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ABSTRACT OF THE DISCLOSURE

A separator of a fuel cell includes a base matenal and a surface treatment layer
formed on the base material. The surface treatment layer includes a base material-side
portion made from metal and a base material opposite-side portion made from carbon
formed at an atom level or composite materials of carbon and metal or semi-metal.

The surface treatment layer may further include carbon particle composite layer formed
on the base material opposite-side portion formed at an atom level. In a manufacturing
method of the above separator of a fuel cell, the base matenal opposite-side portion 1s

formed by dry coating.
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SEPARATOR OF A FUEL CELL AND A MANUFACTURING METHOD THEREOF

- BACKGROUND OF THE INVENTION
1. Field of the Invention

The present invention relates to a separator for a fuel cell and a manufacturing
method thereof, and more particularly, relates to a metal separator of PEFC (Polymer
Electrolyte Fuel Cell) and a manufacturing method thereof.

2. Description of Related Art

A PEFC apparatus includes individual fuel cells. Each fuel cell includes a
membrane-electrode assembly (MEA) and a separator. The MEA includes an
electrolyte membrane and a pair of electrodes disposed on opposite sides of the
clectrolyte membrane. The pair of electrodes includes an anode provided on one side
of the membrane and constructed of a first catalyst layer and cathode provided on the
other side of the membrane and constructed of a second catalyst layer. A first diffusion
layer may be provided between the first catalyst layer and a first separator and a second
diffusion layer may be provided between the second catalyst layer and a second
separator. The first separator has a passage formed therein for supplying fuel gas
(hydrogen) to the anode and the second separator has a passage formed therein for
supplying oxidant gas (oxygen, usually, air) to the cathode. The separator constructs a
passage of electrons between adjacent fuel cells.

At least one layer of the fuel cell constructs a module. A number of modules
are piled, and electrical terminals, electrical insulators, and end plates are disposed at
opposite ends of the pile of modules. After tightening the pile of modules in a fuel cell
stacking direction, the end plates are coupled to a fastening member (for example, a

tension plate) extending in the fuel cell stacking direction outside the pile of modules by
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bolts extending perpendicularly to the fuel cell stacking direction, thereby constructing
a stack of fuel cells.

In the PEFC, at the anode, hydrogen 1s changed to positively charged hydrogen
1ions (1.e., protons) and electrons. The hydrogen 1ons move through the electrolyte
membrane to the cathode where the hydrogen ions react with oxygen supplied and
electrons (which are generated at an anode of the adjacent MEA and move to the
cathode of the instant MEA through a separator, or which are generated at an anode of
one of the axially outmost fuel cells and move to the cathode of the other of the axially

outmost fuel cell through an outside electrical circuit) to form water as follows:

At the anode: H, . 2H" + 2¢”

At the cathode: 2H" + 2¢"+ (1/2)0, . H,O

Since the separator 1s required to have an electrical conductivity, the separator is
made from metal, carbon, electrically conductive synthetic resin, or combination of
metal and synthetic resin.

The carbon separator and the electrically conductive synthetic resin separator are
chemically stable even when exposed to acid water and maintains the electrical
conductivity for a long pertod of time. However, since it has to have a relatively large
thickness for ensuring a strength at a bottom of the reactant gas passage when the
passage 1s formed 1n the separator, a length of the fuel cell stack is necessarily large.

In contrast, with the metal separator, since the metal separator has a relatively
large strength and the thickness at the bottom of the reactant gas passage of the
separator may be thin, a length of the fuel cell stack 1s relatively small. However, since
the metal separator suffers corrosion when exposed to acid water for a long period of
time, there arises the problems of a decrease in the electrical conductivity due to the

corrosion and a decrease of the electrical output of the fuel cell. Therefore, to use the
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metal separator, the corrosion resistance and the electrical conductivity of the metal
separator should be assured for a long period of time.

Japanese Patent Application 2000-67881 discloses a separator for a fuel cell
where an amorphous carbon layer, which is excellent in electrical conductivity and
corrosion resistance, 1s formed directly on a surface of a base material of the separator
by ion beam vapor deposition method.

However, with the conventional metal separator, there is a problem that since the
carbon layer is formed directly on the metal separator base material, bonding of the
carbon layer with the metal separator base material (SUS) 1s insufficient. When an
acid water 1nvades between the carbon layer and the base material at carbon layer
peeled portions, metal of the base metal 1s melted in the form of ions into the water to

attack the membrane electrolyte to shorten the life of the fuel cell.

SUMMARY OF THE INVENTION
An object of the present invention is to provide a separator, a base material of
which 1s metal, of a fuel cell and a manufacturing method thereof which can maintain a
high electrical conductivity and an excellent corrosion resistance for a long period of

time.

The above object can be performed by the following separator and
manufacturing method according to the present invention:
(1) A separator of a fuel cell including:

a base material made of metal and a surface treatment layer formed on the base

maternial,

the surface treatment layer including:

- [ A
S
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a base matenal-side portion made from metal or semi-metal (Me), or carbide of
the metal or semi-metal (MeC); and

a base material opposite-side portion made from carbon (C) formed at an atom
level, or composite materials of carbon and (a) the metal or semi-metal or (b) the
carbide of the metal or semi-metal (C + Me or MeC) formed at an atom level.

(2) A separator according to above (1), wherein the surface treatment layer
further includes a carbon particle composite layer formed on the base material opposite-
side portion.

(3) A manufacturing method for a separator of a fuel cell including a base
material made of metal and a surface treatment layer formed on the base material, the
surface treatment layer including:

a base matenial-side portion made from metal or semi-metal (Me), or carbide of
the metal or semi-metal (MeC); and

a base material opposite-side portion made from carbon (C) formed at an atom
level, or composite materials of carbon and (a) the metal or semi-metal or (b) the
carbide of the metal or semi-metal (C + Me or MeC) formed at an atom level,

the method including a step of forming the base material opposite-side portion
by dry-coating including a physical vapor deposition.

(4) A method according to above (3), further including a step of forming a
carbon particle composite layer on the base material opposite-side portion.

According to above (1), since the surface treatment layer includes a metal layer
(the base material-side portion) between the carbon layer (the base material opposite-
side portion) and the separator base material, a bond between the carbon layer and the
separator base matenal 1s enhanced so that a corrosion resistance and a life of the fuel

cell are improved. Further, since the carbon layer is formed at an atom level, defects
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are unlikely to be generated in the carbon layer so that a high electrical conductivity (a
low electric resistance) and a high corrosion resistance are obtained.

According to above (2), since the carbon particle composite layer (for example,
a carbon coating layer, thus, formed at a non-atom level) is formed on the base matenal
opposite-side portion, the effect of the above (1) is obtained as it is. If as a surface
treatment layer, a noble metal layer 1s formed on the base material and a carbon coating
layer 1s formed on the noble metal layer, a low electric resistance, a high corrosion
resistance and a long life will be obtained. The same effects as those of the surface
treatment layer of the noble metal layer and the carbon coating layer can be obtained by
the above (2), without using noble metal, that is, at a cheaper cost.

According to above (3) and (4), since at least the carbon layer is formed by dry

coating, the carbon layer can be formed easily at an atom level.

BRIEF DESCRIPTION OF THE DRAWINGS

The above and other objects, features, and advantages of the present invention
will become apparent and will be more readily appreciated from the following detailed
description of the preferred embodiments of the present invention in conjunction with
the accompanying drawings, in which:

FIG. 1 1s an enlarged, cross-sectional view of one portion of a separator of a fuel
cell of Vanation I according to a first embodiment and a second embodiment of the
present invention.

FIG. 2 1s an enlarged, cross sectional view of one portion of a separator of a fuel

cell of Vanation II according to a first embodiment and a second embodiment of the

present mvention.

FIG. 3 1s an enlarged, cross-sectional view of one portion of a separator of a fuel

“J
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cell of Vanation III according to a first embodiment and a second embodiment of the
present invention.

FIG. 4 1s an enlarged, cross-sectional view of one portion of a separator of a fuel
cell of Variation IV according to a first embodiment and a second embodiment of the
present invention.

FIG. 5 1s an enlarged, cross-sectional view of one portion of a separator of a fuel
cell of Vanation V according to a first embodiment and a second embodiment of the
present invention.

FIG. 6 1s an enlarged, cross-sectional view of one portion of a separator of a fuel
cell of Vanation VI according to a first embodiment and a second embodiment of the
present invention.

FIG. 7 1s an enlarged, cross-sectional view of one portion of a separator of a fuel
cell of Vanation VII according to a first embodiment and a second embodiment of the
present invention.

FIG. 8 1s an enlarged, cross-sectional view of one portion of a separator of a fuel
cell of Vaniation VIII according to a first embodiment and a second embodiment of the
present invention.

FIG. 9 1s an enlarged, cross-sectional view of one portion of a separator of a fuel
cell of Variation IX according to a first embodiment and a second embodiment of the
present invention.

FIG. 10 1s an enlarged, cross-sectional view of one portion of a separator of a
fuel cell of Varniation X according to a first embodiment and a second embodiment of
the present invention.

FIG. 11 1s an enlarged, cross-sectional view of one portion of a separator of a

fuel cell of Vanation XI according to a first embodiment and a second embodiment of

()
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the present invention.

FIG. 12 is an enlarged, cross-sectional view of one portion of a separator of a
fuel cell of Vanation XII according to a first embodiment and a second embodiment of
the present invention.

FIG. 13 is an enlarged cross-sectional view of one portion of a separator of a fuel
cell according to a second embodiment of the present invention.

FIG. 14 1s a cross-sectional view of an apparatus for conducting corrosion
resistance tests 1 and 2 for a separator according to the present mnvention and a
comparison example.

FIG. 15 1s a graph 1llustrating test results of the corrosion resistance test 1 for the
separator according to the present invention and the comparison example.

F1G. 16 1s a graph illustrating test results of the corrosion resistance test 2 for the
separator according to the present invention and the comparison example.

F1G. 17 1s a cross-sectional view of an apparatus for conducting contact
resistance tests 1 and 2 for a separator according to the present invention and a
comparison example.

FIG. 18 1s a graph 1llustrating test results of the contact resistance test 1 for the
separator according to the present invention and the comparison example.

FI1G. 19 1s a graph illustrating test results of the contact resistance test 2 for the

separator according to the present invention and the comparison example.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS
A separator of a fuel cell and a manufacturing method thereof according to the
present invention will be explained with reference to FIGS. 1-19.

FIGS. 1-12 illustrate Embodiment 1 of the present invention. In Embodiment 1,
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the separator has a surface treatment layer including a carbon layer formed at an atom

level.

FIG. 13 illustrates Embodiment 2 of the present invention. In Embodiment 2,
the separator has a surface treatment layer including a carbon particle composite layer
further formed on the carbon layer of Embodiment 1.

FIGS. 1-12 1llustrate a plurality of vartations (Vanations I-XII) of the surface
treatment layer applicable to Embodiments 1 and 2.

Portions common or similar to all of the embodiments and vanations of the
present invention are denoted with the same reference numerals throughout all of the
embodiments of the present invention.

First, those portions common or similar to all of the embodiments and variations
will be explained with reference to FIG. 1.

A fuel cell into which a separator according to the present invention is piled is
mounted to, for example, a vehicle. However, the fuel cell may be used for other than
a vehicle. The fuel cell 1s of a polymer electrolyte fuel cell (PEFC). The PEFC may
have the same stack structure as that of the conventional fuel cell explained in Related
Art.

The separator 10 of the fuel cell 1s a metal separator, and as 1llustrated in FIG. 1,
has a separator base material 11 (hereinafter, base material) made of metal and a surface
treatment layer 12 formed on a surface of the base matenal 11.

The surface treatment layer 12 includes:

a base matenal-side portion 12a (a portion close to the base material 11) made
from metal or semi-metal (Me), or carbide of the metal or semi-metal (MeC); and

a base material oppostte-side portion 12b (a portion far from the base material

11) made from carbon (C) formed at an atom level, or composite materials of carbon
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and (a) the metal or semi-metal or (b) the carbide of the metal or semi-metal (C + Me or
Me(C) formed at an atom level.

The surface treatment surface 12 includes at least two of (a) metal or semi-metal,
(b) carbide of the metal or semi-metal, and (c) carbon. The surface treatment surface
12 may have an inclination 1n a composition ratio between the base matenal-side
portion 12a and the base matenal opposite-side portion 12b. In the case, the outside
carbon layer may be the (C + Me or Me(C).

The metal (Me) of the surface treatment surface 12 may be of the same kind as
or that of the base material 11 or of a different kind from that of the base material 11.

Pretferably, the metal or semi-metal (Me) has a corrosion resistance equal to or
more than that of the base matenial 11 and has a chemical reactivity (a bond) with
carbon.

The metal of the base material 11 includes stainless steel (SUS), steel, aluminum
(Al), aluminum alloy, titanium (Ti), and titanium alloy.

The base material opposite-side portion 12b of the surface treatment layer 12,
constructed of carbon (C) formed at an atom level, or composite materials of carbon and
the metal or semi-metal or the carbide of the metal or semi-metal (C + Me or MeC)
formed at an atom level 1s tormed by a dry coating which includes any one of:
a) PVD (physical vapor deposition) including a vapor deposition, sputtering and ion
plating (1n the process, a gas such as HC as well as a solid target may be used for a
carbon source), and
b) CVD (chemical vapor deposition).

Carbon has a low electric resistance and a high corrosion resistance. The

carbon (C) formed at an atom level or the composite materials of carbon and the metal

or semi-metal or the carbide of the metal or semi-metal (C + Me or MeC) formed at an



CA 02430666 2003-06-02

atom level has almost no defects (porosities).

The metal or semi-metal (Me) constructing the base material-side portion 12a
includes: titammum (T1), zirconium (Zr), hafnium (Hf) of Group 4A of penodic table;
vanadium (V), niobium (Nb), tantalum (Ta) of Group SA of periodic table; chromium
(Cr), molybdenum (Mo), tungsten (W) of Group 6 A of periodic table; silicon (S1) of
Group 4B of periodic table; and boron (B) of Group 3B of periodic table.

The metal or semi-metal (Me) has a high carbide forming ability (a high affinity
with carbon) and is a metal or semi-metal having a bond ability with carbon. The
metal or semi-metal (Me) has a high acid resistance and a high corrosion resistance.

Because of metal or semi-metal, the metal or semi-metal (Me) can conduct
metal-metal bonding. As a result, the bond strength of the metal or semi-metal (Me)
layer with the base material 11 1s increased and is unlikely to peel off, and micro-sized
defects of an atom level 1s suppressed.

Preferably, the metal or semi-metal (Me) layer constructing the base material-
side portion 12a 1s formed by a dry coating including PVD and CVD. However, the
(Me) layer may be formed by a wet coating including an electrical plating other than
vapor deposition.

FIGS. 1-12 illustrate various variations (Variations I-X1I) which the surface
treatment layer 12 can take and are applicable to each of Embodiments 1 and 2 of the

present invention. The surface treatment layer 12 may take any structure of FIGS. 1-

12. Each variation will be explained below.

|Vanation I}
In Variation I, as illustrated in FIG. 1, the surface treatment layer 12 includes:

a (Me or Me(C) layer 13 formed on the base material 11, made from the metal or
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semi-metal (Me) having a corrosion resistance or the carbide of the metal or semi-metal
(MeC);

a (carbon-Me or MeC) inclination layer 14 formed on the (Me or MeC) layer 13,
including the carbon (C), and the metal or semi-metal (Me), which may the same kind
of metal as that of the layer 13 or may be a different kind of metal from that of the layer
13, or the carbide of the metal or semi-metal (MeC), where a composition ratio of the
carbon (C) 1s increased in a direction away from the base material 11; and

a carbon layer 15 formed at an atom level, formed on the (carbon-Me or MeC)
inclination layer 14.

The base material-side portion 12a includes (is formed by) the (Me or MeC)
layer 13, and the base material opposite-side portion 12b includes (is formed by) the
carbon layer 15.

Eftfects obtained by Vanation I are as follows:

(a) Since the carbon layer 15 is provided, a low electric resistance and a high corrosion
resistance are obtained, so that a reliability of the separator is improved.
(b) Since the (carbon-Me or MeC) inclination layer 14 is provided,

(b-1) due to the carbon-metal bonding, the (carbon-Me or MeC) inclination layer
14 1s tight, so that a low electric resistance and a high corrosion resistance are obtained:;
and

(b-2) due to the inclination of the composition ratio of carbon and metal or semi-
metal, a stress 1n the (carbon-Me or MeC) inclination layer 14 is relieved, so that a bond
strength between the (carbon-Me or MeC) inclination layer 14 and each of the carbon
layer 15 and the (Me or MeC) layer 13 is increased, and as a result, a bond strength

between the carbon layer 15 and the base material 11 also is increased.

(c) Since the (Me or MeC) layer 13 is provided,

| |
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(c-1) due to the metal-metal bonding between the (Me or Me(C) layer 13 and the
(carbon-Me or MeC) inclination layer 14, and due to the metal-metal bonding between
the (Me or Me(C) layer 13 and the base matenal 11, bond strengths between the layers
are increased, so that a structural reliability is increased; and

(c-2) by using a metal more ¢electric-chemically stable than the base matenial 11,

for the (Me or MeC) layer 13, a high corrosion resistance 1s obtained.

[Vanation 11}

In Vanation II, as 1llustrated in FIG. 2, the surface treatment layer 12 includes:

a (carbon-Me or MeC) inchination layer 14 formed on the base material 11,
including the carbon (C), and the metal or semi-metal (Me) or the carbide of the metal
or semi-metal (MeC), where a composition ratio of the carbon (C) 1s increased in a
direction away from the base material 11; and

a carbon layer 15 formed at an atom level, formed on the (carbon-Me or MeC)
inclination layer 14.

The base material-side portion 12a includes a portion close to the base material
11, of the (carbon-Me or MeC) inclination layer 14, and the base material opposite-side
portion 12b includes the carbon layer 15.

Effects obtained by Variation Il are as follows:
(a) Since the carbon layer 15 1s provided, a low electric resistance and a high corrosion
resistance are obtained, so that a reliability of the separator is improved.
(b) Since the (carbon-Me or MeC) inclination layer 14 is provided,

(b-1) due to the carbon-metal bonding, the (carbon-Me or MeC) inclination layer

14 1s tight, so that a low electric resistance and a high corrosion resistance are obtained;

and
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(b-2) due to the inclination of the composition ratio of carbon and metal or semi-
metal, a stress in the (carbon-Me or MeC) inchination layer 14 1s relieved, so that a bond
strength between the (carbon-Me or MeC) inclination layer 14 and each of the carbon

layer 15 and the base material 11 1s increased, and as a result, a bond strength between

the carbon layer 15 and the base material 11 also 1s increased.

[Vanation I}
In Vaniation 111, as illustrated in FIG. 3, the surface treatment layer 12 includes:

a (Me or MeC(C) layer 13 formed on the base material 11, made from the metal or

semi-metal (Me) having a corrosion resistance and a bond ability with carbon or the

carbide of the metal or semi-metal (MeC); and

a carbon layer 15 formed at an atom level, formed on the (Me or MeC) layer 13.
The base matenal-side portion 12a includes the (Me or MeC) layer 13, and the
base material opposite-side portion 12b includes the carbon layer 15.

Effects obtained by Vanation III are as follows:

(a) Since the carbon layer 15 1s provided, a low electric resistance and a high corrosion
resistance are obtained, so that a rehability of the separator 1s improved.

(b) Since the (Me or MeC(C) layer 13 is provided,

(b-1) due to the metal-metal bonding between the (Me or MeC) layer 13 and the
base material 11 and due to the carbon-metal bonding between the (Me or MeC) layer
13 and the carbon layer 15, bond strengths between the layers are increased, so that a

structural reliability is increased; and

(b-2) by using a metal more electric-chemically stable than the base material 11,

for the (Me or MeC) layer 13, a high corrosion resistance 1s obtained.
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[Vanation 1V}

In Variation IV, as 1llustrated in FIG. 4, the surface treatment layer 12 includes a
(carbon-Me or Me(C) inclination layer 14 formed on the base material 11, including the
carbon (C), and the metal or semi-metal (Me) or the carbide of the metal or semi-metal
(MeC), where a composition ratio of the carbon (C) 1s increased 1n a direction away
from the base matenal 11.

The base material-side portion 12a includes a portion close to the base material
11, of the (carbon-Me or MeC) inclination layer 14, and the base material opposite-side
portion 12b includes a portion far from the base material 11, of the (carbon-Me or MeC)
inclination layer 14.

Effects obtained by Vanation IV are as follows:

(a) Since the (carbon-Me or MeC) inclination layer 14 is provided,

(b-1) due to the carbon-metal bonding, the (carbon-Me or MeC) inclination layer
14 1s tight, so that a low electric resistance and a high corrosion resistance are obtained;
and

due to the structure that the base material opposite-side portion 12b includes a
portion far from the base matenal 11, of the (carbon-Me or MeC) inclination layer 14
and that the portion far from the base material 11 1s almost a carbon layer, a low electric
resistance and a high corrosion resistance are obtained, so that a reliability of the
separator 1s improved; and

(b-2) due to the inclination of the composition ratio of carbon and metal or
semi-metal, a stress in the (carbon-Me or MeC) inclination layer 14 1s relieved.
Further, since a bond strength between layers in the (carbon-Me or MeC) inclination
layer 14 1s large and a bond strength between the base material-side portion 12a and the

base matenal 11 1s large, the outermost portion which is an almost carbon portion, of the

g
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(carbon-Me or MeC) inclination layer 14 strongly bonds to the base matertal 11. Asa

result, a high corrosion resistance and a long life are assured.

[Vanation V]

Variations V-VIII are variations of intermediate layers 13 and 14 of Varnations I-
1V, where the metal or semi-metal (Me) are constructed of two or more metals or semi-
metals, for example, Me(A) of tungsten and Me(B) of chromium. The layer may
include a plurality kinds of metals or semi-metals where the composition ratio inclines,
and may 1nclude one kind of metal or semi-metal.

More particularly, in Vanation V, as illustrated in FIG. S, the surface treatment
layer 12 includes:

a (Me(B) or Me(B)C) layer 13 formed on the base material 11, made from the
metal or semi-metal (Me(B)) of a kind (B) having a corrosion resistance or the carbide
of the metal or semi-metal of the kind (B) (Me(B)C);

a (Me(A) or Me(A)C-Me(B) or Me(B)C) inclination layer 14-1 formed on the
(Me(B) or Me(B)C) layer 13, including the metal or semi-metal (Me(A)) of another
kind (A) or the carbide of the metal or semi-metal of the kind (A) (Me(A)C), and the
metal or semi-metal (Me(B)) of the kind (B) or the carbide of the metal or semi-metal of
the kind (B) (Me(B)C), where a composition ratio of the metal or semi-metal (Me(A))
of the kind (A) or the carbide of the metal or semi-metal of the second kind (A)
(Me(A)C) 1s increased in a direction away from the base material 11;

a (carbon-Me(A) or Me(A)C) inchination layer 14-2 formed on the (Me(A) or
Me(A)C-Me(B) or Me(B)C) inchination layer 14-1, including the carbon (C), and the
metal or semi-metal (Me(A)) of the kind (A) or the carbide of the metal or semi-metal

(Me(A)C) of the kind (A), where a composition ratio of the carbon (C) is increased in a

)
|4
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direction away from the base matenal 11; and

a carbon layer 15 formed at an atom level, formed on the (carbon-Me(A) or
Me(A)C) inclination layer 14-2.

In a case where the metal or semi-metal includes two kinds (A) and (B), the

inclination layer includes two layers 14-1 and 14-2, and 1n a case where the metal or
semi-metal includes a plurality of kinds (A), (B) . and (N), the inclination layer

includes a plurality of layers 14-1, 14-2, . and 14-N.

The base matenial-side portion 12a includes the (Me(B) or Me(B)C) layer 13,
and the base material opposite-side portion 12b includes the carbon layer 15.

Effects obtained by Varnation V are as follows:

(a) Since the carbon layer 15 is provided, a low electric resistance and a high corrosion
resistance are obtained, so that a reliability of the separator is improved.

(b) Since the (Me(A) or Me(A)C-Me(B) or Me(B)C) inclination layer 14-1 and the
(carbon-Me(A) or Me(A)C) inclination layer 14-2 are provided,

(b-1) due to the metal-metal bonding and the carbon-metal bonding, the (Me(A)
or Me(A)C-Me(B) or Me(B)C) inchination layer 14-1 and the (carbon-Me(A) or
Me(A)C) inchination layer 14-2 are tight, so that a low electric resistance and a high
corrosion resistance are obtained;

(b-2) due to the inclination of the composition ratio of carbon and metal or semi-
metal (A) and the inclination of the composition ratio of metal or semi-metal (A) and
metal or semi-metal (B), a stress in the (Me(A) or Me(A)C-Me(B) or Me(B)C)
inclination layer 14-1 and a stress in the (carbon-Me(A) or Me(A)C) inclination layer
14-2 are relieved, so that a bond strength between the (carbon-Me(A) or Me(A)C)

inclination layer 14-2 and the carbon layer 15 and a bond strength between the (carbon-

Me(B) or Me(B)C) inclination layer 14-1 and the (Me(B) or Me(B)C) layer 13 are

16



CA 02430666 2003-06-02

increased, and as a result, a bond strength between the carbon layer 15 and the (Me(B)
or Me(B)C) layer 13 (thus, the base material 11) also is increased; and

(b-3) due to the provision of two or more inclination layers 14-1 and 14-2, a
stress in the surface treatment layer 12 1s more relieved than in a case of a single
mclination layer.

(c) Since the (Me(B) or Me(B)C) layer 13 is provided,

(c-1) due to the metal-metal bonding between the (Me(B) or Me(B)C) layer 13
and the(Me(A) or Me(A)C-Me(B) or Me(B)C) inclination layer 14-1, and due to the
metal-metal bonding between the (Me(B) or Me(B)C) layer 13 and the base material 11,
bond strengths between the layers are increased, so that a structural reliability is
increased; and

(c-2) by using a metal more electric-chemically stable than the base material 11,

tfor the (Me(B) or Me(B)C) layer 13, a high corrosion resistance is obtained.

[Varnation VI]

In Vanation VI, as illustrated in FIG. 6, the surface treatment layer 12 includes:

a (Me(A) or Me(A)C-Me(B) or Me(B)C) inclination layer 14-1 formed on the
base maternial 11, including the metal or semi-metal (Me(A)) of a kind (A) or the carbide
of the metal or semi-metal of the kind (A) (Me(A)C), and the metal or semi-metal
(Me(B)) of the kind (B) or the carbide of the metal or semi-metal of the kind (B)
(Me(B)C), where a composttion ratio of the metal or semi-metal (Me(A)) of the kind
(A) or the carbide of the metal or semi-metal of the second kind (A) (Me(A)C) is
increased 1n a direction away from the base material 11;

a (carbon-Me(A) or Me(A)C) inclination layer 14-2 formed on the (Me(A) or

Me(A)C-Me(B) or Me(B)C) inclination layer 14-1, including the carbon (C), and the
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metal or semi-metal (Me(A)) of the kind (A) or the carbide of the metal or semi-metal
(Me(A)C) of the kind (A), where a composition ratio of the carbon (C) 1s increased in a
direction away from the base material 11; and

a carbon layer 15 formed at an atom level, formed on the (carbon-Me(A) or
Me(A)C) inclination layer 14-2.

The base maternial-side portion 12a includes a portion close to the base material
11 (that 1s, a (Me(B) or (Me(B)C) portion), of the (Me(A) or Me(A)C-Me(B) or
Me(B)C) inclination layer 14-1, and the base material opposite-side portion 12b
includes the carbon layer 15.

Effects obtained by Vanation VI are as follows:

(a) Since the carbon layer 15 1s provided, a low electric resistance and a high corrosion
resistance are obtained, so that a reliability of the separator is improved.

(b) Since the (Me(A) or Me(A)C-Me(B) or Me(B)C) inclination layer 14-1 and the
(carbon-Me(A) or Me(A)C) inclination layer 14-2 are provided,

(b-1) due to the metal-metal bonding and the carbon-metal bonding, the (Me(A)
or Me(A)C-Me(B) or Me(B)C) inclination layer 14-1 and the (carbon-Me(A) or
Me(A)C) inclination layer 14-2 are tight, so that a low electric resistance and a high
corrosion resistance are obtained;

(b-2) due to the inclination of the composition ratio of carbon and metal or semi-
metal (A) and the inclination of the composition ratio of metal or semi-metal (A) and
metal or semi-metal (B), a stress in the (Me(A) or Me(A)C-Me(B) or Me(B)C)
inclination layer 14-1 and a stress in the (carbon-Me(A) or Me(A)C) inclination layer
14-2 are relieved, so that a bond strength between the (carbon-Me(A) or Me(A)C)
inclination layer 14-2 and the carbon layer 15 and a bond strength between the (carbon-

Me(B) or Me(B)C) inclination layer 14-1 and the base material 11 are increased, and as
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a result, a bond strength between the carbon layer 15 and the base matenial 11 also 1s
increased; and

(b-3) due to the provision of two or more inclination layers 14-1 and 14-2, a
stress 1n the surface treatment layer 12 1s more rehieved than 1n a case of a single

inclination layer.

[Vanation VII]

In Vanation VII, as illustrated in FIG. 7, the surface treatment layer 12 includes:

a (Me(B) or Me(B)C) layer 13-1 formed on the base material 11, made from the
metal or semi-metal (Me(B)) of a kind (B) having a corrosion resistance or the carbide
of the metal or semi-metal of the kind (B) (Me(B)C);

a (Me(A) or Me(A)C) layer 13-2 formed on the (Me(B) or Me(B)C) layer 13-1,
made from the metal or semi-metal (Me(A)) of a kind (A) having a bonding ability with
carbon or the carbide of the metal or semi-metal of the kind (A) (Me(A)C); and

a carbon layer 15 formed at an atom level, formed on the (Me(A) or Me(A)C)
layer 13-2.

The base material-side portion 12a includes the (Me(B) or Me(B)C) layer 13-1,
and the base material opposite-side portion 12b includes the carbon layer 15.

Effects obtained by Variation VII are as follows:

(a) Since the carbon layer 15 is provided, a low electric resistance and a high corrosion
resistance are obtained, so that a reliability of the separator is improved.

(b) Since the (Me(B) or Me(B)C) layer 13-1 and (Me(A) or Me(A)C) layer 13-2 are
provided,

(b-1) due to the metal-metal bonding between the (Me(B) or Me(B)C) layer 13-1

and the base material 11 and due to the carbon-metal bonding between the (Me(A) or
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Me(A)C) layer 13-2 and the carbon layer 15, bond strengths between the layers are
increased, so that a structural reliability 1s increased;
(b-2) by using a metal more electric-chemically stable than the base matenal 11,
for the (Me(B) or Me(B)C) layer 13-1, a high corrosion resistance 1s obtained; and
(b-3) due to the provision of the two layers 13-1 and 13-2, a stress in the surface

treatment layer 12 is relieved more than that in a case of a single layer.

[Vanation VIII}
In Vanation VIII, as illustrated in FIG. 8, the surface treatment layer 12 includes:

a (Me(A) or Me(A)C-Me(B) or Me(B)C) inclination layer 14-1 formed on the
base material 11, including the metal or semi-metal (Me(A)) of a kind (A) or the carbide
of the metal or semi-metal of the kind (A) (Me(A)C), and the metal or semi-metal
(Me(B)) of the kind (B) or the carbide of the metal or semi-metal of the kind (B)
(Me(B)C), where a composition ratio of the metal or semi-metal (Me(A)) of the kind
(A) or the carbide of the <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>