequently, in Example 10 and Example 11, the thermal
conductivity of the heat-insulation film 3 was low as com-
pared with Example 4, and in Example 10, the thermal
conductivity of the heat-insulation film 3 was further lower
than 1n Example 11. In Example 12, the mimimum length of
the porous plate filler 1 was long as compared with Example
4. Consequently, the number of the layers of the porous plate
filler 1 of Example 12 decreased and the thermal conduc-
tivity of the heat-insulation film 3 was high.

In Example 13, the porosity of the porous plate filler 1 was
low as compared with Example 4. Consequently, the thermal
conductivity and heat capacity of the heat-mnsulation film 3
were high. In Example 14, the porosity of the porous plate
filler 1 was high and the thermal conductivity was low, as
compared with Example 4. Consequently, the thermal con-
ductivity and heat capacity of the heat-insulation film 3 were
low. In Example 15, the porosity of the porous plate filler 1
1s further higher than in Example 14. Consequently, the

(deviation evaluation)
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Heat-insulation film

Thermal Heat

Peeling

conductivity capacity

(W/(m - K)) (kI/(m? - K)) properties

0.43 1090 G
0.32 1120 E
0.31 1120 E
0.33 1120 E
0.34 1120 E
0.43 1120 E
0.70 1320 E
0.30 920 E
0.25 768 E
0.3%8 1120 E
0.70 1120 E

thermal conductivity and heat capacity of the heat-insulation
film 3 were further low. In Example 16, particle diameters of
particles included in the porous plate filler 1 were small and
the thermal conductivity was low, as compared with
Example 4. Consequently, the thermal conductivity of the
heat-insulation film 3 was low. In Example 17, the particle
diameters of the particles included in the porous plate filler
1 were large and the thermal conductivity was high, as

compared with Example 4. Consequently, the thermal con-
ductivity of the heat-insulation film 3 was high.

INDUSTRIAL APPLICABILITY

A heat-insulation film of the present mvention and a
heat-insulation-film structure are applicable to an engine of
a car or the like, a pipe, a building material, a cooking device
or the like.

DESCRIPTION OF REFERENCE NUMERALS

1: porous plate filler, 2: surface dense layer, 3: heat-
insulation film, 3m: matrnix, 4: buller bonding layer, 4a: first
bufler bonding layer, 4b: second bufller bonding layer, 7:
coating layer, 8: substrate, 10: engine, 11: cylinder block, 12:
cylinder, 13: cylinder head, 13s: bottom surface (of the
cylinder head), 14: piston, 14s: upper surface (of the piston),
15: 1gnition plug, 16: suction valve, 16s: valve head, 17:
exhaust valve, 17s: valve head, 18: suction passage, 19:
exhaust passage, 20: engine combustion chamber, 21:
engine constitutional member, 23: first surface, 24: second
surface, 235: line segment present on the porous plate filler,
26: line segment present on the matrix, and 31: spherical

filler.

The mvention claimed 1s:

1. A heat-insulation film i1n which porous plate fillers
comprising plates having an aspect ratio of 3 or more, a
thickness of 0.1 to 50 um and a porosity of 20 to 90% are
dispersed 1n a matrix to bond the porous plate fillers, and a
volume ratio between the porous plate fillers and the matrix
1s from 60:40 to 90:10,

wherein when a line 1s drawn from a first surface to a

second surface on an opposite side to the first surface
in a thickness direction in a cross section parallel to the
thickness direct, a ratio between a sum of lengths of
line segments present on the porous plate fillers and
sum of lengths of line segments present on the matrix

1s from 50:50 to 95:5.
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2. The heat-insulation film according to claim 1, wherein
a thermal conductivity of the porous plate filler 1s 1 W/(m-K)
or less.

3. The heat-insulation film according to claim 1, wherein
a heat capacity of the porous plate filler 1s from 10 to 3000
kJ/(m”K).

4. The heat-insulation film according to claim 1, wherein
the porous plate filler comprises pores of a nanoorder.

5. The heat-insulation film according to claim 1, wherein
the porous plate filler includes a metal oxide.

6. The heat-insulation film according to claim 1, wherein
the porous plate filler comprises particles having particle
diameters of 1 nm to 10 um.

7. The heat-insulation film according to claim 1, wherein
a heat capacity of the film is 1500 kJ/(m™>-K) or less.

8. The heat-insulation film according to claim 1, wherein
a thermal conductivity of the film 1s 1.5 W/(m-K) or less.

9. A heat-insulation-film structure 1 which the heat-
insulation film according to claim 1 1s formed on a substrate.

10. The heat-insulation-film structure according to claim
9. which has, on the surface of the heat-insulation film, a
surface dense layer including ceramics and/or glass and
having a porosity of 3% or less.

11. The heat-insulation-film structure according to claim
10, which comprises a bufler bonding layer having a thick-
ness smaller than the heat-insulation film, between the
substrate and the heat-insulation film and/or between the
heat-insulation film and the surface dense layer.
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