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(57) ABSTRACT

A method for producing a high-strength sintered compact
includes a press molding step and a sintering step, the press
molding step including a first press molding step and a second
press molding step, a heating step being provided between the
first press molding step and the second press molding step, the
first press molding step applying a first pressure to the mixed
powder in a first die at room temperature that is less than a
melting point of the lubricant powder to form a primary green
compact, the heating step heating the primary green compact
to the melting point of the lubricant powder, and the second
press molding step applying a second pressure to the primary
green compact in a second die at the melting point of the
lubricant powder to form a densified secondary green com-
pact, the second die being pre-heated to the melting point of
the lubricant powder.
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METHOD FOR PRODUCING
HIGH-STRENGTH SINTERED COMPACT
AND HIGH-STRENGTH SINTERED
COMPACT PRODUCTION SYSTEM

TECHNICAL FIELD

[0001] The present invention relates to a method for pro-
ducing a high-strength sintered compact and a high-strength
sintered compact production system that press a mixed pow-
der twice to form a densified green compact, and sinter the
green compact to produce a sintered compact that exhibits
improved mechanical strength.

BACKGROUND ART

[0002] Powder metallurgy is a technique that normally
presses (compresses) a metal powder to form a green compact
having a given shape, and heats the green compact to a tem-
perature around the melting point of the metal powder to
promote intergranular coupling (solidification) (sintering
process). This makes it possible to inexpensively produce a
sintered compact (e.g., mechanical part) that has a complex
shape and high dimensional accuracy.

[0003] An increase in mechanical strength of a green com-
pact has been desired since a further reduction in size and
weight of mechanical parts. The mechanical strength of a
green compact increases significantly (hyperbolically) as the
density of the green compact increases. For example, a
method that mixes a lubricant into a metal powder, and press-
molds the metal powder while reducing friction resistance has
been proposed (e.g. Patent Document 1 (JP-A-1-219101)).
Various other methods have been proposed in order to achieve
higher density. These methods can be roughly classified into
a method that improves the lubricant, and a method that
improves the press molding/sintering process.

[0004] Examples of the method that improves the lubricant
include a method that utilizes a composite of carbon mol-
ecules obtained by combining a ball-like carbon molecule
with a sheet-like carbon molecule as the lubricant (see Patent
Document 2 (JP-A-2009-280908), for example), and a
method that utilizes a lubricant having a penetration at 25° C.
01'0.3 to 10 mm (see Patent Document 3 (JP-A-2010-37632),
for example). These methods aim at reducing the friction
resistance between the metal powder and a die.

[0005] Examples of the method that improves the press
molding/sintering process include a warm molding/sinter
powder metallurgy technique (see Patent Document 4 (JP-A-
2-156002), for example), a double press/double sinter powder
metallurgy technique (see Patent Document 5 (JP-A-4-
231404), for example), and a single press/sinter powder met-
allurgy technique (see Patent Document 6 (JP-A-2001-
181701), for example).

[0006] According to the warm molding/sinter powder met-
allurgy technique, a metal powder prepared by mixing a solid
lubricant and a liquid lubricant is preheated to melt part or the
entirety of the lubricant, and disperse the lubricant between
the metal powder particles. This technique thus reduces the
inter-particle friction resistance and the friction resistance
between the particles and a die to improve formability.
According to the double press/double sinter powder metal-
lurgy technique, an iron powder mixture that contains an
alloying component is compressed in a die to obtain a green
compact, the green compact is presintered at 870° C. for 5
minutes, and compressed to obtain a presintered body, and the
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presintered body is sintered at 1000° C. for 5 minutes to
obtain a sintered body (part). According to the single press/
sinter powder metallurgy technique, a die is preheated, and a
lubricant is caused to electrically adhere to the inner side of
the die. The die is filled with a heated iron-based powder
mixture (iron-based powder+lubricant powder), and the pow-
der mixture is press-molded at a given temperature to obtain
an iron-based powder molded body. The iron-based powder
molded body is sintered, and subjected to bright quenching
and annealing to obtain an iron-based sintered body.

[0007] The above methods that improve the lubricant or the
press molding/sintering process are complex, may increase
cost, and have a problem in that handling of the material is
difficult or troublesome. The density of the green compact
achieved by the above methods is about 7.4 g/cm> (94% of the
true density) at a maximum in spite of the above disadvan-
tages. When a residue remains due to combustion of the
lubricant, the quality of the resulting green compact deterio-
rates. Therefore, the density of the green compact is limited to
7.3 g/cm® or less in actual applications. The green compact
exhibits insufficient mechanical strength when the density of
the green compact is 7.3 g/cm’ or less. In particular, when
producing a magnetic core for an electromechanical device
(e.g., motor or transformer) using a green compact, a good
magnetic core may not be produced when the density of the
green compact is 7.3 g/cm® or less. It is necessary to further
increase the density of a green compact in order to reduce loss
(iron loss and hysteresis loss), and increase magnetic flux
density (see the document presented by Toyota Central R & D
Labs., Inc. in Autumn Meeting of Japan Society of Powder
and Powder Metallurgy, 2009).

[0008] A double molding/single sinter (anneal) powder
metallurgy technique (see Patent Document 7 (JP-A-2002-
343657), for example) has been proposed as a method that
produces a magnetic-core green compact. Specifically, a dust
core is produced by preforming a magnetic metal powder that
is coated with a coating that contains a silicone resin and a
pigment to obtain a preformed body, subjecting the pre-
formed body to a heat treatment at 500° C. or more to obtain
a heat-treated body, and compressing the heat-treated body. If
the heat treatment temperature is less than 500° C., breakage
may occur during compression molding. If the heat treatment
temperature is more than 1000° C., the insulating coating may
be decomposed (i.e., insulating properties may be impaired).
Therefore, the heat treatment temperature is set to 500 to
1000° C. The high-temperature treatment is performed under
vacuum, an inert gas atmosphere, or a reducing gas atmo-
sphere in order to prevent oxidation of the preformed body.
The double molding/single sinter powder metallurgy tech-
nique is very complex, individualized, and difficult to imple-
ment as compared with other techniques, and significantly
increases the production cost. Therefore, the double molding/
single sinter powder metallurgy technique is not suitable for
mass production.

SUMMARY OF THE INVENTION

Technical Problem

[0009] The above methods and systems (Patent Documents
1 to 7) cannot meet industrial demands for inexpensive and
reliable production of a sintered compact that exhibits high
mechanical strength. It has been generally considered that the
mechanical strength of a sintered compact depends on the
final sintering process. This is obvious from the fact that
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Patent Documents 1 to 7 disclose the details of the annealing
process and the sintering process at a high temperature, but do
notdisclose the details of the press molding step, the relation-
ship between the density and the specification, functions, and
pressure of the press molding device, analysis of the limit
thereof, and improvements thereof.

[0010] As described above, a further increase in mechani-
cal strength has been desired along with a reduction in size
and weight of mechanical parts and the like, and there is an
urgent need to develop a method and a system that can reli-
ably, stably, and inexpensively produce a high-strength sin-
tered compact.

[0011] An object ofthe invention is to provide a method for
producing a high-strength sintered compact and a high-
strength sintered compact production system that can reli-
ably, stably, and inexpensively produce a sintered compact
that exhibits high mechanical strength.

Solution To Problem

[0012] The press molding process forms a mixed powder to
have a specific shape, and has been considered to be a pre-
liminary mechanical process that is performed in the preced-
ing stage of the high-temperature sintering process. Specifi-
cally, an increase in strength has been achieved by the final
sintering process.

[0013] However, the mechanical strength of the sintered
compact can be significantly improved using a normal sinter-
ing process by significantly improving the density of the
green compact by improving the press molding process that
has been considered to be a preliminary mechanical process.
[0014] The invention was conceived based on studies of the
effectiveness of a lubricant during pressing, the compressed
limit when using a lubricant powder, the spatial distribution
of'a lubricant powder in a mixed powder, the spatial distribu-
tion and the behavior of a basic metal powder and a lubricant
powder, the state of a residue (solidified grains), partial dif-
fusion of metal particles due to vaporization of a lubricant,
and the final disposition state of a lubricant, and analysis of
the characteristics (e.g., compressed limit) of a normal press
molding device, and their effects on the density (strength) of
a green compact.

[0015] Asillustrated in FIGS. 8 A and 8B, a large amount of
waste (e.g., residue) 108 or a number of large pores 109
remain in a green compact 115 when using a related-art
method. It was found that the density (strength) of the green
compact cannot be improved to a value equal to or higher than
a given value even if the applied pressure is significantly
increased (or increased as much as possible) in this state. The
invention aims at improving the density of the green compact
by solving the above problem, and achieving an increase in
strength via sintering to significantly improve the strength of
the final sintered compact.

[0016] According to several aspects of the invention, a pri-
mary green compact is formed by a first pressing step while
maintaining a lubricant in a powdery state, and the lubricant
is liquefied by heating to change the state of the lubricant in
the primary green compact, A densified secondary green
compact is formed by performing a second pressing step on
the primary green compact, and the secondary green compact
is sintered to form a high-strength sintered compact. Specifi-
cally, several aspects of the invention may provide an epoch-
making method and system that can reliably, stably, and inex-
pensively produce a high-strength sintered compact by
positively and significantly increasing the density of a green
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compact (based on which densification via a sintering process
is achieved) during the press molding process that has been
considered to be a preliminary mechanical process.

[0017] (1)According to one aspect of the invention, there is
provided a method for producing a high-strength sintered
compact including:

[0018] apress molding step that applies pressure to a mixed
powder to form a green compact, the mixed powder being a
mixture of a basic metal powder and a lubricant powder; and
[0019] a sintering step that sinters the green compact to
form a sintered compact that exhibits improved mechanical
strength,

[0020] the press molding step including a first press mold-
ing step and a second press molding step, a heating step being
provided between the first press molding step and the second
press molding step,

[0021] the first press molding step applying a first pressure
to the mixed powder in a first die at room temperature that is
less than a melting point of the lubricant powder to form a
primary green compact,

[0022] the heating step heating the primary green compact
to the melting point of the lubricant powder, and

[0023] the second press molding step applying a second
pressure to the primary green compact in a second die at the
melting point of the lubricant powder to form a densified
secondary green compact, the second die being pre-heated to
the melting point of the lubricant powder.

[0024] (2) In the method for producing a high-strength
sintered compact, the lubricant powder may have a low melt-
ing point within the range of 90 to 190° C.

[0025] (3) In the method for producing a high-strength
sintered compact, the mixed powder may be prepared by
mixing a pure iron powder as the basic metal powder with
0.03 to 0.10 wt % of a zinc stearate powder as the lubricant
powder, the first pressure may be selected to compress the
mixed powder so that the primary green compact has a den-
sity of 7.0 to 7.5 g/cm®, and the second pressure may be
selected to compress the primary green compact so that the
secondary green compact has a density of 7.75 g/cm®.

[0026] (4) In the method for producing a high-strength
sintered compact, the mixed powder may be prepared by
mixing an Fe—Si alloy powder as the basic metal powder
with 0.03 to 0.10 wt % of a zinc stearate powder as the
lubricant powder, the first pressure may be selected to com-
press the mixed powder so that the primary green compact has
atrue density ratio of 70 to 85%, and the second pressure may
be selected to compress the primary green compact so that the
secondary green compact has a true density ratio of 85 to
95%.

[0027] (5) In the method for producing a high-strength
sintered compact, the second pressure may be selected to be
equal to the first pressure.

[0028] (6) According to one aspect of the invention, there is
provided a high-strength sintered compact production system
including:

[0029] a mixed powder feeding device that can externally
supply a mixed powder that is a mixture of a basic metal
powder and a lubricant powder that has a low melting point;
[0030] a first press molding device that applies a first pres-
sure to the mixed powder in a first die to form a primary green
compact, the first die being filled with the mixed powder
using the mixed powder feeding device;
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[0031] a heating device that heats the primary green com-
pact removed from the first die to the melting point of the
lubricant powder;

[0032] a second press molding device that includes a sec-
ond die that can be pre-heated to the melting point of the
lubricant powder in advance, and applies a second pressure to
the primary green compact that has been heated and is placed
in the pre-heated second die to form a densified secondary
green compact; and

[0033] a sintering device that sinters the secondary green
compact to form a sintered compact that exhibits improved
mechanical strength.

[0034] (7) Inthe high-strength sintered compact production
system, the heating device and the second press molding
device may be formed by a heating/press molding device
having a function of the heating device and a function of the
second press molding device, the heating/press molding
device may include a plurality of heating/press molding sub-
devices, and each of the plurality of heating/press molding
sub-devices can be selectively and sequentially operated in
each cycle.

Advantageous Effects of the Invention

[0035] According to the configuration (1), the high-
strength sintered compact can be reliably and stably produced
while significantly reducing the production cost.

[0036] According to the configuration (2), it is possible to
ensure that the lubricant produces a sufficient lubricating
effect during the first press molding step, and use a wide
variety of lubricants.

[0037] According to the configurations (3) and (4), a sin-
tered compact that exhibits high mechanical strength as com-
pared with a sintered compact formed by a related-art method
can be efficiently produced.

[0038] According to the configuration (5), the equipment
cost of the press molding device can be reduced, and the press
molding step can be easily implemented. Therefore, the pro-
duction cost of the green compact can be further reduced.
[0039] According to the configuration (6), the method for
producing a high-strength sintered compact (see (1) to (5))
can be reliably implemented, and the system can be easily
implemented and handled.

[0040] According to the configuration (7), the system can
be simplified as compared with the configuration (6). It is also
possible to simplify the production line, and further facilitate
handling. Moreover, the takt time of the first press molding
step, the heating step, and the second press molding step can
be made equal.

BRIEF DESCRIPTION OF DRAWINGS

[0041] FIG.1 is a view illustrating a method for producing
a high-strength sintered compact according to one embodi-
ment of the invention.

[0042] FIG. 2 is a front view illustrating a high-strength
sintered compact production system (and its operation)
according to a first embodiment of the invention.

[0043] FIG.3A is aview illustrating a mixed powder mold-
ing operation performed by a high-strength sintered compact
production system according to the first embodiment of the
invention, and illustrates a state in which a primary green
compact is formed in a first die.

[0044] FIG. 3B isa view illustrating a mixed powder mold-
ing operation performed by a high-strength sintered compact
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production system according to the first embodiment of the
invention, and illustrates a state in which a first die is filled
with a mixed powder.

[0045] FIG. 4 is a graph illustrating the relationship
between the pressure and the density obtained by applying the
pressure using a high-strength sintered compact production
system according to the first embodiment of the invention
(wherein the broken line A indicates a molding state in a first
die, and the solid line B indicates a molding state in a second
die).

[0046] FIG. 5 is an enlarged cross-sectional view illustrat-
ing the internal state of the cross section of a secondary green
compact formed using a high-strength sintered compact pro-
duction system according to the first embodiment of the
invention.

[0047] FIG. 6A is an external perspective view illustrating
a ring-like sintered compact (secondary green compact and
primary green compact) formed using a high-strength sin-
tered compact production system according to the first
embodiment of the invention.

[0048] FIG. 6B is an external perspective view illustrating
an elongated cylindrical sintered compact (secondary green
compact and primary green compact) formed using a high-
strength sintered compact production system according to the
first embodiment of the invention.

[0049] FIG. 7 is a front view illustrating a high-strength
sintered compact production system (and its operation)
according to a second embodiment of the invention.

[0050] FIG. 8A is an enlarged cross-sectional view illus-
trating the internal state of the cross section of a preliminary
green compact heated by a related-art method, and a problem
thereof (heating temperature: 500 to 700° C.).

[0051] FIG. 8B is an enlarged cross-sectional view illus-
trating the internal state of the cross section of a preliminary
green compact heated by a related-art method, and a problem
thereof (heating temperature: 700 to 1000° C.).

DESCRIPTION OF EMBODIMENTS

[0052] Exemplary embodiments of the invention are
described in detail below with reference to the drawings.

First Embodiment

[0053] A high-strength sintered compact production sys-
tem 1 according to a first embodiment of the invention
includes a mixed powder feeding device 10, a first press
molding device 20, a heating device 30, a second press mold-
ing device 40, and a sintering device 80, and can stably and
reliably implement a method for producing a high-strength
sintered compact that includes a press molding step that
applies pressure to a mixed powder 100 that is a mixture of a
basic metal powder and a lubricant powder to form a green
compact 110 (115), and a sintering step that sinters the green
compact 115 to form a sintered compact 120 that exhibits
improved mechanical strength.

[0054] The method for producing a high-strength sintered
compact according to the first embodiment is technically
characterized in that the press molding step includes a first
press molding step (PR2 in FIG. 1) and a second press mold-
ing step (PR5), a heating step (PR3) being provided between
the first press molding step (PR2) and the second press mold-
ing step (PR5), the first press molding step (PR2) applies a
first pressure P1 to the mixed powder 100 in a first die (lower
die 21) at room temperature that is less than the melting point
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of'the lubricant powder to form a primary green compact 110,
the heating step (PR3) heats the primary green compact 110 to
the melting point of the lubricant powder, and the second
press molding step (PR5) applies a second pressure P2 to the
primary green compact 110 in a second die (lower die 41) at
the melting point of the lubricant powder to form a densified
secondary green compact 115, the second die being pre-
heated to the melting point of the lubricant powder.

[0055] As illustrated in FIG. 1, the high-strength sintered
compact production system 1 accordingto a first embodiment
sequentially performs a mixed powder-filling step (PR1) that
fills the first die with the mixed powder 100 prepared in a
preparation step (PR0), a primary green compact-forming
step (PR2), a heating step (PR3) that heats the primary green
compact 110 to the melting point of the lubricant powder (i.e.,
increases the temperature of the primary green compact 110
to the melting point of the lubricant powder), a step (PR4) that
places the heated primary green compact 110 in the second
die, a secondary green compact-forming step (PR5), and a
sintering step (PR6) that sinters the secondary green compact
115 to form a high-strength sintered compact 120.

[0056] The mixed powder 100 is a mixture of a basic metal
powder and a lubricant powder that has a low melting point.
The basic metal powder may include only one type of main
metal powder, or may be a mixture of one type of main metal
powder and one or more types of alloying component powder.
The expression “low melting point” used herein in connection
with the lubricant powder refers to a temperature (melting
point) that is significantly lower than the melting point (tem-
perature) of the basic metal powder, and can significantly
suppress oxidation of the basic metal powder. The details
thereof are described later.

[0057] As illustrated in FIG. 2 that illustrates the high-
strength sintered compact production system 1, the mixed
powder feeding device 10 is disposed on the leftmost side
(upstream side) of a high-density molding line. The mixed
powder feeding device 10 is a means that fills the first die
(lower die 21) included in the first press molding device 20
with the mixed powder 100. The mixed powder feeding
device 10 has a function of storing a constant amount of the
mixed powder 100, and a function of feeding a constant
amount of the mixed powder 100. The mixed powder feeding
device 10 can selectively move between the initial position
(i.e., the position indicated by the solid line in FIGS. 2 to 3B)
and the position over the first die (lower die 21) (i.e., the
position indicated by the dotted line in FIGS. 3A and 3B).
[0058] Sinceitisimportant to uniformly and sufficiently fill
the first die (lower die 21) with the mixed powder 100, the
mixed powder 100 must be in a dry state. Specifically, since
the shape of the cavity of the first die (lower die 21) corre-
sponds to the shape ofthe product, it is necessary to uniformly
and sufficiently fill the first die with the mixed powder 100 in
order to ensure the dimensional accuracy of the primary green
compact 110, even if the product has a complex shape, or has
a narrow part.

[0059] Inthe first embodiment, the primary green compact
110 (secondary green compact 115) has a ring-like shape as
illustrated in FIG. 6A, and a cavity 22 of the first die has a
shape corresponding to the shape of the primary green com-
pact 110 (secondary green compact 115).

[0060] A solid lubricant that is in a dry state (fine particu-
late) at room temperature is used as the lubricant that is used
to reduce the inter-particle friction resistance of the basic
metal powder and the friction resistance between the basic
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metal powder and the inner side of the die. For example, since
the mixed powder 100 exhibits high viscosity and low fluidity
when using a liquid lubricant, it is difficult to uniformly and
sufficiently fill the first die with the mixed powder 100.
[0061] It is also necessary for the lubricant to be solid and
stably maintain a given lubricating effect during the primary
green compact (110) molding step that is performed in the
first die (21) at room temperature while applying the first
pressure P1. The lubricant must stably maintain a given lubri-
cating effect even if an increase in temperature has occurred
to some extent as a result of applying the first pressure P1.
[0062] On the other hand, the melting point of the lubricant
powder must be significantly lower than the melting point of
the basic metal powder from the viewpoint of the relationship
with the heating step (PR3) performed after the primary green
compact (110) molding step, and suppression of oxidation of
the basic metal powder.

[0063] In the first embodiment, the lubricant powder has a
low melting point within the range of 90 to 190° C. The
lower-limit temperature (90° C.) is selected to be higher to
some extent than the upper-limit temperature (80° C.) of a
temperature range (70 to 80° C.) that is not reached even if an
increase in temperature has occurred to some extent during
the primary green compact molding step, while taking
account of the melting point (e.g., 110° C.) of other metallic
soaps. This prevents a situation in which the lubricant powder
is melted (liquefied) and flows during the primary green com-
pact molding step.

[0064] The upper-limit temperature (190° C.) is selected to
be a minimum value from the viewpoint of lubricant powder
selectivity, and is selected to be a maximum value from the
viewpoint of suppression of oxidation of the basic metal
powder during the heating step (PR3). Specifically, it should
be understood that the lower-limit temperature and the upper-
limit temperature of the above temperature range (90 to 190°
C.) are not threshold values, but are boundary values.

[0065] This makes it possible to selectively use an arbitrary
metallic soap (e.g., zinc stearate or magnesium stearate) as
the lubricant powder. Note that a viscous liquid such as zinc
octylate cannot be used since the lubricant must be powdery.
[0066] Ineachexample described later, a zinc stearate pow-
derhaving a melting point 0f 120° C. was used as the lubricant
powder. Note that the invention does not employ a configu-
ration in which a lubricant having a melting point lower than
the die temperature during press molding is used, and the
press molding step is performed while melting (liquefying)
the lubricant (see Patent Document 6). If the lubricant is
melted and flows out before completion of molding of the
primary green compact 110, lubrication tends to be partially
insufficient during the molding step, and sufficient press
molding cannot be performed reliably and stably. The lubri-
cant powder is used in an amount (0.02 to 0.12 wt % of the
total amount of the mixed powder) selected based on an
empirical rule determined by experiments. The amount of the
lubricant powder is preferably 0.03 to 0.10 wt %. When the
amount of the lubricant powder is 0.03 wt %, the best lubri-
cating effect can be ensured during molding of the primary
green compact 110. When the amount of the lubricant powder
is 0.10 wt %, the desired compression ratio can be obtained
when forming the primary green compact 110 from the mixed
powder 100. These values were employed in each example.
[0067] The first press molding device 20 is a means that
applies the first pressure P1 to the mixed powder 100 with
which the first die 21 has been filled using the mixed powder
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feeding device 10, to form the primary green compact 110. In
the first embodiment, the first press molding device 20 has a
press structure.

[0068] As illustrated in FIG. 2, the die includes the lower
die 21 that is secured on a bolster, and the upper die 25 that is
secured on a slide 5. The cavity 22 of the lower die 21 has a
shape (cylindrical shape) corresponding to the shape (ring-
like shape) of the primary green compact 110. The upper die
25 can be pushed into the lower die 21 (22), and is moved
upward and downward using the slide 5. A movable member
23 is fitted into the lower side of the cavity 22 so that the
movable member 23 can move in the vertical direction.
[0069] The movable member 23 is moved upward using a
knockout pin (not illustrated in the drawings) that moves
upward through a through-hole 24 that is formed under a
ground level GL. The primary green compact 110 in the die
(21 (22)) can thus be moved upward to a transfer level HL.
The movable member 23 functions as a first ejection means
for ejecting the primary green compact 110 in the die (21
(22)) to the outside (transfer level HL.). The movable member
23 and the knockout pin are returned to the initial position
after the primary green compact 110 has been transferred to
the heating device 30. Note that the first ejection means may
be implemented using another means.

[0070] The relationship between the pressure P (first pres-
sure P1) applied by the first press molding device 20 and the
density rho of the resulting primary green compact 110 is
described below with reference to FIG. 4. The horizontal axis
indicates the pressure P using an index. In the first embodi-
ment, the maximum capacity (pressure P) is 10 tons/cm?>
(horizontal axis index: 100). Reference sign Pb indicates the
die breakage pressure at which the horizontal axis index is
140 (14 tons/cm?). The vertical axis indicates the density rho
using an index. A vertical axis index of 100 corresponds to a
density rho of 7.6 g/cm®.

[0071] A vertical axis index of 102 corresponds to a density
rho of 7.75 g/em®. A vertical axis index of 92 corresponds to
a density rho of 7.0 g/cm?, and a vertical axis index of 98
corresponds to a density rho of 7.5 g/cm®.

[0072] The density rho achieved by the first press molding
device 20 increases along the curve indicated by the broken
line A as the first pressure P1 increases. The density rho
reaches 7.6 g/cm® when the horizontal axis index (first pres-
sure is P1) is 100. The density rho increases to only a small
extent even if the first pressure P1 is further increased. The die
may break if the first pressure P1 is further increased.
[0073] When the density rho achieved by compression at
the maximum capacity of the press molding device (press) is
not satisfactory, it has been necessary to provide a larger
press. However, the density rho increases to only a small
extent even if the maximum capacity is increased by a factor
of 1.5, for example. Therefore, it has been necessary to accept
a low density rho (e.g., 7.5 g/cm®) when using an existing
press.

[0074] It is possible to achieve a major breakthrough if the
vertical axis index can be increased from 100 (7.6 g/cm®) to
102 (7.75 g/cm®) by directly utilizing an existing press. Spe-
cifically, mechanical strength can be significantly improved
by improving the density rho by 2%.

[0075] In order to achieve the above breakthrough, the
high-strength sintered compact production system 1 is con-
figured so that the primary green compact 110 formed by the
first press molding device 20 is heated to promote melting
(liquefaction) of the lubricant, and the second press molding
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device 40 then performs the second press molding process. A
high density (7.75 g/cm?) that corresponds to a vertical axis
index of 102 can be achieved (see the solid line B in FIG. 4)
by applying pressure to the primary green compact 110 using
the second press molding device 40. The details thereof are
described later in connection with the second press molding
device 40.

[0076] The heating device 30 is a means that heats the
primary green compact 110 removed from the first die 21 to
the melting point of the lubricant powder (i.e., increases the
temperature of the primary green compact 110 to the melting
point of the lubricant powder). As illustrated in FIG. 2, the
heating device 30 includes a hot air generator (not illustrated
in FIG. 2), a blow hood 31, an exhaust/circulation hood 33,
and the like. The heating device 30 blows hot air against the
primary green compact 110 that is positioned using a wire-
mesh holding member 32 to heat the primary green compact
110 to the melting point (120° C.) of the lubricant powder.
Zinc stearate used in each example has a melting point of 120°
C.

[0077] The technical significance of the above low-tem-
perature heat treatment is described below in connection with
the relationship with the first press molding step (process).
The powder mixture 100 with which the lower die 21 (22) is
filled has an area in which the lubricant powder is relatively
thinly present (thin area), and an area in which the lubricant
powder is relatively densely present (dense area) in connec-
tion with the basic metal powder. The inter-particle friction
resistance of the basic metal powder, and the friction resis-
tance between the basic metal powder and the inner side of the
die are small in the dense area. In contrast, the inter-particle
friction resistance of the basic metal powder, and the friction
resistance between the basic metal powder and the inner side
of the die increase in the thin area.

[0078] When the first press molding device 20 applies pres-
sure to the mixed powder, compressibility is predominant
(i.e., compression easily occurs) in the dense area due to low
friction. In contrast, compressibility is poor (i.e., compres-
sion slowly occurs) in the thin area due to high friction.
Therefore, a compression difficulty phenomenon corre-
sponding to the preset first pressure P1 occurs (i.e., com-
pressed limit) In this case, when the fracture surface of the
primary green compact 110 removed from the die 21 is mag-
nified, the basic metal powder is integrally pressure-welded
in the dense area. However, the lubricant powder is also
present in the dense area. In the thin area, small spaces (pores)
remain in the pressure-welded basic metal powder, and
almost no lubricant powder is observed in the thin area.

[0079] Therefore, it is possible to form compressible
spaces by removing the lubricant powder from the dense area,
and improve the compressibility of the thin area by supplying
the lubricant to the spaces formed in the thin area.

[0080] Specifically, the lubricant powder is melted (lique-
fied), and increased in fluidity by heating the primary green
compact 110 subjected to the first press molding step to the
melting point (120° C.) of the lubricant powder. The lubricant
that flows out from the dense area penetrates through the
peripheral area, and is supplied to the thin area. This makes it
possible to reduce the inter-particle friction resistance of the
basic metal powder, and compress the spaces (pores) that
have been occupied by the lubricant powder. Itis also possible
to reduce the friction resistance between the basic metal pow-
der and the inner side of the die.
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[0081] Itis particularly worth noting that the technical idea
of'the invention completely differs from that of the related-art
method (e.g., Patent Documents 5 and 7).

[0082] When using a related-art method that considers the
green compact molding process to be a preliminary process
for the sintering process, a preliminary compact (correspond-
ing to the primary green compact 110) is heated (i.e., strain is
removed) at a high temperature (500 to 1000° C.). It is con-
sidered that the above heat treatment causes a deterioration in
quality of the green compact, and prevents an improvement in
strength.

[0083] It was found by experiments that the lubricant is
melted when the green compact is heated within a low tem-
perature range (500 to 700° C.) in the above temperature
range (500 to 1000° C.). The lubricant is solidified when the
green compact is allowed to cool to room temperature to bond
the metal particles. As a result, a large number of solidified
grains of the lubricant (residue) (waste 108) remain in the
pores and the space between the metal particles (101) (see
FIG. 8A).

[0084] When the green compact is heated within a high
temperature range (700 to 1000° C.) in the above temperature
range (500to 1000° C.), the lubricant is melted and vaporized
as the temperature increases. Therefore, the number (amount)
of solidified grains (108) tends to decrease. However, diffu-
sion occurs at the contact surface between the metal particles
(101), and sintering proceeds at some of the grain boundaries.
For example, when using an iron powder, diffusion occurs at
the contact surface between the metal particles when heated at
750t0 760° C. Specifically, when the green compact is heated
at a high temperature, the pores 109 remain due to vaporiza-
tion of the lubricant, and a partial sintered area (partial diffu-
sion bond (coupling)) 128 occurs between the metal powder
particles (see FIG. 8B).

[0085] Therefore, when the green compact that has been
heated at a low temperature is subjected to the compression
process (room-temperature pressing process), a residue can-
not be discharged from the green compact, and the waste
(e.g., residue) 108 remains in the green compact (see FIG.
8A). When the green compact that has been heated at a high
temperature is subjected to the press molding process, the
amount of the waste (e.g., residue) 108 is small as compared
with the case where the green compact is heated at a low
temperature. However, since the partial sintered area 128
occurs at the grain boundaries (see FIG. 8B), the number of
the pores 109 is reduced by destroying the partial sintered
area 128 to increase the density of the compact. When the
partial sintered area 128 is present, a very high pressure is
required for the second press molding process, and an
increase in density of the green compact is limited taking
account of the strength of the die. Therefore, when the green
compact is heated at a high temperature (500 to 1000° C.), the
compact obtained by the second press molding process is very
fragile, and exhibits low mechanical strength. Moreover,
since a high pressure is required for the second press molding
process, a press having a high press capacity and a die having
high pressure resistance are required. This is very disadvan-
tageous from the viewpoint of the equipment cost.

[0086] According to the first embodiment of the invention,
the green compact is heated to the melting point of the lubri-
cant, and the second press molding process is performed on
the green compact 110 that is maintained at the melting point
of the lubricant. Carbonization does not occur in the green
compact 110 that is maintained at the melting point of the
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lubricant, and the lubricant is melted and can flow. When the
press molding process is performed in this stated using a press
or the like, the lubricant that has been melted and present in
the green compact 110 is discharged from the green compact
110. As a result, only a small amount of the waste (e.g.,
residue) 108 remains in the green compact (secondary green
compact 115) obtained by the press molding process (see
FIG.5). Specifically, the green compact 115 that exhibits very
high density and high mechanical strength can be produced.
[0087] The second press molding device 40 includes the
second die 41 that can be pre-heated in advance to the melting
point of the lubricant powder. The second press molding
device 40 is a means that applies the second pressure P2 to the
heated primary green compact 110 that is placed in the per-
heated second die 41 to form the densified secondary green
compact 115.

[0088] In the first embodiment, the maximum capacity
(pressure P) ofthe second press molding device 40 is the same
as that (10 tons/cm?) of the first press molding device 20. The
first press molding device 20 and the second press molding
device 40 are configured as a single press, and the upper die
25 and the upper die 45 can be moved upward and downward
in synchronization using the common slide 5 illustrated in
FIG. 2. The above configuration is economical, and can
reduce the production cost of the secondary green compact
115.

[0089] It suffices that the second pressure P2 be equal to or
higher than the first pressure. For example, the first press
molding device 20 and the second press molding device 40
may be implemented using two presses so that the maximum
capacity (pressure P) of the second press molding device 40
differs from the maximum capacity (pressure P) of the first
press molding device 20.

[0090] As illustrated in FIG. 2, the die includes the lower
die 41 that is secured on a bolster, and the upper die 45 that is
secured on the slide 5. The lower part of a cavity 42 of the
lower die 41 has a shape (cylindrical shape) corresponding to
the shape (ring-like shape) of the secondary green compact
115, and the upper part of the cavity 42 has a slightly larger
shape so that the primary green compact 110 can be received.
Theupper die 45 can be pushed into the lower die 41 (42), and
is moved upward and downward using the slide 5. A movable
member 43 is fitted into the lower side of the cavity 42 so that
the movable member 43 can move in the vertical direction.
Note that the die (41) and the die (21) are adjusted in height
(position) corresponding to the vertical difference in dimen-
sions between the compression targets (110 and 115).
[0091] The movable member 43 is moved upward using a
knockout pin (not illustrated in the drawings) that moves
upward through a through-hole 44 that is formed under the
ground level GL. The secondary green compact 115 in the
second die (41 (42)) can thus be moved upward to the transfer
level HL. The movable member 43 functions as a second
ejection means for ejecting the secondary green compact 115
inthe die (41 (42)) to the outside (transfer level HL). Note that
the second ejection means may be implemented using another
means. The movable member 43 and the knockout pin are
returned to the initial position after the secondary green com-
pact 115 has been discharged to a discharge chute 59, and a
new primary green compact 110 has been received from the
heating device 30.

[0092] The second die (41 (42)) is provided with a pre-
heating means 47 that can be changed in heating temperature.
The pre-heating means 47 heats (pre-heats) the second die (41
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(42)) to the melting point (120° C.) of the lubricant powder
(zinc stearate) before the primary green compact 110 is
received (placed). Therefore, the primary green compact 110
that has been heated can be received without allowing the
primary green compact 110 to cool. This makes it possible to
ensure a lubricating effect while preventing a situation in
which the lubricant that has been melted (liquefied) is solidi-
fied again.

[0093] The pre-heating means 47 can be heated until the
time when the secondary green compact 115 can be press-
molded. Therefore, the fluidity of the melted lubricant in all
directions during press molding can be further improved, and
the friction resistance between the particles and the die 41
(42) can be significantly reduced.

[0094] Note that the pre-heating means 47 may be imple-
mented by a hot oil or hot water circulation system or the like
instead of an electric heating system.

[0095] The relationship between the pressure (second pres-
sure P1) applied by the second press molding device 40 and
the density rho of the resulting secondary green compact 115
is described below with reference to FIG. 4.

[0096] The density rho achieved by the second press mold-
ing device 40 is indicated by the straight line that is indicated
by the solid line B. Specifically, the density rho does not
gradually increase as the second pressure P2 increases, dif-
fering from the case of using the first press molding device 20
(see the broken line A). More specifically, the density rho
does not increase until the final first pressure P1 (e.g., hori-
zontal axis index: 50, 75, or 85) during the first press molding
step is exceeded. The density rho increases rapidly when the
second pressure P2 has exceeded the final first pressure P1.
This means that the second press molding step is performed
continuously with the first press molding step.

[0097] Therefore, the first press molding step need not be
performed in a state in which the first pressure P1 is neces-
sarily increased to a value (horizontal axis index: 100) corre-
sponding to the maximum capacity. This makes it possible to
prevent unnecessary time and energy consumption that may
occur when the first press molding step is continued after the
compressed limit has been reached. Therefore, the production
cost can be reduced. Moreover, since it is possible to avoid
overloaded operation in which the horizontal axis index
exceeds 100, breakage of the die does not occur. This makes
it possible to ensure easy and stable operation.

[0098] In each example, the molding process was per-
formed in a state in which the first pressure P1 was selected to
be a pressure (vertical axis index: 92 to 98) that can increase
the density rho to 7.0 to 7.5 g/cm®. The upper-limit value 7.5
g/cm® (vertical axis index: 98) is selected so that the vertical
axis index does not exceed 100 (critical region), and the
lower-limit value 7.0 g/cm® (vertical axis index: 92) is
selected so that a margin is provided between the upper-limit
value and the lower-limit value. This aims at facilitating han-
dling (e.g., pressure setting) and operation. The second pres-
sure P2 is selected to correspond to a vertical axis index of 92
(98) to 100 so that the secondary green compact 115 having a
density rho (7.75 g/cm®) corresponding to a vertical axis
index of 102 can be produced. In Example 2, the density is
indicated by the true density ratio taking account of the mix-
ing ratio.

[0099] As illustrated in FIG. 2, the sintering device 80 is
implemented by a continuous sintering furnace, and is con-
figured so that the secondary green compact 115 introduced
through the chute 59 can be sintered at a given temperature for
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a given time while continuously moving the secondary green
compact 115 at low speed using a conveyer (not illustrated in
FIG. 2). A plurality of secondary green compacts 115 can be
efficiently and uniformly sintered using the sintering device
80. Specifically, it is possible to produce the sintered compact
120 that exhibits improved strength. Note that the sintering
device 80 is omitted in FIGS. 3A and 3B. The sintering device
80 may be implemented by a batch-type sintering furnace.
[0100] The sintering temperature is normally about 1120°
C. when using an iron powder, and is about 1250° C. when
implementing a high-temperature sintering process. Since
sintering proceeds even when increasing the temperature, the
holding time at the maximum temperature may be about 30
minutes. In the first embodiment, the sintering temperature
and the sintering time (conveyer speed) can be set variably.
[0101] Since only a small amount of the waste (e.g., resi-
due) 108 is present in the secondary green compact 115 (i.e.,
the secondary green compact 115 has high density) (see FI1G.
5), the contact area between the metal particles (101) is large.
This means that a diffusion bond (diftusion coupling) having
the same area as that achieved by a related-art method can be
obtained by a short sintering time as compared with a related-
art method. Specifically, since a diffusion bond can be formed
over a wider area due to an increase in contact area, the
mechanical characteristics (strength) can be significantly
improved.

[0102] Moreover, since the internal (strain) stress can be
removed by the final sintering process, it is unnecessary to
perform an annealing process.

[0103] As illustrated in FIG. 3B, a workpiece transfer
means 50 can transfer the primary green compact 110
removed from the first die 21 using the first ejection means
(23,24) (see FIG. 3A) to a given position in the heating device
30, can transfer the heated primary green compact 110 from
the given position in the heating device 30 to the second die
41, and can transfer the secondary green compact 115
removed from the second die 41 using the second ejection
means (43, 44) to the discharge chute 59.

[0104] In the first embodiment, the workpiece transfer
means 50 is formed by three transfer bars 51, 52, and 53 (see
FIG. 3B) that are operated in synchronization. The transfer
bars 51, 52, and 53 are moved to the front transfer line (FIG.
3B) from the deep side in FIG. 3A when a transfer request has
been issued, moved from left to right, and then returned to the
original position. A placement means (52, 43, 44) places the
heated primary green compact 110 in the second die 42 that is
pre-heated to the melting point of the lubricant powder.
[0105] Note that the workpiece transfer means may be
implemented by a transfer device that includes a finger that is
driven in two-dimensional or three-dimensional directions,
and the like, and sequentially transfers a workpiece to each
die or the like. The workpiece transfer means may be formed
so that the secondary green compact 115 can be transferred to
the sintering device 80.

[0106] The high-strength sintered compact (120) produc-
tion system 1 according to the first embodiment implements
the method for producing a high-strength sintered compact as
described below.

Preparation of Mixed Powder

[0107] The basic metal powder and the lubricant powder
(zinc stearate powder) (0.03 to 0.10 wt %) are mixed to
prepare the mixed powder 100 in a dry state. A given amount
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of the mixed powder 100 is supplied to the mixed powder
feeding device 10 (step PRO in FIG. 1).

Filling with Mixed Powder

[0108] The mixed powder feeding device 10 is moved from
a given position (indicated by the solid line in FIG. 3B) to a
supply position (indicated by the dotted line in FIG. 3B) ata
given timing. The inlet of the mixed powder feeding device 10
is then opened, and the empty lower die 21 (22) of the first
press molding device 20 is filled with the mixed powder 100
(step PR11in FIG. 1). The lower die 21 (22) can be filled with
the mixed powder 100 within 2 seconds, for example. The
inlet is closed after the lower die 21 (22) has been filled with
the mixed powder 100, and the mixed powder feeding device
10 is returned to the given position (indicated by the solid line
in FIG. 3B).

Forming of Primary Green Compact

[0109] Theupperdie 25 of the first press molding device 20
is moved downward using the slide 5 illustrated in FIG. 2, and
applies the first pressure P1 to the mixed powder 100 in the
lower die 21 (22) (first press molding process). The solid
lubricant produces a sufficient lubricating effect. The density
rho of the compressed primary green compact 110 increases
along the broken line A in FIG. 4. When the first pressure P1
has reached a pressure (9.5 tons/cm®) corresponding to a
horizontal axis index of 95, for example, the density rho
increases to 7.25 g/cm?® (vertical axis index: 95). The press
molding process is performed for 8 seconds, for example, to
obtain the primary green compact 110 that has been molded in
the die (21) (see FIG. 3A) (step PR2 in FIG. 1). The upper die
25 is then moved upward using the slide 5. Note that the
second press molding process on the preceding primary green
compact 110 is performed in the second press molding device
40 in synchronization with the above operation.

Removal of Primary Green Compact

[0110] The first ejection means (23) moves the primary
green compact 110 upward to the transfer level HL. Specifi-
cally, the primary green compact 110 is removed from the
lower die 21. The workpiece transfer means 50 then transfers
the primary green compact 110 to the heating device 30 using
the transfer bar 51 (see FIG. 3B), and the movable member 23
is returned to the initial position. The primary green compact
110 that has been transferred to the heating device 30 is
positioned on the wire-mesh holding member (32) (see FIG.
3A).

Heating

[0111] The heating device 30 starts to operate (see FIG.
3A). Hot air is blown against the primary green compact 110
from the blow hood 31, so that the primary green compact 110
is heated to the melting point (120° C.) of the lubricant pow-
der (step PR3 in FIG. 1). Specifically, the lubricant is melted,
and the distribution of the lubricant in the primary green
compact 110 becomes uniform. The heating time is 8 to 10
seconds, for example. Note that the hot air is recycled through
the wire-mesh holding member 32 and the exhaust/circula-
tion hood 33.

Placement of Heated Primary Green Compact

[0112] The heated primary green compact 110 is trans-
ferred to the second press molding device 40 by the work-
piece transfer means 50 (transfer bar 52) (see FIG. 3B), posi-
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tioned over the lower die 41, and placed on the movable
member 43 in the lower die 41 (42) (step PR4 in FIG. 1).

Pre-Heating of Die

[0113] The pre-heating means 47 of the second press mold-
ing device 40 heats the die (41 (42)) to the melting point (120°
C.) of the lubricant powder before the primary green compact
110 is received (placed). This makes it possible to prevent
solidification of the lubricant in the primary green compact
110 that has been received.

Molding of Secondary Green Compact

[0114] Theupper die 45 is moved downward using the slide
5 illustrated in FIG. 2 (see FIG. 3A), and applies the second
pressure P2 to the primary green compact 110 in the lower die
41 (42). The liquid lubricant produces a sufficient lubricating
effect. Since the lubricant flows in all directions during the
press molding process, the friction resistance between the
particles and the die can be efficiently reduced. The density
rho of the compressed primary green compact 110 increases
along the broken line B in FIG. 4. Specifically, when the
second pressure P2 has exceeded a horizontal axis index of 95
(9.5 ton/cm?), for example, the density rho rapidly increases
from 7.25 g/em? to a value (7.75 g/cm?®) corresponding to a
vertical axis index of 102. When the second pressure P2 is
increased to a horizontal axis index of 100 (10 tons/cm?), the
density rho (7.75 g/cm®) becomes uniform over the entire
green compact. The second press molding process is per-
formed for 8 seconds, for example, to obtain the secondary
green compact 115 that has been molded in the die (41) (step
PR5 in FIG. 1). The upper die 45 is then moved upward using
the slide 5. Note that the first press molding process on the
subsequent primary green compact 110 is performed in the
first press molding device 20 in synchronization with the
above operation.

Removal of Secondary Green Compact

[0115] The second ejection means (43) moves the second-
ary green compact 115 upward to the transfer level HL. Spe-
cifically, the secondary green compact 115 is removed from
the lower die 41. The workpiece transfer means 50 then
transfers the secondary green compact 115 to the discharge
chute 59 using the transfer bar 53 (see FIG. 3B), and the
movable member 43 is returned to the initial position.

Forming Cycle

[0116] According to the above molding method that
includes the two molding steps, since the first press molding
process, the heating process, and the second press molding
process can be performed on the sequentially supplied metal
powder 100 in synchronization, the secondary green compact
115 can be produced in a cycle time of 12 to 14 seconds (i.e.,
maximum heating time (10 seconds)+workpiece transfer
time (e.g., 2 to 4 seconds)).

Forming of Sintered Compact

[0117] The secondary green compact 115 introduced from
the discharge chute 59 is sintered by the sintering device 80.
The green compact 115 illustrated in FIG. 5 forms the sin-
tered compact 120 that exhibits improved strength via sinter-
ing. It is thus possible to ensure stable supply of the sintered
compact 120 (e.g., automotive parts or mechanical (equip-
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ment) parts that have a reduced size and weight, a complex
shape, and high mechanical strength), and significantly
reduce the production cost.

Example 1

[0118] A basic metal powder (pure iron powder for
mechanical parts) and a lubricant powder (zinc stearate pow-
der) (0.03 to 0.10 wt %) were mixed to prepare a mixed
powder 100. The mixed powder 100 was press-molded by
applying the first pressure P1 to form a primary green com-
pact 110 having a density of 7.0 to 7.5 g/cm’. The first press
molding step could be performed most smoothly when the
amount of the lubricant powder was 0.03 wt %. The primary
green compact 110 was heated to 120° C., and press-molded
by applying the second pressure P2 to form a secondary green
compact 115 having a density rho of 7.75 g/cm? (vertical axis
index: 102). The secondary green compact 115 was sintered
at 1150° C. for 30 minutes to obtain a sintered compact 120
exhibiting improved mechanical strength. Mechanical
strength (e.g., tensile force) increases corresponding to den-
sity. Specifically, since the density could be increased by the
second press molding step (performed before the sintering
process) as compared with the related-art method, a mechani-
cal part exhibiting improved mechanical strength could be
efficiently produced by performing the sintering process. It
was also confirmed that a similar product could be obtained
when mixing the basic metal powder with an alloy-forming
metal powder. Therefore, high strength can be achieved even
when producing an elongated cylindrical shape as illustrated
in FIG. 6B.

Example 2

[0119] A basic metal powder (Fe—Si alloy powder) and a
lubricant powder (zinc stearate powder) (0.03 to 0.10 wt %)
were mixed to prepare a mixed powder 100. The mixed pow-
der 100 was press-molded by applying the first pressure P1to
form an primary green compact 110 having a true density
ratio of 70 to 85%. The first press molding step could be
performed most smoothly when the amount of the lubricant
powder was 0.03 wt %. The primary green compact 110 was
heated to 120° C., and press-molded by applying the second
pressure P2 to form a secondary green compact 115 having a
true density ratio of 80% (vertical axis index: 102). The
secondary green compact 115 was sintered at 1150° C. for 30
minutes to obtain a sintered compact 120 exhibiting improved
mechanical strength. A sintered compact exhibiting high
mechanical strength as compared with a sintered compact
formed by the related-art method could thus be efficiently
produced.

[0120] Since the method for producing a high-strength sin-
tered compact according to the first embodiment includes
applying the first pressure P1 to the mixed powder 100 in the
first die at room temperature that is less than the melting point
of the lubricant powder to form the primary green compact
110 (first press molding step), heating the primary green
compact 110 to the melting point of the lubricant powder
(heating step), applying the second pressure P2 to the primary
green compact 110 in the second die (pre-heated to the melt-
ing point of the lubricant powder) at the melting point of the
lubricant powder to form the densified secondary green com-
pact 115, and sintering step the secondary green compact 115
to form a sintered compact, the high-strength sintered com-

Dec. 19, 2013

pact 120 can be reliably and stably produced while signifi-
cantly reducing the production cost.

[0121] Since the lubricant powder has a low melting point
within the range of 90 to 190° C., various types of lubricant
can be selected while suppressing oxidation.

[0122] The method according to the first embodiment can
efficiently and stably produce a sintered compact 120 that
exhibits high excellent mechanical strength corresponding to
the type of the basic metal powder, using a pure iron powder
or an Fe—Si alloy powder as the basic metal powder.
[0123] Since the second pressure P1 can be made equal to
the first pressure P, it is possible to easily implement the press
molding step, facilitate handling, indirectly reduce the green
compact production cost, and easily implement the system
based on a single press, for example.

[0124] It has been impossible to achieve a density equal to
or higher than that corresponding to a vertical axis index of
100, taking account of the capacity (horizontal axis
index=100 (see FIG. 4)) of a related-art system (e.g., press).
According to the first embodiment, however, it is possible to
achieve a density equal to or higher than that corresponding to
a vertical axis index of 102 using an identical (existing) sys-
tem. This fact achieves a major breakthrough in the technical
field.

[0125] Moreover, the production system 1 that includes the
mixed powder feeding device 10, the first press molding
device 20, the heating device 30, the second press molding
device 40, and the sintering device 80 can reliably and stably
implement the method for producing the high-strength sin-
tered compact 120.

Second Embodiment

[0126] FIG. 7 illustrates a second embodiment of the inven-
tion. The second embodiment is identical with the first
embodiment as to the mixed powder feeding device 10, the
first press molding device 20, and the sintering device 80, but
differs from the first embodiment in that the heating device 30
and the second press molding device 40 are integrally formed.
[0127] Specifically, a production system 1 according to the
second embodiment includes a heating/press molding device
70 that has the function of the heating device 30 and the
function of the second press molding device 40 (see the first
embodiment). The heating/press molding device 70 includes
a plurality of (e.g., two) heating/press molding sub-devices
70A and 70B. The heating/press molding sub-devices 70A
and 70B are selectively (sequentially) operated by a control
means (not illustrated in the drawings) in a production cycle.
[0128] Each heating/press molding sub-device 70A (70B)
has a basic structure similar to that of the second press mold-
ing device 40 described above in connection with the first
embodiment. Each heating/press molding sub-device 70A
(70B) includes a hybrid heating means 48 having the func-
tions of the heating device 30 and the pre-heating means 47
described above in connection with the first embodiment.

[0129] Specifically, the hybrid heating means 48 is an elec-
tric heating means having a present temperature change func-
tion. The hybrid heating means 48 can pre-heat the lower die
41 to the melting point (120° C.) of the lubricant in advance
(i.e., before the primary green compact 110 is received).
When the primary green compact 110 has been received, the
amount of heat is changed so that the entire primary green
compact 110 can be heated to the melting point (120° C.) of
the lubricant. The heating target area can also be selected
(changed). After completion of the above heating process, the
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second press molding process is performed using the second
press molding device 40 in the same manner as in the first
embodiment. The hybrid heating means 48 can maintain the
primary green compact 110 at a temperature equal to or
higher than the melting point (120° C.) of the lubricant during
the second press molding process.

[0130] Asillustrated in FIG. 7, each heating/press molding
sub-device (20, 70A, 70B) has an independent press struc-
ture, and each slide (5, 5A, 5B) is independently moved
upward and downward by controlling the rotation of each
motor. Specifically, when one of the heating/press molding
sub-devices 70A and 70B performs press molding operation,
the other of the heating/press molding sub-devices 70A and
70B performs preheating operation, and does not perform
press molding operation. This also applies to the case where
the heating/press molding device 70 is implemented by three
or more heating/press molding sub-devices taking account of
the production cycle time.

[0131] In the second embodiment, when the third interme-
diate green compact 110 is press-molded in the first press
molding device 20, the second primary green compact 110 is
heated by the heating/press molding sub-device 70A (or
70B), and the first primary green compact 110 is press-
molded by the heating/press molding sub-device 70B (or
70A)to form the secondary green compact 115. The sintering
device 80 sinters a plurality of secondary green compacts 115
during this period to form a plurality of sintered compacts
120.

[0132] According to the second embodiment, since the
heating/press molding device 70 is implemented by a plural-
ity of heating/press molding sub-devices 70 A and 70B having
an identical structure, the system can be simplified as com-
pared with the first embodiment. It is also possible to simplify
the production line, and further facilitate handling. According
to the second embodiment, the takt time of the first press
molding step, the heating step, and the second press molding
step can be made equal.

[0133] Note that the first press molding device 20 and the
heating/press molding sub-device 70A (or 70B), or the first
press molding device 20 and the heating/press molding sub-
devices 70A and 70B may be implemented by a single press
structure.

[0134] Although only some embodiments of the invention
have been described in detail above, those skilled in the art
would readily appreciate that many modifications are pos-
sible in the embodiments without materially departing from
the novel teachings and advantages of the invention. Accord-
ingly, all such modifications are intended to be included
within the scope of the invention.

REFERENCE SIGNS LIST

[0135] 1: high-strength sintered compact production sys-
tem, 10: mixed powder feeding device, 20: first press molding
device, 30: heating device, 40: second press molding device,
47: pre-heating means, 48: hybrid heating means, 50: work-
piece transfer means, 70: heating/press molding device, 70A,
70B: heating/press molding sub-device, 80: sintering device,
100: mixed powder, 101: iron powder, 108: waste (residue),
109: pore, 110: primary green compact, 115: secondary green
compact, 120: sintered compact, 128: partial sintered area

1. A method for producing a high-strength sintered com-
pact comprising:
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a press molding step that applies pressure to a mixed pow-
der to form a green compact, the mixed powder being a
mixture of a basic metal powder and a lubricant powder;
and

a sintering step that sinters the green compact to form a
sintered compact that exhibits improved mechanical
strength,

the press molding step including a first press molding step
and a second press molding step, a heating step being
provided between the first press molding step and the
second press molding step,

the first press molding step applying a first pressure to the
mixed powder in a first die at room temperature that is
less than a melting point of the lubricant powder to form
a primary green compact,

the heating step heating the primary green compact to the
melting point of the lubricant powder, and

the second press molding step applying a second pressure
to the primary green compact in a second die at the
melting point of the lubricant powder to form a densified
secondary green compact, the second die being heated to
the melting point of the lubricant powder.

2. The method for producing a high-strength sintered com-
pact as defined in claim 1, wherein the lubricant powder has a
low melting point within a range of 90 to 190° C.

3. The method for producing a high-strength sintered com-
pact as defined in claim 1, wherein the mixed powder is
prepared by mixing a pure iron powder as the basic metal
powder with 0.03 to 0.10 wt % of a zinc stearate powder as the
lubricant powder, the first pressure is selected to compress the
mixed powder so that the primary green compact has a den-
sity of 7.0to 7.5 g/cm’, and the second pressure is selected to
compress the primary green compact so that the secondary
green compact has a density of 7.75 g/cm?>.

4. The method for producing a high-strength sintered com-
pact as defined in claim 1, wherein the mixed powder is
prepared by mixing an Fe—Si alloy powder as the basic metal
powder with 0.03 to 0.10 wt % of a zinc stearate powder as the
lubricant powder, the first pressure is selected to compress the
mixed powder so that the primary green compact has a true
density ratio of 70 to 85%, and the second pressure is selected
to compress the primary green compact so that the secondary
green compact has a true density ratio of 85 to 95%.

5. The method for producing a high-strength sintered com-
pact as defined in claim 1, wherein the second pressure is
selected to be equal to the first pressure.

6. A high-strength sintered compact production system
comprising:

a mixed powder feeding device that can externally supply
amixed powder that is a mixture of a basic metal powder
and a lubricant powder that has a low melting point;

a first press molding device that applies a first pressure to
the mixed powder in a first die to form a primary green
compact, the first die being filled with the mixed powder
using the mixed powder feeding device;

a heating device that heats the primary green compact
removed from the first die to the melting point of the
lubricant powder;

a second press molding device that includes a second die
that can be pre-heated to the melting point of the lubri-
cant powder in advance, and applies a second pressure to
the primary green compact that has been heated and is
placed in the pre-heated second die to form a densified
secondary green compact; and



US 2013/0336830 Al

a sintering device that sinters the secondary green compact
to form a sintered compact that exhibits improved
mechanical strength.

7. The high-strength sintered compact production system
as defined in claim 6, wherein the heating device and the
second press molding device are formed by a heating/press
molding device having a function of the heating device and a
function of the second press molding device, the heating/
press molding device includes a plurality of heating/press
molding sub-devices, and each of the plurality of heating/
press molding sub-devices can be selectively and sequentially
operated in each cycle.

8. The method for producing a high-strength sintered com-
pact as defined in claim 2, wherein the mixed powder is
prepared by mixing a pure iron powder as the basic metal
powder with 0.03 to 0.10 wt % of a zinc stearate powder as the
lubricant powder, the first pressure is selected to compress the
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mixed powder so that the primary green compact has a den-
sity of 7.0 to 7.5 g/cm?, and the second pressure is selected to
compress the primary green compact so that the secondary
green compact has a density of 7.75 g/cm®.

9. The method for producing a high-strength sintered com-
pact as defined in claim 2, wherein the mixed powder is
prepared by mixing an Fe—Si alloy powder as the basic metal
powder with 0.03 to 0.10 wt % of a zinc stearate powder as the
lubricant powder, the first pressure is selected to compress the
mixed powder so that the primary green compact has a true
density ratio of 70 to 85%, and the second pressure is selected
to compress the primary green compact so that the secondary
green compact has a true density ratio of 85 to 95%.

10. The method for producing a high-strength sintered
compact as defined in claim 2, wherein the second pressure is
selected to be equal to the first pressure.
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